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Introduction: Several  recent  studies have shown 
that  isotopic  variations  exist  among different  plane-
tary bodies of the solar system [e.g.,  1-5]. Some au-
thors however have argued that these heterogeneities 
at least in part are due to incomplete digestion of re-
fractory  components  or  analytic  artifacts  [e.g.,  6-8]. 
Of particular interest in this debate is Mo because it is 
a refractory element and its 7 isotopes have been pro-
duced  by  different  nucleosynthetic  processes.  Some 
earlier Mo isotope studies revealed differences in the 
Mo isotopic  composition  among  different  solar  sys-
tem objects,  but  other  studies could not  find resolv-
able Mo isotope variations among different meteorite 
parent  bodies [1,2,6,9].  To address this important  is-
sue we started a Mo isotope study of meteorites and 
present here a comprehensive Mo isotope dataset for 
iron  meteorites  as  well  as  metals  from  pallasites, 
chondrites and one angrite.

Samples and analytical  techniques: Samples in-
vestigated for this study include iron meteorites from 
groups IAB (Caddo County, Mundrabilla, Odessa), IC 
(Arispe), IIAB (Negrillos, Sikhote Alin, North Chile), 
IID  (Carbo),  IIE  (Miles,  Watson),  IIIAB  (Henbury, 
Charcas,  Cape  York)  IIICD  (Dayton,  Carlton)  IIIE 
(Stainton), IIIF (Clark County), IVA (Duell Hill,  Al-
bion,  Gibeon)  and  IVB  (Tlacotepec,  Santa  Clara, 
Tawallah Valley,  Cape of Good Hope).  Metals from 
the main group (Brenham) and Eagle Station (Eagle 
Station)  pallasites,  the  angrite  NWA  4931,  the  L6 
chondrite  Bruderheim,  the  CB chondrite  Gujba  and 
the anomalous CR chondrite Tafassasset were also an-
alyzed. Cleaned samples were leached and digested in 
6 M HCl.  After complete dissolution,  Mo was sepa-
rated from the sample matrix by a combination of an-
ion and cation  exchange  chromatography.  Molybde-
num yields determined by isotope dilution are >70% 
and procedural blanks are negligible. The Mo isotopic 
compositions were measured using the Nu 1700 MC-
ICP-MS at  ETH Zurich,  which  allows simultaneous 
measurement of all Mo isotopes as well as 90Zr, 99Ru, 
102Ru and 104Ru. Interference correction for Zr and Ru 
was always less than 50 ppm. For all samples 60 ra-
tios (3 blocks of 20 ratios) were measured, resulting 
in within-run precisions ranging from ~0.2 to ~0.5  ε 
units (2σ) (1  ε = 0.01%) for the various Mo isotope 
ratios.  Instrumental  mass bias was corrected relative 

to 98Mo/96Mo= 1.453174. To assess possible matrix ef-
fects or artifacts due to improper mass bias correction, 
measured Mo isotope ratios were also normalized to 
92Mo/98Mo,  95Mo/97Mo  and  95Mo/96Mo  and  the  data 
provide consistent results regardless of the normaliza-
tion scheme used. The Mo isotopic compositions are 
reported in ε units relative to two bracketing terrestri-
al standard runs. For normalization to  98Mo/96Mo the 
external  reproducibility  (2σ)  of  the  standard  ranges 
between 0.7 ε for 92Mo/96Mo and 0.2 ε for 97Mo/96Mo. 
The reproducibility and accuracy of our method was 
monitored  by analyses  of  standard  materials  BCR-2 
(basalt),  SRM82b (cast  iron)  and  SRM129c  (high-S 
steel), all of which yielded the terrestrial Mo isotopic 
composition. 

Results: Fig.  1 shows the  Mo isotopic  composi-
tions of all meteorites analyzed for this study in ε92Mo 
vs. εiMo plots. Except for the IAB and IIICD irons all 
iron meteorites exhibit Mo isotopic compositions dif-
ferent  from that  of the Earth.  The IVB irons display 
the largest deviations of up to ~2 ε in 92Mo, while the 
IVA irons have the smallest anomalies ~1  ε in  92Mo. 
The  other  iron  meteorite  groups  have  Mo  isotope 
anomalies  between  the  values  for the IVB and IVA 
irons. Metal from pallasites, the CB chondrite Gujba 
and  the  anomalous  CR  chondrite  Tafassasset  also 
show  anomalous  Mo  isotopic  compositions.  Metal 
from  the  L6  chondrite  Bruderheim  and  the  angrite 
NWA  4931  also  seem  to  have  small  Mo  isotopic 
anomalies  but  these  are  at  the  limit  of  our  repro-
ducibility  and  need  to  be  confirmed  by  additional 
analyses. In the ε92Mo vs εiMo diagrams the data plots 
along straight  lines,  which are  consistent  with those 
calculated for a binary mixture of s-process and ter-
restrial  Mo.  Given  the  observed  patterns  the  anom-
alies can only be explained in terms of a nucleosyn-
thetic origin.

Discussion: It  has  been  claimed  that  isotopic 
anomalies  reported  for chondrites  are due to incom-
plete digestion of presolar and refractory phases and 
do  not  represent  real  variabilities  between  different 
chondrite groups. For this reason, the isotopic compo-
sition of bulk rock chondrites is more easily obtained 
from thermally equilibrated samples because these do 
not contain any presolar or refractory phases. Metals 
from  thermally  processed  carbonaceous  chondrites 
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(Gujba and Tafassasset) analyzed for this study have 
Mo isotopic  compositions  different  from each  other 
and different from the terrestrial value.  These anom-
alies demonstrate that Mo isotope variations exist be-
tween the Earth and some chondrites and among dif-
ferent  chondrite  groups.  Likewise,  all  investigated 
magmatic iron meteorites display Mo isotopic anom-
alies  relative  to  the Earth.  Furthermore,  Mo isotope 
variations exist between different groups of iron me-
teorites.  Collectively,  these  planetary-scale  Mo iso-
tope  variations  are  consistent  with  different  propor-
tions of s-process Mo in different planetary objects. 

The presence of nucleosynthetic anomalies in dif-
ferent  planetary objects requires the existence of re-
gions with a variable mix of nucleosynthetic compo-
nents in the solar nebula. This could reflect an initial 
heterogeneous distribution of nucleosynthetic compo-
nents in the solar nebula that  has not  been homoge-
nized prior to the onset of planetary accretion. Alter-
natively, the Mo isotopic variations among planetary 
bodies  could be due to  processes  within an initially 
homogeneous solar nebula that locally enriched some 
components over others, e.g., by grain-size sorting or 
thermal  processing. The previously reported Mo iso-
topic composition of the CI chondrite Orgueil [10] is 
indistinguishable  from  that  of  the  Earth,  indicating 
that  the Earth  may have  a Mo isotopic  composition 

identical to that of the average solar system, i.e.,  the 
solar nebula.  This may reflect  the fact that Earth ac-
creted material  from a broad range of regions in the 
solar  nebula  such  that  the  Mo  isotope  variations 
among the planetary bodies that accreted to the Earth 
could average out. Remarkably, the Cr and Ti isotopic 
compositions of the Earth and CI chondrites are dif-
ferent [4], suggesting that isotopic anomalies in bulk 
planetary bodies do not only reflect a certain mix of 
nucleosynthetic components but are also a function of 
the chemical and mineralogical properties of the indi-
vidual carriers. So far no planetary material with neg-
ative  Mo anomalies  was identified  but  this material 
must be present in the Earth to balance out the posi-
tive anomalies of the meteorite parent bodies.

References: [1]  Dauphas  N.  et  al.  (2002)  ApJ,  
565, 640-644.  [2] Yin Q.Z. et al. (2002) Nature, 415, 
881-883. [3] Andreasen R. Sharma M. (2006) Science 
314, 806-809. [4] Trinquier A. et al (2007)  ApJ 655, 
1179-1185. [5] Regelous M. et al.  (2008)  EPSL 272, 
330-338. [6] Becker  H. and Walker  R.J. (2003)  Na-
ture, 425, 152–155. [7] Yokoyama et al. (2007) EPSL 
259,  567-580.  [8]  Chen J.H.  et  al.  (2009)  GCA 73, 
1461-1471.  [9]  Chen  et  al.  (2004)  LPS  XXXV, 
Abstract  #1431.  [10] Dauphas N. et  al.  (2002)  ApJ,  
569, 139-142. [11] Arlandini  et al.  (1999)  APJ, 525, 
886-900.

Fig.1. The Mo isotopic composition of iron meteorites and metals from pallasites, chondrites and an angrite in ε92Mo vs. εiMo diagrams. IAB and 
IIICD irons are indistinguishable from the terrestrial value (εiMo=0) whereas other meteorite groups show positively correlated anomalies. Error 
bars represent 2σ uncertainties. Black lines are calculated for a binary mixture of s-process and terrestrial Mo using the dataset of [11].
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