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   Introduction: The IVB group is the most volatile-

poor of the iron meteorites [1]. They contain excep-
tionally low concentrations of moderately volatile ele-
ments (e.g. Cu) coupled with high concentrations of Ni 
(16-18 wt %) and refractory elements [2]. In a survey 
of the Cu isotopic composition of iron meteorites, 
Bishop et al. [3] observed that IVB irons (n=3) had 
distinctly negative δ65Cu (-2‰). The IVB irons have 
been subjected to intense irradiation by galactic cosmic 
rays (GCR) resulting in strong secondary neutron cap-
ture effects on the isotopic compositions of some 
siderophile elements [4-5], e.g., ε182W values of some 
IVB irons are surprisingly less radiogenic than the CAI 
initial [6-7]. Among the Ni isotopes, 62Ni has the larg-
est thermal and epithermal neutron capture cross-
section, so a potential reaction, 62Ni(n,γ)63Ni(β-)63Cu 
was identified that could produce negative δ65Cu val-
ues due to the extremely high Ni/Cu ratio of IVB irons. 

   We measured the Cu isotopic composition and 
Ni/Cu ratio of 12 IVB iron meteorites and found a 
good correlation between Ni/Cu-normalized Cu iso-
topes and ε182W, as well as recently published ε192Pt 
and ε189Os data [4-5], which are shown to be modified 
by GCR neutron capture process.   
 
      Analytical methods: Each of the IVB irons were 
digested in aqua regia. Copper isotopes were analyzed 
with the Neptune MC–ICP–MS at the Washington 
University in St Louis following the same procedure as 
in [1]. Isotope ratios are expressed as δ65Cu : 
δ65Cu = [(65Cu/63Cusample) / (65Cu/63CuNIST976) – 1]×103.  
The typical analytical precision of the δ65Cu is 0.10 ‰ 
[3]. The Ni/Cu ratios were determined by laser ablation 
ICP-MS at FSU following the method described in [8]. 

 
  Results: The Cu isotope data of 12 IVB iron mete-

orites analyzed in this study are presented in Fig.1. 
Result shows that most IVB irons are significantly 
enriched in light Cu isotopes. Compared with other 
groups of iron meteorites [3], IVB irons have a much 
larger δ65Cu range, from -0.24 to -5.84‰.     

 
  Discussion: The low volatile abundance of IVB 

iron meteorites either reflects high nebular tempera-
tures when their parent body accreted or volatile loss 
during one or more impacts [1-2]. During the evapora-
tion process, light isotopes of Cu are preferentially lost 

into vapor, leaving the residual phase enriched in heav-
ier isotopes. However, IVB irons are relatively deplet-
ed in 65Cu, which is opposite to what is expected from 
an evaporation process.  

 
Fig.1. δ65Cu of IVB iron meteorites (this study), terres-
trial basalts (unpublished data), ordinary chondrites 
[9], carbonaceous chondrites [9],  and other groups of 
iron meteorites [3]. 
 

   The variations of chemical compositions within the 
IVB group can be modeled as the result of simple frac-
tional crystallization in a closed system [10]. However, 
magmatic fractionation is unlikely to account for the 
Cu isotopic variations in IVB irons: first, no such large 
span of δ65Cu has been measured in any other group of 
magmatic iron meteorites [3], which exhibit similar or 
even larger ranges of fractional crystallization [11]. 
Second, there is no direct correlation between δ65Cu 
and Re concentration, which decreases during fraction-
al crystallization [10]. Finally, high P-T experiment 
shows that for a pressure of 2 GPa and a temperature 
range of 1550-1750oC, δ65Cu fractionation between 
equilibrated metal and silicate phase is 0.10‰ at most 
(unpublished data). We also measured Cu isotopic 
composition of a suite of samples with different de-
grees of fractionation from Kilauea Iki lava lake and 
found the δ65Cu variations among these samples are 
less than 0.20‰, therefore it is unlikely that high tem-
perature magmatic processes have fractionated δ65Cu 
up to the scale of 6‰ as observed in IVB irons.  
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   IVB iron meteorites have large galactic cosmic–
ray exposure ages of 200-950 Ma [12]. When exposed 
to GCR, secondary neutrons produced by cosmic-ray 
spallation in iron meteorites are captured by 
siderophile element nuclei and transmuted. For 62Ni, 
there is the following reaction 62Ni(n,γ)63Ni(β-)63Cu. 
62Ni captures neutrons to become 63Ni; since 63Ni (t1/2: 
100.1 y) is not stable, it quickly decays to 63Cu. How-
ever, the total burn-out of 62Ni is too small (<0.001 ‰) 
to detect for the size of δ65Cu observed in IVB irons, 
even Tlacotepec. Although the Cu isotopes also cap-
ture secondary neutrons, the direct effect, like for Ni, is 
too small to detect, therefore, the cumulated 63Cu from 
62Ni burn-out leads to the decrease of 65Cu/63Cu value 
in iron meteorites. The deviation of δ65Cu from pre-
irradiation value depends on Ni/Cu ratio and the dos-
age of secondary neutrons. The higher the Ni/Cu ratio 
and stronger the galactic cosmic-ray exposure, the 
larger the deviation from the pre-irradiation value will 
be. Since Ni/Cu values of other groups of irons are 2 
orders of magnitudes smaller than IVB irons, the devi-
ation of δ65Cu is expected to be 2 orders of magnitudes 
than IVB irons, given the same cosmic-ray exposure. 
This explains why the δ65Cu values of most of the iron 
meteorite groups (except IVBs) are very limited and 
close to the range of carbonaceous chondrites [3,9].  

   The isotopic shifts induced by GCR have also been 
observed in other siderophile elements. For example, 
182W is burned out through the neutron capture reaction 
of 182W (n,γ)183W, resulting in the very unradiogenic 
ε182W values of IVB irons. This impedes the applica-
tion of 182Hf-182W in precisely timing metal-silicate 
segregation in early solar system. Previous correction 
of 182W burn-out relied on noble gases as a GCR expo-
sure proxy [7,13]. However, spallation reactions on 
noble gas and neutron-capture reactions on W isotopes 
peak at different depths, which limits its application to 
correct the W isotopic composition [5]. Recently, 
ε192Pt [191Ir(n,γ)192Ir(β-)192Pt] excesses and ε189Os 
[189Os(n,γ)190Os] deficits were found to correlate well 
with ε182W variations and have been applied as neutron 
dosimeters for W isotope correction [4-5].  

   In IVB iron meteorites, δ65Cu was determined on 
samples taken within 2 mm from the samples for 
which ε192Pt and ε182W was reported [4]. δ65Cu shows 
a clear negative correlation with ε192Pt and positive 
correlation with ε189Os and ε182W (Fig. 2). Weaver 
Mountains which has been shown to be least modified 
by GCR-induced 182W burn-out [4-5], has the highest 
δ65Cu value, falling into the range of carbonaceous 
chondrites. In contrast, Tlacotepec, one of the most 
cosmic-ray damaged irons has a δ65Cu of -5.84‰, de-
viating the most from those of carbonaceous chondrites 
[9].  

 
Fig. 2  δ65Cu/ (Ni/Cu)× 105 vs. ε182W of IVB irons. 
ε182W data are from [4]. The blue band represents the 
ε182W value 3.51±0.10 [14]. The dashed line represents 
the best-fit linear regression line for the ε182W  and 
Ni/Cu-normalized δ65Cu data. 

  Although the neutron capture cross section of 62Ni 
is lower than 182W, 191Ir and 189Os, 62Ni/63Cu ratio of 
IVB iron meteorites reaches as high as 5×103, so the 
cumulative effect of cosmic-ray produced 63Cu is de-
tectable. The δ65Cu–ε192Pt correlation defined by the 
IVB irons yields a pre-exposure δ65Cu of -1.2 ± 1.1, 
which is in agreement with other irons and carbona-
ceous chondrites [3,9], implying volatile depletion 
observed in IVB meteorites has not been produced by 
evaporation processes. The pre-exposure ε182W value 
derived from empirically determined W–Cu isotopic 
correlation (Fig. 2) is 3.41 ± 0.28, which is in good 
agreement with values reported by Wittig et al. [4] and 
Kruijer et al. [5]. Given the ε182W value of CAI of 3.51 
± 0.10 [14], the pre-irradiation ε182W of the IVB irons 
of 3.41 ± 0.28 corresponds to a Hf–W model age of 0.8 
± 2.9 Ma after CAI formation.  
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