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Introduction: In this study, carbonate was ex-

tracted from a set of paired Antarctic CM chondrites 
and δ18O, δ17O, δ13C, δ14C ratios measured. Oxygen 
isotopes were compared to Benedix et al., 2003’s data 
collected for CM chondrite falls to study the effects of 
terrestrial oxygen exchange [1]. Carbon isotopes of the 
same sample set were examined at the University of 
Arizona’s accelerated mass spectrometry (AMS) lab 
for insights how terrestrial carbon exchange corre-
sponds to oxygen’s trends.  The meteorites we ana-
lyzed are:  EET 96006, EET 96016, EET 96017, and 
EET 96019.   

Techniques: Paired Elephant Moraine chondrites 
were ground and reacted using a standard phosphoric 
acid technique to produce H2S and CO2 gas [2].  This 
was carried out at different temperatures to produce 
two data points per meteorite—one for calcium car-
bonate and one for dolomite. CO2 was purified using 
gas chromatography [3] and then split into two ali-
quots.  One split was studied later at the University of 
Arizona AMS lab for carbon isotope analysis (13C and 
14C) using established techniques [4]. The other split 
was fluorinated at UCSD to produce molecular O2 that 
was analyzed for its oxygen isotopic composition 
(δ17O, δ18O) by using established techniques [3].    
Results: The data are presented in figures 1, 2, and 3. 
The data exhibit variable δ18O and δ17O that are corre-
lated and form an array that can be described by the 
equation δ17O = 0.48 (+0.04) δ18O + 0.0 (+0.9). This 
array is different from the array of δ18O and δ17O ob-
served for carbonate from CM chondrite falls by 
Benedix et al [1] (δ17O = 0.62 (+0.02) δ18O – 4.3 
(+0.5)). The ∆17O (δ17O – 1000*((1+ δ18O/1000)0.5247-
1)) of our samples correlates both with the percentage 
of modern 14C (FMOD14C), and δ13C (Figures 2 & 3).  
The δ13C and FMOD14C also are correlated and form 
an array. 

Discussion: A boot strap error analysis indicates 
that the intersection of the array produced by our oxy-
gen data for paired EET 960XX meteorites with the 
terrestrial fractionation array (δ17O = 1000*((1+ 
δ18O/1000)0.5247-1) occurs at a median δ18O ≈ +1‰ 
with two thirds of the resampled data between +8‰ 
and -16‰.  The origin of this array is interpreted to 
reflect isotopic exchange associated with recrystalliza-

tion of carbonate in the meteorites, or addition of car-
bonate to the meteorite during the weathering process.  
At 0oC, the equilibrium isotopic fractionation factor 
between calcium carbonate and water (αCaCO3-H2O) is 
approximately -38‰ [5]. Using our predicted intersec-
tion between the EET and Benedix arrays, this would 
give us a predicted δ18O of the ice of -37‰ with a 
large associated uncertainty. Faure et al. [6] measured 
δ18O ice at Elephant Moraine as -47.4 +0.6‰, and this 
value is consistent with our interpretation.   

The intersection between our array for paired 
EET960XX meteoritic carbonates and the Benedix et 
al array for carbonates from CM chondrite falls is in-
terpreted to reflect the oxygen isotopic composition of 
the extraterrestrial carbonate component.  A boot strap 
estimate of the intersection occurs at δ18O ≈ 29.6‰ 
and ∆17O ≈ -1.25‰ with associated uncertainties that 
are asymmetrically distributed about these values by 
+1.4‰ and -0.9‰ for δ18O and +0.06‰ and -0.15‰ 
for ∆17O (+/-33% from the median). 

Fig. 1. Comparison of EET CM finds (this study) with CM 
falls [1]. TFL is the terrestrial fractionation line and CMCL 
is the observed CM chondrite line.  Note how the paired find 
trend seems to depart from the fall trend and approach the 
TFL, indicating terrestrial alteration’s path.  The intersection 
with the TFL occurs at δ18O ≈ 0‰, and the intersection with 
the CMCL line occurs at δ18O ≈ +29.8‰ and ∆17O ≈-1.25‰.   
These are inferred to represent the compositions of equili-
brated carbonate with Antarctic water, and the extraterres-
trial carbonate endmembers, respectively. 
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Fig. 2 compares ∆17O of the carbonates with the 
fraction of modern atmospheric 14C (FMOD) found in 
the samples. If coupled exchange occurred with 14C at 
1950 isotopic values, the values would lie on line A.  
However, this study’s values do not lie on this line and 
some lie above the line. One explanation for the points 
that lie above the line is incorporation of bomb carbon.  
Since 1950, nuclear bomb tests have increased the 
amount of 14C in the atmosphere dramatically [7]. Cor-
responding ∆14C values peaked around 1965 near 
1000‰ and have declined since.  The effects of in-
creased atmospheric 14C levels would tend to steepen 
the slope of the line and shift it left (see figure). De-
coupled exchange with oxygen exchanging more 
freely than carbon would provide another type of array 
with a lower slope. A combination of the two proc-
esses could explain the observed trend. Even so, it can 
be noted that extensive 14C exchange compares well 
with oxygen exchange: Samples with the lowest ∆17O 
values also have the highest percentage of modern 14C.   

  
Fig 2. The fraction of modern 14C (FMOD) verses ∆17O. The 
observed trend may reflect oxygen exchange that is de-
coupled and more prevalent than carbon exchange.  
 

Fig. 3 compares δ13C with both ∆17O and 
FMOD14C.  The results in both plots indicate that an 
unknown reservoir of carbon exists in our samples.  
While fig. 2 shows that atmospheric oxygen and post-
bomb 14C has exchanged with the meteorite’s carbon-
ate, the data in fig. 3A&B lies off the expected trends.  
The data in fig. 3A suggests that net carbon addition to 
the meteorite has a δ13C that is different from that in-
ferred from atmospheric sources.  Fig. 3B suggests that 
the added carbon also has lower 14C than 1950’s lev-
els.  This contrasts with the inferences made on the 
basis of ∆17O and 14C (above) that carbon added to 
some meteorites has a bomb carbon component.  

  
 
Fig 3. This figure compares the fraction of modern 14C 
(FMOD) and ∆17O with δ13C. The drawn vectors represent 
predicted isotopic exchange pathways.  The lower graph 
shows data outside the predicted range that the addition of 
atmospheric carbon produces. 
 

Presently, we suggest that the δ18O and δ17O can be 
used to constrain the endmember compositions and 
that these endmembers can be used to place limits on 
the fraction of extraterrestrial carbonate in each sam-
ple.  We also suggest that the relationships between 
∆17O, 14C, and δ13C can be used to place limits on the 
proportions of carbonate that are derived from atmos-
pheric  sources, other C sources with no 14C and the 
proportion of recrystallized extraterrestrial carbonate. 
We are presently working on a model to quantify the 
proportions of each. 
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