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Introduction:  Carbonate grains in CM chondrites 

precipitated from aqueous pore fluid during successive 
ice melting events on the parent body asteroid, which 
are commonly attributed to early radiogenic heating 
[1,2] and collisional shocks [3]. Accordingly, CM car-
bonate grains record redox conditions in the parent 
body at the time of precipitation. Previously measured 
variations in C and O isotopic ratios within individual 
CM carbonate grains  suggest evolving temperature 
and redox state of fluid on the parent body [4] based on 
current geochemical models [5]. Constraints on redox 
evolution are needed to inform the chemical evolution 
of fluid, rock, and organic carbon on the CM parent 
body. To address this question, we used X-ray absorp-
tion near-edge structure (XANES) spectroscopy to 
characterize oxidation states of iron within individual 
calcite grains in CM chondrites.  

Methods: 
Fe XANES measurements of CM chondrites. The 

samples were ~30 µm thick petrographic thin sections 
of two CM chondrites: MET 01070 (classified as 
CM1) and Aguas Zarcas (classified as CM2). At the 
Stanford Synchrotron Radiation Lightsource (SSRL) 
Beam line 2-3, we collected maps of XANES spectra 
at the Fe K-edge in an energy window of 7115-7140 
eV. The position of the Fe K-edge indicates the oxida-
tion state of iron present in the sample. Simultaneous 
X-ray fluorescence (XRF) maps were collected to de-
termine concentration of Mn, Ca, S, Fe, and Cr in the 
samples (Figures 2, 3). Calcite grains were identified 
based on their high calcium and low iron concentra-
tions, and based on their appearance in scanning elec-
tron microscope backscatter images. Data processing 
was carried out using the SMAK software [6]. 

Principal Component Analysis (PCA). Principal 
component analysis was performed using simplex vol-
ume maximization (SiVM) to obtain two Fe K-edge 
XANES spectral endmember components. For both 
MET 01070 and Aguas Zarcas, the two endmember 
components are consistent with sulfide and phyllosili-
cate, and suggest relatively different oxidation states 
(Figure 1). The weight of PCA components, normal-
ized by the sum of both components at each pixel, was 
then obtained (Figures 2, 3). Averaged XANES spectra 
of each calcite grain were then determined (Figure 4). 

  

 Figure 1: For each 
meteorite measured, 
two principal compo-
nent endmember spec-
tra (Figure 4) were 
obtained, suggestive of 
relatively reduced (red) 
and oxidized (blue) 
iron. Square markers: 
MET 01070; diamonds: 
Aguas Zarcas. Pub-
lished XANES spectra 
[7] of phyllosilicate 
(Fe[III] = 1.12%, Fe[II] 
= 0.08%) and iron (II) 
sulfide are shown for 
comparison (black). 

 
 
 

 
 
-

 
Figure 2: X-ray fluorescence maps of Ca, S, Mn, 

and Fe in MET 01070, along with a map of the relative 
weight of PCA components (blue–relatively oxidized 
regions; red–relatively reduced). The outline represents 
regions interpreted as calcite.  
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Results and Discussion: Relatively Mn-poor and Mn-
enriched calcite grains were observed in MET 01070 
(e.g. Figure 2). The Fe XANES spectra of Mn-rich 
calcite grains in this sample appear typically more re-
duced than that of Mn- poor calcite (Figures 2, 4). This 
seems to agree with the hypothesis [4], based on the 
expectation of increasing porewater Mn and decreasing 
Fe3+/Fe2+ with time, that Mn-poor (primary) calcite 
should be associated with higher Fe3+/Fe2+ than Mn-
rich (secondary) calcite.  

In the Aguas Zarcas sample, only relatively Mn-
poor calcite has been measured so far (e.g. Figure 3). 
Compared to XANES spectra of the Mn-poor calcite 
grains in MET 01070, the Mn-poor calcite of Aguas 
Zarcas yields averaged XANES spectra with relatively 
reduced appearance based on Fe K-edge position (Fig-
ure 4). This suggests that early-stage Mn-poor grains in 
MET 01070 and Aguas Zarcas precipitated from dif-
ferent fluid reservoirs.  

This preliminary finding of different iron oxidation 
states recorded by early, Mn-poor calcite may suggest 
the two CM chondrites addressed by this study origi-
nated on different CM-type parent body asteroids. Al-
ternatively, it may be consistent with an origin of both 
samples on one parent body, if conditions were spatial-
ly variable. While Aguas Zarcas is classified as less 
altered (CM2) than MET 01070 (CM1), this analysis 
provides additional insight into the different redox 
histories of these two samples. Future work will ex-
plore the redox history recorded by additional car-
bonate grains, including dolomite, in a wider variety of 
carbonaceous chondrites, to ultimately shed light on 
the chemical origins of hydrated carbonaceous meteor-
ites and the resulting implications for prebiotic Earth 
chemistry. This essentially non-destructive technique 
can provide insight into the redox conditions of aque-
ous alteration on Bennu. 
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Figure 3: X-ray fluorescence (XRF) maps of Ca, S, 

Mn, and Fe in Aguas Zarcas, along with a map of rela-
tive weight of PCA components (color scheme as in 
Figure 2). 
 

 
 

Figure 4: Averaged Fe XANES spectra of seven 
calcite grains, relatively Mn-rich and Mn-poor, in 
MET 01070 and Aguas Zarcas. Principal component 
endmember spectra (grey; Figure 1) are included for 
comparison. 
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