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Introduction: MIL 03346 is a newly discovered 

nakhlite found in Antarctica during the 2003-04 field 
season. It has a cumulate texture and consists pre-
dominantly of clinopyroxene (>70%) and rare olivine 
grains in a glassy mesostasis (∼25%), suggesting a 
final rapid cooling in an extrusive environment. Shock 
effects are evident as cracks in the rock and as 
twinning in some pyroxenes [1]. Mössbauer spectra of 
the whole rock and of clinopyroxene separates showed 
a significant Fe3+ content compared to the other SNCs 
[2]. The clinopyroxene is an augite with a 
homogeneous core (with composition ∼Wo40En36Fs24) 
and iron-enriched rim. 

In this study we examined augites from the MIL 
03346 meteorite using single crystal X-ray diffraction 
(XRD), electron microprobe (EMP) analyses and sin-
gle crystal Mössbauer spectroscopy to measure the 
Fe2+-Mg order degree between M1 and M2 sites and 
retrieve information about the thermal and redox his-
tory of this meteorite.  

XRD analysis: from two pyroxene grains we ob-
tained two smaller core- single crystals by cutting off 
the zoned rims under the microscope. The X-ray inten-
sities were collected using a three-circle Bruker AXS 
SMART APEX diffractometer equipped with a CCD 
detector. Structure refinement performed by the 
SHELX-97 [3] program showed in both crystals a 
maximum residual electron density located about 0.45 
Å from M2 that was added to the model as a M21 site. 
The unit-cell parameters and information on the data 
collection and structure refinements are reported in 
Table 1. 

Microprobe analysis: one of the crystals used for 
XRD investigation (N.1) was analysed using a 
CAMECA-SX50 electron microprobe with a fine-
focused beam (1 µm diameter) operating in the wave-
length-dispersive (WDS) mode. The following syn-
thetic mineral standards were used: diopside for Mg, 
ferrosilite for Fe, wollastonite for Si and Ca, chromite 
for Cr, corundum for Al, MnTiO3 for Mn and Ti. A 
natural albite was used for Na. X-ray counts were con-
verted into oxide weight percentages using the PAP 
correction program. Analyses are precise to within 1 % 
for major elements and 3-5 % for minor elements. 

Only those spot analyses with oxide totals of 100 ± 1, 
total cation contents of 4.000 ± 0.005 atoms on the 
basis of six oxygen atoms and charge balance 3[4]Al + 
Na - 3[6]Al – 4Ti – 3Cr – 3Fe3+ ≤ ⏐0.005⏐ were se-
lected and averaged. The results of the chemical analy-
sis are reported in Table 2. The clinopyroxene core 
composition is similar to that reported in [2]. Calcula-
tion of its crystal-chemical formula after [4] provides a 
Fe3+ content of  0.022 atoms per formula unit (Table 
2), corresponding to Fe3+/Fetot of 4.7%. 

Mössbauer analysis: Room temperature Möss-
bauer spectra were collected for the single crystal N.2 
using a conventional transmission Mössbauer spec-
trometer fitted with a point source at the Bayerisches 
Geoinstitüt in Bayreuth. In order to account for the 
orientation dependence of the areas of doublet compo-
nents, we recorded Mössbauer spectra of the single 
crystal at two different orientations, and fitted the 
spectra simultaneously with the hyperfine parameters 
of each subspectrum (centre shift, quadrupole splitting, 
linewidth, relative area) constrained to be equal be-
tween different orientations. In addition, the ratio of 
component areas for Fe2+ in each site (M1 and M2) 
were constrained to be equal. In this way we were able 
to extract a robust determination of Fe3+/Fetotal of 5%, 
with an estimated uncertainty of ±5%. This value of 
Fe3+/Fetotal is about five times lower than that measured 
by [2] on the cpx separates. 

Results and discussion:  To obtain the pyroxene 
site distribution, preliminary least-squares refinements 
were carried out using only the chemical constraints 
taken from the microprobe analysis, assuming 1σ as 
the error. We found the calculated Fe3+ site occupancy 
at the M1 site to be in excellent agreement with that 
measured by Mossbauer spectroscopy. The final least-
squares refinements were then performed using the 
chemical constraints and Fe3+/Fe taken from the Möss-
bauer analysis. The site populations are reported in 
Table 3. The Fe2+-Mg order degree was calculated by 
means of the intracrystalline distribution coefficient 
kD= [(Fe2+

M1)(MgM2)/(Fe2+
M2) (MgM1)]. The closure 

temperature Tc was retrieved for both crystals using the 
following geothemometer by [5]: T(K) = [12100(750) 
- 27700(1700) (Ca+Na+R3+) + 20400(1000) 
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(Ca+Na+R3+)2] / [-lnkD + 7.1(0.6) -20.3(1.4) 
(Ca+Na+R3+) + 15.2(0.8) (Ca+Na+R3+)2] which takes 
into account the effects of composition on the geo-
thermometric calibration. The Tc values obtained for 
both crystals were ~ 450(±30) °C. These data are com-
parable to those obtained on clinopyroxene from the 
central part of metric terrestrial lava flows [6,7,8,9], 
pointing to a rapid crystallization in a similar geologic 
environment. 

The amount of Fe3+ obtained from the Mössbauer 
analysis on single crystal N.2 is in excellent agreement 
with both Fe3+/Fetot calculated from microprobe and 
XRD data. The Fe3+/Fetot = 5% ratio measured in the 
augite core corresponds to crystallization at an fO2 
value around IW+2.2, which is below the QFM buffer 
[10]. This value is much lower than previously re-
ported [2] and puts new constraints on the pristine oxi-
dation state of MIL03346 magma.  

References: [1]Anand M. et al. (2005), LPSXXXVI 
Abstract #1639. [2] Dyar M.D. et al. (2005) LPSXXXVI Ab-
stract# 1261. [3] Sheldrick G.M. (1998) (1998) Univ. of 
Gottingen, Germany. [4] Papike, J.J. et al., 1974. Geol. Soc. 
Am. Abstr. Progr., 6: 1053-1054. [5] Brizi E. et al., (2000) 
Am.Min., 85, 1375-1382. [6] Dal Negro A. et al., (1982) 
"Advances in Physical Geochemistry", 2., Spr. Verl. New 
York Inc., 117-150. [7] Molin G. and Zanazzi P.F. (1991) 
Eu. J. Min 3, 863-875. [8] Malgarotto C. et al., (1993) Eu. J. 
Min, 5, 755-762.  [9] Malgarotto C. et al., (1993) Eu. J. Min, 
5,  915-923.] [10] McCanta et al., (2004), Am. Min., 89, 
1685-1693. 

 
Table 1. Unit cell parameters and information on data 

collections and structure refinements. 
 CPX MIL 

03346 
N.1 HR 

CPX MIL 
03346 
N.2 

a (Å) 9.7502(5) 9.7528(4) 
b (Å) 8.9430(5) 8.9423(4) 
c (Å) 5.2487(3) 5.2510(2) 
β(°) 106.21(21) 106.24(13) 
V (Å3) 439.7(6) 439.7(4) 
Iind. 2695 1829 
max 2θ (°) 110 90 
Rint (%) 1.28 1.72 
Dimension (mm) 0.09 x 0.100 

x 0.110 
0.08 x 0.120 
x 0.170 

Rall (%) 2.07 2.42 
Rw (%) 4.63 5.77 
S 1.039 1.253 
m.a.n. (M1) 16.21(2) 16.21(3) 
m.a.n. (M2) 20.91(5) 20.87(5) 
m.a.n. (M2+M1) 37.11 37.09 
<M1-O> 2.089(1) 2.090(1) 
<M2-O> 2.504(1) 2.504(1) 

 
 

Table 2. Microprobe analysis 
Cpx MIL 03346 N.1 

averaged spots 10 
% Oxides a.p.f.u. (on 6 oxygens) 

SiO2 52.15(24) Si 1.966(7) 
TiO2 0.30(2) Ti 0.008(1) 
Al2O3 0.90(3) Al 0.040(1) 
Cr2O3 0.24(5) Cr 0.007(1) 
FeO 14.80(34) Fe2+ 0.445(9)) 
Mno 0.43(5) Fe3+ 0.022(12) 
MgO 12.48(9) Mn 0.014(1) 
CaO 19.27(15) Mg 0.701(4) 
Na2O 0.25(3) Ca 0.778(6) 
  Na 0.018(2) 
Total 100.82(40) Total 4.000(2) 
 s.s.* 37.09 
Note: calculated total site scattering in the M1 and 

M2 sites 
 
 
 
 
 
 
 
 
 
Table 3. Site populations, kD and closure temperature. 

  Cpx n.1 HR Cpx n.2 
    

T Si  1.9660 1.9660 
 Al 0.0340 0.0340 
    

M1 Mg 0.6897(15) 0.6893(18) 
 Fe 0.2573(22) 0.2583(25) 
 Fe3+ 0.0238 0.0229 
 Al 0.0061 0.0061 
 Cr 0.0068 0.0070 
 Ti 0.0083 0.0084 
 Mn 0.0080 0.0080 
       

M2 Mg 0.0124(20) 0.0127(24) 
 Fe 0.1846(19) 0.1854(25) 
 Ca 0.7764 0.7772 
 Mn 0.0073 0.0059 
 Na 0.0193 0.0187 
    
  kD 0.0251(40) 0.0257(48) 
  Tc °C 451(±25) 454(±30) 
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