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Introduction: Reconstruction of the thermal his-

tory of ALH84001 and its relationships with shock 
events [1] has direct implications in the dispute on the 
biogenic vs. abiotic origin of carbonate globules and 
magnetite grains found in this meteorite. In a recent 
and comprehensive review [2] claims that the I3 
shock event of [1] heated ALH84001 at a temperature 
of 500-700K (or locally hotter), sufficient to decom-
pose the iron-rich carbonates to form submicron mag-
netite. Cooling after the peak temperature is less con-
strained, but it is suggested [2] to be relatively slow, 
to allow magnetite crystal to approach chemical equi-
libria with surrounding minerals and gas.  

New constraints on the last thermal history of  this 
rock can be provided by the study of the  Fe2+-Mg 
order degree in the ALH84001 orthopyroxene. The 
Fe2+-Mg exchange reaction between the octahedral 
sites in orthopyroxene is in fact a reversible reaction 
able to record the latest event in the thermal evolution 
of the host rock. Thus orthopyroxene can be used as a 
“geospeedometer” for retrieving the thermal history 
of terrestrial and extraterrestrial host rocks [3].  

Due to shock effects, orthopyroxene grains 
(Wo3En70Fs27) in ALH84001 meteorite appear very 
crushed, making the selection of crystals suitable for 
X-ray single-crystal diffraction (XRD) a quite chal-
lenging task. However, after a long search and re-
peated attempts, we succeeded in finding, from a 
fragment of sample ALH84001,376, a small single 
crystal from which we collected  X-ray diffraction 
and electron microprobe data. Using these results we 
were able to measure the Fe2+-Mg ordering state, ex-
pressed by kD, and to estimate the closure temperature 
Tc using the recent calibrations by [4]. 

X-ray single-crystal diffraction and structure 
refinement: Intensity data were collected on a three-
circle Bruker AXS SMART APEX diffractometer, 
equipped with a CCD detector (graphite-
monochromatized MoKα radiation, λ = 0.71073 Å, 
55 kV, 30 mA) and a monocap collimator. The 
Bruker SMART software package was used. A num-
ber of ca. 16200 reflections was collected. The pres-
ence of some very weak (0kl) “forbidden reflections” 
with k = 2n+1 and l = 4n +2, consistent with reflec-
tions from C2/c clinopyroxene exsolved on (100) and 
superimposed on the (0kl) “forbidden reflections” of 
the orthopyroxene was noted. The structure refine-
ment was then carried out following the procedure of 

[5] for a Pbca phase coexisting with a C2/c exsolved. 
The calculated fraction of C2/c phase exsolved re-
sulted to be 0.44(±10) % and thus negligible, in 
agreement with [6], [7] and [8] who did not observed 
pyroxene exsolution lamellae in this sample. The ob-
served Fo

2 values were then treated with a full-matrix 
least-squares refinement in Pbca space group by 
SHELX-97 [9]. Information on data collection and 
structure refinement are reported in Table 1. 

Electron microprobe analysis: After XRD study 
the crystal was embedded in epoxy resin and polished 
for electron microprobe analysis. A Cameca-
Camebax electron microprobe with a fine-focused 
beam (1 µm diameter) operating in the wavelength-
dispersive (WDS) mode was used. Analyses are pre-
cise 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 ≤ 
⏐0.005⏐ were selected and averaged. The results of 
the chemical analysis are reported in Table 2. These 
data agree with that provided by [7]. In Table 2 is 
also reported the total site scattering at M1 and M2 
sites (32.43) calculated from the analysis. This value 
is in excellent agreement with the sum of the m.a.n.’s 
of M1 and M2 sites obtained from the structure re-
finement before introducing chemical constraints 
(32.41).  

Determination of the site populations: full-matrix 
least-squares with chemical constraints, taken from the 
chemical analysis and assuming 1σ as error, were car-
ried out to obtain the site partitioning. M1 and M2 site 
distribution was obtained by considering Mn totally 
ordered in the M2 site taking into account the stronger 
preference for M2 of Mn compared to Fe2+ observed by 
[10] in a donpeacorite sample. The discrepancy indices 
Rall and Rw, based on all the Fo

2, the goodness of fit (S) 
as well as the observed mean bond distances for the M1 
and M2 sites (<M1-O> and <M2-O>) are reported in 
Table 1. The site populations are reported in Table 3. 
The Fe2+-Mg ordering state was estimated using the 
intracrystalline distribution coefficient kD  expressed as: 
kD = 1M

FeX  [1- 2M
FeX ] / 2M

FeX  [1- 1M
FeX ] where 1M

FeX  = 
(Fe)M1/ (Fe + Mg)M1 and 2M

FeX  = (Fe)M2/ (Fe + Mg)M2. 
The kD value is reported in Table 3. 
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Results and discussion: A closure temperature of 
the ordering process Tc = 553(±10)°C was measured 
for ALH84001 orthopyroxene (Fs28) by interpolation 
from the Tc values calculated using two calibrations 
[4] obtained by linear regression of ln kD(Fe-Mg) 
versus 1/T (K) data of low and intermediate-Fe py-
roxenes (Fs16 and Fs50). As the closure temperature of 
the ordering process depends both on the kinetics of  
the Fe2+-Mg exchange reaction and on the cooling 
rate of the host rock, it provides a qualitative indica-
tion of the rate at which the sample cooled: higher Tc 
would correspond to more rapid cooling rate. The Tc 
value of = ∼550 °C obtained for ALH84001 orthopy-
roxene would indicate a fast cooling, comparable to 
cooling rates (∼ degree °C/day) typical of  terrestrial 
volcanic rocks.  

Since the Tc recorded by the orthopyroxene repre-
sents a temperature actually reached (and possibly 
exceeded) by the rock during the last thermal event, 
the measured value (550 °C) indicates that the rock 
reached a temperature about 120° higher than previ-
ously suggested [2], further supporting the conclusion 
that  I3 shock heating was enough to decompose iron-
rich carbonate minerals [2]. Our data appear to indi-
cate a more rapid cooling than the slow temperature 
declining “at some depth beneath the Martian sur-
face”  proposed by [2].  
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Table 2. Electron microprobe analysis and formula in at-
oms per formula unit (apfu) based on six oxygen atoms 

OPX ALH84001 N.1 (averaged spots 9) 
% Oxides a.p.f.u 

SiO2 54.82(23) Si 1.9782(39) 
TiO2 0.16(2) Ti 0.0043(6) 
Al2O3 0.67(3) Al 0.0283(14) 
Cr2O3 0.40(8) Cr 0.0113(22) 
FeO 17.77(23) Fe2+ 0.5363(53) 
MnO 0.51(3) Mn 0.0155(9) 
MgO 25.18(12) Mg 1.3545(38) 
CaO 1.78(7) Ca 0.0688(27) 
Na2O 0.02(2) Na 0.0013(15) 
Total 101.29(37) Total 3.998(30) 

  s.s.* 32.43(12) 
s.s.*: calculated total site scattering of M1 and M2 sites. 

Table 1. Information on data collection and struc-
ture refinement. 
OPX ALH84001 N.1  

dimension (mm) 0.05 x 0.150 x 0.180 
a (Å) 18.2987(17) 
b (Å) 8.8759(8) 
c (Å) 5.2136(5) 
V (Å3) 846.78(5) 
Iind. 1589 
Rint (%) 1.72 
Rall (%) 6.02 
Rw (%) 12.77 
S 1.222 
m.a.n. M1 13.12(5) 
m.a.n. M2 19.29(6) 
m.a.n. (M1+M2) 32.41 
<M1-O> 2.085(3) 
<M2-O> 2.195(3) 

Note: standard deviations are given in parentheses. Iind is 
the number of independent reflections used for structure 
refinement; Rint = Σ ⏐ 2

oF - 2
oF (mean)⏐/ Σ [ 2

oF ]; Rall = Σ 

⏐⏐ 2
oF ⏐-⏐ 2

cF ⏐⏐/ Σ [ 2
oF ]; Rw = {Σ [w( 2

oF - 2
cF )2]/ Σ 

[w( 2
oF )2]}1/2 ; S = [Σ [w( 2

oF - 2
cF )2]/(n-p)]0.5, where n is 

the number of reflections and p is the total number of pa-
rameters refined; m.a.n. is the mean atomic number be-
fore introducing the chemical constraints.. 

 
 
 
 
 

Table 3. Site  populations 
Opx ALH84001 n.1 

T Si  1.9777 
 Al 0.0223 
   
M1 Mg 0.9130(26) 
 Fe 0.0668(28) 
 Fe3+ 0.0000 
 Al 0.0060 
 Cr 0.0101 
 Ti 0.0041 
   
M2 Mg 0.4416(27) 
 Fe 0.4715(33) 
 Ca 0.0693 
 Mn 0.0156 
 Na 0.0020 
   
 1M

FeX  0.0682 
 2M

FeX  0.5164 
 kD 0.0685(29) 
Note: kD = 1M

FeX  [1 - 2M
FeX ] / 2M

FeX  [1- 1M
FeX ] 
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