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Introduction:  Constraints on the thermal history 

of meteorites can be established by estimating the 
Fe2+-Mg order degree in their pyroxene using single-
crystal XRD. In Pbca orthopyroxene, as well as in 
P21/c pigeonite and C2/c clinopyroxene, a non-
convergent order-disorder process, involving the dis-
tribution of Fe2+ and Mg between the structural sites 
M1 and M2, occurs and can be described by the in-
tracrystalline exchange reaction: Fe2+(M1) + Mg(M2) 
↔ Fe2+(M2) + Mg(M1). This reaction is a reversible 
process that is orders of magnitude faster than inter-
crystalline Fe2+-Mg diffusion, able to record the latest 
event in the thermal evolution of the host rock. Even a 
highly ordered pyroxene, resulting from very slow 
cooling of the host rock during geological times, can 
be rapidly disordered if its Tc is exceeded. Once disor-
dered, pyroxene loses its memory of its previous or-
dering state and the final degree of order that it records 
depends only on the cooling history that follows the 
disordering event. Once the thermodynamics and ki-
netics of the Fe2+-Mg exchange process are known, 
pyroxene can be used to retrieve the thermal history of 
its host rocks.  

For Pbca orthopyroxene, the dependence on tem-
perature and composition of both the equilibrium [1], 
[2], [3], [4], [5], [6], [7] and the kinetic behaviour [8], 
[9], [10], [11], [12], [13], [14], [15], [16], [17] [18], 
[19] of the Fe2+-Mg exchange reaction have been char-
acterized, thus allowing this mineral to be used as a 
“geospeedometer” for retrieving the thermal history of 
the terrestrial and extraterrestrial host rocks [20], [21], 
[22], [23], [24], [25], [26], [27], [28].  

For P21/c pigeonite, the temperature dependence of 
the Fe2+-Mg order-disorder under equilibrium condi-
tions has been studied by [29] on two samples with 
different Mg/Fe ratios and Ca content thus providing 
two geothermometric calibrations which allow the 
closure temperature (Tc) of the Fe-Mg order-disorder 
reaction in a pigeonite-bearing rock to be calculated. 
The kinetics of Fe2+-Mg order-disorder has been stud-
ied by [30] on the more Fe-rich pigeonite sample 
(Wo10En47Fs43) used by [29] while a kinetic work on 
the Fe-poor sample (Wo6En76Fs18) is still in progress 
[31].  

For C2/c clinopyroxene, the equilibrium of Fe2+-
Mg exchange has been studied in samples with differ-
ent compositions and at different T enabling geother-
mometric applications [32], [33], [34] while the kinet-
ics has been characterized by ordering experiments 
only on an augitic sample with composition ca. 
Wo43En46Fs11 [34]. 

Results: We present here the data obtained on two 
martian meteorites. 

ALH84001: An orthopyroxene single crystal from 
the Martian meteorite ALH84001 was studied by X-
ray diffraction (XRD) and electron microprobe analy-
sis (EMPA) to retrieve information about its thermal 
history. Both data were used to measure the Fe2+-Mg 
order degree between the M1 and M2 sites expressed 
by the distribution coefficient kD. The 529±30 °C clo-
sure temperature (Tc) of the Fe2+-Mg ordering process 
of ALH84001 orthopyroxene (Fs28) was calculated 
using [6], [7] lnkD vs 1/T equation obtained for inter-
mediate iron sample. At this Tc the orthopyroxene 
cooling rate, calculated by [20] numerical method, was 
0.1 °C/day. This study brings new constraints to the 
last high-temperature thermal episode recorded by 
orthopyroxene. With reference to the geological his-
tory [35], we ascribe this episode to the I3 event, and 
we interpret the Tc of 529 °C as a lower limit for this 
impact heating. Our data confirm that the physical 
conditions experimentally defined for the formation of 
magnetite from carbonates decomposition took place 
on the Martian surface during event I3. 

MIL03346: Two augite crystals from the 
MIL03346 nakhlite were studied by single crystal 
XRD, EMPA analyses and single crystal Mössbauer 
spectroscopy to measure the Fe2+-Mg order degree 
between M1 and M2 sites and retrieve information 
about the thermal and redox history of this meteorite. 
The Fe2+-Mg order degree was calculated by means of 
the intracrystalline distribution coefficient kD  The 
closure temperature Tc was retrieved for both crystals 
using the following geothemometer by [34]: T(K) = 
[12100(750) - 27700(1700) (Ca+Na+R3+) + 
20400(1000) (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 geothermometric calibration. The Tc values ob-
tained for both crystals were ~ 450(±30) °C. These 
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data are comparable to those obtained on clinopyrox-
ene from the central part of metric terrestrial lava 
flows [36], [37], [38], [39], pointing to a rapid crystal-
lization 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 EMPA and XRD 
data. The Fe3+/Fetot = 7 (±5)% ratio measured in the 
augite core corresponds to crystallization at an fO2 
value around IW+2.2, which is below the QFM buffer 
[40]. This value is much lower than previously re-
ported [41] and puts new constraints on the pristine 
oxidation state of MIL03346 magma.  
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