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Introduction: The asteroids Bennu and Ryugu, 

which are being studied by the OSIRIS-REx and Haya-
busa2 missions, respectively have affinities to CM car-
bonaceous chondrites that may have undergone post-
hydration heating [1–3]. Both asteroids have spectro-
scopic affinities to the CM Allan Hills (ALH) 83100 
[1, 2, 4]. In order to better understand the materials that 
will be returned by OSIRIS-REx and Hayabusa2, we 
have undertaken laboratory heating experiments on 
ALH 83100, and here we focus on identifying minerals 
that can be used to track the thermal evolution of CM-
like lithologies. 

Materials and methods: Separate chips of ALH 
83100 loaned by ANSMET were heated under vacuum 
to 400 °C and to 800 °C for 24 hrs. The mineralogy of 
subsamples of these chips was quantified by position-
sensitive-detector X-ray diffraction (PSD-XRD) using 
Cu Kα1 radiation at the Natural History Museum, Lon-
don. Unheated and heated pieces of ALH 83100 were 
also made into polished blocks for chemical and min-
eralogical characterization using a Zeiss Sigma SEM 
and a Renishaw InVia Raman microscope. 

Results: Unheated ALH 83100 is mineralogically 
typical of a highly aqueously altered CM (Table 1). Its 
petrologic type of 1.2 from XRD is consistent with the 
subtype of CM2.1 determined by [5]. ALH 83100 con-
tains 83 vol. % serpentine within highly aqueously al-
tered chondrules and the fine-grained matrix (Table 1). 
The matrix hosts grains of carbonates (both calcite and 
dolomite, the latter not detected by XRD owing to peak 
overlaps), pyrrhotite, pentlandite, and magnetite (Table 
1). The carbonate minerals are commonly intergrown 
with S-rich particles (~53 wt.% FeO, 19 wt.% S, 10 
wt.% NiO, 4 wt.% MgO, 4 wt.% SiO2) within which 
tochilinite was identified by Raman. Some of the 
Fe(Ni) sulphide grains have textures that indicate for-
mation in the solar nebula [6], and most of them have 
been partially oxidized to magnetite. 

The bulk mineralogy of ALH 83100 has changed 
little with heating to 400 °C (Table 1). SEM analytical 
totals of the fine-grained matrix have increased from 
79 wt. % to 82 wt. %, likely reflecting incipient dehy-
droxylation of phyllosilicates. However, as XRD shows 
that the 400 °C sample has a comparable volume of 
serpentine to unheated ALH 83100 (Table 1), its crys-
tal structure has not degraded. The S-rich particles 

have changed little in chemical composition (~59 wt.% 
FeO, 23 wt.% S, 11 wt.% NiO, 6 wt.% MgO, 2 wt.% 
SiO2), although magnetite rather than tochilinite was 
identified by Raman spectroscopy. 
 
Table 1. ALH 83100 mineralogy from XRD (vol. %) 

 Unheated 400 °C 800 °C 
Mg-serpentine 62.0 58.1 d.l. 
Fe-cronstedtite 20.8 22.2 d.l. 
Olivine 5.8 4.4 88.1 
Pyroxene 3.3 3.8 4.2 
Pyrrhotite 0.9 1.4 3.6 
Troilite d.l. d.l. 1.4 
Pentlandite 1.2 3.1 2.6 
Fe,Ni metal d.l d.l 0.1 
Magnetite 4.1 4.9 p.o 
Calcite 2.0 2.2 p.o 
Phyllo. fraction 0.90 0.91 ----- 
Petrologic type 1.2 1.2 ----- 
p.o. = not detected owing to peak overlaps. d.l. = be-
low detection limits. 

With heating of ALH 83100 to 800 °C the fine-
grained matrix has fractured. Serpentine has dehydrox-
ylated, and recrystallized to olivine; the volume of oli-
vine at 800 °C (88.1 vol.%) is almost identical to the 
volume of olivine plus serpentine in unheated ALH 
83100 (88.6 vol.%). Recrystallization of serpentine has 
been accompanied by a further increase in matrix SEM 
analytical totals to ~92 wt. %. The concentration of S 
in the matrix is significantly higher in the 800 °C sam-
ple (3.3 wt.%) than in the unheated and 400 °C samples 
(2.0 and 1.5 wt.%, respectively). Calcite and dolomite 
are both absent, and in their place are areas of the ma-
trix that are porous and Ca-rich. Most of these Ca-rich 
areas have euhedral crystals of a phase that contains O 
together with S (~18 wt. %), Ca (~24 wt. %) and Fe 
(~40 wt. %) (Fig. 2). Although compositionally differ-
ent to any known mineral, this phase is chemically very 
similar to an un-named Ca,Fe oxysulphide that has 
been described from the naturally heated CM2-like 
meteorite Dhofar 225 [7]. XRD shows that Fe-
sulphides (pyrrhotite, troilite) are significantly more 
abundant at 800 °C than in lower temperature samples 
(Table 1). Pentlandite grains are Ni poor (atomic 
Ni/(Ni+Fe) = ~0.43) and contain inclusions of awaruite 
(atomic Ni/(Ni+Fe) = ~0.69), which is consistent with 
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detection of Fe,Ni metal by XRD (Table 1). Magnetite 
was observed by SEM, but peak overlaps (with the 
abundant olivine) preclude its quantification by XRD. 

 
Figure 1. Backscattered electron images of Ca,Fe oxy-
sulphide in ALH 83100 heated to 800 °C. (a) An ag-
gregate of crystals (white) within a porous area of the 
matrix formed by calcination of carbonates. (b) Euhe-
dral Ca,Fe oxysulphide crystals. 

 
Discussion: The petrologic (sub)type of ALH 

83100 shows that it sits close to the transition between 
partially altered CM2s and a fully hydrated CM1s. Un-
heated ALH 83100 has an unusually high volume of  
magnetite, which may be related to the abundance of 
nebular Fe(Ni) sulphides that it has partially replaced. 
Using the δ18O fractionation between dolomite and 
magnetite [8] obtained an aqueous alteration tempera-
ture of 125 °C ±60 °C. 

The 400 °C sample contains few potential palaeo-
thermometers. Dehydroxylation of serpentine has start-
ed, as reflected in the ~3 wt. %  increase in matrix ana-
lytical totals, but its crystal structure has remained in-
tact. Tochilinite is the only mineral to have thermally 
decomposed by 400 °C, but even then its host S-rich 
particles have largely retained their original chemical 
compositions. 

Between 400 °C and 800 °C serpentine has recrys-
tallized to olivine, and previous work indicates that this 
reaction takes place by ~750 °C [9]. It is in this tem-
perature range that the matrix has fractured. The other 
main effects of heating are calcination of carbonates, 

chemical and mineralogical alteration of pentlandite, 
and growth of sulphides that are stable at these higher 
temperatures (i.e., pyrrhotite, troilite, and Ca,Fe oxy-
sulphide).  

Awaruite inclusions within Ni-poor pentlandite 
shows that the metal forms by intragranular redistribu-
tion of Fe, Ni and S. This finding is consistent with the 
thermal instability of terrestrial pentlandite at >~610 
°C [10]. The detection of pentlandite at 800 °C by 
XRD shows that its crystal structure has nonetheless 
been retained, maybe because heating was too brief for 
complete recrystallization. 

The mobility of sulphur during heating from 400 °C 
to 800 °C is highlighted by enrichment of the matrix in 
S, possibly in the form of finely disseminated na-
noscale pyrrhotite/troilite. The Ca,Fe oxysulphide will 
have formed between the calcination of carbonates at 
~700 °C [11] and 800 °C. That this phase also occurs 
in Dhofar 225 shows that our experiments are a good 
analogue for natural heating. 

Conclusions: The effects of brief heating of a high-
ly aqueously altered CM include: (i) decomposition of 
tochilinite and formation of magnetite; (ii) dehydrox-
ylation of serpentine and recrystallization to olivine; 
(iii) calcination of carbonates; (iv) inter- and intra-
granular exchange of S, Fe and Ni leading to the re-
placement of pentlandite by awaruite, and formation of 
troilite, pyrrhotite and Ca,Fe oxysulphide. Thus, useful 
palaeothermometers for heated highly altered CMs are: 
loss of tochilinite at 125 °C ±60 °C–400 °C; crystalli-
zation of olivine after serpentine at ~400–750 °C; 
awaruite after pentlandite at ~600–800 °C; Ca,Fe oxy-
sulphide after carbonates at 700–800 °C. 
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