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Introduction:  CM carbonaceous chondrites pro-

vide valuable evidence of parent body accretion and 

aqueous processing, including the presence of S-rich 

fluids [1-2]. Evidence for these fluids comes from the 

mineral tochilinite (FeS(Mg,Fe2+)(OH)2) [2], which is 

typically spatially associated with kamacite and taenite 

[3]. Both of these Fe,Ni minerals also react readily with 

the terrestrial environment [4] to form alteration prod-

ucts including: akaganeite (Fe3+(O,OH,Cl)), goethite 

(Fe3+O(OH)) and minor amounts of maghemite 

(Fe3+
2O3) and other Fe-oxides [5-6].  

As a consequence of the reactivity of metal, it is im-

portant to understand the potential impacts of terrestrial 

weathering on surviving pre-terrestrial alteration prod-

ucts including tochilinite. Distinguishing between pre-

terrestrial and post-terrestrial alteration products is 

therefore crucial for our understanding of the scale and 

extent of the aqueous processes on asteroidal parent 

bodies.   

Materials and methods:  Fe,Ni metal grains were 

studied in the Antarctic CM carbonaceous chondrite 

Lewis Cliff (LEW) 85311. This meteorite was chosen 

because it is very mildly altered (CM2.7) [7] so that 

metal grains are preserved and with relatively minor 

quantities of alteration products. SEM imaging and 

chemical analysis by Energy Dispersive X-ray Spec-

troscopy (EDS) were undertaken using a Zeiss Sigma 

SEM. Mineralogy was determined by Raman Spectros-

copy using an Renishaw InVia Raman microscope at-

tached to a 45 W (max power), 512 nm laser source and 

a 2400 mm grating. Raman analysis used laser powers 

of <0.5 % to prevent sample burning and reduce the po-

tential for Fe-oxide transformation [8]. 

Results:  

EDS analysis: Imaging of two large Fe,Ni metal 

grains (both kamacite) revealed two contrasting altera-

tion rim textures and chemistries. The Fe,Ni metal grain 

in Figure 1 has a narrow S-rich alteration rim with a ho-

mogenous texture. Quantitative chemical analysis of the 

rim revealed 12.4 wt.% S. The grain shown in Figures 2 

and 3 has a far thicker and more texturally complex al-

teration rim. EDS mapping reveals bands of both S- and 

Cl-rich material. Chemical analysis showed these S-rich 

regions to have a concentration of up to 10.4 wt.% S and 

the Cl-rich regions to have up to 2.6 wt.% Cl. The EDS 

map in Figure 3 also highlights that the greatest Cl en-

richment is seen at the boundaries between the metal 

grain and S-rich material.  

Figure 1. Sulphur EDS map overlain on a BSE image showing 

a S-rich alteration rim on a kamacite grain.  

 
Figure 2. EDS map overlain on a BSE image showing 

a banded Cl- and S-rich rim on a kamacite grain. 

 
Figure 3. Higher magnification image of part of Figure 

2 showing distinct banding of Cl-rich and S-rich rim on 

the kamacite grain. 
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Raman Spectroscopy: Raman analysis was carried 

out in the different chemical zones highlighted by EDS 

mapping and reveals that the chemical banding approx-

imately corresponds to different mineralogies. The S-

rich regions in Figures 1, 2 and 3 all returned Raman 

spectra for tochilinite (identified by peaks at 245, 300 

and 350 cm-1). The Cl-rich regions in Figures 2 and 3 

gave spectra for akaganeite (identified by peaks at 310, 

390, 540, 610 and 720 cm-1). The regions not signifi-

cantly enriched in either Cl or S returned spectra for 

goethite (identified by peaks at 240, 300, 390, 485, 550 

and 685 cm-1) and poorly crystallized hydrated Fe III 

oxides or oxyhydroxides (identified by peaks at 380, 

510 and 700 cm-1). Hydrated Fe III oxide or oxyhydrox-

ide is a generic term for poorly crystallized phases, ma-

ghemite, ferrihydrite and feroxyhite, and is used as a re-

sult of spectral similarities [9-10]. 

Discussion: The presence of tochilinite surrounding 

the smaller metal grain (Fig. 1) suggests that it has only 

undergone asteroidal aqueous alteration, and has been 

largely unaffected by Antarctic weathering [3-11]. 

However, only 330 µm from this supposedly terrestri-

ally unaltered kamacite grain is a larger and far more 

terrestrially altered grain (Figs. 2 & 3). Within the alter-

ation rim surrounding this Fe,Ni metal grain three ter-

restrial alteration products were detected (akaganeite, 

goethite and poorly crystallized hydrated Fe III oxide or 

oxyhydroxide) [5]. 

Akaganeite is described by [5] as being a primary 

terrestrial alteration product that helps to initiate Fe,Ni 

metal corrosion. The development of akaganeite relies 

on Cl reaching the reaction front. Evidence for Cl deliv-

ery is seen in the veins of Cl-rich, material cutting 

through the outer tochilinite rim (Fig. 2). The terrestrial 

source for this Cl is thought to be sea spray and/or vol-

canic activity, with Cl transported to the Antarctic inte-

rior as an aerosol or gas [5]. 

Within LEW 85311 akaganeite appears the most 

abundant of the terrestrial alteration products, as 

demonstrated by the bands of Cl enrichment at the 

boundaries with the Fe,Ni metal and the S-rich 

tochilinite. These Cl bands represent sites where corro-

sion is actively taking place. The broader Cl band ob-

served at the inner contact with the S-rich tochilinite 

suggests that this material is being preferentially altered 

compared to the Fe,Ni metal where only a thin band of 

Cl enrichment is seen.  

As alteration progresses and akaganeite grows out-

wards, into the tochilinite, and inwards into the Fe,Ni 

metal, the veins which serve as transport pathways for 

Cl slowly become occluded, and the ability to maintain 

a supply of Cl ions to the reaction front is diminished 

[12]. The development of further akaganeite is thereaf-

ter restricted and the remaining Cl is gradually used at 

the reaction front or flushed from the area completely 

[13]. Without Cl, akaganeite becomes unstable and 

readily converts to the stable weathering products goe-

thite and hydrated Fe III oxide and oxyhydroxide [12]. 

The transformation from unstable akaganeite to more 

stable phases is shown by the regions of the alteration 

rim not enriched in either Cl or S (Figs. 2 & 3).  

The significant corrosion of the pre-terrestrial alter-

ation product tochilinite by terrestrial weathering prod-

ucts, within the relatively unaltered (CM2.7) LEW 

85311, is concerning, especially given the slow weath-

ering environment of Antarctic, where this meteorite 

was found. If such significant alteration is widespread 

among carbonaceous chondrites, especially those as 

pristine as LEW 85311 then the scale of asteroidal aque-

ous alteration may be underestimated. Furthermore, the 

vol % of metallic Fe,Ni is used as a first order indicator 

for the degree of aqueous alteration [14]. By failing to 

account for the potential loss of Fe,Ni metal by terres-

trial weathering, the degree of aqueous alteration of CM 

carbonaceous chondrites may also be overestimated.  

Conclusions: This work highlights the need for high 

spatial resolution chemical and mineralogical analysis 

of areas surrounding reactive Fe,Ni metal grains in order 

to fully understand the extent of pre-terrestrial aqueous 

alteration of the CM chondrites. By failing to account 

for the potential loss of material in the terrestrial realm 

there is a risk of misrepresenting the extent of aqueous 

processing on the parent body. 
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