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Introduction:  There have been several attempts to 

create an index to evaluate the amount of aqueous al-
teration in CM chondrites [1, 2]. We use the extent of 
kamacite corrosion to determine the relative classifica-
tion of slightly altered CM chondrites. Because kama-
cite alters to tochilinite [(Fe,Ni)x-1S • n(Fe,Mg)(OH)2] 
[3-5] and P-rich sulfides (Fe2Ni2.9Co0.2S2.9O2P1.3) [6], 
we use kamacite-tochilinite assemblages to determine 
how much alteration has occurred. 

Method: We analyzed kamacite and tochilinite as-
semblages in Murray, Murchison, Cold Bokkeveld, 
and Nogoya using a petrologic microscope, SEM, 
BSE, EDS and EMPA.  We required that kamacite or 
tochilinite was exposed directly to the matrix or dust 
rim. Kamacite grains that are embayed within silicate 
minerals may have been shielded from alteration, re-
ducing the effectiveness of this technique. We meas-
ured the thickness of the tochilinite rim, and estimated 
tochilinite's interaction with the matrix.  

Alteration Scale: We established a scale that 
measured the degree that a mineral assemblage has 
been altered by S-rich water. This single parameter 
scale does not replace other systems [1, 2], but pro-
vides insight into the early stages of aqueous alteration.  
Additionally, completely altered kamacite provides 
only lower limit to the alteration. 

Table 1 
None  

0 
No tochilinite observed. Kamacite is intact, 
without blemish. 

Trace  
1 

Tochilinite rim 1 to 5 µm. Pockmarked texture 
not apparent at 5 µm scale, but small holes can 
be seen at higher resolution. Alteration rim 
may also be cronstedtite or oxide. 

Partial 
2 

Tochilinite rim 6 to 20 µm. Grains frequently 
display ragged texture of bright and medium 
material with plucked holes. 

Significant  
3 

Fluid interaction has allowed tochilinite to 
expand into matrix, cracks or around minerals. 

Extensive  
4 

Tochilinite has both expanded beyond its 
original size and has begun physical mixing 
with the surrounding material.  

 
Alteration 0 - None.  In Murray and Murchison, we 

detect kamacite grains have no discernable alteration. 

In this figure, the P-rich phases are lamella of 
schreibersite (Fe,Ni)3P.  The surrounding matrix has 
been hydrated with tochilinite/cronstedtite (TCI) grains 
(formerly type-II PCP) only a few µm from the kama-
cite grain. 

 
Alteration 1 - Trace. The initial stage of alteration 

can typically be seen by a thin rim on the outside of the 
kamacite grain.  We have also seen kamacite with 
small pockmark holes scattered near the margins that 
we also assume to be initial stages of alteration.  

 
Alteration 2 Partial. As kamacite is altered, we see 

the formation of the two discrete phases, tochilinite 
and P-rich sulfide. Tochilinite contains a large amount 
of O and S, while the P-rich sulfide is dominantly 
high-Z atoms, making those grains almost as bright as 
the originally kamacite in BSE images. As a result, the 
BSE images of altered kamacite show a ragged texture 
with bright P-rich sulfide grains and dark plucked 
spots embedded in medium gray tochilinite. This tex-
ture becomes obvious on kamacite grains that have 
experienced alteration on more that just its rim.  This 
SEM image shows that most of the grain has been 
converted into tochilinite, but a core remains allowing 
us to measure the average thickness.  
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Alteration 3 Significant. As alteration increases, the 
width of tochilinite rims becomes less useful because 
there are fewer kamacite grains that have not been 
completely altered. When the amount of tochilinite 
becomes large, it will expand around other minerals 
and fill cracks. 

 
Alteration 4 Extensive. The final category for ka-

macite alteration is based upon the mixing between 
tochilinite and the material surrounding it. In regions 
where there is extensive alteration, we find that the 
tochilinite forms many long, small tendrils that weave 
into the matrix or mesostasis-serpentine. It does not 
appear that the tochilinite chemically interacts with the 
neighboring matrix (i.e. cation exchange), but appears 
its filaments are further intertwined. 

Mass Balance of Alteration: There is indication of 
a minor volume increase due to the formation of tochil-
inite; however, the volume increase is not large enough 
to account for all the missing Fe.  We calculated the 
mass balance for the conversion of kamacite into to-
chilinite and P-rich sulfides for a partially altered ka-
macite grain (Fig. "Partial") [6]. We measured the area 
of the remnant kamacite, tochilinite, P-rich sulfides 
and holes and estimated the volume of the components. 

We determined that 81% of the Fe in the original 
kamacite was removed during the formation of the 
alteration rim.  This process likely occurred via aque-
ous transport.  The liberated Fe may have then been 
consumed in reactions with Fe-poor minerals or 
formed Fe-rich aureoles [7,8].  Our calculations show 
that Ni and P remained in the immediate area. 

Mineralogic Alteration Index (MAI):  We ap-
plied [1,2] scales to our samples, but the MAI scale [1] 
met marginal success.  First, the matrix of slightly al-
tered meteorites has a higher S content than do highly 
altered meteorites [6].  Thus, almost all collected 
EMPA of Murray and Murchison failed to fall below 
the 2 wt% S and other filters such that they would be 

excluded (only 2 of 126 collected points).  Second, 
there is only a marginal correlation between our appli-
cation of the MAI and the expected degree of alteration 
(Table 2). Third, the standard deviations are well be-
yond the variance between samples, making the effect 
of individual data points vast.  Serpentine should have 
a MAI of 2 and cronstedtite should have a MAI of 0 
[1]. 

Table 2 
Name # Points 

Relaxed1 
MAI2 

Murray #1 32 .68 (.31) 
Murray #2 4 .89 (.52) 
Murchison 15 .57 (.34) 
Cold Bokkeveld 18 .73 (.27) 
Nogoya 3 .80 (.19) 

1-The S, Cr, Ca and Na filters suggested by [1] 
were removed. 2-Parenthesis is the standard devia-
tion. 
The MAI determines the degree of aqueous altera-

tion by calculating the amount of Fe that is Fe3+ in 
cronstedtite, 

! 

(Fe3"x
2+ Fex

3+)(Fex
3+Si2"x )O5(OH)4  (Eq. 1) [1].  

However, the MAI (Eq. 2), does not accurately evalu-
ate either the amount of Fe3+ or the degree of altera-
tion.  When Eq. 1 is substituted into the formula for 
MAI (Eq. 2), the result is Eq. 3.   

! 

Fe3+ = 2(2 " Si) " Al  (1) 

! 

MAI= 2 " Fe3+

2 " Si
  (2) 

! 

MAI= Al
2 " Si

   (3) 

There are two problems with this formulation.  
First, the numerator of Eq. 3 is the amount of Al.  
Aluminum is not a good indicator of alteration because 
it is presence is not a direct function of alteration 

Second, the denominator (2-Si) results in division 
by zero when the mineral is pure serpentine. As Si 
approaches 2, the MAI becomes unrealistically large 
(>2), and produces values that are invalid, a problem 
we saw in our data.   

As a result of these problems, we suggest that the 
MAI is unable to consistently reflect the degree of 
aqueous alteration in CM chondrites. 
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