
THE FATE OF PRIMARY IRON SULFIDES IN THE HIGHLY-ALTERED CM1(/2) CARBONACEOUS 

CHONDRITES S. A. Singerling1, C. M. Corrigan2, and A. J. Brearley1. 1Department of Earth and Planetary Scienc-

es, MSC03-2040, 1 University of New Mexico, Albuquerque, NM 87131, USA. 2Department of Mineral Sciences, 

National Museum of Natural History, Smithsonian Institution, Washington, DC 20560-0119, USA. Email: ssinger-

ling@unm.edu. 

 

Introduction: The least-altered carbonaceous 

chondritic meteorites offer an excellent opportunity to 

study pristine samples of material which formed within 

the solar nebula. However, most carbonaceous chon-

drites have experienced secondary alteration of varying 

kinds and to different degrees. Therefore, it is necessary 

to differentiate between which features have a primary 

nebular origin vs. those that are secondary, having 

formed subsequently on asteroidal parent bodies. In this 

sense, it is useful to look at phases that formed in both 

nebular and asteroidal environments and compare their 

characteristics in the least- and more highly-altered me-

teorites. Iron sulfides represent one group of phases 

useful for such analyses.  

Previous studies of iron sulfides in carbonaceous 

chondrites have argued for both primary [1-7] and sec-

ondary [8-10] origins for pyrrhotite (Fe1-xS) and pent-

landite ((Fe,Ni)9S8). In the former case, pyrrhotite and 

pentlandite formed from sulfidization of Fe,Ni metal or 

crystallization of a sulfide melt during chondrule for-

mation. In the latter case, these phases formed from 

aqueous alteration of troilite (FeS) and/or Fe,Ni metal. 

In an attempt to determine the fate of the primary sul-

fides in more highly-altered samples and how they re-

late to their secondary counterparts, we have analyzed 

iron sulfides in a suite of CM1/2 and CM1 carbona-

ceous chondrites to compare with the results of our pre-

vious studies of sulfides in CM2 chondrites [4,5]. 

Samples and Methods:  The meteorites studied for 

this work include: CM1/2s Allan Hills (ALH) 83100, 

84029, 84034, 84049, LaPaz Icefield (LAP) 031166, 

and CM1 Meteorite Hills (MET) 01073. Previous work 

has argued that the Allan Hills samples listed above are 

paired [11-13], making them ideal for a study of sulfide 

diversity, resulting from processes such as brecciation 

and aqueous alteration. For microscopic-scale imaging 

of the textures, we used the FEI Nova NanoSEM 600 at 

NMNH. For preparation of FIB sections for analysis by 

TEM, we used the FEI Quanta 3D Dualbeam® 

FEGSEM/FIB at UNM. The major and minor element 

compositions of the sulfides were obtained using the 

JEOL 8200 EPMA at the Institute of Meteoritics, 

UNM. For submicron-scale imaging and X-ray microa-

nalysis and mapping of FIB sections, we used the JEOL 

2010F FEGSTEM at UNM. 

Results: Based on their textures, we have identified 

three groups of primary sulfide grains, which have been 

aqueously altered. Table 1 summarizes information and 

Figure 1 presents examples of each group. The groups 

are: 

1) porous-pitted pentlandite (3P) grains (Fig. 1a-b) 

2) pyrrhotite+pentlandite+magnetite (PPM) grains 

(Fig. 1c-d) 

3) pentlandite+serpentine (PS) grains (Fig. 1e-f) 

Table 1. Altered primary iron sulfide textural groups in 

CM1(/2) chondrites 

Sample 
Textural 

Group 
n 

Size 

Range (µm) 
Location 

ALH 84029 PPM 4 30-110 matrix 

 
PS 3 30-40 chondrule, matrix 

 
3P 5 18-85 matrix 

ALH 84034 PPM 3 25-40 matrix 

 
PS 5 15-60 chondrule, matrix 

 
3P 5 10-25 chondrule, matrix 

ALH 84049 PPM 6 30-55 chondrule, matrix 

 
PS 4 35-130 chondrule, matrix 

 
3P 3 55-75 matrix 

ALHA 83100 PPM 6 15-90 chondrule, matrix 

LAP 031166 PS 1 25 matrix 

 
3P 1 35 matrix 

MET 01073 PS 5 30-70 chondrule, matrix 

 
3P 1 35 matrix 

Figure 1. BSE images of textural groups of altered primary 

sulfides in CM1/2 chondrite ALH 84029. (a-b) 3P grain, (c-d) 

PPM grain, (e-f) PS grain. po = pyrrhotite, pn = pentlandite, 

mgt = magnetite, srp = serpentine. 
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The abundance of grains within the different textural 

groups is variable. Together, the PPM and PS are more 

common than the 3P grains. The distribution of these 

grains appears to be spatially heterogeneous in any giv-

en sample, and the different grain types can coexist 

within the same sample.  

The 3P grains in the CM1(/2) chondrites display 

crystallographically-controlled, sub-micron porosity, 

similar to that in sulfides in CM2 chondrites [14]. On a 

coarse (SEM)-scale, the grains appear be composed 

solely of pentlandite and lack any exsolution textures. 

On a fine (TEM)-scale, however, these grains do appear 

to contain remnant exsolution lamellae which are visible 

in dark-field STEM imaging mode. TEM EDS spot 

analyses and an X-ray map revealed no compositional 

differences between the lamellae and its neighboring 

phase, both having a pentlandite-like composition. 

The PPM and PS grains are both characterized by 

remnant primary pyrrhotite-pentlandite exsolution as 

observed in the CM2s [4,5]. For the PPM grains, the 

primary features include relict pyrrhotite as well as 

pentlandite patches, blades, lamellae, and/or rods. In 

addition to the primary phases, the PPM grains also 

contain magnetite veining in the outer portions of the 

grain with associated pentlandite that originates from 

the magnetite and extends into the pyrrhotite portion of 

the grain (Fig. 1d). In grains that show the most exten-

sive alteration, pyrrhotite portions of the grain are es-

sentially non-existent, and magnetite veining crosscuts 

the grain entirely.  

For the PS grains, the primary features include relict 

pentlandite patches, blades, lamellae, and/or rods. In no 

cases, however, is any relict primary pyrrhotite present. 

In addition to the primary pentlandite, the PS grains 

also contain serpentine with associated clusters of rod-

form pentlandite. The proportion of rod-form pentland-

ite to serpentine varies from grain to grain.  

Discussion: To better understand how the iron sul-

fide textural groups in the CM1(/2)s formed, we will 

compare our findings with primary iron sulfides in CM2 

chondrites [14]. In the less-altered CM2s, primary iron 

sulfide grains are characterized by pyrrhotite with lesser 

amounts of exsolved pentlandite. However, while pyr-

rhotite is the dominant sulfides in the CM2s, it is much 

rarer in the CM1s. In fact, pentlandite is the dominant 

sulfide in the CM1s. What role does aqueous alteration 

play in this? We will discuss possible alteration scenar-

ios for each textural group. 

The 3P grains and their CM2 counterparts are char-

acterized by increasing proportions of pentlandite to 

pyrrhotite with increasing degrees of alteration. This is 

evidenced by comparisons between least-altered grains 

(such as those observed in least-altered CM2 QUE 

97990 [14]), less-altered grains (such as those observed 

in the more-altered CM2 Murchison [14]), and more-

altered grains (such as those observed in the CM1(/2)s). 

This implies that with further alteration, pyrrhotite alters 

to secondary pentlandite. These grains likely form by a 

combination of dissolution, as evidenced by the porosi-

ty, as well as replacement of pyrrhotite by secondary 

pentlandite in the primary pyrrhotite-pentlandite grains.  

The PPM grains have primary relicts in addition to 

secondary phases. The primary pyrrhotite shows altera-

tion to pentlandite that is associated with magnetite 

veins. The close association of the secondary pentland-

ite with the magnetite veining implies that the two are 

genetically related. In this case, alteration of Ni-bearing 

pyrrhotite to magnetite resulted in an excess of Ni 

which then reacted with surrounding pyrrhotite to form 

pentlandite.  

The PS grains also have primary relicts in addition 

to secondary phases. In this case, no primary pyrrhotite 

remains, though the overall morphology of the primary 

grain is intact. We can assume that in Fig. 1f, the pyr-

rhotite was originally in the interior of the grain with the 

pentlandite patches on the rim. The primary pyrrhotite 

likely altered to serpentine and secondary, rod-form 

pentlandite. Similar to the PPM grains, the association 

of an alteration phase with pentlandite implies a genetic 

link between the two. In this case, it is serpentine and 

rod-form pentlandite. A possible formation mechanism 

for the secondary pentlandite likely involved alteration 

of Ni-bearing pyrrhotite to serpentine resulting in an 

excess of Ni. As alteration progressed and serpentine 

became more Mg-rich, there would have also been an 

excess of Fe eventually resulting in formation of sec-

ondary pentlandite.  

The different styles of alteration for the three textur-

al groups are: 1) 3P – primary pyrrhotite altered to sec-

ondary pentlandite via dissolution, 2) PPM – primary 

pyrrhotite altered to magnetite with byproduct second-

ary pentlandite, and 3) PS – primary pyrrhotite altered 

to serpentine with byproduct secondary pentlandite. The 

difference in alteration products could have been the 

result of a number of different factors (e.g., T, P, fO2, 

fS2, water-rock ratio, time, etc.) and will be treated in 

future work. 
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