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Introduction:  Metallic iron with a taenite structure 

rimmed by Fe3C carbide [1], kamacite with a magnetite 
rim [2], both ~200 nm in size, and <15 nm kamacite crys-
tals embedded in equilibrated aggregates [2] (or GEMS) 
were reported in IDPs. Here I report the first  γ-(Fe,Ni), 
taenite, in sulfide fragment -F6 particle with adhered 
patches of thermally modified aggregate IDP-like mate-
rial [3, 4] belonging to cluster IDP L2011#21.  

A natural annealing process.  Thermal processing 
is an important process in the evolution of circumstellar 
dust that is often simulated in laboratory annealing 
experiments [5]. Ye t, as all collected IDPs and cluster 
IDPs experience flash heating during atmospheric entry 
there is an opportunity to observe thermal modification 
without intervention in the laboratory in a natural sam-
ple. For example, matrix-rich, chondritic aggregate IDP 
materials with variable ratios of Mg-rich and Fe-rich 
ferromagnesiosilica principal components (PCs) at-
tached to sulfide IDPs show dynamic pyrometamorphic 
silicates, viz. such as Fe-rich olivine, pure enstatite, 
Mg-rich, Ca-poor and low-Ca pyroxenes and diopside 
[4, 5]. Fragment F6 has adhered compact clusters of 
single-crystal enstatite plus pyrrhotite that were formed 
by thermal annealing aggregate matrix with embedded 
nm-sized sulfides or aggregate IDP material with em-
bedded sulfides, ~1 to 5 µm in size [6, 7] (Fig 1).  
 

 
Fig. 1: Massive cluster of Enstatite (top: white grains), Pyr-
rhotite (central band) in sulfide fragment F6 (cluster IDP 
2011#21); field of view is 1.35 µm wide. 

 
Other patches are sub-micron, irregular ferromagne-

siosilica clusters with (sub-) spherical sulfide and Fe,Ni 

metal nanograins embedded in an amorphous matrix 
(Fig. 2) that resemble unique but rare GEMS [6, 8].  
 

 
Fig 2: GEMS look-alikes in the sulfide fragment F6 of cluster 
IDP 2011#21; lower-left object is 275 nm in diameter. Bulk 
serpentine dehydroxylate composition; Fe/(Fe + Mg) = 0.7 
 

Observations:  The sulfide is pyrrhotite (1–3 at % 
Ni) with S (at %) content ranging from 52 to 56 (FeS2), 
which is typical for flash-heated ~10-µm sulfide IDPs 
[3]. The average ratio Ni/(Ni+Fe) = 4.3  

Equant taenite grain.  This large, ~1.7 x ~1.5 µm, 
mottled grain is mostly enclosed in pyrrhotite but cov-
ered by silicate material at the particle surface. Its bulk 
composition, 37 at % Ni, is preserved in a composition-
ally homogeneous central band that is flanked on either 
side by a band having two adjacent domains with aver-
age compositions of 24 and 53 at % Ni. The cubic unit-
cell data support this taenite compositional range. 

Granular taenite layer:  The mottled pyrrhotite 
grains have abundant small vesicles that indicate S-
loss from in response to flash heating. At the grain 
boundary many sulfides have clusters of granular 
Fe,Ni,S grains with S <50 at % down to ~10 at %. More 
common is a narrow granular zone of taenite nanocrys-
tals, ~12 wt % Ni, directly in contact with pyrrhotite. 
The taenite zone is covered by a layer of granular Fe-
oxide nanocrystals ; Ni = 0–4 (at %) and traces of Cr.  

The data show S-loss from pyrrhotite in response to 
flash heating without concomitant oxidation produced 
these Fe,Ni,S-grains plus a small amount of Fe,Ni alloy 
with gradually increasing Ni content. After complete S-
loss, the granular Fe,Ni alloy will contain ~10-15 at % Ni 
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(Fe-rich taenite) and co-occurring metallic ion with have 
up to 4 at % Ni. The granular nature of the grains might 
point to pyrrhotite decomposition during flash-melting. 
Electron diffraction confirms Fe-oxide; the nature of Fe-
rich taenite nanocrystals is unclear but the large taenite 
grain shows no signs of oxidation. 

 
Discussion:  This flash-heated cluster fragment 

contains evidence for Fe,Ni-metal formation during 
pyrrhotite desulfurization that led to Ni-bearing iron 
plus Fe-rich taenite. Other taenite compositions in this 
fragment point to desulfurization of high-Ni pyrrhotite 
and pentlandite in other IDPs. Inversely they might 
support in situ formation of these sulfides from proc-
essed Fe,Ni alloys during hierarchical dust accretion 
[7]. 

Taenite, the high-Ni alloy stable above ~900oC, is 
found in IDPs, carbonaceous chondrites, UOCs and 
equilibrated ordinary chondrites. It forms discrete crys-
tals, single crystals associated with kamacite, polycrys-
talline grains and zoned grains [review ref. 9]. Table 1 
shows the remarkably similar Fe/Ni ratios of IDP sul-
fides independent of grains size, and thus accretion 
hierarchy [7], and in taenite from fragment F6 discussed 
here and ordinary chondrites. 

 
Table 1: Ni content in sulfides (~10 µm) in cluster IDPs [3], 
0.5-5 µm grains in aggregate IDPs [6] and 100-500 nm grains 
in aggregate matrix [6] and taenite in fragment -F6 (this ab-
stract) and taenite in UOCs and equilibrated OCs [9]. 

8 18 33 44-58 
4-10 23   
4-10   40  
12 21-28 34-44 50-57 
 25-30  33.5 53 
 25-40 (core)  50-55 (rim) 

 
The taenite compositions in fragment F6 are pre-

dicted by the Fe-Ni phase diagram at <500oC [10], viz. 
FeNi (50%) with the lower Ni-alloys either on the spi-
nodal or on metastable phase boundaries, incl. Fe3Ni 
(24 at % Ni). The similarities suggest a genetic relation-
ship between taenite, pyrrhotite and pentlandite in 
IDPs, and possibly in chondrites. The Fe,Ni,S-grain 
compositions <50 at % S in IDPs [3, 6] could then be 
due to S-loss. However, subsolidus decomposition of 
condensed taenite, ~40 at % Ni, grains would produce 
the discrete (Fe,Ni) alloy compositions that lead to in-
tergrown Ni-rich pyrrhotite/pentlandite grains by inter-
actions with nebular H2S gas. 

GEMS look-alikes:  The formation of granular tae-
nite (10-15 at % Ni) and Ni-free to low-Ni Iron grains 
during rapid, kinetically controlled, S-loss may offer 

insights into the proposed formation of GEMS. With 
their pure ‘MgSiO’ matrix, GEMS differ from the amor-
phous ferromagnesiosilica PCs with embedded ultrafine 
sulfide, Fe-metal and/or Fe-oxide grains that are com-
mon in the matrix of aggregate IDPs [7]. GEMS might be 
a specific subset of PCs or represent a unique but rare 
class of their own. I do note that while GEMS are Mg-
rich, their bulk composition shows iron.  

Dense polycrystalline aggregates of pure enstatite 
crystals and pyrrhotite grains (Fig. 1) would readily 
form during thermal processing of aggregate matrix 
material dominated by pure-Mg, smectite dehydroxylate 
PCs formed from condensed, metastable eutectic, 
MgSiO dust [11] plus enclosed (sub-)micron pyrrhotite 
grains. This scenario is firmly rooted in observations of 
the minerals and textures in aggregate IDPs [7]. In this 
manner the required enstatite and sulfide co-occurrence 
for radiation processing to GEMS [8] was met.  

This work predicts that S-loss from such embedded 
pyrrhotite would yield ultrafine-grained (1) pure to low-
Ni metallic iron grains and (2) high-Fe taenite (Ni: ~10-
15 at %) grains while preserving relic Fe,Ni,S-grains 
with “sub-sulfide” S contents. When during the same 
thermal process enstatite melting is facilitated, the re-
sult will be the objects shown in Fig 2 that formed dur-
ing flash heating. This heating event probably simu-
lates the thermal effects induced by high-energy irra-
diation processes. Yet, it remains to be shown that irra-
diation processing will indeed produce GEMS  

The amount of thermal processing involved to form 
GEMS look-alikes suggests that the origins of these 
objects have to found in dust clouds and disks around 
young stellar objects or in their bipolar outflows.  

Conclusions:  Taenite compositions and texture 
and its relationship to pyrrhotite offer new insights in 
pyrrhotite-pentlandite formation in IDPs and the origins 
and nature of embedded sulfides and metals in GEMS. 
Speculative perhaps, but GEMS may be limited to sul-
fide-rich aggregate IDP fragments from specific circum-
stellar environments or unique multiple dust-
processing conditions. 
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