
Introduction: The chalcophile behavior of Mg, Ca, Mn, 
Cr, Ti, Na, and K in enstatite chondrites is commonly 
interpreted as evidence for their formation under highly 
reduced conditions in a portion of the solar nebula with 
enhanced C/O~0.8-1 [e.g., 1-3]. Calculated condensa-
tion sequences for such a nebula show that the first con-
densates, such as SiC, TiC, CaS, MgS, AlN, and FeSi, 
become unstable below ~1000K and are subsequently 
replaced by oxides, silicates, metal, and troilite [1-8]. 
In such a model, major silicates (pyroxenes, forsterite, 
and plagioclase) are formed by reaction of niningerite 
[(Mg,Fe,Mn)S], oldhamite, SiC, and FeSi with gaseous 
O-bearing species, but no petrographic evidence for such 
reactions has been described. In contrast to the condensa-
tion model, EH3 chondrites have a population of silica-
bearing chondrules that contain abundant sulfides, which 
have been interpreted as evidence that niningerite and 
oldhamite formed from pyroxene and olivine via sulfida-
tion reactions [9-13]. 
The most primitive EH3 chondrites contain numerous 

metal-sulfide nodules (MSN) that appear to have been 
melted [14, 15]. While MSNs are widely considered as 
condensates from a reduced (C/O~1) nebular gas [e.g., 
16, 17], many in Yamato 691 (EH3) contain minor ferro-
magnesian silicates and silica, which were interpreted as 
remnants of sulfidized Ca and Mg silicates [18]. Here we 
report on the occurrence of MSN within silicate chon-
drules (Fig. 1) and sulfidized silicates within MSNs, sug-
gesting a link between MSN and sulfidized chondrules. 
Methods: Initial observations were made with the pe-

trographic microscope followed by high-resolution back-
scattered electron imaging with a JEOL 845 SEM. Ele-
mental mapping and chemical analysis of various phases 
was performed with an FEI Nova FEG SEM equipped 
with a Thermo-Scientific EDS system.  

Results: Numerous examples of the possible contem-
poraneous formation of silicate chondrules with MSN 
occur as objects with silicate mantles and MSN cores 
(Fig. 1). One kamacite nodule (Fig. 1A) has a silicate 
mantle that is predominantly silica interspersed with 
Na-rich plagioclase and corroded enstatite. Minor old-
hamite, Cr sulfide and kamacite occur within the man-
tle, and abundant troilite and niningerite occur around 
the periphery. The silica-rich mineralogy of the mantle 
is similar to many sulfidized chondrules, except that it 
contains minor kamacite, and most sulfides occur on the 
chondrule periphery instead of interspersed within the 
silicates. Another example of possible contemporaneous 
formation is a typical kamacite-troilite MSN partly en-
closed in a mantle of high- and low-Ca pyroxene (Fig 
1B). Within the mantle, near the lower-right quadrant of 
the MSN, troilite and niningerite occur adjacent to minor 
silica. The silicate mantle appears to have been molten 
when it formed around the MSN and is mineralogically 
similar to mantles of many chondrules with sulfidized 
interiors [9, 11].
There are also examples of MSN enclosing silicates 

and, in some cases, the products of silicate sulfidation. 

The mineral chemistry of one of these, an MSN with a 
core containing oldhamite, silica, and niningerite (Fig. 
2), was studied in more detail.  Most of the silica is po-
rous and ranges from ~ 70 to 80 wt% SiO2, 10 to 15 wt% 
CaO, and 2 to 5 wt% S, with minor Fe, Na, Al and Mg. 
Parts of the silica-rich core are not porous and contain 
up to 10 wt% Al, ~ 5 wt % Na, and < 1 wt% Ca and S. 
The oldhamite contains 1.5 to 2 wt% Fe. The MSN core 
also contains minor caswellsilverite (NaCrS2) and troil-
ite, with substantial Cr sulfide containing 17 to 19 wt% 
Fe and 3.5 to 4 wt% Zn, with the metal to S atomic ratio 
of ~ 1. This mineral is similar to Ramdohr’s Mineral A 
and to that described by Lin and El Goresy as hydrated 
Cr-sulfide except for the Zn concentration [19]. 
Small silicate inclusions in the metal or between metal 

and sulfides have variable compositions, suggesting they 
are mixtures of silicates and sulfides. Low-Ca pyroxene 
(Fs1.85 to Fs4.1) occurs adjacent to silica-rich material in 
several places. The MSN mantle is predominantly ka-
macite, with up to 5 wt% Ni and ~ 3 wt% Si enclosing 
abundant Cr-bearing troilite, some with daubreelite ex-
solution lamellae.  Perryite is common within the kama-
cite at the interface with troilite and near the outer edge. 
Schreibersite occurs within the kamacite and as abundant 
spherules in the sulfides. The schreibersite spherules are 
most common in the niningerite and oldhamite.
 Discussion: The texture and mineralogy of MSN has 

been used as an argument in favor of a condensation 
origin for oldhamite and niningerite under extremely re-
ducing conditions. However, analyses of pyroxene FeO, 
oldhamite, niningerite, silica, and associated phases in 
the MSN reveal similarities in composition and miner-
alogy to assemblages in sulfidized silica-bearing chon-
drules, suggesting the niningerite and oldhamite in the 
MSN and the silica-bearing chondrules formed under 
similar conditions via silicate sulfidation. A unique fea-
ture of both the sulfidized, silica-bearing chondrules and 
silica-bearing MSNs is the porous, silica-rich material 
containing up to several wt% of Na, Ca, and S. The Ca- 
and S-bearing silica in the center of the MSN in Figure 
2 is nearly identical to a Ca- and S-bearing patch (Fig. 3) 
from a sulfidized chondrule that is composed primarily 
of silica, plagioclase, and niningerite, with oldhamite in 
Ca-rich areas. The reactants and products of sulfidation 
occur in both objects, although not in similar proportions. 
Furthermore, FeO contents of pyroxene in both the MSN 
and the sulfidized chondrule are inconsistent with their 
formation in an environment with C/O approaching one, 
as postulated for the condensation of niningerite and old-
hamite [1, 16, 17]. On the other hand, thermodynamic 
analysis of mineral equilibria involving silica phases re-
quires sulfidation reactions to take place at near canoni-
cal solar nebula values of the fO2 [10, 20]. 
Conclusion:  The similarity in mineral chemistry of 

silicates and opaque minerals from the MSN and silica-
sulfide-rich chondrules suggests that both objects might 
have formed under similar physicochemical conditions 
via sulfidation of FeO-bearing silicates.  The conditions 
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Fig 2. BSE im-
age of a metal-
sulfide nodule 
with abundant 
silica, oldhamite 
and niningerite 
in its core. od = 
oldhamite, px = 
pyroxene, p = 
perryite, Al-r = 
Al-rich, cs = Cr-
sulfide. All other 
abbreviations as 
in Fig 1.

and possible scenarios of silicate sulfidation are dis-
cussed in the accompanying abstract [20]. 
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Fig 1. [A] BES image of a silica-rich chondrule with 
kamacite core and external metal-sulfide blobs. Silica 
(dark) is closely intergrown with an Al-rich silicate 
(light) [B] BSE image of a metal-sulfide nodule en-
closed in a chondrule. k = kamacite, tr = troilite, en = 
ensttatite, ng = niningerite, si = silica, ab = albite.
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BSE enlarge-
ment of the 
area enclosed 
by the black 
rectangle in 
Fig. 2. [B] 
BSE image of 
porous Ca and 
S-rich silica 
in a sulfidzed 
chondrule [9].
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