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Introduction:  The CH chondrites contain up to 20 

vol% metal, a unique suite of CAIs, no matrix, and 
small chondrules, a high percentage of which are 
cryptocrystalline [1-5]. They also have low sulfide and 
volatile element abundances. Various models have 
been proposed to account for the origin of different 
components, including CAIs, chondrules and metals. 
Our studies of metal grains add important details to the 
thermal histories experienced by these chondrites [6]. 
Here, we attempt to reconcile the thermal histories 
recorded by metal and silicate components. 

Thermal histories of metal grains: We examined 
the microstructures of 24 metal grains from four dif-
ferent CH chondrites using TEM [6]. Metal grains can 
be classed as zoned (Z) and unzoned (UZ) particles, 
both of which types have previously been interpreted 
as condensates. Some of both types of grains contain 
precipitates of taenite: we label these ZP and UZP par-
ticles (zoned and unzoned with precipitates). These 
grains have been reheated following their initial forma-
tion as condensates. 

Microstructures of metal grains lead us to the fol-
lowing summary of their thermal histories ([6]; Fig. 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Thermal histories of selected metal grains in 
CH chondrites [6]. 

Previous studies [7, 8] have shown that Z and UZ 
grains condensed over the T range of 1360 to 1250 K, 
over a period of days to weeks. Our observations of 
the presence of martensite and absence of any taenite 
precipitates at even the nanometer level indicate that 
they continued to cool rapidly, over a period of only 
hours or days, to temperatures  <500 K.  

ZP and UZP grains were reheated some time after 
initial formation, to peak temperatures mostly in the 

range 800 to 1000 K. Two out of three UZP particles 
show evidence for a second brief heating event super-
imposed on the event that precipitated taenite. In gen-
eral, peak Ts were maintained for several days, and 
then cooling took place over a period of days. 

Chondrules and CAIs. A condensation origin is 
generally inferred for CAIs [e.g. 9]. Presumably, por-
phyritic chondrule precursor material was also pro-
duced by condensation. FeO-rich chondrules contain 
Na-bearing mesostasis, indicating that condensation 
proceeded to relatively cool temperatures. Formation 
of porphyritic chondrules requires transient heating 
events, comparable to those in other chondrite groups, 
with peak temperatures up to 2000 K and cooling rates 
around 100 º/hour [e.g. 10]. Cryptocrystalline chon-
drules, including silica-rich chondrules, also formed in 
high-temperature transient events with peak tempera-
tures around 2000 K and fast cooling rates [11, 12]. 
Both porphyritic and CC chondrules show a wide 
range of oxygen isotopic ratios [13, 14].  

CAIs have undergone reheating and melting, re-
sulting in the formation of many spherical CAI objects. 
Many CAIs do not contain evidence for 26Mg excesses 
[15]. These features could be explained by melting, 
contemporaneous with chondrule formation. 

Metal in chondrules: In order to reconcile the 
thermal histories of silicates and metal, a useful ap-
proach is to examine objects where the two phases 
coexist. We studied a UZP metal grain inside a type I 
porphyritic olivine chondrule ([6]; Fig. 2). We infer 
that taenite precipitates nucleated and grew at about 
1025 K. Then a second, brief, heating event at a higher 
temperature took place, during which the taenite par-
tially dissolved. This grain could have formed origi-
nally as an unzoned condensate, then have been incor-
porated into the chondrule precursor assemblage and 
reheated during chondrule formation. If there was little 
sulfide present, the melting temperature of the metal 
would exceed 1700 K and the grain could survive 
chondrule formation as a relict grain. Alternatively, an 
unzoned grain could have formed within the chon-
drule, during chondrule formation. Subsequent heat 
pulses that affected the chondrule would then be re-
sponsible for precipitation and dissolution of taenite.  

Cooling rates inferred for both ZP and UZP grains 
are similar to those that chondrules would have experi-
enced in the same temperature range (below 1000 K). 
We estimate that cooling from 1000 K to 500 K took 
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place in a few days, which is equivalent to a cooling 
rate of a few degrees per hour. It is possible that at 
least some of the ZP and UZP grains throughout the 
chondrite experienced the same transient heating 
events as chondrules. Some may have been ejected 
from chondrules during collisions. The observation 
that not all metal particles were affected by reheating 
events is consistent with a scenario in which transient 
heating events heated relatively small regions of the 
CH chondrite source region, and peak heating tem-
peratures were heterogeneous throughout the region. 

 

 
Fig. 2. Metal-rich porphyritic olivine chondrule in 
PAT 91546. The thermal history of the grain indicated 
was inferred from its microstructure. 

Sulfur. Even though CH chondrites have low bulk 
S abundances, micron and submicron-sized Cr-rich 
sulfides are ubiquitous in association with metal grains 
[6]. Whereas Z grains do not contain sulfides, UZ, ZP 
and UZP grains do. We infer that during condensation, 
UZ grains may have incorporated S at low tempera-
tures, and S condensed on the rims of both Z and UZ 
grains. During reheating events, sulfides precipitated 
from S-supersaturated metal. These observations indi-
cate that some sulfur was associated with metal grains 
prior to reheating.  

Record of reheating in silicate grains? If metal 
grains in chondrules record reheating events, then it 
may also be possible to find evidence for this record in 
chondrule silicates. One way to demonstrate this 
would be to find evidence for Cr mobilization. Cr mo-
bilization is observed in experimental chondrule ana-
logs that were annealed at 1000 to 1240 ºC for a week 
[16]. Cr-rich precipitates in FeO-rich olivine grains are 
observed in the 1240 ºC experiment. We examined 
several FeO-rich olivine grains, some of which are 
clearly within chondrules. They have a range of com-
positions, with FeO varying from 3 to 37 wt%, and 
Cr2O3 varying from 0.1 to 0.6 wt%. X-ray maps of 
these grains do not show any Cr-rich precipitates or 

other type of mobilization such as Cr depletions at the 
edges of grains; Cr is uniformly distributed in all of 
them. This indicates that these grains were not re-
heated to temperatures higher than about 1000 ºC for 
periods of days. This is consistent with peak tempera-
tures inferred for metal grains that are closer to 800 ºC 
for similar periods. 

Thermal histories of CH chondrites. [4] sug-
gested that both CC chondrules and metal grains con-
densed in an impact plume, following an energetic 
collision between two planetesimals.  Several authors 
have pointed out problems with this model [1-3]. In 
addition, it would be difficult to preserve isotopic het-
erogeneity between chondrules in a hot, gaseous 
plume. CC chondrules are more likely to have formed 
from isotopically heterogeneous precursor materials in 
energetic transient heating events, more similar to 
those that formed porphyritic chondrules.  

The evidence from metal grains shows that it is not 
necessary to produce metal condensates in an impact 
plume. Metal could have condensed either within a 
continuous cooling sequence that included condensa-
tion of CAIs and chondrule precursors, or within chon-
drule-forming regions. If the former, then condensa-
tion timescales would appear to be rather fast (over a 
period of weeks) compared with timescales expected 
for global cooling of a large region of the nebula.  

Within the CH chondrite source region, heating 
events with moderate peak temperatures (around 1000 
K) affected some metal grains. This could have been 
the same mechanism responsible for chondrule forma-
tion, although it was less energetic. Each transient 
heating event only affected limited volumes of the 
nebular source region. A particularly energetic event 
could have been responsible for driving volatiles, in-
cluding S, out of the system.  
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