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MICROMETEORITE DYNAMIC PYROMETAMORPHISM: OBSERVATION OF A 
THERMAL GRADIENT IN IRON-NICKEL SULFIDE. 

Frans J.M. Rietmeijer, Department of Earth and Planetary Sciences, University of New 
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Dynamic pyrometamorphism describes the mineralogical changes in a micrometeorite that 
occur in response to flash-heating during atmospheric entry. Mineral reactions during this 
event will be endothermic and act as local sinks for thermal energy which delays a uniform 
temperature distribution in decelerating micrometeorites [I]. The most common pyrometa- 
morphic reaction is formation of magnetite nanocrystal decorations on Mg,Fe-silicate grains [2] 
and magnetite [3,4] or (partial) maghemite rims [5]. Constituent silicates also respond to this 
thermal event and show formation of olivine-maghemite symplectites and growth of garnet [ l ]  
and partial laihunitisation [4]. In continued effort to constrain dynamic pyrometamorphism of 
unmelted interplanetary dust particles (IDPs), I determined the mineralogical composition, and 
Fe,Ni-sulfide chemistry, in the sulfide-rich particles L2005C39, L2005E40 and L2006A28 using 
a JEOL 2000FX analytical electron microscope equipped with a TN5500 energy dispersive 
spectrometer for in situ microanalysis [1,5]. Sulfide compositions in these three IDPs are 
distinctly different from those in silicate-rich particle L2005T13 [6] which might suggest a 
delicate balance of the f02/fS, ratios during dynamic pyrometamorphism. 

RESULTS. In a Fe-Ni-S (atyo) diagram the sulfide compositions in L2005C39, L2005E40 and 
L2006A28 form a distinct cluster between stoichiometric pyrrhotite (FeS) and Fe7+ S,. (-46 atoh 
Fe) with rare grains between 40-45 at% Fe. Pyrrhotite in L2005C39 and ~ 2 0 0 6 ~ 2 3  IS Ni-free 
but it contains 2-10 at% Ni in L2005E40. The latter also also contains Ni-rich sulfides with 
compositions mostly in the monosulfide solid solution field of the Fe-Ni-S diagram and rare 
pentlandite. The Ni-rich sulfides have almost constant Fe/Ni atomic ratios. The similarity of 
variations in (Fe+Ni)/S and Fe/Ni ratios among these three IDPs support that they followed 
comparable time-temperature (T-t) paths during dynamic pyrometamorphism. 

Most sulfide grains in these IDPs contain randomly distributed domains that show mottled 
or striated textures. These textures are related to the presence of nanocrystalline iron-oxide 
inclusions. The density of iron-oxide domains tends to increase towards the sulfide grain 
boundary, particularly in the grain area along the pre-entry micrometeorite surface which is 
the location of a maghemite rim. 

I have reported a layered texture in sulfur-rich parts underlying a partial maghemite (7- 
Fe 0,) rim on IDP L2005T12 [5]. I here describe a layered texture in sulfide grains of 
~ 2 b 0 4 ~ 4 0  adjacent to the rnaghemite on this particle. The density of randomly distributed 
iron-oxide domains in the interior part of the sulfide grains increases dramatically and 
concentrate in a well-defined zone. This zone is about 55-70 nm wide and parallel to the 
particle surface (Zl).  Towards the surface of the IDP, Z1 is overlain by a 140-180 nm wide 
zone of vesicular sulfides (22). The 21 /22  interface is well-defined. Adjacent to Z1 the 
vesicuies are small and round and are limited in number. Their number increases sharply 
towards the interface of 2 2  with the maghemite rim. Simultaneously, the vesicule size increases 
and they develop negative crystal shapes at the contact with the 85-125 nm thick maghemite 
rim. 

DISCUSSION. The maghemite rim, vesicular sulfides (22)  and iron-oxide nanocrystals (Z l )  in 
L2005E40 delineate dynamic pyrometamophism that included melting, loss of sulfur, and 
diffusion and oxidation of Fe,Ni-sulfides. To understand the observations it is important that 
(1) iron self-diffusion in iron-sulfides is very rapid, cm2 sec-' at 1250K, which is many 
orders of magnitude faster than sulfur diffusion [7] and (2) in IDPs mineral reactions occur at 
the nanometer scale. Ferous sulfides accommodating ferric iron have the compound formula 
~ e : ~ ~ ~ e y  0 6 S ,  where denotes an iron vacancy and 6 is the iron defici t  6 is up to 0.25 close 
to the mefting temperature of 1463K [7]. Pyrrhotite compostions, F~T~~F$&I~S (or "po") in this 
IDP are consistent with a reaction FeS + 0.502 = "pow + FeO to describe Iron diffusion and 
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oxidation in the sulfides. In ZI 6 reaches -0.25, viz. F~:'~F~;~O,,,S. Using a best estimate 
(best guess) for the free energy of "pow (6 = 0.25), the equfilbrlum oxygen fugacity at 1300K is 
calculated at 3.45 x 10-l5 atm. At 1300 K this value is in the wiistite field off the I /W buffer 
curve. I submit that Z1 was formed at -1300K. Oxidation of FeO to maghemite took place at 
higher f 0 2  above the hematite/magnetite buffer curve probably during the downward part of 
the dynamic pyrometamorphic T-t path. An estimate of the oxidation temperature depends on 
the dT/dt path during micrometeorite cooling and which is unknown. Using the standard US 
Atmosphere-1976 to estimate fO, at the altitude where IDPs reach their rest velocity (-80 km), 
maghemite probably formed below -1 175K. 

Vesicular sulfide in 2 2  is evidence for boiling off of sulfur gas. The increase in density and 
size of these vesicules towards the particle surface is consistent with a temperature increase 
from the 2 1 / 2 2  interface to the Z2lmaghemite rim interface. Desulfurisation of "pow (6 = 0.25) 
follows a reaction 2FeS t 3/202 = 7-Fe 0, t 2S(g) (or S2) which is endothermic below 525OC. 
The endothermic nature of thls type o t  reaction at low temperature will make this reaction 
favorable during kinetically-controlled dynamic pyrometamorphism. The pyrrhotite melting 
temperature is reached at the Z2lmaghemite rim interface. Thus, I calculate a thermal gradient 
of at least 163K over a distance of 140-180 nm between the 21/22  and Z2/rim interfaces. The 
temperature in the un-reacted sulfide underlying Z1 was less than 1300K; possibly as low as 
-900K as might be inferred from the presence of rare sulfide grains (pre-heating relics) with 
40-45 at% Fe [8]. If the estimate is correct the flash-heating thermal gradient in this IDP was 
563K over a distance of 195-250 nm. The gradient observed in IDP L2005E40, 0.9 - 2.25 OK 
nm-l,  is much steeper than a gradient of 0.014 OK nm-' calculated for a 100 pm diameter 
micrometeorite using a thermal diffusivity of 1 x lo-'' m2 sec-' [9]. 

CONCLUSION. Although survival of layer silicates might indicate heterogeneous temperature 
distributions in IDPs [9], their unscathed survival in flash-heated IDPs is controlled by the 
kinetics of the dehydration reactions [lo]. Thus, this first observation of a thermal gradient in 
an unmelted IDP is important because it shows that the asumption of a uniform internal IDP 
temperature during atmospheric entry is not correct. This assumption is made when modelling 
the atmospheric entry temperatures as a function of particle mass, velocity and entry angle [9]. 
It is known that the value for the thermal diffusivity in these models critically determine the 
calculated temperature distribution. At low values a thermal gradient might be established [9 . 1 The present data show that either probable thermal diffusivity values are < 1 x 10-lo m2 sec- , 
which may be unrealistic [9], or endothermic mineral reactions are critical in management of 
the thermal budget in unmelted IDPs during dynamic pyrometamorphism. 
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