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PRINCIPAL COMPONENTS CONSTRAIN DYNAMIC PYROMETAMORPHISM IN A 
PARTIALLY MELTED INTERPLANETARY DUST PARTICLE 

Frans J.M. Rietmeijer, Department of Earth and Planetary Sciences, University of New 
Mexico, Albuquerque, NM 87 13 1, USA. 

All interplanetary dust particles [IDPs] that decelerate in the Earth's atmosphere experience 
flash heating whereby their orbital velocity (km s-l) is reduced to cm s-l. Iron-oxide rims that 
may either be continuous on the particle surface, or discontinuous along its perimeter, occur on 
many IDPs. It is the most conspicuous mineralogical indicator of dynamic pyrometamorphism 
and its formation is interpreted as 'intense' IDP heating. It appears that the formation of these 
magnetite and maghemite rims is intimately linked to the presence of Fe,Ni-sulfides in the 
pre-entry particle [I]. In this regard chondritic porous (CP) IDP L2011K7 may be an unusual 
particle. This porous aggregate consists of S-free polyphase units (PUS) [2], nonstoichiometric 
diopside and Mg-rich wollastonite single-crystals [3] and small, acccessory Fe,Ni-sulfide grains. 
Only a few Fe-oxide nanograins are present along its perimeter. The nonstoichiometry of its 
Ca,Mg-clinopyroxenes indicates incongruent melting or vaporization that was experimentally 
determined [4] at 1300- 1400°C. The CP IDP L2011K7 is probably of cometary origin since 
active comet nuclei are the most likely sources for uncompacted aggregate IDPs whereby their 
low density (< 1 g ~ m - ~ )  [5] enhances atmospheric entry survival of large particles. In addition, 
the fluffy texture which inhibits chemical exchange among its components further enhances 
their survival unless compaction occurs during deceleration in the Earth's atmosphere. 

PRINCIPAL COMPONENTS. The high atmospheric entry temperatures are consistent with 
the vesicular nature of its polyphase units and with extreme boiling textures in large patches 
that appear to be due to melting and coalescence of PUS and Ca,Mg-clinopyroxenes and the 
boiling-off of volatiles. There are no carbonaceous materials in this IDP but scarce PUS consists 
of smectite 121. The large irregular patches contain trace amounts of sulfur due to assimilation 
of accessory sulfides. The vesicular texture may support loss of water of hydration, sulfur 
and/or magnesium as supported by the nonstoichiometry of clinopyroxenes in this IDP [3] and 
the matrix compositions in a type CM IDP [I]. A model of principal components will be useful 
to monitor post-accretion metamorphosis of chondritic IDPs such as parent body alteration and 
atmospheric entry flash-heating. 
OBSERVATIONS. The energy dispersive [EDS] spot analyses were obtained with a probe of 
10-20 nm in diameter using a JEOL 2000 FX analytical electron microscope. These analyses of 
PUS, the Ca,Mg-clinopyroxenes and the large patches in this IDP show considerable scatter in a 
ternary diagram Mg-Fe-Si (el. wtO/o). That is, (1) along, and in between, the compositional lines 
for olivines and pyroxenes, and (2) between the pyroxene line and the Si corner, including 
along the Si-Fe and Si-Mg sides of the diagram. The former reflects isochemical crystallization 
of individual PUS [2] while the latter is restricted to the irregular patches. The data points that 
are distributed around a line from the Si-corner to the Mg-Fe join at Mg/Fe - 1 generally 
contain small amounts of CaO, NiO and/or A1203, and occasionally sulfur. These particular 
compositions are consistent with mixing of PUS, diopside and Mg-rich wollastonite, and 
accessory Fe,Ni-sulfides. Yet, these original units are no longer recognisable. 

Extreme melting, fusion and evaporation are represented by irregular, highly vesicular 
patches. The vesicles show two distinct size distributions, viz. (1) 4 = 5 up to -60 nm with a 
modal size -10 nm, and (2) 4 < 5 nm. High local densities of these smallest vesicles result in 
domains with a spongy texture. The larger vesicles occur in low-Ca materials represented by 
stoichiometric silicate structural formulae, e.g. Mg2,Feo,Ca,~l(3'~eo~l~1001)[A1002Si118]07. The 
smallest vesicles occur uni uely in Ca,Fe-rich pyroxene-like materials with high levels of iron 8+ oxidation, viz. Cal,2Feo,6 Feo.2[3+~eo,2~il,,]0 and ~ a ~ ~ ~ ~ ~ ~ e ~ , , [ ~ ~ ~ e ~ , , ~ i ~ , ] 0 , .  Small but 
distinct olivine doma~ns,  Mgo.BFel,SiO,, as wel? as silica domains with traces of Fe and/or Ca, 
are intimately associated with the highly vesicular patches. The caY~e3+- r ich  pyroxene-like 
materials, Fe-rich olivines and silica are newly-formed phases to the extent that these 
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compositions were not present among the original principal components. The electron 
diffraction data support amorphous neoformed materials with variable levels of crystallisation. 

DISCUSSION. The chemical compositions and textures of large patches in L2011K7 support 
melting, coagulation and evaporation of polyphase units and Ca,Mg-clinopyroxenes in this 
particle. High temperatures are also consistent with the vesicular nature of PUS and with the 
nonstoichiometry of Ca,Mg-clinopyroxenes. The compositions of these clinopyroxenes support 
heating up to 1300-1400°C. The absence of an Fe-oxide rim on L20111K7 could be interpreted 
that this IDP did not experience atmospheric entry heating. Similarly, its low sulfur content 
might have been interpreted as sulfur loss [cf. ref. 61. In fact, Fe,Ni-sulfides were only an 
accessory phase in this IDP which prevented to formation of an Fe-oxide rim. 

Dynamic pyrometamorphism during deceleration of IDPs in the Earth's atmosphere involves 
kinetically controlled reactions. An important reaction will be oxidation of iron. The high 
oxidation states in the Ca,Fe-rich pyroxene-like materials are quite consistent with the nature 
of this event. Using the compositions of product phases, the reactions that produced the new 
phases during atmospheric entry can be written as 

1.8 Mg1.,Fel.,Si2O7 + 1.5 CaMgSi206 = 
c ~ ~ ~ ~ ~ + F ~ ~ ~ ~ [ ~ ~ F ~ ~ ~ ~ s ~ ~ ~ ~ ] O ~  + Mgo.8Fe,~2Si04 + 4.1 SiO, + 3.4 MgO(gas), 

and 

The polyphase units appear as the first reactant in both reactions. The PUS were amorphous 
materials or contained ultrafine-grained Mg,Fe-silicates plus Fe,Ni-metal and or oxides in an 
amorphous matrix. These properties enhance the probability that they will melt rapidly during 
a thermal pulse. Both reactions produced MgO that boiled-off increasingly as these reactions 
continuously moved towards the iron-rich endproducts. The caY~e3+-r ich  product phases 
plotted in the ternary diagram Ca0-SO2-Fe203 constrain liquidus temperatures at -1300°C, 
including the silica-saturated minimum melt composition at - 1 250°C [c f. ref. 71. These high 
temperatures were either reached locally (i.e. a thermal gradient), or throughout the IDP but 
with melting restricted to those parts with the appropriate mixing ratios of principal 
components, or the parts where the principal components were sufficiently close-packed to 
allow intercomponent chemical exchange. I note that the accessory Fe,Ni-sulfides were 
probably not a determining factor. In both cases it remarkable that for the most part this IDP 
has escaped severe thermal processing that left its individual PUS largely intact. 

CONCLUSIONS. Heating of IDP L2011K7 to 1300 - 1400°C resulted in local melting, fusion 
and evaporation of its principal components whereby the newly formed phases are characterised 
by high Ca and ~e ' '  contents and low Mg/(Mg+Fe) ratios, and also include silica rich 
materials. The Mg,Ca-clinopyroxenes are consistent with the observation [8,9] that polyphase 
units include both coarse- and ultrafine-grained textures. This particle survived deceleration in 
the atmosphere with only local melting and some level of magnesium loss. The result indicates 
that survival of an aggregate particle is in part determined by its pre-entry texture and to 
textural changes induced in the largest aggregate particles during atmospheric entry. 
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