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MEASUREMENT OF SOLAR WIND NOBLE GAS COMPOSITION IN LUNAR SOILS BY IN 
VACUO ACID ETCHING. P.E. Rider, R.H. Becker and R.O. Pepin, School of Physics and Astronomy, 
University of Minnesota, Minneapolis, Minnesota 55455. 

An accurate determination of the noble gas composition of the present day solar wind is important for the 
resolution of many intriguing questions surrounding solar system processes. A number of attempts to measure this 
have been made in the past by examining the gases trapped in materials exposed on the lunar surface (e.g. [I-61). 
Stepped heating or combustion, methods often used previously to extract solar wind gases from lunar regolith soil 
grains [3,4], suffer from the difficulty of distinguishing possible laboratory-induced redistributions of gases from 
natural processes. This potential problem can be overcome by using room-temperature etching of samples 661.  
We report here the initial results from a new room temperature acid-etching system designed to measure the 
distributions of noble gases and nitrogen in lunar grains with high resolution. Our principal purpose is to describe 
the technique, which differs in a number of ways from the pioneering CSSE method invented at ETH-Ziirich [5]. 
The etching procedures developed have been tested so far for the measurement of He, Ne and Ar, using 16-37 pm 
(5.1 mg sample) and c4  pm (1.7 mg sample) size separates of bulk lunar soil 67701. 

The acids used in these experiments were carbonic acid (H2C03) and sulfurous acid (H2S03). Both were 
produced within the vacuum system by dissolving C02 (from CaC03) or SO;! (from Na2S03) into water 
surrounding the sample, the water having been distilled in vacuo from an on-line reservoir. The two acids are 
relatively weak (sulfurous being stronger than carbonic), allowing for a fine measure of control in the amount of 
etching. Neither acids nor water contribute significan y to the stem blanks for noble gases and nitrogen. Typical 

f % rocedural plus reagent blanks were: 4 ~ e  = 2 x 10- ccSTP, e = 3 x 10-lo ccSTP, 36Ar = 3 x 10-l1 ccSTP, 
P4N = 0.6 n . The minimum gas amounts obtained f r a single step, from the c4 pm sample, were: 4 ~ e  = 1 x 

18 ccsTP>%e = 6 x ccSTP, 36Ar = 6 x LO- ccSTP. 
The samples were loaded into a stainless steel sample finger, attached to a stainless steel gas extraction 

system and pumped under high vacuum. The soil grains were initially washed with water transferred from the on- 
line reservoir. The intent of the water wash was to remove any adsorbed terrestrial gases. This it accomplished, as 
evidenced by large initial 40~r/36Ar ratios and their subsequent precipitous drops toward bulk sample values (e.g. 
Fig.4). How ver, analysis of the gases evolved during this part of the procedure (Figs. 1 and 2) revealed significant 8 amounts of %e, 36Ar and, most importantly, 3 ~ e ,  which could have been a contaminant. This suggests that 
water by itself was sufficient to lightly etch the samples. Such a finding has important implications for the 
treatment of soils used in experiments measuring the gases from the solar wind implantation zone. Fractional 
releases for the noble gases in the H20 washes generally decrease in the order 3 ~ e  > 2%e > 36Ar. This is what 
would be expected from the outer portions of solar-wind irradiated grains, reflecting initial implantation depths. 

Gas Yield (%lmin) H2S03 

Step Number Step Number 

Fig. 1. 67701 16-37 pm. Fig. 2. 67701 <4 pm. 

For the 16-37 pm sample (Fig. l), the steps following the water washes were carbonic acid etches. (Note: 
Water washes and acid etches for the two samples were carried out for 1 to 20 hrs - usually for -1 hr - except for a 
single 2 day etch.) One sees the effec of the change from Hz0 to H2C03 in the increase in fractional release rates 5 in Fig. 1. Again, the release rates for He, 2 O ~ e  and 36Ar generally appear in descending order for all of the steps. 
As one would expect, rields are even higher when the etching agent is chan ed to sulfurous acid. Early in the 

3% attack with H2SO the h e  fractional release rate exceeds those of 3 ~ e  and Ar. In the later stages, the pattern 
becomes 3 6 ~ r  > h e  > 3 ~ e .  This progression in the sulfurous acid steps coupled with the results from the water 
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and carbonic acid treatments is consistent with lighter elements being more shallowly implanted than the heavier 
elements. 

The <4 p sample (Fig. 2) was treated with sulfurous acid immediately after the water washes. Results 
indicate a significant increase in fractional release rates when the sample was first treated with H2SO3. Figure 2 
also exhibits the same rogressi n of fractional elemental release rates with increasing severity of etching. The 
total amounts of 4 ~ e ,  &Ne and86Ar released from this sample amount to 57%, 55% and 716,  respectively, of 
the totals obtained in a previous pyrolysis of this separate in our laboratory. For the 16-37 p separate, the release 
h t i o n s  are 79%, 69% and 7 %. 

, 4 2 2 ~ e  and 2 1 ~ e p 2 ~ e  ratim for the <4 p sample. The last few steps reveal a Figure 3 shows the h e  
measurable increase in the 2 1 ~ e  2 ~ e  ratio, indicating a significant contribution from spallogenic neon. Such a 
trend, accompanied by a dramatic drop in the gas production in the last few steps of the run, indicates that the 
etching has passed through the solar-wind implantation zone on grain surfaces and is attacking gas-poor grain 
interiors. 

Some interesting results have come out of our initial experiments. For example, there is a drop in the 
36~r/38Ar ratio in later etching steps for both the 16-37 p and <4 p samples (Fig.4). Rough calculations of 
the spallogenic contribution to this ratio show that spallation gases cannot account entirely for the decrease. This 
may indicate the acid is etching material containing gases from an SEP reservoir [5]. It should be noted, however, 
that because of the composite nature of a bulk lunar soil, interpretations of etch data from such samples in terms 
of strictly radial distributions of implanted gases may be inappropriate. 

Step Number Step Number 

Fig. 3. 67701 <4 pm, Ne isotopes. Fig. 4. 67701 <4 p, Ar isotopes. 

Bulk soils were used to establish and develop the technique, but as just noted they are clearly not the 
samples of choice for exploring gas siting and composition within the solar implantation zones. Impact 
redistribution of gases and variable etching rates in the agglutinates, microbreccias, and glasses and the variety of 
minerals in such samples confuse the solar wind record. Therefore we are in the process of preparing mineral 
separates of various lunar soil samples for analysis. Measurements performed on such samples will allow us to 
understand better the composition and distribution of gases in the soIar implantation zone and the physical 
processes at work during the etching process. We are also developing the experimental protocol further to include 
measurements of N, Kr and Xe as well as the light noble gases. A determination of the 15~/14N ratio and the 
N/Ar elemental abundance is important for the resolution of the lunar nitrogen problem [7,8], and measurement of 
solar wind Kr and Xe compositions by acid etching [9] is a high priority objective. 
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ENDOTHERMIC REACTIONS CONSTRAIN DYNAMIC PYROMETAMORPHIC 
TEMPERATURES IN TWO IRON-RICH INTERPLANETARY DUST PARTICLES. 

Frans J.M. Rietmeijer, Department of Geology, University of New Mexico, Albuquerque, 
NM 87131, USA. 

The thermal peak and duration of dynamic pyrometamorphism in interplanetary dust 
particles [IDPs] during decelleration in the Earth's atmosphere depend on atmospheric entry 
angle and IDP geocentric velocity and mass1. Dynamic pyrometamorphism includes loss of 
volatiles, annealing of solar flare tracks, magnetite decoration of Fe,Mg-silicates and formation 
of a polycrystalline magnetite rim2-4. The density of "aggregated stony" IDPs is 0,2-2.0 g.cm-3 
but "non-aggregated stony" IDPs, such as monosilicate, olivine IDPS~, can have p >-3 g.cm-3 
(ref.6). The density is determined by IDP morphology (chondritic porous and chondritic 
smooth IDPs) and composition. In general, the density of Fe,Mg-silicate solid solutions is a 
function of Fe/Mg ratio with the highest density for the iron endmember. Thus, to a first 
approximation, iron-rich, "non-aggregated stony" IDPs are likely candidates to investigate 
metamorphic reactions and temperatures of dynamic pyrometamorphism. 
Experimental. Serial-ultramicrotome thin sections (-100 nm thick) of particles L2005T12 (ref.4) 
and L2005U6 were analysed using a JEOL 2000FX analytical electron microscope [AEM] 
equipped with a T N  5500 EDS for in situ microanalysis of elements Z>10 using a 15-20 nm 
probe. The EDS data have a rel. error of ~ 5 % ;  selected area electron diffraction data have a rel. 
error of <1.5%. IDP L2005U6 shattered upon sectioning but individual thin sections contain 
sufficient material to characterise the mineralogy of this particle. 
RESULTS, Iron-rich chondritic particle L2005T12 (20x18 pm in size) is dominated by islands 
of cronstedtite-rich, serpentine-chlorite mixed layer silicate crystals and their dense, poorly 
ordered alteration product with high sulfur domains4. The particle has a discontinuous rim that 
consists of (1) a -140nm wide, polycrystalline, outer zone of maghemite nanocrystals (-10-100 
nm in diameter) and (2) a -150 nm wide zone of chemically-altered IDP with dispersed 
maghemite nanocrystals (-0.7nm - 2.3 nm, in diameter) abutting on unaltered, high sulfur, 
domains in the dense alteration material. 

Particle L2005U6 has a slightly-elongated form and is 21x19 pm, in size. This brittle IDP 
shattered during thin sectioning. Thus, the exact textural relationship of a -0.5 pm wide, 
polycrystalline iron-nickel (Ni/Fe (at%) = 0.12 - 0.41) band is not known. This band probably 
separates the two mineralogically distinct parts of this IDP. The scanning electron microscope 
image of this particle (JSC Cosmic Dust Catalog 12, 1991) shows two distinct surface textures 
perpendicular to its long axis: (1) a coarse, scaley texture and (2) a mottled texture of irregular 
areas that are several hundreds of nanometers in size in a smooth material. The AEM analyses 
show that the former consists of submicron maghemite plates with rare, Fe,Ni and Fe:Ni:S = 
86:4:10 plates close to the Fe,Ni band. The massive part is olivine single-crystals (up to about 
one micron in size) associated with polycrystalline olivine material with crystallites that are 
-0.35 nm, in size. The M ~ / ( M ~ + F ~ ~ + ) ,  or mg, ratio ranges from 0.53 to 0.76. The rng ratio 
appears uncorrelated with olivine grain size. Olivine, mg >0.62, contains < 2 wt% CaO; olivine, 
mg< 0.62, has -2 wt% CaO. Rare, Ca-rich olivine crystals, MglJFeo,67Cao.l Alo.1Si04 (6 moleO/o 
larnite), are present. Olivine in between large iron-oxide inclus~ons is transtormed into garnet, 

Mg0.96~e0.84cal.24(3+~el.22~10.78)(si2.9 A10.09)012' 
Circular, tear-shaped, and rare subhedral, maghemite inclusions (-45 nm in diameter) occur 

in single-crystal olivine which has a strained lattice at the interface with the inclusions. 
Circular maghemite grains that are typically <-20 nm in diameter abound in all olivine crystals. 
Most mg-rich olivines appear to be inclusion-free and have stoichiometric compositions. With 
decreasing m -ratio the sum of cations continuously increases to 3.15 (40) as a function of 5+ A+ increasing Fe /(Fe + ~ e ~ + )  ratio (up to 0.21). This observation is consistent with dispersed 
nanometer-sized maghemite inclusions but a laihunite component in olivine cannot be excluded. 
Single-crystal olivine, mg< 0.69, shows a symplectitic texture of olivine and maghemite. In the 
regular, lamellar, part of this texture in the olivine ac-plane the spacing of maghemite lamellae 
is 10-15 nm. Maghemite nanocrystals decorate single-crystal olivine grain boundaries. 
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DISCUSSION. The density of both IDPs is inferred from their mineralogy: -3.2 g.cm-3 for the 
iron-rich serpentine-chlorite mixed layer silicate bearing IDP ~ 2 0 0 5 ~ 1 2 ~  and -3.6 g.cm-3 for 
IDP L2005U6. These IDPs belong to the high-density "non-aggregated stony" I D P S ~  that are 
expected to show intense dynamic pyrometamorphism. The fusion crust on 'traditional' 
meteorites is ample evidence that melting and evaporation protected the surviving mass against 
thermal alteration. In the case of the high density, iron-rich IDPs the iron-oxide rims are a 
new type of atmospheric entry alteration that involves conventional metamorphic reactions. For 
the unique conditions of dynamic pyrometamorphism, I postulate that these metamorphic 
reaction are necessarily endothermic. In IDPs L2005T12 and L2005U6 the iron-oxide is 
maghemite rather than magnetite that is reported in other 1 ~ ~ s ~ ~ ~ .  Nanometer-sized maghemite 
rather than thermodynamically stable magnetite8 formed by oxidation of iron below -675OC 
following maximum heating. The medium, maximum atmospheric entry temperature for both 
particles is - 1 OOO°C (ref .8). 

Olivine in IDP L2005U6 shows two different responses to atmospheric entry heating: (1) 
olivine-maghemite symplectite and (2) garnet formation. The symplectite forming reaction that 
is written as 1.3Mgl~oFel~o(3t~eo~23Sio077)04 = l.0Mgl,Fep,Si04 t 0.9Fe0 + 0.60, is endothermic 
at 1025OC (Note, the reaction is written for Ca-free olivine). Assuming the reaction is diffusion 
controlled, and using Mg-Fe interdiffusion coefficients in olivine1' and the spacing of 
maghemite lamellae, I calculate the symplectite formation time as a function of temperature, 
viz. 2.2 sec (lOOO°C) and 0.42 sec (llOO°C). Using observed compositions, the garnet forming 
reaction is written as 10.3 Ca-rich olivine (+0.06Si+O.OlAl) + 0.8202 = 7.6 Ca-free olivine + 1.0 
garnet + 0.33~e'. At 925OC this reaction is barely exothermic (-4.3% of enthalpy at 
equilibrium) and although data for garnet at higher temperatures are unavailable the reaction is 
probably exothermic above 925OC. Both metamorphic reactions are able to proceed sufficiently 
rapid with regard to the time interval of maximum entry heating. Both metamorphic reactions 
in IDP L2005U6 are exothermic at temperatures consistent with predicted peak entry 
temperatures for this particle (cf. ref.9). 

This situation is different in IDP U2005T12 but still consistent with the notion that 
dynamic pyrometamorphic reaction offer protection to the remainder of the micrometeorite. In 
this particle, the intimate association of high sulfur domains and the partial maghemite rim 
suggests iron-sulfide oxidation to form iron-oxide. Of all potential reactions, only the reaction 
2FeS t 3/20, = Fe20  + 2S(gas) is endothermic and only below -525OC. Phase relations in 
polycrystalline low sulfur tubes in this particle4 indicate temperatures of -400°C (assuming 
equilibrium sulfur pressure). I suggest that the thermal regime of dynamic pyrometamorphism 
was controlled by this endothermic reaction. As a result the effective maximum entry 
temperature in high density IDP U2005T12 remained well below the calculated temperature 
based on physical m ~ d e l l i n ~ ' ~ ~ .  This result could be important to re-asses IDP origin based on 
physical modelling alone. For example, the mineralogy of probably cometary, carbon-rich 
chondritic porous IDPs conceivably allows for a greater than calculated atmospheric entry 
survival rate for these important ultrafine-grained materials. 
Conclusions. The mineralogy of two high density IDPs constrain the maximum temperature, 
and duration of the thermal regime, of dynamic pyrometamorphism. The requirement that the 
metamorphic reactions are endothermic narrowly constrains the types of metamorphic reaction. 
It also allows detailed analysis of the exact thermal evolution of individual IDPs based on their 
actual mineralogy. Clearly, the atmospheric entry thermal regime of an individual IDP is not 
only constrained by its orbital parameters and physical properties but also by its pre-entry 
mineralogy which might actually be much more restrictive. 
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