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Chemical State of Pre-solar Matter 

Donald D. Clayton 
DepartmenJ of Space Physics and Astronomy, Rice University, Houston, Texas 77001 

We consider several features of the chemical state of interstellar matter that may be relevant to the observed 
properties of chondrules if they are formed from aggregates of pre-existing particles. First, a brief summary of 
the numbers and types of interstellar particles as indicated by the extinction of starlight is given. Second, a 
model of the free decay interval required by the low solar abundance of 1291 is advanced. This model can 
support variations in the 1291/1271 ratio that are larger than typical isotopic anomalies. Third, a new 
steady-state model of the chemical state of the interstellar medium is presented as a first step toward a 
quantitative distribution of the abundances among different chemical forms. Last, the advantages of fusing 
chondrules from aggregates of pre-solar dust by the action of exothermic chemistry are enumerated. 

I. INTRODUCTION 

Although the chemical state of matter in a cold molecular cloud is very hard to specify with 
confidence, we can be fairly confident that it must be relevant to the understanding of some 
questions relating to isotopic composition and chemical disequilibration in early solar system 
aggregates (Gayton, 1978). This paper describes only a few specific considerations relevant to the 
types of dust structures that were probably present at the time of solar collapse. Although it is 
known that refractory elements do not reside in the gaseous state within molecular clouds, one can 
only speculate on the kinds of dust that must have contained them and in what relative proportions. 
Refractory dust will exist by virtue of near-equilibrium condensation sequences during mass loss 
from stars, but by no means will all refractory elements have been in this form. Some atoms will not 
have condensed at those times, some will have been sputtered away by the interstellar history of 
supernova shock waves, and some will have been evaporated by recycling through the outer 
envelopes of stars, followed by partial recondensation upon ejection. Thermal sputtering in the hot 
interstellar medium (ISM) will accentuate the refractory nature of dust therein and will impose 
some isotopic fractionation (Clayton, 1981a). 

Whether any dust aggregates can occur before cloud collapse remains uncertain. Refractory 
gaseous atoms will reaccrete onto dust in all ISM phases to some degree, but, in the molecular 
cloud prior to collapse, virtually all remaining atoms and molecules will reaccrete in cold mantles 
also bearing volatiles and the possibility of later exothermic chemical energy. Millimeter-sized 
aggregates of these multicomponent particles can be expected to exist in the turbulent cloud during 
its collapse to a solar disk, whereafter the thermal and transport properties of the disk will moderate 
the growth of disk particles. Heating of the first aggregates, even of chondrule size, either 
chemically or environmentally, will be accompanied by chemical alteration as the aggregate seeks 
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a more mineralized structure. Because water-ice is contained in the chemically reactive grain 
mantles, some hydrothermal flow will be expected when it suddenly melts. Chemical features 
resulting from the loss of this water from the pre-chondrule aggregate may still be visible in the 
chondrule itself. 

II. INTERSTELLAR DUST 

Many good reviews of interstellar dust exist. Greenberg (1978) presented a particularly good 
discussion of its many aspects, and the reader interested in the problem of the chemical distribution 
of dust may profit from his account. Huffman ( 1977) reviews data on interaction between dust and 
light. However, it is much less clear how the chemical state of interstellar dust may impact the 
origin of chondrules. H the initial chemical state had been erased by thermal vaporization, 
considerations of it would of course not be needed. But if cold-cloud matter remains cold (T 
<100°K) while it rains down onto a turbulent pre-solar accretion disk, wherein it is turbulently 
diffused and aggregated (Morfill, 1983), a variety of chemical memories will be distributed through 
that disk, locked up in the chemical microstructure of the early aggregates. Clayton (1982) has 
argued that such cosmic chemical memory should be recoverable and constitutes a new field of 
astronomy, and the reader is referred to that work for the general arguments. 

Detailed knowledge of interstellar dust is sparse. As far as the chemical structure of solids is 
concerned, clear indications are seen in infrared spectra only of water-ice via the 3.07 µm 
stretching of the 0-H bond and of ill-defined silicates via their 9.7 µm transitions. These two 
features are often seen together, in emission or in absorption, from a variety of astronomical 
objects, extrasolar and cometary. The ice feature probably arises from mantles acquired by the 
large refractory particles while they reside in cold interstellar clouds. The relative masses of these 
two components are hard to estimate reliably, but appear to be of the same order of magnitude. 
However, because silicate dust cannot comprise 1-2% of the total mass of the ISM, as needed for 
observed levels of extinction, it seems that the H-, C-, and 0-bearing mantles must be somewhat 
more massive in total. 

The extinction of starlight in the visible and ultraviolet (UV) has a characteristic shape that is 
commonly analyzed in terms of three components, as shown in Fig. 1. Relatively large (0.1-0.2 
µm) particles comprised of icy mantles on silicate cores seem to be needed for the infrared (IR) 
features mentioned above and for the visual extinction feature (part a in Fig. 1) bearing negative 
second derivative with frequency. A class of small particles, perhaps graphite (Gilra, 1972; 
Huffman, 1977) or perhaps organic (Wickramasinghe et al., 1977), produces an extinction peak 
near A = 2200 A. Another class of small particles (~0.0lµm), probably bare and refractory, 
account for the rising second derivative into the far ultraviolet (part c in Fig. 1). These small 
particles outnumber the layer core-mantle particles by about 103 to 1. The small ,\2200-producing 
particles are somehow physically separable from those producing UV extinction, because the 
relative amounts of 2200 A features and far UV extinction differ from one line of sight to another. 
This observation attests to the common presence of some type of variable sorting in the interstellar 
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Fig. 1 The variable extinction 
of starlight along different lines 
of sight in the ISM has a form 
like the heavy curve. It is usu-
ally interpreted (e.g., Greenberg, 
1978) in terms of three types of 
particles, indicated by a, b, and 
c. The larger composite parti-
cles (a) produce a negative 
second derivative, whereas the 
tiny bare refractories (c), at 
least 103 times more numerous, 
produce a positive second deriv-
ative. The >..2200 peak is due to 
independent small particles, 
shown here as graphite, but 
perhaps also carbonaceous poly-
mer. 

medium, which suggests that one must not discount grain sorting as a means of chemical 
fractionation in the solar system itself. 

III. INTERSTELLAR MEDIUM PHASES AND EXTINCT RADIOACTIVITIES 

The interstellar medium consists primarily of three phases: molecular clouds (perhaps 45% of 
the interstellar mass), neutral HI clouds (perhaps 45%), and warm media, where T > S0OO°K 
(perhaps 10%). Matter is not fixed in the respective phases, but transmutes from one phase to 
another. At the same time, the chemical microstructure changes. In the molecular clouds, heavy gas 
atoms are expected to be non-existent because they strike (and presumably stick to) grains within 
104 to 106 yr. But in HI clouds and warm media, free gaseous atoms of refractory elements exist and 
are even liberated by sputtering. Similarly, grains seem to be larger in molecular clouds, probably 
because the icy mantles grow in those cold (T~200K) and dense (n8~104 cm-3 ) environs. 

These phases change into one another in times probably of order 108 yr. This will not allow 
much difference in the average chemical and isotopic abundances between separate phases except 
for the extinct radioactivities. Their average concentrations in the separate phases differ because of 
time delays. We envision two characteristic time scales. Over times T 1 = 108 yr, the large molecular 
complexes are grown by amalgamation of small molecular clouds (Kwan, 1979) and, on the same 
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time scale, coordinated star formation breaks them up again into many smaller clouds, which are 
permeated by HI clouds that surround individual molecular clouds. This cyclic process is naturally 
accompanied by a slow transfer of material between molecular clouds and the surrounding HI 
clouds. On another time scale, T 2, the associated large HI clouds around molecular clouds are both 
condensed from and evaporated to the warmer atomic H medium. Average isolated HI clouds are 
chemically mixed with warm media owing to evaporation by individual supernova shock waves 
on time scales of order 106 yr. Clearly then, HI clouds must also be continuously formed from the 
atomic H medium by condensation on the same short time scale. Thus, for purposes of radioactive 
concentrations, the mass of small to average HI clouds (say, Mcloud< 102MJ may be regarded as 
part of the warm ISM, whereas the clouds too large for disruption by a passing supernova shock 
have a longer lifetime and a different radioactive concentration. 

Clayton ( 1983) has analyzed this type ofISM model in search of an explanation of the small 
ratio 1291/1271 = 10-4 found in meteorites. If the mixing times T1 = T2 = 108 yr, then 129l/ 127lin 
molecular clouds is only 7% of its average value over the entire ISM. The HI clouds and the warm 
media have progressively larger 129/127 ratios. This argument assumes, with supportive reason-
ing, that the new nucleosynthesis products (viz., 1291) appear first in the hot ISM and then in the 
warm ISM, as expected if 1291 is ejected into supernovae cavities or large stellar wind bubbles 
around massive star remnants. The point for early chondrule-sized aggregates in a collapsing 
molecular cloud (e.g., the sun) is this: If there is any spatially inhomogeneous admixture from 
surrounding or permeating HI clouds or from the warm media, large 1291/1271 isotopic anomalies 
can result. We are speaking here of live 1291, not fossil anomalies. For example, the ratio in massive 
HI clouds is five times greater than in molecular clouds, so that 10% variations in mixing would 
yield 50% variations in initial iodine. Figure 2 shows a schematic diagram of this cycling process. 
Chondrules of different "iodine age" in the same meteorite may perhaps be explained in this way, 
but only if most of the iodine remains in solids during pre-chondrule dust aggregation. Should that 
be the case, some aggregates should also be found appearing to have excess 129Xe in the trapped 
component. That is, the "unsupported 129Xe" residing in the grains from pre-solar decay ( Clayton, 
1975a) should probably be expected to augment the trapped Xe component when that grain 
aggregate is heated. Since all of these isotopic features are seen in Bj urbole chondrules (Caffee et al., 
1982), the relevance of the pre-solar distribution of iodine to the problem must be taken seriously. 
This same model predicts, by the way, that 244Pu/238U should have a molecular-cloud value only 
about one-third as great as the global average over the entire interstellar medium. This mixing 
model is advanced in place of the more arbitrary 108 yr "waiting period," or "free-decay interval," 
usually discussed with extinct radioactivities. 

Although this isotopic fractionation between ISM phases is hereby expected to be fascinat-
ingly large for the extinct radioactivities, no such fractionation is anticipated among stable isotopes. 
This is because the overall time scales for nucleosynthesis are much greater than the 108 yr mixing 
times between the ISM phases. Local inhomogeneities owing to local nucleosynthesis may exist for 
a short time, of course, and many workers choose to interpret stable element anomalies in this way 
(e.g., Reeves, 1978). I have preferred to interpret oxygen anomalies, say, in terms of differing 
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Fig. 2 Schematic diagram for the 
transport of fresh radioactivities made 
in supernova explosions into the col-
lapsing solar system. The concentra-
tion X1 in molecular clouds is deter-
mined by mass exchange with 
surrounding large HI clouds on a time 
scale T 1• The concentration X2 in the 
large HI clouds is governed by the 
time scale T 2 with which they 
exchange matter with average HI 
clouds. Because supernova shocks 
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evaporate average HI clouds, their mass is included with that of the hot media in the initial reservoir 
for fresh radioactivities. 

isotopic composition in different types of dust that are distnbuted homogeneously (Clayton, 
1977a, 1978) in space. Although supernovae do occur in molecular clouds, eventually disrupting 
them, I believe that the nucleosynthesis products remain in a hot phase and are not mixed with the 
remaining dense cold parts of the fragmenting cloud. To begin to assemble physical expectations 
for stable elements, it should be more relevant to construct a model of the global steady-state 
chemical condition of the ISM. 

IV. STEADY-STATE INTERSTELLAR MEDIUM 

For this discussion, let us temporarily suppress the differences between ISM phases and seek a 
global chemical balance between production and destruction of chemical forms. What is then 
relevant is the global rate of production and destruction of chemical forms through physical 
processes operative in establishing the average chemical state of the ISM. Let us first define time 
scales for some processes of known importance, along with rough estimates of their values from 
the astronomical literature. For each element (Z) we must distinguish between at least three 
chemical forms: 

G(Z) = gas mass of Z; 
DoCZ) = dust mass of Zin initial super nova condensates (SUNOCON's); 
Dm(Z) = dust mass of Zin mixed (processed) form; 
M(Z) = G + D0 +Om= total interstellar mass of Z. 

In fact, each heavy element Z will at any time exist in a bewildering variety of chemical forms, 
comprising the total chemical memory of the ISM (Clayton, 1978, 1982). The SUNOCON 
component (Clayton, 1975a, b, 1978, 1979) must be explicitly included for at least three rea-
sons: ( 1) it contains special isotopic anomalies characteristic of nucleosynthesis sources (Clayton, 
1975a, b, 1978, 1979); (2) it associates the abundance of one element with isotopic anomalies in 
anotherelement[forexample,aluminum with 160(Clayton, 1977a,b, 1978, 198la,b)]; and(3) 
it resides at the centers of refractory cores of composite dust particles where it may be protected 
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from sputtering and moderate thermal effects. The remainder of the dust Dm(Z) is of mixed type, 
including isotopic mixing during thermal condensation in stellar atmospheres that have not been 
greatly enriched in fresh nucleosynthesis products ( e.g., Si in red giant atmospheres), and chemical 
mixing owing to accretion of gaseous atoms of Z. The gas G(Z) is of course the mediator between 
vaporiz:ation, either by sputtering or by incorporation into stars followed by reejection, and 
condensation, either thermally in stellar mass loss or non-thermally in mantle accretion in the ISM. 

To build even the simplest model of these components requires time scales for these physical 
processes: 

T SN = time for supernovae to replenish M(Z) = 4 X 109 yr; 
T ej = time for stellar mass loss to replenish M(Z) = 4 X 109 yr; 
a 1 = efficiency for Z to condense into SUNOCON's in SN; 
a 2 = efficiency for Z to condense into ST ARD UST in mass loss; 
r. = time for astration (incorporation of ISM into stars) = 2 X 109 yr; 
Ts = time for sputtering from Dm(Z) =l X 109 yr; 
E = inhibition factor for sputtering DoCZ) owing to core shielding =0.1(?); and 
T G = time for gas G(z) to stick to grains =109yr/nttCcm-3). 

Several of these quantities depend upon the phase of the ISM being considered. Be reminded 
that for a preliminary modeling we take these quantities here as weighted averages over the ISM 
phases. For example, G(Z) = 0 in molecular clouds because all atoms have adhered to grain 
mantles, but G(Z) > 0 in hot regions or in sputtered regions. Similarly, the time for a gas atom to 
stick to a grain ( T G) must be averaged over the gas atoms in the ISM, although its value is about 109 

yr/n8 in any one medium (Watson, 1975). This effectively means T G = 107 - 108 yr, because 107 yr 
is roughly the time required in an HI cloud wherein n8 ~10 -102• Furthermore, 107-108 yr is 
probably also the time required to convert an HI cloud into a molecular cloud, wherein the 
sticking is rapid; however, much astrophysical modeling remains to be done in order to treat this 
aspect correctly. 

The condensation efficiencies during stellar mass ejection are very uncertain. We have argued 
( e.g., Clayton, 1982) that they must be almost unity for very refractory elements in order to account 
for large depletion (e.g., 102- 103 for Al and Ca) from interstellar gas; the following analysis will 
partially confirm that conclusion but will also call some of our earlier conclusions into question. 
Because thermal condensation is probably the major source of the refractory components of 
interstellar grains, it is of clear potential relevance to the origin of chondrules. 

With these definitions, the creation and destruction of the three defined components can be 
written for each element Z (not explicitly noted) as: 

dG G MGD D M - = --+ (1-a )-- - + ..:::..w.+ f ..:::sL+ (1-a) -, dt T• 2 Tej TG Ts Ts 1 TsN 
(1) 

dD D D M -==..Q...=_..=:.,Q,._E.=g_+a-,and 
dt T• Ts I TsN 

(2) 
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(3) 

These equations have a simple sum 

(4) 

or 

dM M M M --=--+-+-· dt T• Tej TsN 
(5) 

which relates the timescale for consumption by astration to the time scales for replenishment by 
mass ejection. H the mass M(Z) of element Z in the ISM is either decreasing ( owing to the 
reduction of total ISM mass) or increasing (owing to heavy element nucleosynthesis), we might 
generally equate dM/dt = -M/r1sM to define a timescale for that reduction. Then for self-
consistency we must have the time scales related according to: 

1 I l 1 -=---+-+-· r. T1sM Tej TsN 
(6) 

In this work, however, we examine only steady-state solutions, imagining all time derivatives as 
vanishing, so that each component is in equilibrium between creation and destruction. Then 
r 15M - 00 expresses dM/dt = 0, so that 1/r. = 1/rej + 1/r5N" The numbers roughly esti-
mated from various literature sources ( e.g., Sal peter, 1977) can be reasonably chosen to satisfy this 
requirement by T• = 2 X 109yr and rej = T SN = 4 X 109 yr. The latter requires special comment, 
because the galactic rate of mass loss from red giants, about 2 ~yr, is much greater than the rate 
from supernovae, about 5 Me, say, each 40 yr. But because the mass fraction of those elements 
synthesized in supernovae (Z~ 6) averages some 15 times more in SN ejecta than in unenriched 
stellar ejecta, the time scales for replenishment of Z ~6 are comparable in magnitude and are 
chosen to be 4 X 109 yr for numerical simplicity in the example. 

The SUNOCON component is easiest to evalute. The steady state eq. (2) yields: 

(7) 
2 + 4€ 

where the last equality depends upon the explicit choices made for the time scales listed previously. 
The fraction of element Z residing in SUN OCON cores ranges from a/2 if the cores are totally 
shielded from sputtering ( e = 0) to a/ 6 if the cores are sputtered as easily as the mixed dust D mis 
( € = 1 ). If the supernovae do not condense that element ( a1 = 0) there are of course no 
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SUNOCO N's containing that element. The SUN OCON component also fractionates Al from Mg, 
as an example, as we have argued in the past (Clayton, 1977b, 1978, 1981a, 1982), owing to two 
effects. I expect a 1(Al)> a1 (Mg) because Al condenses first and e (Al) < e (Mg) because Al is more 
shielded from sputtering than is Mg (for example, see Fig. 3 of Clayton, 1981a). Thus if ai(Al) = 1 
and a1(Mg) = 0.5, and e(Al) = 0, whereas e(Mg) = 0.5, we have a SUNOCON fraction that is 
50% for Al but only 12.5% for Mg. Analogous differences for all elements exist; however, there is 
not nearly enough known to numerically evaluate them. The SUNOCON fractions are also 
important if one associates 160 with Al, for example. 

The steady state for the mixed dust Dm(Z) comes from eq. (3): 

(8) 

which is not immediately evaluated without considerations of the GIT a term. To that end it is 
more useful to turn to the steady state for the gas from eq. (1 ), eliminating D0 and Dm by substitution 
of eqs. (7) and (8). This procedure yields for G(Z): 

The ratio G(Z)/M(Z) is observed by astronomical absortion in the interstellar medium, and its 
reciprocal is commonly discussed as "depletion factors" from the interstellar gas (e.g., Salpeter, 
1977). Taking Ta = 3 X 107 yr for the average gas atom to strike a grain, along with other times 
mentioned earlier, yields an interesting dependence on condensation efficiencies a 1 2 and sputter-, 
ing shielding e: 

G(Z) ( ~) 
M(Z) = 0.02 2 - 3 - 1 + 2e ' 

(10) 

which is of order a few percent for all elements that stick efficiently to cold grains, almost 
irrespective of the values of a and e. It is at first surprising that rather large variations over the range 
0 < a < 1 do not more strongly influence the gas concentration, but the answer is evident from the 
astration of dust (r. = 2 X 109 yr) and the assumed rapid sputtering (75 = 1 X 109 yr) of the 
mixed dust condensed during stellar mass loss. Even a protection from sputtering (e - 0) in the 
SUNOCON component makes only a small (say, ~30%) variation in G(Z)/M(Z). This provides 
little support for our argument that the preferential shielding of Al in SUNOCON cores, in 
contrast with Mg, accounts for the roughly ten times smaller value of G/M associated with Al 
unless the Al also condenses in protected cores in STARDUST as well (which is quite believable) 
or unless the time scales are seriously misevaluated. A difference in T G owing to different sticking 
coefficients would appear to be at least as effective. Likewise, differences in condensation 
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efficiently are muted. The difference between a = 0 and a = 1 makes only about a 30% 
difference. Apparently the complicated differences in depletion have no single simple cause. Of 
course, in this simple model G/M is an average over ISM phases, between which exist large 
variations, so that it cannot be compared directly to the solar neighborhood observations. 

The purpose of this section has been to show the nature of the theoretical models that one 
must construct in order to interpret the average chemical condition of interstellar matter. From it 
the differences in the average chemical condition between the separate phases can be computed. 
And finally, special effects owing to spatial inhomogeneity can be added if required by chemical 
data,. I personally remain skeptical of the relevance of spatial inhomogeneity to solar system 
chemistry, except for that spatial inhomogeneity that is established in the solar disk (Morfill, 
1983). 

V. CHEMICAL ENERGY 

Greenberg (1978) has explained reasons to expect the ultraviolet flux in the interstellar 
medium to maintain free radicals in the icy grain mantles. Recent experiments (d'Hendecourt et 
al., 1982) confirm the explosive reaction of grain mantles as they are heated. The icy mantles 
luminesce and explosively emit gas when they have been first exposed to more than 0.1 UV 
photons per mantle molecule and then heated from 10°K to 27°K. It is not yet known why 
T = 27°K triggers the explosive disruption, but it suggests that the icy mantles on interstellar 
grains may be destroyed by the shock transition associated with the cold infall toward a primitive 
solar disk, which does heat from 10°K to about 50°K. Nonetheless, these reactive mantles may: 
(1) create the large interstellar molecules in their explosion in the interstellar medium (d'Hende-
court et al., 1982); (2) create carbonaceous polymer when aggregates of mantled grains are heated 
in a solar disk; or (3) trigger subsequent exothermic chemistry that may complete the transforma-
tion of a millimeter-sized aggregate of primitive grains into a chondrule (Gayton, 1980). The latter 
paper argued that an amorphous flake of frozen monoxide molecules could in principle liberate 
340 kcal/mole by the reaction and crystallization: 

(MgO + SiO + FeO)amorphous - MgSi03 +Fe+ heat. 

Since this is roughly ten times the heat input required to melt crystals, even a 10% admixture of 
such energy sources in a grain aggregate could perhaps produce the appearance of resolidification 
from a melt if that energy can be liberated rapidly when triggered. 

It may be important that many kinds of chemical energy may be available from atoms 
accreted in the ISM. Oxidation of Si atoms or SiO molecules, as above, should be a major source. 
Exothermic reactions with molecules like MgH, TiN, or SiC may be important in the brief 
quasi-melt. Although I am very far from a credible scenario, at least a few obvious advantages of 
chemical energy for the origin of chondrules should be listed: 

(1) Chemical energy should be widely available, because millimeter-sized aggregates should 
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occur while the ambient temperature is still below 100°K. 
(2) The subsequent cooling back to ambient temperature will be fast, leaving many glassy and 

unequilibrated features. 
(3) Oxygen isotopic composition of the parent aggregate will be largely inherited by the 

chondrule. 
( 4) Chondrule formation could be fast enough to trap anomalous 129 Xe and 40 Ar if they are in 

excess in the dust aggregates. 
(5) Fused chondrule pairs or interpenetrating chondrules could in principle occur by collision of 

the cold aggregates before the major exothermic chemistry transforms them, rather than 
after in a plastic state. 

(6) Explosions of balls much larger than chondrules, if such cold aggregates formed, could 
produce a spray of rapidly cooling drops, exploded by the internal pressure of volatiles. 

(7) The bifurcation into reduced (E-type) and oxidized (FeO-bearing) chondrules can be 
sought in different zones of the aggregation process, depending on the coaggregation of 
either an oxidizing or a reducing agent in one of the zones. 

The real question remains that of whether chondrules can in fact be formed by an exothermic 
chemical transformation. This writer believes that serious chemical experiments and exothermic 
reactants will be needed to ascertain this. 
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