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Conditions of Early Chemical Processing of Matter: Explosive 
Exhalations of Supernovae 

D. Heymann 
Depa,rtment of Geology and Depa,rtment of Spa,ce Physics and Astronomy, Rice University, Houston, Texas 77251 

The overwhelming majority of atoms other than H and He in the solar system come from stellar 
nucleosynthesis. A very significant proportion of these come from supernovae. This paper reviews the 
chemical and isotopic stratifications of supernova exhalations, which are the first of all chemical 
environments of these atoms. 

INTRODUCTION 

Chemical and isotopic heterogeneity is a hallmark of the solar system and of interstellar 
media. Until one decade ago, most cosmochemists thought that the heterogeneities of the solar 
system were endogenic. When doubts arose, we suggested theories such as the occurrence of live 
superheavy elements in the nascent solar system (Anders and Heymann, 1969). In retrospect it is 
clear that the change in ideas began with the discovery of isotopically anomalous xenon in 
meteorites by Reynolds (1960). Further change was brought about by Black's (1972) interpreta-
tions of isotopic neon anomalies in the solar system, but the breakthrough to a wider audience than 
the inert-gas cosmochemists occurred with the discovery of oxygen anomalies in the Allende 
meteorite by Clayton et al. (1973). Today the study of exogenic heterogeneities, that is to say 
chemical and/ or isotopic heterogeneities of the solar system that are "memories" from pre-solar 
environments, is a swiftly developing branch of cosmochemistry. 

For several years after the discovery of the oxygen anomaly, it appeared that chondrules of 
ordinary chondrites could be studied without considerations about exogenic heterogeneities. This, 
too, is no longer possible, as the paper presented by R. N. Clayton at the Conference on Chondrules 
and their Origins has clearly demonstrated. 

This paper is a brief overview of the chemical and isotopic stratifications of the exhalations 
from exploding stars (supernovae). These exhalations are not the sole sources for the replenishment 
of matter in interstellar media, hence of its heterogeneities, but they deserve close attention because 
they are thought to deliver roughly one-half of that matter. 

SUPERNOVAE AND THEIR PROGENITOR STARS 

This is a summary of a recent review by Arnould ( 1982). Supernovae are classified as Type I 
and Type II on the basis of their light curves. (The term supernova was originally proposed to 
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D. Heymann: Explosive exhalations of supernovae 135 

represent the visual astronomical phenomenon associated with an exploding star. Over the years, it 
has come to stand for all aspects of the explosion.) Both have in common deduced explosive 
energies on the order of 1051 erg or greater and the emission of at least one solar mass ( l Me = 
1.9866 X l 033 g) of matter into the immediately surrounding interstellar media with initial speeds 
of typically 103 km s-1 or faster. Model studies suggest that the progenitor stars of Type I 
supernovae are low-mass binaries of a comparatively old stellar population, whereas those of Type 
II supernovae are more massive stars from younger populations with the transition occurring near 
8 Ms- However, there is no unanimity on this issue. The rate of supernova occurrence in our galaxy 
is estimated as 30 (+20/-10) y-1• However, as Reeves (1978) has emphasized, the probability of 
supernova occurrence is much higher in regions of active star formation than elsewhere in the 
galaxy. 

There is a general agreement that the cause of the explosions is "runaway-style" stellar 
instability, and that both the progenitor stars and their initial (t = 0) exhalations are chemically and 
isotopically stratified, even though there is very little direct observational evidence for this. Perhaps 
the most pertinent observations are those of Chevalier and Kirshner ( 1978, 1979), who found that 
the so-called quasi-stationary flocculi of the roughly 300-year-old Cassiopeia A nebula are strongly 
enriched in He and N (relative to "cosmic"), and that the "fast moving knots" of this nebula are 
enriched in 0, S, Ar, and Ca, with substantial "knot-to-knot" variations of the S/0, Ar/0 
abundance ratios. 

The detailed calculations described in the remainder of the paper are associated with Type II 
supernovae. 

INITIAL CHEMICAL STRATIFICATIONS OF THE EXHALATIONS 

Hence, what we "know'' about the initial chemical stratifications of exhalations from 
supernovae comes primarily from astrophysical model studies of their progenitor stars. Such 
studies are complex ~use they must consider conditions of temperature, mass density, and 
pressure throughout the star. They must also consider the state of the stellar matter, nuclear 
reactions, energy budgets, convection, etc., all within the boundary conditions deduced from 
observations of the surfaces of stars. Most models assume spherical symmetricity of the stars of 
interest and absence of mass-loss during the hydrostatic legs of their evolutions. Investigators 
concerned with supernova exhalations assume that their initial chemical stratifications are 
identical to those of the progenitor stars after the cessation of explosive burning sans the innermost 
about 1.6 Meofmatterthatremainsin theremnantentity(Clayton, 1977, 1978, 1979, 1981; Lat-
timer et al, 1978). However, Clayton (1981) has suggested a model that assumes that the 
progenitor star expels, non-explosively, its C-, Ne-, and H-rich outer layers during hydrostatic 
evolution to form a dust-laden circumstellar "coccoon," and that the remnant, still-massive star 
explodes considerably later. The physics of the encounter of the explosive exhalation with a 
circumstellar coccoon has not been significantly studied, hence I do not consider this model here. 
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Fig. 1 Major element initial stratigraphy of the explosive exhalation of a 25 M., progenitor star. 
Vertical coordinate is mass fraction. Horizontal coordinate is "internal mass point" (see text). 
Constructed from data in Weaver et al. (1978) and Weaver and Woosley (1980). 

Two major strategies have been employed for the model calculations of stellar evolution. In 
one, the star is thought to contain a number of large "single zones" of uniform conditions. In the 
other, a comparatively dense radial grid of points is used. I am using here results from Weaver and 
Woosley (1980), whose treatment employs the second of the two strategies. Figure 1 has been 
constructed by me from data in these papers. It shows the initial stratigraphy of elements with mass 
fractions greater than 10-3 in the explosive exhalation from the 25 M0 progenitor star. (Mass 
fraction is a more useful parameter for grossly heterogeneous systems than abundance normalized 
to a single element.) The gross stratigraphy of this figure is pertinent for progenitor stars with 
masses of about 10 M0 and larger. The variable on the horizontal axis is the "internal mass point" 
in units of 1 M0 that is to say the radius of the sphere within which there is contained the mass given 
by the value of the variable. This variable is much more useful than linear distance from the star's 
center because of the swift expansion of the exhalation. 
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One recognizes three major chemical zones: 
(l) Zone I. 1.6 M0-2.2 Mu Essentially oxygen-free, but "oxidizing" because of abundant S. 

Major elements are "Fe-group," Si, S, Ar, Ca, and He. 4He at the base is from (-y, He) nuclear 
reactions during explosive burning. The zone contains abundant radioactive 56Ni (t112 = 6.1 d), 
which transforms via 56Co (t112 = 78.5 d) to stable 56Fe. At t= 0, thedecayof 56Nigenerateson the 
order of 1036 watts of power, and 56Co generates on the order of 1035 watts one year later, but a 
significant fraction of the energy is lodged in neutrinos. Note that the zone does not contain enough 
Fe+ Cr+ Ca+ Si to satisfy S chemically. Zone I is probably the most massive, albeit transitory, 
S-rich environment of interstellar media. 

(2) Zone II. 2.2 ME)-8 Mu Very rich in oxygen. Other major elements are Ne, Mg, Si, S, and 
C. 27Al is not shown because its mass fraction is less than 10-3 everywhere, but Zone II contains the 
bulk of this element. Its stratigraphic trend follows that of Mg closely (Woosley and Weaver, 
1980). Zone II also contains the bulk of 26Al (Woosley and Weaver, 1980; Morgan, 1979). At t = 
0, the specific activity of 26Al for the bulk of the matter of Zone II is about one C per gram. Note that 
0 IC > 1 and note the varying Mg/Si ratio. Note also that this z.one does not contain enough Mg+ 
Si+ S + C to satisfy O chemically. One may distinguish three "subzones": (O,Mg), (0, Ne), and 
(0, C). In the case of the 15 ME)progenitor, O/C is less than 1.0 in the (0, C) subzone (Weaver et 
al., 1978). Zone II is probably the most massive, albeit transitory, O-rich environment of 
interstellar media. 

(3) Zone III. 8.0 M0-25 Mu This z.one is chemically reducing with C, He, and H the most 
abundant elements. It is compositionally the closest to "solar" of the three zones. 

Since the trace elements are not shown in Fig. 1, two comments are in order: Zone I contains 
few, if any, nuclei of elements Z > 30 (Zn), and Zone II is the repository of the bulk of Z > 30 
elements. 

INITIAL ISOTOPIC STRATIFICATIONS OF THE EXHALATIONS 

The initial isotopic stratifications of the exhalations are also thought to be replicas of the 
stratifications of their progenitor stars immediately after the explosion, but the isotopic stratigra-
phies have not yet been worked out with as much detail as the major element chemical 
stratigraphies. Therefore, I offer only a sketch for six groups of elements for the 25 ME) progenitor. 

(1) C, N, 0. One must bear in mind that stars with MsTAR > 10 M0 arecomparatively poor 
producers of these elements, hence interstellar heterogeneities of these elements are probably 
determined in the main from other sources. Zone I contains virtually no C, N, or 0. In Zone II, C is 
near-monoisotopic 12C and O is near-monoisotopic 160. The isotopic composition of what little N 
there is is uncertain here. In Zone III, C may be enriched in 13C and O in 170 + 180. N may be 
enriched here in 14N, but the degree of enrichment may vary greatly from star to star. 

(2) Ne, Mg, Si, S, Ar. Zone I contains virtually no Ne and Mg. Where its matter is 
dominated by explosive oxygen burning (near the top), Si is overwhelmingly 28Si, but Sand Ar 
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appear to be near-normal (Truran and Arnett, 1970; Woosley et al., 1973). Zone II contains 
virtually no Ar. The zone's isotopic stratigraphy for the remaining elements is best "known" for 
two subregions, one about 2.2 M()-2.8 M()(inner), the other (outer) 2.8 M()-6 ME>(Woosley and 
Weaver, 1980). The inner subregion contains near-monoisotopic 24Mg, but 30Si and 29Si are 
enriched by factors of about 3.5 and 1.2, respectively.Sis strongly enriched in 33S and 34S; the 
subregion is very poor in Ne. The outer subregion contains no 22Ne; 21 Ne/20Ne· is about one-half 
normal, 26Mg/24Mg is near-normal, but 25Mg is enriched by factors 1.5-2.0. 28Si is depleted, but S 
is strongly enriched in 36S. The only firm statement for the remainder of Zone II ( 6 M.,-8 MJ is that 
it ought to be poor in 22Ne. In Zone III, 21 Ne is almost certainly overabundant (see Clayton, 1981 ). 

(3) Ti. Clayton ( 1981) has presented a gross stratigraphy for this element. The base of Zone 
I contains primarily 5°Ti; its top, 48Ti + 49Ti. Where matter of Zone II is dominated by explosive 
neon burning ( near its base), 46Ti is abundant. Where it is dominated by explosive carbon burning 
one finds primarily 47Ti and some 49Ti + 50Ti, and where it is dominated by priors-processing one 
finds primarily 50Ti. At locations of "mini-r-processes" during explosive burning, one finds 
primarily 47Ti and some 49Ti + 5°Ti. 

(4) The s-nuclei. A> 70. These nuclei occur with substantial overproduction factors in 
Zone II between about 3 ME) and 8 ME) (Lamb et al, 1977). However, stars in the intermediate mass 
range of 2-6 ME) are thought to be the dominant source of s-process matter of the cosmos. Detailed 
stratigraphies are unavailable. 

(5) The p-nuclei. Owing to the study of Woosley and Howard (1978), their stratigraphy is 
fairly well established. These nuclei occur between about 2 M.,and 3.5 Me where they were formed 
by the photoerosion of an s-seed during explosive burning. Figure 2 shows the stratigraphy of a 
number of selected p-nuclei. Maximum overproduction is seen to occur at deeper locations for 
"light" species such as 74Se, 78Kr, and 84Sr, but at shallower locations for "heavy" species such as 
184Os. Note that p-nuclei find themselves in chemically different environments (compare Figs. 1 
and 2). 

(6) The ,-nuclei. These are enigmatic. Their formation has been traditionally associated 
with supernovae. However, only "mini ,-processes" have been identified by the model studies 
(Howard et al, 1972; Truran et al, 1978; Heymann and Dziczkaniec, 1979; Lee et al, 1979). 
Mini ,-processes generate interesting, "non-canonical" ,-abundance curves with maxima near 
nuclei with closed neutron shells, but they do not form ,-nuclei with A > 200 (including 232Tb, 
235U, 244Pu) well, and their overproduction factors are no match for those of the s- and p-nuclei 
with A < 200. The current understanding is that supernovae are comparatively poor producers of 
r-nuclei. Cowan et al (personal communication, 1981) have recently suggested that the "canoni-
cal" r-process may occur in "ordinary" low-mass stars that probably do not explode, but rather 
"exhale" r-nuclei non-explosively; however, the required great enhancement of 13C in a degener-
ate helium region is still a difficulty of this model. This theory, if correct, means that r/(s + p) 
abundance ratios in interstellar media could be much more variable than hitherto thought to be the 
case. 
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EVOLUTION OF EXHALATIONS 

Exhalations allegedly start out as immediate post-supernova progenitor stars, that is to say 
very hot (T = 109°K), very dense (p = 106 g cm-3), and fully ionized in their deep interiors. 
Radially outward, T and p decrease (for details see Weaver and Woosley, 1980). Interactions with 
the immediately surrounding interstellar medium have been studied. A shock develops at the 
leading edge, and it is there that matter from interstellar media is ingested. Observations of 
pertinent nebulae show that the spherical symmetricity is not maintained forever; the exhalations 
develop filamentary structures and "knots,'' but the time scale for this development is still poorly 
known. 

The cosmochemist is more interested in the evolution of the internal chemical structure of the 
exhalations. Comparatively little is "known" about that. At a first glance, one may assert that the 
initial chemical and isotopic stratigraphies are swiftly ironed out by the violence of the explosion. 
However, the deep interior of the exhalations is a very dense, albeit also hot, totally ionized plasma 
with considerable rigidity. It is perhaps not unreasonable to assume that the convective pattern of 
an exhalation is similar to that of its progenitor star, at least for a while. An exhalation has a 
substantial heat source (56Ni + 56Co) in Zone I, but heat sources analogous to those of shell-burning 
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in the progenitor star are missing. Perhaps one may expect intrazonal mixing, but comparatively 
little mixing between Zones I, II, and III, or even of their subzones, for a while. Quantitative studies 
of this issue are greatly needed. 

This is the basic assumption of the studies of Lattimer eta!. (1978) and Clayton (1977, 1978, 
1979, 1981). Lattimer et al (1978) have treated the development of T and p, which decrease in 
lockstep, at two interior locations. They have concluded that favorable conditions for the 
condensation of dust eventually do occur, provided that the deduced condensation sequences are 
not truncated or bypassed owing to heating of matter by 56Ni + 56Co in Zone I. However, the 
failure of condensation to occur does not imply absence of chemical processing in the gas phases 
where molecules, molecular ions, and radicals can form. The presence of 56Co and 26 Al (but also of 
other species such as 36Cl) will keep Zones I and II partially ionized for long times, hence ionic 
species could be very significant in chemical processing. The presence of magnetic and electrical 
fields could further complicate chemical processing in an environment that is a far cry from any 
laboratory-based analogs. 

Lattimer et al (1978) and Clayton (1981) make frequent references to minerals such as 
corundum, melilite, spinel, enstatite, periclase, etc., but it is misleading to think of solid condensates 
as euhedral crystals of the uncontaminated minerals. The condensates are probably riddled with 
lattice defects, and the minerals are probably quite "dirty" owing to the occlusion of "non-formula" 
elements in their lattices. 

Despite the multitude of uncertainties, one can assume with considerable confidence that the 
initial chemical processing takes place in the chemical zones of Fig. 1 regardless of whether 
condensation does or does not occur. The next phase is likely to be chemical "reprocessing" when 
the zones begin to mix. From then on, "reprocessing" is a recurrent theme as the matter wanders 
through various interstellar media and ultimately into meteorites ( see Clayton, 1981 and references 
in that paper). 

MEMORIES 

Cosmochemists have long known that chemical processing in distinctly different physical 
environments tends to lead to remarkably similar results. Thus, it is usually impossible to select one 
environment exclusively, because there are always several rational choices. For example, oldham-
ite (CaS) occurs in enstatite chondrites, but it would be rash to identify this occurrence exclusively 
with Zone I of a supernova exhalation, even though CaS is deduced to occur transiently in its gas 
phase (see Lattimer et al, 1978). Likewise, it would be rash to associate the well-known trends of 
total Fe-content and metal content among H-, K-, and LL-chondrites with chemical processing at 
the top of Zone I and the base of Zone II after some mixing, even though the appropriate gradients 
of Fe and O might occur there. Much stronger, albeit seldomly exclusionary cases can be made by 
combining chemical and isotopic observations, but one must then distinguish between isotopic 
variations due to radioactive transformations and isotopic anomalies for which there is no 
radioactive parentage. No geochemist will claim, for example, that 87Sr/86Sr variations in terres-
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trial samples are pre-solar memories, but he may argue about the solar system homogeneity of 
initial values of that ratio. Isotopic variations, due to the decay of 26Al, 107Pd, and 1291 are less 
clear-cut, because one may argue, as D. D. Clayton has done (see Clayton, 1981), that what 
appears to be in situ decay of these species in the meteorites is actually quantitative decay in 
interstellar media, hence a "memory" from them. 

The ambiguities associated with radioactive decay do not occur for those isotopic anomalies 
that cannot have a radioactive parentage. The isotopic anomaly is the pre-solar memory that has 
apparently detectably survived the initial chemical processing and also every subsequent chemical 
reprocessing as mentioned above. 

Supernova exhalations are probably significant contributors to oxygen anomalies as Clayton 
et al ( 1973) have first pointed out. Zone II of Fig. 1 is the initial repository of most of the oxygen of 
the exhalation. All condensates from this zone are endowed with an 160 overabundance. Certain 
chemical species from Zone I, regardless of whether they are in the gas phase or in condensed 
phases may become similarly endowed with an 160 overabundance when Zones I and II begin to 
intermingle. A veritable catalog of 160/ 17 0/ 180 ratios may occur in chemical species where Zones 
II and III intermingle. Therefore, what appears to be a small number of "components" in the 
systematics of oxygen anomalies of the solar system (see Gayton et al, 1976) is likely to be the 
result of repeated chemical reprocessing of an isotopically greatly diverse initial inventory. It is not 
unlikely, therefore, that continued studies of oxygen will come up with hitherto undiscovered 
"components." (However, in terms of total yields, Type II supernovae are probably not greatly 
enhanced in 170. Their bulk 180/ 160 ratios vary greatly, decreasing, as they do, with increasing 
mass.) 

The suspicion that r-nuclei are grossly underabundant in supernova exhalations implies that 
the exhalations must be reprocessed with matter that is overabundant in these nuclei. It is therefore 
unlikely that the excesses of the r-isotopes of Ba, Nd, and Sm in the EK-1-4-1 inclusion of Allende 
(see McCulloch and Wasserburg, 1978a,b; Lugmair etal, 1978) are due to a "spike" of r-matter 
from one or several supernovae, but rather are due to variable chemical reprocessing of s-matter 
from their exhalations. However, the r-anomalies of Kr and Xe could be surviving memories from 
mini r-processes of exploding stars (Heymann and Dziczkaniec, 1979, 1980). These must then be 
memories from very early chemical processing, perhaps ion implantation in the first crop of 
condensates. 

The p-nuclei have received comparatively little attention. It is fairly reasonable to assert that 
isotopic p-anomalies are likely to occur in conjunction with 160 anomalies and that they are not 
necessarily coherently correlated with r-anomalies. When one considers the isotopic stratigraphies 
of Zone II ofFigs. land 2, one concludes that the abundances ofp-isotopes other than those of Kr 
and Xe in meteoritic phases with 160 excess could be below normal, normal, or above normal. One 
cannot deny the possibility that all three cases will eventually be found. 

Let me close with a case for which chemical processing in a supernova exhalation might result 
in a violation of commonsense geochemical rules. It has long been known that the isotopic 
variations of the p-isotopes of Kr and Xe are coherently anti-correlated in carbonaceous chondrites 
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(see Frick, 1977). Lewis et al. (1975) have argued that the anti-correlation is due to endogenic (i.e., 
in the solar system) mass fractionation. Heymann and Dziczkaniec (1980) have argued for 
memory from a supernova exhalation. Figure 2 shows that the locations of maximum overproduc-
tion of the p-isotopes of these geochemically very similar elements are substantially separated 
physically. However, the memory seen in the meteorites must then have been established during 
the earliest chemical processing. The most attractive hypothesis is that p-Kr has either remained in 
the gas phase, or if trapped in dust, has been quantitatively returned to the gas phase by later 
chemical processing, whereas p-Xe has not. When one considers that the location of maximum 
overabundance of p-K.r is either in Zone I, or else closer to Zone I than that of p-Xe, which is in 
Zone II, and that Zone I contains the substantial heat source of 56Co, one can understand how the 
commonsense geochemical rule that "Kr goes with Xe" might become violated. If my interpreta-
tion is correct, then excess p-Xe in chondritic meteorites must either be contained in or else be 
associated with tiny inorganic grains. 

ADDENDUM 

Hans Suess (reviewer) has brought to my attention a manuscript submitted to Science by 
Thiemens and Heidenreich, entitled: "A novel isotope effect: the mass-independent fractionation 
of oxygen and its possible cosmochemical implications," which was not available to me at the time 
of this conference. In the laboratory, the authors have discovered a mass-independent oxygen 
isotopic fractionation whose trend is essentially identical to the mixing line of the anhydrous phases 
from the C2 and C3 meteorites. Thiemens and Heidenreich cautiously offer this type of 
fractionation as an alternative for current nucleogenetic models of oxygen isotopic variations in 
meteorites. 

This suggestion does not change the substance of my contribution to these Proceedings. I have 
reviewed conditions of early chemical processing of matter for the srecific case of supernova 
exhalations. I have pointed out that memories from early processing are vulnerab~e to erasure 
during later processing. Clayton (1977, 1978, 1979, 1981) has amply written on that topic. The 
process of Thiemens and Heidenreich must be added to the catalog of processes that may erase 
records from early processing, but it might also have some significance at its latest stages when an 
exhalation, or else regions thereof, have cooled sufficiently. Nevertheless, if condensation occurs in 
Zone II, and if Zones I and II mix significantly, then a substantial mass of probably primary 
isotopically anomalous oxygen is initially stored in solid phases. These anomalies may become 
erased later, but it is difficult to see how that oxygen could significantly participate in a process a la 
Thiemens and Heidenreich. 
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