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ABSTRACT

We study the effects of grain formation in nova ejecta with double purpose: (1) to schemati-
cally model the optical and infrared luminosities, (2) to identify the anomalies of isotopic com-
position that should be present in large abundance in these grains. The large carbon concentration
makes the rapid and efficient grain formation possible, and accounts for the peculiar luminosities
observed in Nova Serpentis 1970. In the anticipated range of nova conditions, rapid addition
of hot protons during the outburst produces large overabundances of 2C, 180, 22Na, 26Al, 2°Si,
and perhaps others. Anomalous **C is expected subsequent to the *3C(e, n)*O reaction, and
will be trapped in grains formed by subsequent atmospheric loss. Each of these anomalies may
have been detected, either on the Moon due to accretion of interstellar dust or in the carbonaceous

chondrites. Perhaps nova grains are responsible.

Subject headings: planets: abundances — infrared: sources — Moon — stars: novae

I. GRAIN FORMATION IN NOVAE

We begin by considering the formation of graphite
grains in nova shells. The first point is that carbon is
expected to be a major constituent of the nova en-
velope. The nova models calculated by Starrfield
et al. (1975) require ejected material to be rich in
carbon, by as much as a factor of 10 to 100 for those
models based on a discussion by Hoyle and Clayton
(1974, designated HC). The formation of graphite
grains has been analyzed quantitatively by others
(e.g., Donn et al. 1968), and we find the nova environ-
ment to be appropriate.

* Visiting Professor, 1975 April.

It will be our point of view unless stated otherwise
that radiation from an underlying star provides the
energy source for emission by the expanding nova
shell. We take the output L from the star to decline
from ~10° Ly during the first 10 to 20 days to ~2 x
10* L, after 50 days. This underlying luminosity is
shown as a dashed line in Figure 1, which we offer as a
schematic model of this general class of events. The
value 2 x 10%* Ly was selected to be about half of the
maximum infrared emission observed for Nova
Serpentis 1970 by Geisel et al. (1970, designated GKL).
Their observations show that grain formation must be
very extensive in the ejecta. They argued that at least
1078 My, of grains are needed after 90 days for the

TIME AFTER MAXIMUM

100

(days)

Fi6. 1.—The visual and infrared luminosities of the model as a function of time. The total luminosity of the underlying star is
shown as a dashed line joining the visual luminosity at early times. The special shell radii ro, 71, and r, relevant to the opaque
model are explained in the text, as are the storage and release mechanisms.
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infrared maximum of 5 x 10* L,. We will first present
a model having an infrared luminosity well in excess
of the luminosity of the underlying star, as called for
by GKL. This model will store radiation throughout
a large cavity due to a high opacity of a shell of grains
and will release it as that opacity falls.

To store sufficient infrared energy, the model re-
quires the grains to form in ejecta moving sufficiently
fast to have sufficient volume at the time the radiation
is to be released. To achieve this, we take the outer
surface of the shell to expand at a speed indicated by
the Doppler shift of the lines of the diffuse enhanced
spectrum rather than by the smaller Doppler shifts
of the first absorption lines to be seen. Typically, this
gives an expansion speed of ~2000 km s~* (Payne-
Gaposchkin 1957, p. 294), which is adequate for our
model. Against this view, McLaughlin (1960) argues
that the diffuse enhanced spectrum originates inside
the slower moving principal spectrum, which in this
case has a maximum of 1000 km s~! (Grygar and
Hutchins 1970), but is more representatively about
700 km s~* (J. C. Gallagher, private communication).
Payne-Gaposhkin (1957, p. 80) observes on the other
hand that, if the strong diffuse enhanced spectrum is
interior to the principal spectrum, it should overtake
it (in a week or two for Nova Serpentis 1970), whereas
the slow moving principal spectrum is in fact almost
constant, sometimes even decelerating. We will not
enter this controversial area of interpretation, but
instead are content to provide a new and interesting
set of combined light curves if a substantial portion
of the early ejecta does move with the diffuse enhanced
speed. We would speculate that the associated spec-
trum might not be recognizable for the first week or
so due to an initially high ionization state providing
the early peak continuum (whereas the later continuum
emerges from the effective photosphere of the under-
lying star). We will take the total mass of this emitted
shell to be about 3 x 107* M,

Writing r for the distance of an imagined shell of
material from the central star, carbon grains form as r
increases to a value r, such that [L/7 acry2]** falls to
the condensation temperature of graphite grains. For
densities of the order of those in nova shells the con-
densation temperature is ~2000 K. Setting L =
10° L, this condition gives ro & 1.8 x 10'* cm,
which would be reached by the expanding material
in about 11 days at the speed 2000 km s~*. The onset
of grain formation would be expected to coincide
with the beginning of infrared emission. GKL found
that moderate infrared emission from Nova Serpentis
1970 already existed after 19 days, with a color
temperature of about 1500 K rising thereafter to
about 2000 K. Within the aforementioned uncer-
tainties of the value to be attached to L and to the
expansion velocity, these observations are in satis-
factory agreement with our estimate of 11 days and
with a grain temperature of ~2000 K.

Not all carbon will fall out of the expanding gas at
this distance from the underlying star. This would be
true even if nucleation and growth were instantaneous.
If it were to do so, the opacity would become too
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large and the resulting holding back of the radiation
from the central star would raise the effective tem-
perature of the grains, causing them to evaporate.
To see this and subsequent conclusions, consider for a
moment that the shell is thick to radiative transfer
and that the luminosity L of the central star is forced
to diffuse through it. The gradient of the radiant
energy density through the shell can be written

d o 3xp L
E,(aT)————

¢ 4nr?

Y]

Defining the radiative thickness = = ijdr of the
shell, the inner and outer radiative energy densities
differ by

3L

Uy,in - Uy,out = m T. (2)

Thus the energy density of the radiation field in which
the grains are embedded increases proportionally
to the optical depth =. If the grains could precipitate
immediately at ro, 7 would become greater than unity
and U, ;, would be so great as to evaporate the grains,
reducing . With instantaneous grain growth, there-
fore, 7 & 1 at r = r,. As r increases above r,, 7 can
increase above unity, however, provided =(r/r)?
remains constant (assuming L does not change).
Indeed, so long as carbon continues to be able to
condense, 7 will increase at constant L as (r/r)?, and
can increase even faster if the radiant flow L de-
creases due to storage of energy. The optical lumin-
osity of the nova then falls as e~* This model
produces the rapid fall of visual luminosity up to 50
days in Figure 1.

Suppose grain condensation ceases at r = r,, as it
might if the condensibles became exhausted in the
shell, or if nucleation and growth becomes too slow
due to the low density of condensibles. Thereafter,
the optical depth will decrease like r,*/ryr2, and the
optical luminosity of the nova will increase. The
attenuation of the optical light from the underlying
star is therefore determined by

r\2
EXp | —\{— s, o <r<r,
ro

4

(-2 3

s> rh <r
rorz) 1 >

the minimum optical luminosity occurring at r = r;.
These special shell radii are marked in Figure 1.
Novae with deep minima show a decline of ~7 mag,
implying r; & 2.5r,. Thus if r, were attained after
19 days, as in the observations of GKL, r; would be
reached after ~48 days. (These remarks take no
account, of course, of energy that may reach the sur-
face of the expanding material by mechanical means,
say through shock waves that might continue to be
propagated outward by the underlying star. Mechani-
cal energy converted to heat, and thence to radiation
at the surface, could add to both the optical and in-
frared luminosities.)
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GKL also found a decline between 19 days and 50
days of the infrared luminosity. This we attribute to
storage of radiation occasioned by increasing opacity.
The inner surface reradiates into the enclosed volume,
so that the luminosity traversing the shell is actually
less than L. The relevant condition is that a sphere of
radius r, be filled with radiation at an effective tem-
perature of ~2000 K, and that the total enclosed
energy account for the observed deficit. Using L =
2 x 10* L, for the output of the underlying star
during this radiative accumulation, the time #, re-
quired is given by

4 1
t = 37 °a2000)* 5o (@)

The radius r; reached after 50 days, for an expansion
speed of 2000 kms~?!, is 8.6 x 10'%* cm. Inserting
this value of r, in equation (4) gives an accumulation
time ¢, of ~50 days. The two estimates of the time
are consistent. A delay of this order, before the in-
frared luminosity rises to its maximum value, is
therefore to be expected. After the cavity has been
filled, the shell must transmit the entire luminosity L.
As r increases above r;, the infrared luminosity
must of course increase because the opacity then de-
creases in the infrared as well as in the optical and the
surface increases. As the opacity decreases, the reser-
voir of radiation accumulated for r < r, also escapes,
augmenting the output of the underlying star—the
earlier deficit of emission being then compensated
by an excess. The reservoir of excess energy totals
3 x 10*t ergs, as required to fit the facts. During the
same period, the grain temperature must decrease
markedly on this model, just as observed by GKL.

GKL found a maximum infrared luminosity of
~5 x 10% L, occurring after 90 days. At this stage
r~ 18r, ¥ 1.5 x 10*®* cm = r,, say. The opacity,
given approximately by ri*/ro%r,® = 2, approached
the condition where radiation could escape com-
paratively freely from the nova shell. For Nova
Serpentis 1970, opacity in the infrared and in the
optical seem to have been roughly comparable, im-
plying a rather large grain size, say a grain diameter
of about 5pu. The total mass of condensed carbon
seems therefore to have been of the order of a layer
of thickness 5 p covering a sphere of radius r,, i.e.,
~3 x 1028 g, Taking ~3 x 10~* M, for the total
shell mass, the condensed carbon thus appears to
have made up about 5 percent of the total mass, an
estimate well within the range of models permitted
by the work of HC. These gave carbon concentrations
up to 90 percent in the extreme cases where the white-
dwarf carbon nuclei outnumber the admixed protons.
Indeed, much of the carbon could have remained in
vapor form without there being a contradiction with
the circumstellar dust models described here.

At this point we note that this rate of dust injection
into the interstellar medium is not insignificant. If the
rate of such events is 10 per year and if the average
residence time of interstellar dust is 10° yr, then the
steady concentration of nova dust exceeds 10° M,
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which is about 10~23 of the total dust mass. Con-
densates other than carbon will exist due to other
elements (O, Ne, Mg, Si, S, Ca, Ti, Fe) present in the
accreted envelope of the white dwarf. Although we
take the view that the abundant early condensate
in Nova Serpentis 1970 is carbon, white dwarfs of
heavier composition can also become novae and can
eject large amounts (~10"%* My) of condensable
material, also of unusual isotopic composition. We
return to these grain anomalies later.

Despite the many successes of this model, which we
might call an ““opaque model,” there are other con-
siderations which present difficulties. The first was
mentioned at the beginning—that, if we are to store
3 x 10* ergs in 50 days, the dust must condense
from a shell moving at speeds well in excess of the
mean Doppler shifts of the principal spectrum. Thus
we would require that the principal spectrum be a
“standing feature™ associated with continuous out-
flow from the star well within the dust shell. Con-
sidering the lack of firm understanding of these
spectra, this may well be possible.

Another important set of facts come from the
ultraviolet measurements of Nova Serpentis 1970 as
obtained from OAO-A2 (Gallagher and Code 1974).
They show that the nova became progressively bluer
during the fall of the light curve, and, with considerable
uncertainty in the correct amount of ultraviolet
extinction, the combined optical and ultraviolet
luminosities remained constant (to within a factor 2)
for about 53 days following visual maximum. They
suggest that the underlying luminosity remains con-
stant, but that the observed output suffers a redistri-
bution from optical to ultraviolet as the overlying
optical depth decreases. Since the ultraviolet rises as
the optical falls, there can be no thickening dust on
that picture—at least for the first 53 days. On this
picture, which might be called an “optically thin”
model, the rapid rise of the infrared luminosity
between days 50 and 60 represents the onset of ex-
tensive grain formation. Since more than 1076 M,
of dust is needed (GKL), some reddening and re-
duction in ultraviolet would be demanded at that
time, but unfortunately the ultraviolet observations
do not continue that long.

If, on the other hand, our opaque model of the
light curves is to be correct, the ultraviolet luminosity
must be external to the forming dust. In this case, the
energy for the growing ultraviolet emission must be
from a growing interaction of the fastest ejecta with
surrounding nebulosity. A few times 107% Mg
ejected at speeds of 2000 km s~! and greater could,
perhaps, shock heat a surrounding nebulosity in a
way to produce a growing ultraviolet emission. If
this picture is the correct one, the ultraviolet lumin-
osity will have not decreased as the infrared rose
before day 60. Unfortunately, the measurements do
not exist.

Another advantage of the opaque model is that the
visual luminosity recovers as the infrared maximum
grows, just as is observed in nova light curves past the
deep transition minimum. On the thin model, it is not
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clear why the visual luminosity should recover just
as dust is forming. The opaque model could give a
complicated early decline of the peak infrared lumin-
osity, as observed, becausethe grains have a much lower
luminosity after the trapped energy in the reservoir has
leaked out. On the other hand, the thin-model in-
frared luminosity should seem to fall somewhat more
slowly than ¢~2, since some grain formation pre-
sumably continues past the infrared maximum,
thereby rendering the distance dependence less than
r~2. The opaque model also is consistent with the
rapid cooling of the dust near optical minimum
(roughly 2000 K to 1000 K between days 40 and 60).

It is perhaps not possible to say with assurance
which model of the postnova luminosity curves is the
correct one. Perhaps other conversions of mechanical
energy are occurring. In either case, however, of order
1028 g of dust has precipitated from nova ejecta. For
the science of cosmochemistry, this can be taken as
evidence of grains formed in explosions.

II. ISOTOPIC PECULIARITIES

We next turn our attention to the isotopic composi-
tions of the elements in nova dust grains. The follow-
ing subsections describe the most notable isotopic
anomalies that would be expected. We will then
point out that each of them may have already been
detected.

a) BC

The first feature is that most of the stable carbon is
13C, whether one considers the heavily enriched models
of HC or the moderately enriched models of Starrfield
et al. (1972). Objects containing variable mass frac-
tions of nova grains will therefore have variable
13C/*2C abundance ratios. Our estimate, that ~10-2
of interstellar carbon resides in nova grains, suggests
that ~10~1 of interstellar *3C resides in nova grains.
The remainder of interstellar carbon is either gaseous
or in grains formed in a different class of objects.
Large '3C anomalies can therefore be expected in
bodies having larger-than-average admixtures with
nova grains.

b) 14C(1'1/2 = 5730 yr)

An interesting prospect of the heavily enriched
models is that **C(«, )0 can continue in the post-
nova star (see HC and also Starrfield et al. 1975).
Large *C concentrations result from *3C(n, y)'*C
in the most 3C-rich scenarios, and smaller but sub-
stantial '*C concentrations result from *N(n, p)**C
in the less 3C-rich scenarios. Combined overabun-
dances of *3C and *C can result; and if mass con-
tinues to be lost from these distended postnova
envelopes, condensing grains may be rich in **C and
the s- and r-process heavy elements. The most notice-
able eventual result would be the correlation of a pure
14N gas in refractory grains rich in *3C. Since it is
probably unreasonable to assume that more than 0.1
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of all *3C ejected in nova grains is from these heavily
enriched cases, the 1*C concentration may be an order
of magnitude less in bulk than the concentration of
anomalous *3C.

¢) 80

The %0 present when the temperature flashes to the
point of rapid proton addition will be converted to
heavier isotopes of oxygen by the sequence °O(p,
y)*"F(p, y)*®Ne, followed by subsequent positron
emissions (before grain formation). The *"F(p, y)**Ne
reaction is probably as fast as that of the **O(p, ¥)*"F
reaction in the temperature range where the latter is
rapid (above about Tg = 3). The "F(y, p)*®O re-
action provides substantial resistance to this con-
version above Tg > 3, but not enough to quench the
flow. Thus the sequence can go all the way to *®Ne
unless the proton deficiency limits the capture, as
might occur in the most enriched HC scenarios. For
the largest percentage of the novae, in which H/(C +
O) > 2 initially, we expect the major oxygen anomaly
to be enrichment of 80, and in some cases "O. For
pure *2C dwarfs, the *3C anomaly would exceed the
180 anomaly by variable amounts, depending upon
the C/H enrichment scenario; but in dwarfs containing
O > C, the 180 anomaly could much exceed the 3C
anomaly. As much as ~107! of interstellar 20
nuclei could reside in nova grains. The average relative
yields of anomalous *3C and 80 depend on the spec-
trum of dwarf compositions and mixing scenarios, and
cannot be given at this time.

d) 22Na(‘l'1/2 = 2.6 yr)

The 2°Ne present when the temperature flashes to
the point of rapid proton addition will be converted
ultimately to heavier isotopes of neon by the sequence
20Ne(p, y)**Na(p, y)**Mg, followed by subsequent
positron emission. The gamma radiation following
22Na decay has been suggested by Clayton and Hoyle
(1974) as a test of nova theory and of supernova theory
(Clayton 1975a), and the daughter 22Ne has already
been suggested by Clayton (1975b6) as the source of
meteoritic Ne-E (Black 1972). We reaffirm those
ideas here, and point out that the relative average
yields of 22Na and *3C depend upon the as yet unknown
spectrum of white-dwarf compositions and mixing
scenarios. In particular, a limit to the 22Na concentra-
tion is not easily set because it is not known if a white
dwarf can be rich in ?°Ne or whether one should
utilize only the 2°Ne accreted from the primary star.
Overabundant ?!Ne can also result if proton addition
is limited by proton supply or by temperature, but
it would be understandably more difficult to condense
the noble gas ?!Ne than reactive 22Na. In nova grains
we therefore expect the 22Ne anomaly to greatly
exceed the *'Ne anomaly (in absolute amount). It
does seem possible, however, that neon trapped
directly from the gas phase, as opposed to 22Na,
could be mistaken for spallation neon.
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e) 26Al(ryy = 7.4 x 10° yr)

The 2*Mg present initially will be rapidly converted
' to heavier isotopes provided the fuel enrichment due
to mixing was sufficient to generate a peak tempera-
ture exceeding that required for rapid proton addition
(Ts ~ 5). The sequence is similar to those preceding:
Mg (p, v)*°Al(p, y)?Si, followed by positron emis-
sions to 2°Mg and to 26Al. The relative yields depend
strongly on the details of the scenario, and the limit
to the absolute yield depends upon whether **Mg-
rich white dwarfs exist. Since such white dwarfs are
probably in the minority and since (**Mg/**Mg)o
is not really a small number, we may conclude that the
fraction of interstellar 2°Mg and 26Mg residing in
nova grains is probably less than the cases of 3C
and '80—say 1072 to 1073. Thus the magnesium
anomalies would be smaller, but perhaps still de-
tectable. Chemical fractionation of Mg/Al could
clearly correlate with 2°Mg/?*Mg anomalies.

) 3Si

For peak temperatures approaching 10° K, the
seed 28Si is converted to 3°S by two rapid proton
captures. The resulting nova grains will be highly
30Si-rich; but, as in the magnesium case, it is unlikely
that more than 10-2 to 1072 of all interstellar 3°Si
can reside in this concentrated form.

Other less abundant anomalies could, in the same
spirit, be suggested, but we will not try to carry the
identifications further here. Nor do we wish to discuss
the fact that many of the same anomalies could be
expected in grains forming in those red-giant at-
mospheres that have mixed CNO products and s-
process products to their surfaces. Rather does it

seem more stimulating to call attention to these most

likely anomalies and to suggest that each may have
been observed already.

III. OBSERVED ISOTOPIC ANOMALIES

To observe anomalies in solar-system objects due
to these grains, it is of course necessary that complete
vaporization in an isolated solar nebula has not
occurred. Fortunately, that is the case. The discovery
of anomalous 0 by Clayton et al. (1973) has shown
that at least 10~2 of carbonaceous-chondrite oxygen
and at least 2 x 1073 of terrestrial and lunar oxygen
has arrived in grains that never vaporized. Clayton
(1975¢) has defined f,(x, ¢) as the fraction of species
A in the early solar nebula that was trapped in grains
that already existed prior to the solar nebula, and he
has argued that it should be as high as 0.1 for re-
fractory elements at the time solid bodies were
forming. It is apparent in that picture that sizable
grain-produced anomalies are possible. It is not clear
what fraction of these grains were precipitated in
novae, but our earlier reasoning suggested that 102
of the interstellar grains may be of this type. Within
this framework we may therefore think of 10~* as a
reasonable estimate of the fraction of solar grains
that had their origins in novae. To the extent that
these grains were incorporated uniformly into objects,
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uniform bulk isotopic compositions will result.
However, different objects having, for whatever
reason, differing admixtures of nova grains will also
have differing isotopic compositions correlated graphi-
cally with each other by mixing lines.

One evidence of admixture of nova grains may be
the Ne-E discussed by Black (1972) and Eberhardt
(1974), for it may be 22Ne from 22Na decay which
exists today at the observed level of 10712 g per gram
of carbonaceous chondrite. This low level could be
easily accounted for, even after extensive dilution
with solar made grains. Clayton (1975b) has presented
the case for interpreting meteoritic Ne-E in terms of
such grains. If the lunar surface has accreted inter-
stellar grains, as Clayton (1975¢) argued from un-
supported fission xenon, even larger concentrations
could be present there, because one might find rela-
tively undiluted samples of interstellar grains. Al-
though a 22Ne anomaly might be expected to be hard
to detect by stepwise heating due to admixtures with
solar-wind neon and spallogenic neon, it is note-
worthy that Frick et al. (1975) have found a lunar
feldspar correlation line corresponding to an inter-
cept 22Ne/?'Ne = 80, a very high ratio for the trapped
component.

It is of interest that other anomalies have been
detected in the lunar soils that could be related to
infalling nova grains which have been compacted as
surficial contaminations of lunar breccia. Epstein and
Taylor (1975) have found in lunar soils rather large
positive anomalies in 2C, 20, and 2°Si that are
surface correlated. The fractional enrichments of
these isotopes in the surface component are at least
as large as 8'3C, 880, 8°°Si equal to +200, +55,
+30 (each x 10~2), respectively. The value of §3C
may in fact be much larger, and for purposes of this
argument we find it suitable to utilize the highest
concentrations of anomalous *3C. These were found
in sample 70011, where removal of a skin comprising
0.8 percent of the sample lowered 8'3C from +14.8 to
—5.8. The value of 8'3C in the skin must be large,
ranging from 83C = 2600 if the carbon concentration
were uniform down to &'3C =z 200 if the surface
carbon concentration is a factor of 10 greater than
that of the bulk sample. In either case, the removed
skin contained about 3 x 107¢ g per gram of anom-
alous 13C. Letting 13C*, 180*, and 3°Si* designate the
excess total concentration of these nuclei in the skin,
we estimate 3C* ~ 3 x 107 g per gram, 80* x
4 x 107%g per gram, and 3°Si* ¥ 2 x 10~ *g per
gram.

From the point of view of nova grains it is puzzling
that the 3°Si* concentration is the greatest and the
18C* concentration the least, whereas we would have
expected novae to eject them with the *3C* being
greater. On the other hand, the 3°Si* grains may have
a greater probability of surviving intact. Most of the
interstellar silicates were not formed in novae, more-
over, so the large 3°Si* may instead reflect more
abundant silicate grains formed in the ejecta of ex-
plosive oxygen or carbon burning, where 8%°Si can
also be positive.
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We should point out that good evidence also exists
for interpreting these isotopic anomalies in lunar soil
in terms of isotopic fractionation associated with
large-scale losses of the lighter isotopes from the Moon
(Clayton et al. 1974). Sputtering due to solar-wind
and micrometeorite impact is required to have removed
several percent of the mass of the lunar regolith from
the Moon.

Becker and Clayton (1975) present fairly large
variations of 8'°N, which are interpreted by them as
variations in N. However, our view of their step-
wise-heating data suggests instead a source of pure
14N released from a specific mineral at a temperature
about 1000° C, above which 8'°N returns to its
previous value. A value 8N x +50 would be
required in the 1000° C fraction, and we wish to
suggest it as a '*C derivative from carbon-bearing
nova grains. From grain-size separates, one finds that
total nitrogen is in fact surface correlated and, on our
picture, richest in *N (Muller 1974; Goel et al. 1974).
By taking the 1000° C fraction to be 24 parts per
million we estimate the concentration of anomalous
N* to be ~107% g per gram, a value not out of line
with the other anomalies discussed above. The rough
correlation between high *°Ar/N and high &N
(Yaniv and Heymann 1972) also fits this picture,
because apparently “unsupported *°Ar”’ would have
its highest concentration in presolar-grain-rich mix-
tures (Clayton 1975b). Furthermore, we would inter-
pret the anticorrelation of 615N with 62Ne (Kerridge
1975) as a positive mixing correlation between ¢N*
and ?'Ne*, where the latter might have been accreted
from 2!Ne-rich nova gases rather than by spallation.
The correlation apparently requires that, in the en-
semble of nova grains, *N* x 52!Ne*. Notice
however that the nitrogen gas ejected by the nova, as
opposed to the **C-derived %N, is actually 5N-rich,
so positive ®N* is also a possible result of nova
grains. A correlation with entrained gases would
therefore be complicated. A correlation of 8!*N
with 8%!Ne in temperature fractions might reveal
surprises despite the anticorrelation in lunar soil.
To test our idea of a *C source it will be important
to look for an *N* release near 1000° C in car-
bonaceous chondrites—a feature predicted by the
nova-grain origin of 4N*,

Finally we wish to turn to anomalous ?Mg. Gray
and Compston (1974) and Lee and Papanastassiou
(1974) have both detected Mg anomalies in the Allende
meteorite. Gray and Compston (1974) present a good
case for there being a 2°Mg anomaly that correlates
with Al/Mg and that it is probably due to 26Al decay.
On the normal view of a once totally gaseous solar
system, it is hard to understand how detectable levels
of relatively short-lived 26Al could survive. Therefore,
Gray and Compston (1974) speculate about high-
energy protons in the early solar nebula. On the other
hand, Clayton (1975b, ¢) has emphasized that short-
lived species may easily be trapped in grains formed in
the explosive events themselves, and he argued that
22Na, 26Al, 12°1, and part of 2**Pu owe their daughter
anomalies to such events. The detection of 2Mg
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anomalies certainly supports that view. The excess
26Mg* is about 0.4 percent of Mg, in aluminum-
rich chondrules where Al/Mg = 10, a very high value.
As we argued earlier, suppose 1073 of interstellar
26Mg is in nova grains, in which it was originally
25A1. Now enrich Al/Mg by a factor 10*2 as is the
case for this aluminum-rich inclusion, in which case
0.1 of its 2°Mg is from the 26Al parent. Now dilute
with solar grains, taking fy, = 0.1, as argued by
Clayton (1975c¢). It follows that 10~2 of that sample
of Mg is due to 2%Al decay, which can result in the
observed 82°Mg < 1072, Lee and Papanastassiou
(1974) found a much more complex system of Mg
anomalies, including some negative values for 82
(or, equivalently, positive values for 62°). They there-
fore express skepticism regarding a simple 26Al
interpretation. We must point out, however, that the
nova grains will be rich (relative to 2¢Mg) in both 2°Mg
and 2°Al. This is because seed 2*Mg is not converted
fully to 26Al; some is arrested as 2®Mg, depending
upon the details of the nova model. Fractionation of
25Mg from 26Al in the grain precipitation will, there-
fore, ultimately result in small samples having
positive anomalies for both heavy isotopes; i.e. the
nova-grain picture is not expected to produce only a
simple 26Al anomaly. Of course, positive §2° is still
expected to correlate with aluminum-rich minerals,
whereas positive 2% is expected to correlate with
magnesium-rich minerals, so that if the original grains
survived the correlations may be separable. Un-
fortunately, the relative yield of 26Al/2°Mg depends
on each particular nova scenario and thus cannot be
predicted, although we expect larger 8%¢ anomalies
than 825, It is also of interest that Lee and Papanas-
tassiou found the largest positive values of 8%¢ to
correlate with the largest 6'80, as the nova-grain
model predicts.

In summary, we would say that nova light curves
prove that extensive grain formation is extremely
rapid. A dust yield of several times 107% My, is indi-
cated for both opaque and transparent models. The
major uncertainty in estimating the average yields of
various isotopes comes from our present lack of
knowledge of the range of white-dwarf compositions
and of the details of envelope-dwarf mixing and
ignition. Nonetheless, the suggestion that the Moon
has accreted at least 107¢ g per gram of soil of these
grains is supported by isotopic anomalies there. This
small fraction of accreted soil is much less than the
bulk amounts proposed by Gold (1973); but once one
admits a modest amount of accretion, much larger
amounts seem possible.
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