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Live Iron-60 in the 
Early Solar System 
A. Shukolyukov and G. W. Lugmair 

Isotopic analyses of nickel in samples from the differentiated meteorite Chervony Kut 
revealed the presence of relative excesses of 60Ni ranging from 2.4 up to 50 parts per 1 04. 
These isotopic excesses are from the decay of the now extinct short-lived nuclide 60Fe and 
provide clear evidence for the existence of 60Fe over large scales in the early solar system. 
Not only was 60Fe present at the time of melting and differentiation (that is, Fe-Ni frac- 
tionation) of the parent body of Chervony Kut but also later at the time when basaltic magma 
solidified at or near the surface of the planetesimal. The inferred abundance of 60Fe 
suggests that its decay alone could have provided sufficient heat to melt small (diameters 
of several hundred kilometers) planetary bodies shortly after their accretion. 

A n  important parameter for describing the 
earliest stages of the evolution of the solar 
system is the time interval between the last 
event of nucleosynthesis contributing to 
solar system matter and formation of the 
first solid bodies. Nucleosynthetic produc- 
tion and subsequent rapid introduction into 
the nascent solar system of relatively short- 
lived radionuclides with half-lives of mil- 
lions to hundreds of millions of years could 
provide information on the extent of this 
time interval provided that the short-lived 
species, although now extinct, were still 
alive at the time of the formation of solids. 
Thus, ancient solid bodies such as meteor- 
ites would reveal evidence for the original 
presence and subsequent decay of these 
short-lived radionuclides in the form of 
isotopic anomalies on the daughter iso- 
topes. 

These thoughts were formulated almost 
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half a century ago by Brown (1) and Siiss 
(2) and later were further developed by 
Urey (3) and Kohman (4). Evidence for the 
first such short-lived radionuclide, lZ91 
[half-life TI,, of 16 m.y. (million years)], 
was discovered in 1960 by Reynolds (5). 
Since then the presence in the early solar 
system of several short-lived species has 
been well established: 2 4 4 P ~  = 82 
m . ~ . )  ( 6 ) ,  26A1 (0.7 m.y.) (7), lo7Pd (7 
m.y.) (8), 14%m (103 m.y.) (9), and 53Mn 
(3.7 m.y.) (10). Together with long-lived 
radionuclides, such as 87Rb, 40K, 147Sm, 
235U, and 238U, the abundance of these 
short-lived radionuclides has already pro- 
vided extensive information and con- 
straints on the nature of nucleosynthesis 
and the chronology of the early evolution of 
the solar system. In this article, we present 
evidence for the presence in the early solar 
system of another short-lived radionuclide, 
60Fe, and discuss its usefulness as a chro- 
nometer and its importance as a heat source 
for early planetary melting. 
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History. The composition and texture 
of differentiated meteorites such as achon- 
drites, irons, and pallasites reflect igneous 
ditierentiation processes within asteroidal- 
sized uarent bodies. This igneous ditieren- - 
tiation can only be the result of extensive 
melting of these planetesimals. However, 
these bodies, which had radii of 500 km or 
less, are much too small to have melted 
extensively as a result of accretional energy 
or radioactive decay of long-lived nuclei 
(1 1). Thus, the nature of the heat source 
has remained uncertain, although heating 
by both external [electromagnetic induc- 
tion (12)) and internal [radioactive decay of 
short-lived nuclei (3, 4. 13)l mechanisms , . 
has been suggested.'urey (3) proposed that 
the decay of 26Al (3.18 MeV) could have 
been an efficient heat source for the pro- 
cessing of meteorites; Kohman and Saito 
(4), in consideration of the high iron con- 
tent of many meteorites, suggested that a 
yet unknown nuclide, 60Fe, might be an 
important heat source if it had a suitable 
half-life and sufficient primordial abun- 
dance. Roy and Kohman (1 3) subsequently 
discovered the nuclide 60Fe, which has a 
total decay energy of 3.04 MeV, and esti- 
mated its half-life as -0.3 m.y. with an 
uncertainty of a factor of 3. However, at 
that time both 26A1 and 60Fe were discount- 
ed as useful chronometers and adeauate 
heat sources because of their short half- 
lives. Nevertheless, extensive efforts were 
made to find the vestiges from extinct 26Al 
in meteorites. The first clear evidence for 
the presence in the early solar system of 
26Al was found by Lee et al. (7) in refractory 
Ca-Al-rich inclusions (CAI) from the ~, 

Allende meteorite in the form of relative 
excesses of its daughter, 26Mg. Thereafter; 
26Al again attracted attention as a possible 
heat source [see, for example, (14)l. Fur- 
ther studies on other meteorite inclusions. 
however, showed that not all samples of 
comparable antiquity contain excess 26Mg; 
this evidence suggested that 26A1 was het- 
erogeneously distributed in the early solar 
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system (15, 16). In addition to CAI, prod- 
ucts from 26Al decay were found in a hibo- 
nite clast from an H3 chondrite (17), in a 
basaltic chondrule from the unequilibrated 
ordinary chondrite Semarkona (1 8), and 
most recently in feldspars from the H4 
chondrite Ste. Marguerite (1 9). This last 
result considerably strengthens the possibil- 
ity that 26A1 could indeed have been suffi- 
ciently abundant to melt early accreting 
planetesimals because H4 chondrites are 
believed to originate from a small planetary 
object (19). 

The half-life of 60Fe has been recently 
redetermined to be 1.49 & 0.27 m.y. (20), 
much longer than the earlier estimate (2 1). 
Its importance as a potential heat source, 
however, was still unclear because the nu- 
cleosynthetic production rate of 60Fe is 
poorly constrained. Clayton (22) had ar- 
gued that rapid neutron capture by j6Fe 
during explosive carbon burning is the most 
probable mode of production, but the 
amount of 60Fe produced is still uncertain. 
According to multizone-mixing model cal- 
culations of Hartmann et al. (23), most 60Fe 
was produced in nuclear statistical equilib- 
rium at neutron enrichments intermediate 
to those for ''Ti and 48Ca, for which 
ubiquitous excesses are observed in CAI. 
However, no quantitative estimate on the 
60Fe/56Fe production ratio is yet available. 

60Fe decays by p- emission and forms, 
by way of 60Co, the stable nuclide 60Ni. 
Until recently no direct evidence had been 
found that 60Fe was alive in the early solar 
system although several attempts have been 
made to detect traces of its existence in the 
form of excess 60Ni. These attempts mainly 
indicated that the abundance of 60Fe must 
have been low (24). However, Birck and 
Lugmair (25) showed that the isotopic com- 
position of Ni in Allende inclusions exhib- 
its small but, in several instances, clearly 
resolved excesses of 60Ni (60Ni*) of about 1 
part in 10,000 [ l  E unit (26)l. On the basis 
of theoretical considerations, these excesses 
are unlikely to have been caused by copro- 
duction of 60Ni with the neutron-rich nu- 
clei for which larger excesses were found. 
Rather, it was deemed more likely that 
60Ni* is the result of the decay of 60Fe and 
is related to the bulk Fe/Ni ratio in the 
samples. If so, then the amount of 60Ni* 
would suggest that the ratio of 60Fe/56Fe at 
the time these inclusions formed was (1.6 
? 0.5) x Uncertain Fe-Ni fraction- 
ation in the precursor material and other 
assumptions rendered this interpretation 
rather speculative, however. Furthermore, 
it was not clear whether these 60Ni excesses 
were attributable to in situ decay of 60Fe. 

Sample selection. The earlier work (25) 
indicated that results for 60Ni* obtained on 
Allende inclusions, although the most an- 
cient solar system material now available, 

Table 1. Ni and Fe concentrations, FeiNi ratios, and relative 60Ni excesses, expressed in E units 
(26), measured in samples from the eucrite Chervony Kut; nd, not determined. 

Weight N i Fe l o - 4  6 0 ~ i *  Sample 
(9) ( P P ~ )  ("A) 56Fei58Ni (E units) 

Bulk 1 
Bulk 2 
Bulk 3 
Px 1 
Px 1 wash 
Px 2 
Px 2 wash 
Px 3 
Troilite 
Troilite residue 
Mixed fraction 

may be of limited value because of the small 
60Ni excesses and the uncertainties associ- 
ated with constraining their origin (2 7). 
We thus chose to study eucrites because this 
class of material meets most of the impor- 
tant criteria for a search for effects from 60Fe 
decay. Eucrites are meteorites of basaltic 
composition and originate from a differen- 
tiated asteroidal-size planetesimal. During 
metal-silicate segregation and core forma- 
tion in the eucrite parent body, the bulk of 
siderophile Ni must have been removed 
into the core. Thus, the remaining silicate 
mantle and lavas derived from the mantle 
were strongly depleted in Ni. Indeed, the 
Ni content of eucrites is only several parts 
per million, and Fe/Ni ratios, on the order 
of lo4 to lo5 (28), are extremely high 
relative to the solar value of -20 (29). 
Chemical equilibration of the eucrite mate- 
rial occurred on a planetary scale. Thus, 
any 60Ni* would show that 60Fe was present 
on a large scale in the solar system at the 
time of Fe-Ni fractionation in the eucrite 
parent body. Variations of 60Ni* between 
different subsamples of a eucrite would in- 
dicate that 60Fe was still extant at the time 
of basalt crystallization. Furthermore, a cor- 
relation of 60Ni* and Fe/Ni in phases with 
different Fe/Ni ratios would allow determi- 
nation of the 60FeP6Fe ratio at that time 
(30). Of course, in order to detect these 
effects, the Ni depletion process must have 
occurred early in solar system history. Lug- 
mair and Galer (31) recently obtained a 
precise Pb-Pb age for angrites of 4.5578 ? 
0.0005 Ga (billion years ago). They argued 
on the basis of the identical 87Sr/86Sr initial 
ratios of eucrites and angrites that their 
solidification ages are within -2 m.y. of 
one another. Thus, eucrites clearly are early 
magmatic differentiates, and if live 60Fe 
played any significant role in the early solar 
system one should be able to find vestiges of 
its presence in these samples. 

We first studied the relatively unbrecci- 
ated eucrite Chervony Kut (CK). Its well- 
preserved igneous texture distinguishes CK 
from other more brecciated eucrites (32) 

and clearly indicates that it had an igneous 
origin. It is a noncumulate eucrite and 
resembles the less brecciated parts of the 
eucrite Juvinas. CK is composed of approx- 
imately 32 modal percent orthopyroxene, 
19 percent clinopyroxene, 41 percent pla- 
gioclase, and 7 percent silica. The accessory 
minerals are troilite, chromite, ilmenite, 
and magnetite. It has a gabbroic texture 
and medium grain size (0.5 to 3 mm) (32). 
Several bulk samples and mineral fractions 
of pyroxene (Px), plagioclase (Pl), and 
troilite from CK were prepared (33) for 
mass spectrometric measurement of Ni iso- 
topic abundances (34) and determination 
of Ni and Fe concentrations (35). 

The Rb-Sr and Sm-Nd ages of CK (36) 
are old but highly uncertain. We measured 
87Sr/86Sr and Rb/Sr ratios for a bulk sample 
of CK. The calculated initial "Sr/s6Sr ratio 
agrees within uncertainty with the initial 
87Sr/86Sr ratio of 0.698970 ? 0.000015 
obtained for the angrites (3 1). Thus, we 
can infer an age for CK of 4.558 iz 0.002 
Ga. Ages based on initial 87Sr/86Sr values 
are model-dependent and require the as- 
sumption that Rb depletion occurred during 
magma differentiation on the eucrite and 
angrite parent bodies. 

Evidence for 60Fe. The initial analysis 
of the first fine-grained bulk sample of CK 
(bulk 1) (37) revealed a distinct and well- 
resolved excess on the 60Nip8Ni ratio of 6.6 
* 0.6 E units (Table 1 and Fig. I). We 
argued (37) that this excess was a result of 
the decay of 60Fe. Alternative modes of 
production such as by spallation or n-y 
reaction on j9Co can be excluded: The 
abundance of any target element for pro- 
duction of 60Ni by spallation is insufficient; 
the low Co concentrations in eucrites [sev- 
eral parts per million (38)) and a low 
secondary thermal neutron fluence (< 1 x 
1015 neutrons per square centimeter) ob- 
tained from measurement of the ljoSm/ 
149Sm ratio in this sample rule out 60Ni 
production in neutron capture reactions. 
Thus, 60Fe was alive at least at the time of 
Ni depletion (that is, core formation) in 
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Fig. 1. Distribution of laboratory standard (open 
bars) and terrestrial rock standard (JB-1, JB-2, 
closed bars) measurements of 60Ni/58Ni, ex- 
pressed in relative deviations [as E units (26)] 
from the mean. The total population covers a 
range of k0.8 E units; for a single measurement 
the typical (internal) precision corresponds to 
-*0.6 c units or 95 percent of the total popu- 
lation ( 2 4  

the CK parent body. Relative to the solar 
value, the high FeMi ratio in bulk 1 of CK 
(Table 1) leads to an 60Fe/56Fe ratio at the 
time of Fe-Ni fractionation of about 7.5 x 

The only assumption entering this 
calculation is that the measured Fe/Ni ratio 
in the bulk sample is close to that in its 
source magma. 

In order to confirm this result and inves- 
tigate the possibility that 60Fe was still alive 
at the time of solidification of CK, we 
analyzed other samples from this basaltic 
achondrite. We found that Ni is heteroge- 
neously distributed in the meteorite and 
may reside mainly in tiny metal or troilite 
grains rather than in the major mineral 
phases. The Ni concentrations in the rela- 
tively large bulk samples (86, 216, and 478 
mg) ranged from 6 to 0.6 ppm. Mild HC1 
washes of pyroxene separates contained 
more Ni than the actual pyroxene fractions. 
For example, washing of a 200-mg portion 
of the Px2 separate (Table 1) in 1.8 N HCl 
for 6 minutes removed about 80 percent of 
total Ni in the sample (the remaining Ni 
content was too low for isotopic analysis). 
Nevertheless, all bulk samples and mineral 
fractions with sufficient amounts of Ni for 
isotopic analysis showed 60Ni excesses from 
-2.4 up to -50 E units (Table 1 and Fig. 
2). 

These data confirm and extend the ear- 
lier result that 60Fe was extant during plan- 
etary differentiation. If we assume that CK 
represents a closed system with respect to 
Ni and that all the 60Fe had decayed at the 
time of solidification, then 60Ni* in all 
samples should be the same regardless of the 
FeNi ratio; this is not the case (Fig. 2). 
Variable 60Ni excesses can be understood 
only if some 60Fe was present at the time of 
crystallization of CK. In that case, howev- 
er, 60Ni* in the samples should be correlat- 
ed with the respective FeMi ratios (30), a 
relation not evident from the data (Fig. 2). 

mixed frac. . -  j 

Fig. 2. Relative excesses of the 60Nii58Ni ratio 
(in E units) from the decay of 60Fe in a bulk 
sample, several mineral fractions, and washes 
from the eucrite Chervony Kut. Although isoto- 
pic anomalies are ubiquitous in all measured 
samples, there is no correlation with their re- 
spective FeiNi ratios. This scatter is believed to 
be due to a small scale redistribution of Ni 
caused by a thermal event in the meteorite's 
history after all 60Fe had decayed. The dashed 
line is the least squares fit from Fig. 3.  The axis 
breaks between 20 and 50 E units. 

Redistribution of Ni relative to Fe among 
the mineral phases after crystallization, at a 
time when essentially all 60Fe had decayed, 
must have partly obliterated any direct re- 
lation between 60Ni* and the Fe/Ni ratios. 
Indeed, textural relations show that some 
pyroxene recrystallized late (32). The cause 
of this redistribution was most likely a 
thermal metamorphic event that did not 
destroy the original igneous texture of CK 
but resulted in diffusion of Ni from the 
high-Fe silicates where 60Ni* had been 
formed by 60Fe decay. The disturbed Rb-Sr 
systematics and, in particular, the 40Ar/ 
39Ar results also indicate a late (1 1.5 Ga) 
metamorphic event (36). 

Another conclusion that can be derived 
from the data in Fig. 2 is that the initial 
60Ni/58Ni ratio at the time of CK solidifi- 
cation could not have been higher than the 
lowest value obtained for 60Ni* from some 
mineral fractions because any closed system 
redistribution of Ni after solidification 
would tend to increase the observed initial 
60Ni/58Ni ratio. Thus, the lowest obtained 
60Ni/58Ni ratio of 2.4 2 0.5 E units is an 
upper limit for the initial 60Ni/58Ni. 

The incompatibility of Ni in the major 
mineral phases, its obvious heterogeneous 
distribution within CK, and its apparent 
high mobility give rise to several questions 
with regard to the usefulness of the 60Fe- 
60Ni system as a chronometer. Did Ni 
diffuse only over a range of tens to hundreds 
of micrometers and did the radiogenic Ni 
(that is, 60Ni*) remain in close proximity to 
the phases where it was originally accumu- 
lated, or did diffusion occur on a scale of 
millimeters or even centimeters? In the first 
case we can expect that millimeter-sized 
"bulk" samples from different parts of the 

Fig. 3. Variation of the 60Ni/58Ni ratio with a 
large range of FeiNi ratios in three bulk samples 
of Chervony Kut. The linear relation suggests 
that Ni mobility during the thermal redistribution 
was limited enough to preserve this feature on a 
bulk rock basis. The slope of the best fit line 
through the data points corresponds to the 
60Fe/56Fe ratio at the time the meteorite had 
solidified on its parent planetesimal. Ni was 
depleted from the source region of the meteor- 
ite (silicate mantle of the parent body) in an 
event (core formation) some time (1 to 4 m.y.) 
before basalt formation, giving rise to an initial 
60Ni/58Ni ratio of -3 E units. 

meteorite having different FeMi ratios 
could still be considered to be individual 
closed systems; their 60Ni* should then 
correlate with tlle respective FeNi ratios. 
In the second case, however, a correlation, 
even for relatively large (2 100 mg) bulk 
samples, would be degraded. Unequivocal 
resolution of this question requires data on 
the origin, properties, and distribution of 
the Ni-bearing phases in CK that are not 
yet available. 

In order to ascertain whether bulk sam- 
ples do represent or at least approximate 
closed svstems with resoect to Ni. we ana- 
lyzed two more bulk samples, one of which 
was from a different part of CK (Fig. 3). 
The 60Ni excesses ,in all bulk samples range 
from 6.6 to 40 E units and vary with the 
FeMi ratio. which aooroaches 4 x lo5 in 

L L 

sample bulk 3. If this correlation is taken as 
an isochron, then the initial 60Ni/58Ni ratio 
is significantly elevated above the normal 
(terrestrial) ratio. This initial value of 3.2 
+ 0.9 E coincides within error with the 
60Ni* data obtained from the pyroxene 
fractions and their washes (Fig. 2). Thus, if 
the linear correlation is not coincidental, 
then the CK bulk samples acted as closed 
systems with respect to Ni. The slope of this 
isochron determines the 60Fe/56Fe ratio at 
the time of solidification. This ratio is (3.9 
+ 0.6) x 

Another large -6-cm section of CK 
(sample 1290) included an area -0.5 cm 
across containing an unusual material high- 
ly enriched in sulfide, probably troilite. The 
troilite content in this area was about 20 to 
30 percent. We treated several fragments 
from this sample with 6 N HC1 and ana- 
lyzed the dissolved portion (with a sulfide 
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Fig. 4. A simple model for heat production 20001 , I  sized bodies was less than 1 m . ~ . ,  we used 
resulting from the decay of 60Fe during the first 
few million years after accretion in a several 0 1600 
hundred kilometer size planetesimal of CI chon- 
drite chemical composit~on. A starting temper- 2 1200 
ature of 0°C and no heat loss were assumed. !! 
The starting parameters for the 'OFeP6Fe ratio $ 800 6 0 ~ e P 6 ~ e  = 1 x 1 

correspond to values derived from earlier re- 
sults obtained from Allende meteorite inclu- ' 400 

sions that are consistent with an -10 m.y. 0 . . , j . c , .  

interval between commencement of planetesi- 0 2 4 6  8 10 

ma1 accretion and basalt formation on an al- Time after accretion (m.y.) 

ready differentiated body. These estimates suggest that the 60Fe/56Fe ratios as derived from this 
study are consistent with 'OFe abundances in the early solar system that could have caused melting 
of relatively small planetesimals shortly after their accretion. 

content of greater than 50 percent) for Ni 
isotopic composition. The observed 60Ni* 
of 50.4 + 0.9 E units is the highest among 
all CK samples (Table 1) but falls far above 
the isochron (Fig. 2). Because the residual 
silicate fraction contained only -0.3 ppm 
of Ni or -4 percent of the Ni present in the 
dissolved portion (it was too small for Ni 
isotope measurement), we estimate that 
60Ni* in the total sample must be close to 
50 E units. In order for this value to fall 
onto the isochron an 56Fe/58Ni ratio of 
about 4.5 x lo5 would be required. How- 
ever, by mass balance the FeNi ratio in the 
total sample is only 5.3 x lo4. Therefore, 
this 60Ni enrichment of troilite can only be 
explained by migration of Ni into this part 
of the meteorite over a scale of close to 1 
cm. 

Chronological considerations. The ob- 
served heterogeneous Ni distribution obvi- 
ously hampers the determination of a pre- 
cise 60Fe/56Fe ratio at the time of Ni deple- 
tion in the source of CK because it does not 
allow the Fe/Ni ratio of the total rock to be 
established from bulk samples of some 100 
mg in size. For simplicity we assume that 
there was no significant change of the FeNi 
ratio during basalt extraction from the 
source magma and use the value of 7.5 x 
10-"hat we obtained from bulk 1 as a 
reasonable upper limit for the 60Fe/56Fe 
ratio at the time of the main Fe-Ni fraction- 
ation. The time difference (ST) between 
planetary differentiation and basalt forma- 
tion, based on the 60Fe decay from an 
60Fe/56Fe ratio of 17.5 x loy9 to 4 x 

is then 51.4 m.y. If some Fe-Ni 
fractionation occurred during partial melt- 
ing of the source and some Ni was retained 
in residual olivine, ST could be 3 to 4 m.y. 
Thus, regardless of the precise value of the 
60Fe/56Fe ratio at the time of Ni depletion, 
the data imply that the time interval be- 
tween the planetary Ni depletion event 
(core formation) and the solidification of 
CK was short (- 1 to 4 m.y.). 

We now consider the time interval be- 
tween the formation of early solar system 
condensates and the solidification of igne- 

ous planetary differentiates. Allende CAI 
have Pb-Pb ages of 4.566 + 0.002 Ga (39). 
A recent study (31) indicates a time differ- 
ence of -10 m.y. between formation of 
CAI and angrites. As discussed above, the 
initial 87Sr/s6Sr ratios suggest that eucrites 
and angrites formed within 2 m.y. of one 
another. Thus, eucrites are about 10 * 2 
m.y. younger than Allende CAI. For an 
initial 60Fe/56Fe ratio of (1.6 + 0.5) x 
in CAI (2.5), the 60Fe/56Fe ratio after 10 + 
2 m.y. would be 0.4 x lo-' to 5.2 x lo-'. 
This estimate is in good agreement with the 
value of 4 x obtained for CK. How- 
ever, we cannot exclude the possibility that 
some of the 60Ni* in CAI is fossil rather 
than only from in situ decay of 60Fe. If so, 
the true 60Fe/56Fe ratio at the time of CAI 
formation would be lower and in even 
better agreement with the CK results. 

A reliable estimate of 60Fe production 
during stellar nucleosynthesis is not avail- 
able (22, 23), but it is expected to be low. 
In addition, because of its short half-life, 
freshly synthesized 60Fe must have been 
introduced and mixed with solar system 
matter shortly (at most a few million years) 
before the formation of early condensates 
(CAI). 

Heat production. We have established 
that 60Fe existed in the early solar system 
and that it was present on at least a plane- 
tary scale. Some 60Fe was still alive during 
planet melting and differentiation and, 
even later, when CK cooled and crystal- 
lized. To evaluate the extent that planets 
might have been heated by the decay of 
60Fe, which yields 3.04 MeV per nucleon, 
we estimated the temperature in a planetary 
body during the first few million years after 
accretion. We assumed that the planetesi- 
mal had a CI chondritic chemical compo- 
sition with 19 percent Fe by weight (29). 
Heat loss by conduction from the interior 
and radiation into space was assumed to be 
negligible. The 60Fe/56Fe ratio at the time 
of accretion is not known. Because solar 
nebula condensation models (40) suggest 
that the time between formation of early 
condensates and accretion of asteroidal- 

initial 60Fe/5"e ratios of 1 x and 2 x 
values that are close to those ob- 

served for CAIs. The curves in Fig. 4 
indicate that the heat provided by the 
decay of 60Fe could lead to planetary melt- 
ing a few million years after accretion. If the 
26A1 distribution was homogeneous, the 
26Al/27Al ratio was 5 x (7) at the time 
of accretion, and A1 and Fe abundances 
were chondritic, then the proportions of 
the total heat provided by the decay of 26A1 
and 60Fe would be similar (270  and 5 3 0  
percent, respectively) (41). Thus, if during 
the first -2 m.y., additional energy is 
provided by 26A1 decay, rapid melting of 
small planets following accretion cannot be 
avoided. The large-scale planetary occur- 
rence of 26A1 has yet to be established, 
however. Under certain favorable condi- 
tions, such as a higher initial temperature 
(we used P C ) ,  additional accretional ener- 
gy, and particularly an H chondrite chem- 
ical composition [-26 percent Fe (38)], the 
decay of 60Fe alone would provide sufficient 
energy to melt these bodies. For small 
planetesimals (< 100 km) heat loss becomes 
significant, and total planetary melting and 
differentiation mav not occur. However. 
the remaining energy may be sufficient to 
account for early thermal metamorphism in 
some chondrite parent bodies. In large bod- 
ies, particularly those covered by an insu- 
lating regolith blanket, high temperatures 
would have been maintained for several 
tens of millions of years, long enough for 
60Fe and 26A1 to have completely decayed. 
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