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blocking is not very effective. Hence, one would 
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mediately before the onset of superfluid hydro- 
dynamics, unless the transition occurs at very 
low temperature, in contrast to predictions. 
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data. The deviations at 0 and 0.1 ms can be 
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issues are not important for longer expansion 
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cloud size is well beyond the resolution limit of 
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tion of the long time deviations reveals that 
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gas. In the axial direction, hydrodynamic ex- 
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spatial distributions (Fig. 2B) are better fit by 
Gaussian distributions than by zero-temperature 
T-F distributions. By contrast, in the transverse 
direction, the hydrodynamic expansion is the 
fastest, masking any two-component structure 
after a short time. 
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Short-Lived Nuclides in Hibonite 

Grains from Murchison: Evidence 

for Solar System Evolution 
K. K. Marhas,1 J. N. Goswami,'* A. M. Davis2 

Records of now-extinct short-lived nuclides in meteorites provide information 
about the formation and evolution of the solar system. We have found excess 
'OB that we attribute to the decay of short-lived '?Be (half-life 1.5 million years) 
in hibonite grains from the Murchison meteorite. The grains show no evidence 
of decay of two other short-lived nuclides--26A (half-life 700,000 years) and 
41Ca (half-life 100,000 years)-that may be present in early solar system solids. 
One plausible source of the observed ?1Be is energetic particle irradiation of 
material in the solar nebula. An effective irradiation dose of -2 x 1018 protons 
per square centimeter with a kinetic energy of -10 megaelectronvolts per 
atomic mass unit can explain our measurements. The presence of 1?Be, coupled 
with the absence of 41Ca and 26Al, may rule out energetic particle irradiation 
as the primary source of 41Ca and 26Al present in some early solar system solids 
and strengthens the case of a stellar source for 41Ca and 26Al. 
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Pristine early solar system solids recovered 
from meteorites contain fossil records of sever- 
al now-extinct short-lived nuclides with half- 
lives varying from a hundred thousand years to 
a few tens of millions of years (1, 2). Some of 
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these nuclides with short half-lives, such as 
41Ca, 26A1, 60Fe [half-life 1.5 million years 
(My)], and 53Mn (half-life 3.7 My), are consid- 
ered to be products of stellar nucleosynthesis 
that were injected into the protosolar cloud 
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before or during its collapse (1). However, the 
possibility that they could be products of inter- 
actions of energetic particles with gas and dust 
in the solar nebula has also been proposed 
(3-5). The recent discovery of now-extinct 
"?Be in meteorite (2) has strengthened this pro- 
posal because "?Be is not a product of stellar 
nucleosynthesis (6, 7). Whether energetic par- 
ticle interactions also produced the other short- 
lived nuclides that were present in the early 
solar system has remained a contentious issue 
(1, 4, 5, 8, 9). 

It is important to resolve this issue in order 
to understand the origin and early evolution of 
the solar system. If these short-lived nuclides 
are of stellar origin, they may be used as chro- 
nometers to infer time scales of early solar 
system processes (10). On the other hand, if 
they are products of energetic particle interac- 
tions taking place in the solar nebula, they 
provide information on the energetic environ- 
ment in the early solar system. We report 
results obtained from an ion microprobe 
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study of fossil records of three short-lived 
nuclides, 41Ca, 26Al, and '?Be, in a set of 
selected early solar system solids. These 
results allow us to put a limit on the ener- 
getic particle irradiation of the solar nebula. 

Hibonite [CaAll2 x(Mgx,Tix)O9], a refrac- 
tory oxide mineral and one of the earliest con- 
densates to form in a high-temperature solar 
nebula environment (11), is found in trace 
amounts in some primitive meteorites and was 
chosen for the present study. Hibonite hosts 
both stable and radiogenic isotope abundance 
anomalies (12, 13). Two distinct groups of hi- 
bonite are present. One group hosts large-mag- 
nitude stable isotope abundance anomalies, 
848Ca [values ranging from -56 per mil (%o) to 
104%o] and 850Ti (values ranging from -47%o 
to 273%o) (14), but these are devoid of evidence 
for in situ decay of short-lived 26Al and 4'Ca. 
The second group contains fossil records of 
26Al and 41Ca and hosts small-magnitude stable 
isotope anomalies. The grains selected for this 
study belong to the first group and were iden- 
tified from a systematic study of 26A1 and 41Ca 
in more than two dozen hibonite crystals recov- 
ered from the Murchison carbonaceous chon- 
drite. The analyzed samples include hibonite 
from a large millimeter-sized hibonite-rich re- 
fractory object (SH-7) found on the surface of a 
broken fragment of this meteorite and individ- 

D Fig. 1. Be-B isotopic systemat- 
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study. The measured 1?B/"1B 
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D)0 E ; in the hibonites. The slope of 
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yields an initial 10Be/9Be ratio 
of 5.2 (?1.4) x 10-4; the val- 
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ue of the intercept (0.272 + 0 50 100 150 200 250 300 0.008) is a measure of initial 
9Be/1B 10B/11B in the hibonite (19). 

Error bars are 1o. 

ual platy hibonite crystals (CH-B7 and CH-C1) 
recovered from an acid-resistant residue of an- 
other sample of Murchison. 

Our data for 26Al in SH-7 and CH-B7 are 
consistent with data reported earlier (12, 15). 
All three samples show no detectable radiogen- 
ic 26Mg from 26A1 decay (Table 1), and we can 

place a 20 upper limit of 2 X 10-6 for initial 
26Al/27A by combining data for these three 
hibonite grains. This value is below the canon- 
ical early solar system value of 5 X 10-5 for 
this ratio seen in a large number of CAIs (Ca- 
and Al-rich inclusions) from different meteor- 
ites (16). CH-B7 and SH-7 are also devoid of 
41Ca (12, 15), and we could not detect radio- 
genic 41K from the decay of 4'Ca in CH-C1 
(Table 1). These data suggest an upper limit of 
3 X 10-9 for initial 41Ca/40Ca at the time of 
closure of the Ca-K system in these objects that 
is below the canonical early solar system value 
of 1.4 x 10-8 for this ratio inferred from 
studies of a large number of CAIs (12, 17). On 
the other hand, the measured boron isotopic 
ratios (18) in the three hibonite grains provide 
evidence for excess l?B in them. The measured 
'OB/lB ratios correlate with the 9Be/1lB ratio 
in the samples (Fig. 1), indicating that the ex- 
cess 'lB is due to in situ decay of l'Be initially 
present in hibonite (19). The data also suggest 
variation in the initial l?Be/Be values for the 
three samples [-8 x 10-4 (CH-B7), -4 X 
10-4 (SH-7), and -1.5 X 10-3 (CH-C1)]. If 
we combine data for the three samples, they 
yield an average initial 10Be/Be value of 5.2 
(?2.8) X 10-4 [2o( error (19)]. The possibility 
of differential loss of 26A1 and 41Ca (or their 
daughter products 26Mg and 41K) relative to 
l?Be (or '1B) in the analyzed hibonite can be 
ruled out on the basis of the well-preserved 
large-magnitude stable isotope anomalies in 
160, 48Ca, and 5?Ti (12, 20, 21). Further, the 
hibonite grains are characterized by nearly uni- 
form enrichment of the refractory rare earth 
elements by a factor of - 100 above chondritic 
(CI meteorite) abundances (12, 21, 22) that 
suggest them to be some of the first-generation 
solids to form in the solar nebula that were not 
affected by any secondary processes after for- 

Table 1. Be-B, Al-Mg, and Ca-K isotopic composition in Murchison hibonites. The Al-Mg data are based on three measurements each on CH-B7 and SH-7 and 
one measurement on CH-C1; Ca-K data for CH-B7 are from (12) and for SH-7 from (15). 

Sample 9Be/11B* 1B/11B 27Al/24Mg 26Mg/4(2Mg 4Ca/39K 41K/39K C/ Sample 9_t 
1 * 

m ( A A) 41Ca/4OCa)j (? 2um) (? 2m) (?2rm) (+2m) (A?2um) (?+2Orm) 

CH-B7 17.2 ? 8.2 0.2655 ? 0.0540 103.6 ? 0.1 0.13954 + 0.00027 <4.7X10-6 2.4(?0.26)X 106 0.070 + 0.012 <4.2 X 10-9 
26.0 ? 5.8 0.2907 ? 0.0329 
91.7 + 13.3 0.2761 ? 0.0771t 

192.2 + 29.6 0.4061 ? 0.0584 

SH-7 11.4 + 1.5 0.2642 + 0.0280 77.6 + 0.13 0.13919 + 0.00025 <1.5x10-6 4.3(?2.1) X106 0.073 + 0.013 <3.3 X 10-9 
18.5 ? 2.8 0.2864 ? 0.0271 

195.1 ? 38.8 0.3231 ? 0.0574 
CH-C1 30.4 ? 4.3 0.2885 ? 0.0254t 71.7 + 0.6 0.13917 + 0.00042 <3.8X10-6 1.5(?0.11)x 106 0.070 + 0.008 <4 X 10-9 

56.4 ? 13.6 0.3354 ? 0.0374 

*Be content in the three hibonite grains ranges from 0.4 to 1.6 ppm; variation within individual hibonite ranges from a factor of ~2 (SH-7, CH-C1) to -4 (CH-B7). tCorrected 
for possible hydride interference (18). IMean of two measurements. 
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mation. It is also not possible to explain the 
much lower abundances of 26A1, relative to 
"?Be, by considering a late formation of the 
hibonite in the nebula (23). These data demon- 
strate that the source contributing to the ob- 
served '?Be in the hibonite did not contribute 
significant amounts of 4"Ca and 26A1. 

Energetic particle irradiation of solar nebula 
or protosolar cloud material could be the source 
of l?Be present in the hibonite grains. A type II 
supernova origin of lBe by spallation reactions 
induced by the passage ofr = process jets (very 
high velocity outflow from the central neutron 
star) through the expanding supernova enve- 
lope has also been suggested (24). However, 
this model predicts the coupled presence of the 
nuclides ?'Be, 41Ca, and 26A1 in early solar 
system solids and can be ruled out. Galactic 
cosmic ray (GCR) irradiation of the protosolar 
cloud could be a viable source of 'lBe if the 
GCR flux had increased by at least a factor of 
10 during the 2 to 3 My preceding the collapse 
of this cloud (9). At present, there is no conclu- 
sive evidence for such an increase, and this does 
not appear to be a plausible source of "?Be 
present in early solar system solids (9, 25, 26). 
Irradiation of gas and dust in the solar nebula by 
solar energetic particles (SEPs) from an active 
early Sun is therefore a more likely proposition. 

We estimated the effective irradiation dose 
and characterized the nature of the SEPs by 
making some simplifying assumptions (27). 
Figure 2 shows the estimated enrichment or 
depletion in the initial abundances of 26A1 and 
41Ca (relative to their canonical early solar sys- 
tem values) for two values of the spectral pa- 
rameter y, assuming a power law in kinetic 
energy (E) representation of the SEP flux (dN/ 
dE ca E-Y, where N is the number of SEPs), and 
for irradiation durations of 10 to 107 years; in 
each case, SEP fluence was adjusted such that 
production of l?Be matches an initial solar sys- 
tem 'OBe/Be ratio of -10-3 (2, 28-31). The 
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most stringent upper limits of initial 26A1 and 
4'Ca abundances inferred from our data for the 
hibonite grains, relative to their canonical early 
solar system abundances (26Al/27A = 5 X 

10-5; 41Ca/40Ca = 1.4 x 10-8), are also shown 
in Fig. 2. Steeper energy spectra for the SEPs 
(e.g., -y 2 3) will lead to production of 41Ca 
above its canonical abundance, whereas deple- 
tion in 26A1 will be less than a factor of 12 from 
its canonical abundance. On the other hand, a 
flatter spectra with -y 2 will produce 41Ca and 
26A1 much below their canonical abundance 

(Fig. 2) while producing the requisite amount of 
'OBe (32). A similar conclusion is reached when 
we consider an exponential in rigidity (R) rep- 
resentation for the SEP flux [dN/dR ca exp(-R/ 
Ro) (27)]. Production of 4]Ca and 26A1, above 
the upper limits obtained in this study, can be 
avoided for relatively flatter spectra with val- 
ues of Ro exceeding 150 MV (32). We esti- 
mate the effective irradiation dose received by 
the nebular material to be -2 x 1018 protons 
cm-2 with energy -10 MeV amu-'. These 
estimates are based on a CI chondritic com- 
position of the irradiated nebular matter. If we 
consider nebular material of refractory com- 
position (e.g., similar to composition of CAI 
or hibonite), production of 26A1 and 41Ca will 
be higher because of high Al and Ca content 
(relative to CI chondrites), and it is not pos- 
sible to identify specific SEP spectral shapes 
and fluences that will match the observed 
abundances of 'OBe, 26A1, and 41Ca in the 
analyzed hibonite grains. The spread in the 
initial 'OBe/Be in the hibonite grains may 
reflect varying doses of SEP irradiation re- 
ceived by the hibonite precursor nebular ma- 
terial as a result of differences in their irradi- 
ation condition and duration. 

The SEP interaction with nebular material 
may take place either close to the Sun, in the 
proposed X-wind irradiation model for dura- 
tions of a few tens of years (4, 5, 9), or in the 

Fig. 2. Production of the , , ............ .. 
short-lived nuclides 4'Ca 
(solid line) and 26Al (dashed ' 
line), relative to '?Be, by SEPs 10? Be 
for different spectral param- ? X 
eters ( = 2 and 3) in the 41 =2 
power-law representation of _____ _ 
the SEP spectrum, dN ca a 
E-'dE (27) as a function of T 2 
irradiation duration. The tar- t 10t2-- 
gets are assumed to be o 
spherical and CI chondritic in a 
composition, with sizes vary- 1 26 
ing from 10 ,Im to 1 cm and 41c 
following a power-law size 
distribution (dn/dr oc r-4). 10 2 103 104 I 10 

' 
10 

The SEP flux is adjusted to Irradiation duration (yr) match '?Be production with 
an initial '0Be/9Be ratio of 10-3 (represented by the dashed-dot line). The values for solar system 
initial 26A1/27Al and 41Ca/40Ca are taken as 5 x 10-5 and 1.4 x 10-8, respectively (16, 17). The 
drop in production of 41Ca and 26Al, relative to '?Be, for irradiation durations exceeding 1.5 x 105 
and 106 years, respectively, reflects the effect of saturation in production of these nuclides, as the 
irradiation duration exceeds their mean lives. The upper limits of 26Al and 41Ca abundances in the 
analyzed hibonite are also shown. 

meteorite-forming zone (2 to 4 AU) in the neb- 
ula over an extended period of time. The pref- 
erence for a steep energy spectrum with y - 4 
in the X-wind model (9) makes it inconsistent 
with our observations. On the other hand, if we 
consider a longer duration (-105 years) irradi- 
ation of nebular material by SEPs characterized 
by a relatively flat energy spectrum (y - 2), the 
SEP flux from the early Sun at 1 AU must have 
been higher by a factor of- 104 than the average 
value of 100 protons cm-2 s- with energy -10 
MeV amu1- for the past few million years 
inferred from lunar sample studies (33). A rel- 
atively flat spectrum for SEPs from an active 
early Sun was also proposed previously to ex- 
plain the isotopic composition of SEP-produced 
neon in individual grains of gas-rich meteorites 
exposed to energetic particles from the early 
Sun (34). 

The finding that '?Be is present in Murchi- 
son hibonite devoid of 4"Ca and 26A1 is in 
marked contrast to the data obtained for CAIs 
from CV meteorites, which establish that both 
'?Be and 26A1 (and, where data are available, 

4"Ca) are present in these CAIs (28-31). How- 
ever, the initial 'OBe/Be ratios in these CAIs 
show a spread (5 x 10-4 to 16 X 10-4) that is 
similar to that in the hibonite grains analyzed in 
this study (4 X 10-4 to 15 X 10-4). Further, the 
range of Be content (0.2 to 1.5 ppm) in melilite, 
the mineral phase in CAIs analyzed to look for 
'lBe records (2, 28-30), is also similar to that in 
the hibonite (Table 1). If we attribute the source 
of '?Be in both these sets of objects to irradiation 
of their precursor nebular material by SEPs with 
the characteristics noted above, we need an ad- 
ditional source for the short-lived nuclides 41Ca 
and 26A1 present in their canonical abundances 
in the CV CAIs, and a stellar source is the only 
viable option (35). The absence of these nu- 
clides in the Murchison hibonite suggests that 
these hibonite grains formed in a region within 
the collapsing protosolar cloud before the arrival 
of the short-lived radioactivities injected from a 
stellar source, and they may predate the CAIs 
from CV meteorites (12, 36). 
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A Late Triassic Impact Ejecta 
Layer in Southwestern Britain 

Gordon Walkden,1* Julian Parker,1 Simon Kelley2 

Despite the 160 or so known terrestrial impact craters of Phanerozoic age, equiv- 
alent ejecta deposits within distal sedimentary successions are rare. We report a 
Triassic deposit in southwestern Britain that contains spherules and shocked quartz, 
characteristic of an impact ejecta layer. Inter- and intragranular potassium feldspar 
from the deposit yields an argon-argon age of 214 ? 2.5 million years old. This is 
within the age range of several known Triassic impact craters, the two closest of 
which, both in age and location, are Manicouagan in northeastern Canada and 
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agenetic alteration. There are five known late 
Triassic impact craters (1), including the 100- 
km-diameter Manicouagan crater (Fig. 1), 
which is one of the largest known Phanero- 
zoic impacts (2). Earth experienced a series 
of worldwide extinctions in the late Triassic, 
constituting one of the top five Phanerozoic 
faunal crises (3, 4), but the exact causes are 
disputed. The discovery of an ejecta deposit 
corresponding to one or more of these impact 
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