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ABSTRACT
ION MICROPROBE MEASUREMENTS OF AN
ALLENDE COARSE-GRAINED INCLUSION
Brian Whitehead
The presence of 26 Mg excesses in inclusions of the Allende meteorite result from the decay of 26 Al (T1

'2

= 7.3 x 10 5 yrs). Two distinct

hypotheses have been presented to account for the presence of 26 Al in
this meteorite; a nearby supernova which occurred shortly before the
formation of the solar system, or an early solar system particle irradiation.

Spallation reactions during this irradiation would have caused

severe alterations of the abundances of the isotopes of Li, Be, and B.
An ion microprobe has been used to study the elements Li, Be, and Bin
an Allende coarse-grained inclusion with a demonstrated 26Mg excess to
test the irradiation hypothesis.

The results indicate that an irradia-

tion of sufficient magnitude to explain the 26Mg excess in Allende inclusions cannot have occurred.

Thus, the supernova hypothesis becomes

the only viable alternative at this time.
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INTRODUCTION
An excess of 26 Mg from the decay of 26 Al (T1

'2

=

7.3 x 10 5 yrs) was

sought for many years before its discovery in portions of the Allende
carbonaceous chondrite (Gray and Compston, 1974; Lee et

~.,

1974).

This radioactive isotope is interesting because of its implications
for explosive nucleosynthesis, for early solar system history, for
cosmochronology, and because it may have served as an internal heat
source for planetary bodies.

However only the oldest solar system

objects would have any detectable record of the existance of 26 Al because of its short half life.

Also, objects such as the Earth with

very active geological processes would erase all record of 26 Al.
Schramm et

~-

(1970) have studied the magnesium isotopic compo-

sition of many meteorites but did not detect any isotopic variations.
They studied plagioclase (Ca 3A1 2si 2o8 ) crystals which contain Mg as a
trace element in several types of meteorites.

Significant amounts of

26Al (which behaves chemically like 27 Al during mineral formation) that
decayed to 26 Mg would stand out in the plagioclase.
eluded that 26 Al was never present in their samples.

Schramm et al. conHowever they

pointed out that because of the short half life of 26 Al that their samples may not have been "primitive" enough to retain the record of its
existence.
The search for magnesium isotopic variations was renewed after the
recovery of the Allende meteorite and the discovery of isotopic anoma1i es in oxygen (Clayton et

~-,

1973).
1

A11 en de is a carbonaceous

2

chondrite type CV3 (Vigarano subtype, hence petralogically similar to
Vigarano) which is believed to be "primitive,
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i.e. a sample from an

early solar system object which has had little metramorphism since
its formation.

The black matrix of Allende is composed of minute

crystals of silicate minerals, mainly olivine (Mg,Fe) 2Si0 4 coated
with carbonaceous material.

Embedded in the matrix are white inclu-

sions of many types and sizes.

One of these types consists of alumina-

silicate minerals in bodies of rounded shape (Figure 1). They are
sometimes misnamedchondrules but are not true chondrules wh·ich arealways round and may have formed by a different mechanism.

The dominant

J, pyroxene

mineral phases are mellilite [ca 2(Mg,Al)(Si ,Al) 2o7

J, anorthite (CaA1 2si 2o8) which is a type of

[ca(Mg,Al,Ti)(Al,Si) 2o6

plagioclase, and spinel (MgA1 2o3).

Some inclusions of this type were

shown by Gray et ~- (1973) to have the most primitive 87 sr; 86 sr ratios
yet observed.
Gray and Compston (1974) and Lee et

~·

(1974) both found evidence

of magnesium isotopic variations in Allende coarse-grained inclusions,
but neither group of investigators could state conclusively the source
Lee et Al· (1977) studied the coarse-grained inclu-

of the variations.

sion WA (Chen and Ti1ton, 1976) in detail to determine the source of Mg
isotopic variations.

They analysed mineral seperates of WA and found

that the 26Mg excess is correlated with the 27 Al; 24 Mg ratio in the analysed phase, i.e. a plot of 26Mg; 24 Mg vs 27 Al; 21 Mg for the WA minerals is
a straight line.

The interpretation of Lee et Al· (1977) is that when

WA solidified every phase of it contained 26 Al in a constant ratio to
27Al.

After the 26 Al decayed to 26Mg the isotopes of Mg did not

3

Figure 1. Photograph of Allende inclusion
EK-1-07 in transmitted light. A=anorthite,
P=pyroxene, M=melilite.
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reequilibrate.

The magnesium initially present in each phase of WA

was isotopically identical to the so-called normal solar system ratio.
Within this context, the straight line is an isochron for all of the
solid phases.

From the slope of the isochron, Lee et

26Al was present at a level of 26 Al; 27 Al

=

~·

conclude that

5.1 ± 0.6 x 10- 5 at the time

of formation.
Following the discovery of the isotopic variations of 0 and Mg in
type B inclusions from Allende, effects in many other elements have
been searched for.

Typical type B inclusion, such as WA, are found to

be normal in these investigations, except for the isotopes of Xe which
show evidence of fission from 244 Pu (Drozd et ~., 1977) and radioactive
decay of 129 r (Podosek & Lewis, 1972) but such effects are observed in
other meteorites.

However, two exotic type B inclusions, Cl and EK-1-41,

are found to have unusual variations in many elements; 0, Mg, Si, Ca, Sr,
Sm, Nd, and Ba (Clayton &Mayed~, 1977; Wasserberg et
et

~.,

1978; Lee et

~.,

~.,

1977; Clayton

1978; Papanastassion &Wasserberg, 1978; McCul-

loch &Wasserberg, 1978a; McCulloch &Wasserberg, 1978b). These are called
FUN anomalies because they appear to be a superposition of linear mass
Fractionation and Unknown Nuclear effects.

One explanation of the unknown

nuclear anomalies is that the variations are caused by variable mixing of
nuclear products from stellar nucleosynthesis (Clayton, 1973; Consolmagno

&Cameron, 1979). These two inclusions also have unusual chemistry (Wark
&Wasserberg, 1980). Neither inclusion has evidence for a 26 Mg excess
from 26Al decay.

Hence the FUN anomalies are apparently not related to

the topic of this work.
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The scope of Mg isotopic variations prompted Bradley et !l-(1978)
to attempt to measure Mg isotopes with an ion microprobe.

The authors

used a thin section of plagioclase from the inclusion WA and found the
expected Al/Mg correlated 26 Mg excess with this new technique.

The

errors of this technique are significantly larger than those of the
traditional mass spectrometric techniques, but the large (-10%) 26Mg
excess in the plagioclase was easily detected.
The ion microprobe analyses of Hutcheon et !l· (1978) and

r~ac

dougall and Phinney (1978) have expanded the data base of Mg results.
The latter work was on samples of the type 2 carbonaceous chondrite
Murchison in which the inclusions are much smaller than in Allende.
While this work could have been done mass spectrometrically, it would
then have used all of the sample.

The samples of Macdougall and Phin-

ney (1978) are essentially 100% preserved and available for additional
analyses.
The presence of live 26 Al in the solar system solid bodies suggests
two possible modes of origin; a nearby supernova followed quickly by
inclusion formation or a proton irradiation of the solar nebula during
an early phase of the sun. Arnett (1973) has shown that explosive burning of a massive star will produce 26 Al.

Recently Arnett and Wefel

(1978) have calculated an initial ratio of 26Al; 27 Al
the explosive products of a 28M9 supernova.

= (1-2)

x 10- 3 in

From a careful study of the

late stages of a 25M0 star, Morgan (1979) concludes 7 x 10- 4 for 26 Al/
27 Al produced.

These calculated ratios are consistent with the meteor-

itic measurements, but indicate that if a supernova is the source of
the 26Al, the solidification of the 26 Al -bearing inclusions occurred

,.
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very shortly after the explosion.

A comprehensive model of the super-

nova ••contamination" of the early solar system was developed by Cameron
and Truan (1978).

Their model also attempts to explain the many other

isotopic variations discovered in Allende inclusions, including the
large (-5%) excess of 16o, a nuclide which is abundantly produced in a
supernova.
The idea of an irradiation of matter in the early solar system has
had a checkered history.

Following the work of s2FH (1957) it was clear

that the light elements 0, Li, Be, and B could not be made in the normal
stellar processes responsible for the occurrence of most nuclei.

s2FH

suggested that these isotopes are produced by nonthermal processes such
as spallation.

Fowler, Greenstein and Hoyle (1962) developed a model

for the formation of 0, Li, Be, and Bin the early solar system during
a particle irradiation.

Proton spallation on CNO Nuclei forms 1 ithium

in the ratio 7Li/ 6Li-l; however the solar system ratio is 12.

In order

to maintain the spallation hypothesis, Fowler et {L. (1962) assumed the
presence of therma 1 neutrons to des troy 6u by the reaction 6u ( n,a.) T.
The major difficulty of this theory is the large energy required for the
process, but the idea cannot be ruled out.
The discovery of 26Mg excesses in Allende led Heymann and Dziczkaniec
(1976) to revive the irradiation senario for its formation.

Lee (1978)

also constructed a model of early solar system irradiation to simultaneously explain the 26Mg and 16 o anomalies.

Clayton et {L. (1978) have con-

sidered the effects of an irradiation on many other elements.

The authors

have concluded that the irradiation models are grossly unconsistent with

7

observations in many elements, which should show detectable isotopic
anomalies, but do not.

The largest abundance effects of an irradia-

tion are expected to occur in Li, Be, and B since their galactic abundances are very small.

These elements allow one to set firm con-

straints on the strength of an early solar system irradiation.
This fact has been recognized for a long time, and all chemical
and isotopic studies of the abundances of Li, Be, and Bin extraterrestrial matter have considered the irradiation issue.

Attempts to

measure the isotopic composition of lithium in meteorites led to the
first application of the ion microprobe to geochemical problems.
Poschenrider et

il· (1964) used an ion microprobe on a piece of the

Holbrook ordinary chondrite.
lithium isotopic ratio
irradiation models.

They reported large variations in the

(~100%).

These results were consistent with

However when Gradsztjn et

il· (1967) repeated

the experiment on an ion microprobe of their own design, they found
variation in the Holbrook's lithium isotopic composition within the
standard deviation of a terrestrial standard.

These conflicting

papers have prompted many scientists to dismiss ion microprobe data
as unreliable, and has made the acceptance of recent work difficult.

EXPERIMENTAL
Introduction
I have measured the Li, Be, and B isotopes in a primitive Allende
11

11

inclusion to search for evidence for an irradiation in the early solar
system.

I will first discuss my evidence that the coarse-grained Al-

lende inclusion EK-1-07 has a 26 Mg excess caused by the decay of 26 Al.
Then I will discuss the light element measurements in the context of
the supernova vs irradiation origin of 26 Al.
The experimental work was carried out on the ARL ion microprobe
at NASA, Johnson Space Center.
known for boron (Weller et

Problems of contamination are well

~-,

1978) and are expected to be a problem

for measurements of Li and Be because of the very low concentrations of
EK-1-07.

It is important to establish that I am indeed measuring indi-

genous concentrations.

Concentrations will be derived by the method of

relative sensitivity.

In this procedure a reference element, here alu-

minum, is used to normalize the signals of the elements to be measured.
After measuring the concentration of aluminum in the sample, one can
derive the concentration of the desired element by using the relative
sensitivity correction to the measured elemental ratio.

Since I am

measuring only singly charged ions from the sputtered sample, each element has a different sensitivity caused by ionization efficiency (and
many other unknown factors).

By using a relative sensitivity, the re-

sult will be independent of variations in the secondary ion emission
8
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caused by primary beam variations, overpressure fluctuations, etc.
The ion

microp~be

is

"calibrated~

by using standards with known

composition of the desired and reference elements.

I have amassed

a suite of silicates and glasses for this purpose.

These standards

have been chosen to be similar to the minerals of the inclusion in
ordei for the derived relative sensitivities to be valid.
Experimental Technique
A schematic diagram of the ARL (Applied Research Laboratory)
ion microprobe at JSC is shown in Figure 2.

A brief description of

each component follows.
The primary bombarding ions are generated by a duoplasmatron
ion source as

devised and developed by Van Ardenne (1956).

Oxygen

is bled into a chamber where electrons are emitted from a filament
to produce a plasma.

The electrical discharge between the anode and

cathode is constricted by a magnetic field to increase the rate of
ion formation.

Ions are extracted from the discharge and are accel-

erated by electric fields to an energy of 15 keV.
are produced in the discharge; e.g. 0-, 0+,

o2+,

Several species
N0 2+.

The primary

magnet is used to select only the 16o- ions to be used for the bambardment.

Oxygen is used since it will replenish

away from geological (oxide) samples.

oxygen sputtered

This maintains a constant sur-

face chemistry during an experiment which, in turn, tends to keep the
resulting ion intensities constant (relative and absolute).

Electro-

static alignment plates, condenser lens, and objective lens (einzel
lenses) are used to focus the primary beam onto the sample.

They are
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Figure 2.

Schematic of ARL ion microprobe
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0
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adjusted to give the maximum current density at the sample surface.
A florescent K-Br crystal is used for tuning the primary beam into
a spot on the sample surface.
Electrostatic deflection plates above the sample can be supplied
with variable voltages in order to raster the beam across the sample.
This mode is used to produce images of ion concentrations, or as a
means of sputter-cleaning the surface of a sample.
Sputtering of the sample produces many chemical species, including positive ions which are extracted by an electric field above the
sample.

Samples are polished and coated with a thin layer of a con-

ductor (gold or carbon) to secure a uniform electric field above the
sample and to prevent sample charging. The pickup electrode is maintained at a -l.SKV potential difference with respect to the sample
surface.

The ions accepted by the pickup electrode geometry into the

secondary beam are focused by an einzel lens and collimated by slits
along the ion path.

The secondary ions are then mass analysed by a

doublefocusing mass spectrometer before entering the detection system.
Electrostatic deflection plates in front of the detector allow
rapid sweeping across a small section of the secondary beam.
mode is used to focus the secondary beam and resulting peaks.

This
Slits

of variable width can be placed before the detector to vary the resolution of the instrument.

After passing through this slit, the ions

impact an anodized aluminum surface and produce secondary electrons.
These electrons are accelerated into a scintillator whose photons are
admitted into a photomultiplier.

This multistage detector is so de-

signed to allow the phototube to be placed outside the vacuum.

The
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vacuum-air interface is maintained at the scintillator.

The signal

from the photomultiplier can be passed on either to a multichannel
analyzer or to a digital counter.
The vacuum is maintained by an ion pump and a turbomolecular
pump running simultaneously and continuously during operation.
Typical operating pressures are 1-4 x 10- 7 torr.

The limiting fac-

tor for the vacuum is the oxygen gas bled into the system to create
the primary beam.

Forepumping after venting (for maintenance or

sample loading) is achieved with an air aspirator and two molecular
sorbtion pumps.

The ion microprobe must operate under a high vacuum

for several reasons.
1. The primary and secondary beams are scattered by gas in
their path.
2.

The samples might be contaminated.

3.

Positive molecular ion formation is directly related to the
residual gas pressure.

These molecules (hydrides, hydro-

carbons, oxides) produce interferences in the secondary
spectra.
Samples
EK-1-07.

A thin section of the Allende coarse grained inclusion

EK-1-07 was obtained from Hiroshi Nagasawa and is shown in Figure 1
in a transmitted light photograph.

Nagasawa et

~-

(1977) analysed

this inclusion as part of a study of Allende inclusions of several
types.

They classified EK-1-07 as a type 1 inclusion (Martin and

Mason, 1970) of subtype B (Grossman, 1975).

This subtype indicates,
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among other things, the presence of Al-Ti pyroxene.

Nagasawa et

~·

estimate the mineral proportions of EK-1-07 to be 50% mellilite,
30% Al-Ti pyroxene, 5% anorthite, and micron sized spinel grains
interspersed throughout the inclusion.

Indeed, only one anorthite

grain is present in the thin section, and this is the only phase
where a Mg anomaly could be conclusively demonstrated with the ion
microprobe.

Electron probe analyses of selected minerals (Figure 1)

are shown in Table 1.

The chemical composition of the minerals

are very similar to those found by Grossman (1975) for type B inclusions.
Lake County Plagioclase.

Lake County Plagioclase was chosen

for the magnesium isotopic standard.

This is a clear crystal of

Labradonite (An 67 ) from Lake County, Oregon.

It has a low Mg con-

tent which allows one to monitor possible interference effects in
the isotopic measurements.

It is compositionally similar to the

plagioclase in EK-1-07, although the inclusion plagioclase has a
much lower Na content.

Lake County•s major element composition has

been previously determined by electron probe; its Mg abundance has
also been determined by 'isotope dillution at JSC (C. Meyer, personal
communication).

This sample was used by Bradley et

~·

(1978) as a

standard for their Mg analyses.
Li, Be, and B standards.

Li, Be, and B abundance analyses were

done by the method of relative sensitivity as described in the introduction.

I have used standards for determining the relative sensitivi-

ties appropriate to these elements and the type of unknowns, i.e.
silicates.· These standards are listed in Table 2 and represent a wide
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range of compositions.

Aluminum was used as the reference element

since it is a major element in all of the minerals of EK-1-07.

Most

workers (e.g. Meyer, 1978) use silicon for the reference element, but
it is absent from spinel.
from interferences.

The aluminum peak is also relatively free

An acceptable standard must satisfy the following

requirements :
1.

It must be a mineral oxide, silicate, or glass.

2.

It must have been measured for Li, Be, orB by another reliable technique.

3.

It must have been measured for Al 2o3 (usually by electron
probe).

4.

It must be shown to be very homogeneous as measured by the
ion microprobe.

The tabulated Li, Be, and B abundances of the standards in Table
2 have been measured by many techniques.

Very few of the analysts

have reported the errors of their results which has made the evaluation
of the quality of the individual standards difficult.

Therefore, each

standard has been weighed equally in the determination of the relative
sensitivity.
STD #2 in Table 2 is a glass prepared by D. Phinney and myself.
A "rock" powder was doped with weighed amounts of LiC0 3 , BeO, and
B2o3 . The resultant lithium content and isotopic composition were
measured by isotope dilution at JSC.
standard.

This sample became my Li isotopic

It appears that all of the B in the starting mixture was

lost during the manufacture of the glass.
for a B isotopic standard.

I had to search elsewhere

I choose NBS 612, a highly uniform glass

Table 1. Chemical composition of major elements in
selected EK-1-07 minerals {in weight percent)*t

.

~90-~-~--Al 203---~-~--S10- ~u--~

2

Spinels
Anorthite
Pyroxene
Me li 1ite Ill
Me 111 i te 112

27.4-27.7
.11-,29
8.4-10.0
4.8-7.5
2.5-3.5

70.9-71.4
35.8-36.9
18.7-20.2
18.3-25.9
28.7-30.9

42.9-44.3
37.3-41.3
29.0-33.6
25.6-27.2

-

-

-Ca_O_ --

18.8-19.7
24.9-25.5
40.2
40.3

Tro2

3 .8-9. 5

*Also

measured for Cr, Fe, Mn, Na, K.
tElectron probe measurements on JSC MAC probe: (by ·R. Brown}

.......

"""
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Table 2.

Li ppm Be ppm B ppm

Sample
Pacaya Anorthite
STO #2

.68
8.3

Bediasites B-84 17
B-90 24
Kreep Glass
89
(12033,97 ,lA}
1 .82t
El baite
(NMNH #136517)
2.48t
Liddicoatite
(NMNH #135815}
Uvite
( NMNH #C3285}
Chodos Glass
NBS 610 Glassll
NBS 612 Glassll
NBS 614 Glassll

t

Standard samples for Li-Be-B abundance calibrations.

33
3
5
10

20
30
26

Al 2o3 (wt.

%)

References

34.93

Li by isotope dilution;
Al 2o3 by electron probe (JSC}

17.45

Li by isotope dilution; Be
by starting mixture; Al 2o3
by electron probe (JSC}

13.54
17.56
15.91

Chao (1963}
Meyer (1978}

10.69*

37.3

Dunn et al. (1978}

10.89*

37.9

Dunn et a1 . (1977a)

11 .34*

26.76

Dunn et al. (1977b}

4.33*
351
32
1. 13± .02

17.62

Jarosewich (private comm.}

2.20
2.25
2.25

I

Nation a 1 Bureau of Standards;
Al 2o3 by electron probe (JSC}

Li as Li 20, wt. %.

*B as

o

B2 3 , wt. %.

lltn using these glasses as ion-probe standards, we have violated the explicit caveat
that these standards are certified only as bulk samples. However, the NBS provisional
certification forB was made by a track technique, i.e., a microscopic, surface technique.
Since our measurements show that the B/Al ratio is homogeneous across the surface of our
NBS samples, we have included these samples in our group of standards.
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prepared by Corning for the National Bureau of Standards.
was also used by Weller et

~·

This sample

(1978) as a standard forB analyses.

Unfortunately its B isotopic composition is as yet undetermined.
Experimental Procedures
The ion microprobe measurements reported here were taken between
the fall of 1977 and the spring of 1979.

These results were taken

during several separate runs which were calibrated individually with
the appropriate standards.

The operating conditions were kept as

close as possible to a set of standard conditions.

. an energy of 16 .6 KV.
was 16 o- w1th
on the sample approximately
within a mineral of EK-1-07.

30~

The primary beam

The beam was focused into a spot

in diameter which was easily placed

The primary beam current was lna.

The

secondary beam was tuned using the electrostatic deflection plates in
front of the detector.

Tuning of the secondary lenses and electro-

static sector strived for flat top peaks and maximum transmission.
A multichannel scalar was used to record the mass ranges swept via
computer control and the data were stored on magnetic tape.

A cold

plate- lcm above the sample surface was kept at liquid nitrogen ternperatures to condense residual gases in the sputtered area.

Operation

without this cold plate results in larger interferences, especially
hydrides.

Data was corrected for backround and the instrumental dead

time of 178 nsec.

All samples were sputter cleaned prior to data col-

lection in order to remove surface contamination.

Electrostatic de-

flection plates above the sample were supplied with variable voltages
to "raster" the primary beam over an area of the sample larger than

18

the beam spot.

When the voltages to the deflection plates were fixed

(i.e. grounded) the beam was placed within the rastered area and data
collection began.
The ion microprobe measurements of EK-1-07 were of two distinct
types; the Mg isotopic and Al/Mg measurements, and the measurement
of the isotopes of Li, Be, and B.

I would next like to discuss the

details of these measurements and data reduction individually.
Mg-Al Analyses
The Mg isotopic composition and Mg/Al ratios were measured in EK1-07 to determine the presence of a 26 Mg excess and establish its
correlation with the Mg/Al ratio.

My experimental procedures are sim-

ilar to those reported by Bradley et

~·

Phinney (1978) in the JSC laboratory.

(1978) and Macdougall and

The mass range

21.5~

28.5 was

swept repeatedly while the spectra were added; the resultant spectra
is shown in Figure 3.

The measurement of this large mass range allows

the direct monitoring of mass interferences which can contribute to
the magnesium peaks.

In addition, the major element peaks of 23 Na, 24 Mg,

27 Al, and 28 si can be monitored for compositional variations.

The rela-

tive internsities of these peaks change initially on a spot but become
constant after the sputtering conditions become constant.

The mass 22

peak is due to 44 ca+ 2 , a relatively abundant species since Ca is a major
element in my samples and its ionization potential is low.
token one expects 48 ca+ 2 to interfere at mass 24.
composition of Ca from

R~ssell

et

~·

Taking the isotopic

(1978) and monitoring the mass

22 peak, this mass 24 interference can be corrected for.
was always

<

1% of the mass 24 peak.

For the same

This correction

27
24

25

26

~

8

H

23

U)

z

~

8

zH
z

0

H

t.'J

0
...:1

22

MASS NUMBER

Figure 3.

Mass spectrum for Mg-Al analysis.
1-'
1.0
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As shown in Bradley et

~·

(1978), the ratio plates in front of the

detector cause diffuse scattering peaks - + 3amu from a major element
peak.

The largest interference of this type is due to the Na scattered

peak in Lake County Plagioclase at mass 26.

However by using a 20mil

collector slit, this smoothly varying interference peak can be corrected
for during the backr.ound subtraction.

This mass 26 scattering peak is

much lower in EK-1-07 since the inclusion is low in Na, but a 20mil slit
was nevertheless used to maintain identical experimental conditions.
The scattering peak of 27 Al at mass 24 is present in every sample, but
can also be subtracted with the backround.
Other possible interferences are Ti+ 2 and hydrides.
be monitored at mass 24.5 which arises from 49Ti+2.

Ti+ 2 peaks can

No peaks were seen

at this mass and no correction for possible 48Ti+2 and 50Ti+2 interferences has been made.

Hydrides will form with almost any atom sputtered

by combination with residual H20 in the sample chamber.

The effects of

hydrides is most noticeable from enhanced 25Mgj24Mg ratios when the sample chamber pressure is raised.

At operating pressures of < 2 x lo-7

torr, the hydride formation, hence interferences, are negligable.

How-

ever the first few measurements on a sample are always discarded because
of possible interferences from hydrides (and other contaminant producing
interferences) formed on the surface.

All samples (especially EK-1-07

are inherently free of water which can cause hydride formation.

Si iso-

topic measurements are as yet impossible by ion microprobe because of
large hydride interferences.

21
Li, Be, and B Analyses
The Li, Be, B analyses were done simultaneously by sweeping the
magnet from peak to peak under computer control.

The magnet current

was jumped between peaks to maximize the data collection efficiency.
The resultant spectra is shown in Figure 4.
at high resolution

These analyses were done

(~-~ 500) by placing a lOmil slit before the de-

tector in order to separate interferences, specifically 12 c+2 at amu =
6, 30si+3 at amu = 10, and 27Al+ 3 at amu = 9.

Peaks are corrected

for the backround which is always smoothly varying under the peaks.
For the standard analyses, the 27 Al+ peak is included in the peak
jumping sequence.

In EK-1-07 this proved impossible since the dynamic

range from the light isotope signals to the 27Al+ peak was too great.
The 27Al+ 3 peak at amu = 9 was used for the normalization of the EK-107 analyses.

The Al+ 3/Al+ ratio was determined by a separate experi-

ment.
The results of the standard analyses for relative sensitivity determination are shown in Figure 5.

The (x; 27Al)t rue ratio has been

computed from the given concentrations listed in Table 2.

A curve of

the form ln(x; 27 Al)true =a ln(x; 27 Al)measured + b was then fit to the
data for each element.
Li

a = .9669

Be

a _1

B

a= .974

The parameters obtained for the standards are:
±

±

.0067

.025

b = -.487

±

b = 1. 592

± • 093

b = 1.96

The quoted errors are lcr uncertainties.
slope

,

= 1 since

I had only two standards.

±

.044

.18

The Be curve was fixed with a
A general observation is
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Figure 5. Plot of ion microprobe abundance
standards in Table 2. The numbers adjacent
to the data points correspond to the following
samples: 1, Pacaya anorthite; 2, STD#2; 3,
Bediasite B-84; 4, Bediasite b-90; 5, KREEP
Glass; 6, Elbaite; 7, Liddicoatite; 8, NBS
614 Glass; 9, NBS 612 Glass; 10, NBS 610 Glass;
11, Uvite.

Table 3.

Mg isotopic composition and 27 Al/ 24 Mg 1n EK-1-07 by ion microprobe
Sample

t.(24)%
25

t.(24)%
26

27 A1-/24Mg

lake County
Plagioclase
EK-1-07
Spinel
Pyroxene
Mel il ite #1
Mel il ite #2
Anorthite

+0.16±.40

+0.04±.57

234±9

+0.81±.43
+0.69±.41
+0.31±.32
-0.08±.38
+0.68±.42

+0.42±.46 2.21±.06
+0.12±.48 2.11±.17
+0.12±.40 2.54±.03
+0.89±.37 10.12±.24
+6.84±.75 133±6

Data are normalized to 25 Mg! 24 Mg = .12663; 26 Mg! 24 Mg
Catanzaro ~tsl. (1966). Uncertainties are 2 omean·

= .13932

N

0\
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that the ion microprobe is more sensitive for Li than Al, less for
Be, and even less for B.

The Li points all lie within errors (de-

rived from repeat analyses, but too small to show in Figure 5) of
the line except for the tourmalines and the spondumenene in which
Li is a major element.

This indicates that relative sensitivity is

a valid method for abundance determinations, at least for low levels
of Li.

In the minerals where Li is a major element matrix effects

(the effects of other elements and the crystal structure) cause variations in the relative sensitivity.

The situation forB is complica-

ted by the errors in the 11 true 11 values; several of the abundances in
Table 2 have been reported to only one significant figure (e.g. the
bediasites).

A more controlled suite of standards is needed to improve

the accuracy of the B determinations.

RESULTS
Mg-Al Results
Table 3 is a summary of the Mg-Al results for the terrestrial
Mg isotopic standard Lake County Plagioclase and the minerals of
EK-1-07 shown in Figure 1.
b.

The Mg isotopic ratios are reported as

values,
b.

( N24 )

= 100

(~Mg;;;Mg)sample

[ (~ Mg/ ~~ Mg) norma 1

The normal values are taken from Catanzaro et
uncertainties are

±

2 Omean for

mult~ple

~·

(1966).

The

measurements on each sample.

Lake County Plagioclase was measured repeatedly throughout the experiment as a check on the reproducability and consistency of the experiment.

The values for Lake County Plagioclase magnesium composition are

a grand average of all the measurements of that sample.

Since the

composition is close to terrestrial, no corrections for mass discrimination have been made to the data. (This is not always the case.)
The consistency of the results with the known terrestrial compositions
leads one to conclude that our data reduction is correct, that there are
no unaccounted interferences, and that the ion microprobe is capable of
accurately measuring Mg isotopic composition.
The EK-1-07 mineral phase with the lowest Mg concentration, the
anorthite, has a large excess of 26Mg.

The phases with large amounts

of Mg show little or no excess 26 Mg.
In order to use the data in Table 2 to derive an isochron, the
elemental ratio 27Al; 24 Mg must be calibrated; that is, the ion microprobe
25

27
must be calibrated for sensitivity differences between Mg and Al.

For

Lake County Plagioclase, the ratio 27 Al; 24 Mg was determined to be 227
± 6 based on electron probe results for Al20 3 and isotope dilution for

Mg (Meyer, personal communication).
234 ± 9 obtained by ion probe.

This agrees well with the value of

Bradley et

~-

(1978) measured a value

of 240 ± 20 on the JSC ion microprobe which is also in agreement.
Therefore, no corrections for sensitivity has been made to the data.
The isochron for EK-1-07 minerals is shown in Figure 6.

1
5

17
f~!:i)m::s ::~d (: ( ~~~;)

The line

t0

where to is the time of solidification.

The ordinate intercept is the

26Mg;24Mg ratio at to, the normal composition.
for the Allende inclusion is 5.1 ± .6 x 10-5.

The value of (26Al; 27Al)ta
The amount of 26 Al present

in EK-l-07 at to many be slightly higher than that in WA.

Several other

Allende inclusions have been found with isocrons similar to WA by the ion
microprobe group at Chicago (Hutcheon et

~-· 197~.

In conclusion

it is clear that EK-1-07 has a significant excess of 26 Mg in anorthite.
This 26 Mg excess is correlated with 27 Al; 24 Mg and is alledgedly due to
the presence of live 26 Al at a level found in several other Allende inelusions.
Li and B isotopic Results
Li and B isotopic results are tabulated in Tables 4 and 5 respectively.

The data are 9iven in the 6-value representation
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Figure 6· Mg-Al isochron for inclusion EK-1-07.
line is from inclusion WA (Lee et al, 1977)
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Table 4.

Li isotopic compositions* in minerals of EK-1-07
and Li isotopic standard (STD 2).

Sample
EK-1-07
Mel il ite #1
Pyroxene
Spinels
#1
#2
#3
#4
#5
#6
#7
All EK-l-071f
STO #2

All STD #211

!1(6)%

NT

-2.8
+0.2

1

7

1

-5 .8±1 . 9 2
-5.6±10.0 4
-5.1 ±0. 9 2
-1.4±8.4 2
-1.2±4.5 2
-2.4±5.8 2
-7.3±8.3 2
-4.0±2.5
-0.1±1.2
+ .9±6.3
-0.2
+0. 9±3 .2
+1.2±5.3
-1.8
-0.3±1.9

18

0.0±0.9

29

12

2
1

2
2
1
9

*Normalized to average 7Li/ 6Li ratio (=12.33) in STD2. Uncertainties
are+ 2o
:for multiple determinations.
mean
'Number of determinations.
II
Mean value.
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Table 5.

B isotopic compositions* in minerals of EK-1-07
and B isotopic standard (NBS 612).

Sample
EK-107 Spinels
5
8
9

All Spinels II

f1(10)%
11

0

Nt

+4.6
-5.3±7 .0
-3.0±4.8

1
5
3

-3.5±4.5

9

-0.2±1.6
+6.2

22
1
1

0.0±1.6

24

----

NBS 612
-1.9

All NBS 612 11

*~ormalized to average 11 st 10 B ratio .(=3.72) in NBS 612.
Uncertainties are +2crmean for multiple determinations.
tNumber of determinations.
UMean value.
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Figure 7. Lithium isotopic composition
for the minerals of Ek-1-07 and the terrestrial standard STD#2 ·
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Figure 8. Boron isotope composition of EK-1-07
spinels and the terrestrial standard NBS 612 •
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~(R)
X

=
The isotopic standards are STD 2

where X/R is
for Li and NBS 612 for B.

The large interference caused by 30 Si+ 3 in the inclusion's
silicates at amu
in those samples.

= 10

makes isotopic determinations of B very difficult

Consequently only B isotopic ratios from spinels

where Si is a trace element have been reported.

The Li and B isotopic

results are shown in Figures 7 and 8 respectively in the order of the
data collection.

Time is running downward.

Li, Be, and B Abundance Results
The ratios measured by the procedure described in the experimental
section are converted to abundances by the formula
Xppm

=

lAl (wt%)]

· [ X/Al]

x 104

The Al203 concentrations are those in Table 1.
The results are shown in Table 6.

Uncertainties are compounded

guadratically from uncertainties in the relative sensitivity corrections
and the variance in repeat analyses.

Additional untabulated uncertain-

ties are the variations in the Al+ 3;Al+l ratio, matrix effects, on the
errors in the electron probe results (small).

Using the modal mineral

composition of EK-1-07 determined by Nagasawa et

~·

(1977), bulk com-

positions for the inclusions may be obtained from the mineral results
in Table 4.

These abundances are Li 210ppb, Be 380ppb, and B 1.8ppm.

The lithium abundance of EK-1-07 is significantly below the bulk
value of Allende of 1.88 ± .05ppm reported by Nichiporuk and Moore

,
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Table6.

Li, Be, and B abundances in minerals
of Allende inclusion EK-1-07

Sample
Anorthite
Mel il i te #1
Meli1ite #2
Pyroxene
Spinel

Li, ppb+ Be, ppb +
70±9
127±13
340±40
429±34
244±32
66±17
177±32
170±47
<150*

B, ppm +
1 .60±0.57
2.00±0.67
1 .40±0.57
1 .70±0.75

+uncertainties are lo, compounded quadratically
from uncertainties in relative sensitivities
and the variance of multiple measurements for
each entrv. Two additional land untabulated) uncertainties
are +50% for matrix effects and + a factor of two for the
uncertainty in the 27Al+3/27Al+lratios used to obtain
these results.
·

*lo upper limit.

DISCUSSION
The Light Element Constraints
I have shown that inclusion EK-1-07 contained 26 Al at the time of
its formation.

In this same inclusion I have determined the concentra-

tions of the isotopes at Li, Be, and Bin the mineral phases of this same
inclusion.

What do these light element abundances say about the possible

modes of origin of the 26Al? These elements are very sensitive to nucleosynthetic environments.
When the inclusion formed, it incorporated aluminum from the gas
phase which contained 26 Al.

This process (whatever it was} constituted

a chemical fractionation which enriched the inclusion in refractory elements.

The chemistry of the light elements will determine the extent

which they will be incorporated in the inclusion during the formation
process.

We need to understand this chemical fractionation before we

can use the measured abundances in the inclusion to determine the amount
of the light elements in the gas phase concurrent with the aluminum.

To

this end, I have plotted the elemental abundances of a typical type B
inclusion, rationed to solar abundances in Figure 9.

Aluminum has been

used to normalize the abundances, so that one may see chemical fractionation with respect to it.

In general we see that the refractory elements

Ca, Ti, Sr, and Ce (representing the REE} are unfractionated with respect
to Al.

The alkalis Na, K, and Rb are severely depleted

clusions.

in type Bin-

The major rock forming elements Mg, Si, and Fe are also de-

pleted with respect to solar abundances in this inclusion.

These deple-

tions (chemical fractionations} may be caused by the relative volatility
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(1974).

Since the bulk value of Allende is similar to that of other

carbonaceous chondrites, it would appear that Li is depleted in type B
Driebus et

inclusions.

~·

(1976) reported a value of Li for an in-

clusion of 1.3 ± .4ppm which is significantly above my value.
Hutcheon et

~·

However

(1976) measured three inclusions by ion microprobe and

found little or no Li (< 50ppb).
~-

crepancy with Driebus et

Those authors suggested that the des-

(1976) could be reconciled if Li resided in

minor phases which they did not measure.
low values of Hutcheon et

~·

My results support the very

(1977) and further suggest that adhering

matrix material, minor phases, or contamination influenced the results
of Driebus et

~·

(1976).

My Be value for EK-1-07 of 380ppb is signi-

ficantly above the bulk value for Allende of 50
1974).

± 3ppb

(Quandt &Herr,

Enrichments of similar magnitude in the REE were observed in EK-

1-41 by Nagasawa et

~·

(1977) and many other type B inclusions.

Fur-

thermore the enrichment pattern for several of the REE is melilite >
pyroxene> anorthite which is the same as that for Be (Table 4).

There-

fore it appears that Be was a refractory element like the REE under the
conditions of type B inclusion formation.
Boron has been a notoriously difficult element to measure in low
quantities and its abundance in carbonaceous chondrites has long been
uncertain.

However, Weller et

~-

(1978) have recently done careful

abundance determinations of B by track techniques in carbonaceous chondrites.

They report the bulk Allende value to be 1.8ppm.

They were

careful to monitor contamination of various types, a major problem in
B analyses.

The ion probe analyses presented here are able to reduce the
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effects of contamination by sputter cleaning a sample prior to data
collection.

However our B abundance for EK-1-07 is very near the bulk

value of Weller et

!l·

(1978).

This is surprising because of the fact

that B is supposedly a volatile element.

An even more puzzling result

is that B shows no variations among the mineral phases.

This suggests

that the measured B is not indigenous to the inclusion, but was added
after formation.

Grossman and Ganapathy (1975) have suggested a similar

origin for other volatiles in Allende coarse-grained inclusions including, Na, Mn, and Cl. This suggest volatiles were added during metamorphism of the Allende parent body.

This addition of volatiles is

supposedly more uniformly distributed in the inclusion than elements
incorporated directly during inclusion formation.

However terrestrial

contamination is a more likely explanation for the B results in EK-1-07.
A more careful experimental procedure similar to Weller et

!l·

(1978)

to control terrestrial contamination must be done in order to obtain a
reliable value of the true B concentration in an inclusion.
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Figure 9. Elemental abundances in EK-1-07 divided by the solar abundances of
Ross and Aller (1976). Abundances are normalized to aluminum. Data for EK-1-07
are from this work except for K, Ru, and Sr (Martin and Mason, 1974) and Na, Fe,
and Ce (Nagasawa et al, 1976). The solar Li abundance is not used; the value
of Reeves (1974) for-young stars is used.
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Irradiation models.

Heymann and Dziczkaniec (1976) and Lee (1978)

have proposed models of an early solar system proton irradiation to
account for the live 26Al in Allende inclusions.

The reaction

26Mg(p,n) 26Al will build up the quantity of this isotpe until the
radioactive decays equal production (secular equilibrium).
half-lives of 26 Al are required to reach this condition.
models have several common features.

Several
These

They use differential proton

spectra of the form

E!£. = -kE-'Y
dE

<P

where

<P

= 0

E;::E 0
E<E 0

is the proton flux (in protons per square centimeter per second);

k is the normalization constant which determines the total number of
protons; E is the kinetic energy of the protons (in million of electron
volts};

y

is the spectral index which determines the steepness of the

spectra; and E0 is the low energy cutoff.
after those of stellar flares.

These spectra are modeled

The spectra are assumed to be indepen-

dent of time and the effects of passage through matter (deceleration,
elastic scattering, etc.) are ignored.

The total fluence of this

spectra will be equal to ¢>xt, where t is the duration of the irradiation in seconds.
In the model of Heymann and Dziczkanie (1976) t is several halflives of 26Al and E0

= 5 Mev.

The spectral index is allowed to take

on the values of 2.5, 3.5, &4.5, values typical of solar flares.
The value of k is then determined by the measured value of 26 Al; 26Mg in
the Allende inclusions.

,
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In the model of Lee (1978) the spectral index is 4.5 and the low
energy cutoff is 2 Mev.
(mass= 3 x 1025 g).

The irradiation is on a small parcel of gas

This parcel is then mixed with "normal" matter

in the ratio 1:19 to produce Allende type B inclusions (this ratio
comes from the exotic 160 component which the model also attempts to
explain).

The required proton fluence is 2.2 x 1025 protons/cm2 .

I have calculated the effects of these two models on the element
Li and Be by solving equations of the form
dAi

.

dt = -¢(act;) A; + ¢L:j Nj (aji)
where A; are the abundances of the isotopes 6Li, 7Li, and 9Be; Nj are
the important targets for the production of Li and Be (12c, 13c, 14 N,
and 16 o); (acty is the weighted cross section for the destruction of
isotope i; and ~j~are the weighted cross sections or the production
of isotope i from target j.

These cross sections are calculated by

numerical integration of the intergral
<a)=

~o a(E) c:I<PE dE
-~=E,------:.91--ddE=E;;.______
o dE

for each spectral index y.

Target abundances are from the solar abun-

dances tabulated by Ross and Aller (1976).

The relavent cross sections

have been experimentally determined; Phinney et

~

(1979) list the refer-

ences.
The resultant light isotopes will be a function of time and hence
the total fluence of protons.

Using the Be/Al ratio given above for

EK-1-07 to put an upper limit on the total fluence in the Heymann and
Dziczkaniec model, I derive 2.6 x 10 20 , 1.7 x 10 21 and 5.0 x 1021
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protons/cm2 for they= 2.5, 3.5, and 4.5 gases respectively.

For

the lithium constraint I have assumed the initial 7Li/6Li ratio to be
12.5.

The initial Li abundance is taken from the value for young stars

(Reeves, 1974; the Li abundance in the sun is two orders of magnitude
lower, presumably because of burning the sun itself).

The total pos-

sible fluences are the 6.0 x 1019, 2.8 x 10 20 , and 1.1 x 1o2l protons/
cm2 for the y = 2.5, 3.5, and 4.5 gases.

The proton fluences decuded

here are far to low to allow the 26Al;27Al ratio to build up to its
value in EK-1-07.

Therefore I conclude that the model of Heymann and

Dziczkaniec is unable to explain the presence of 26Al.
I will take a different approach to the model of Lee.
diation component will see 2.2 x 10 25 protons/cm2.
parcel of gas is mixed with the normal component.
predicts exact amounts of the light isotopes.

The irra-

Afterwards this
Therefore this model

Taking the normal com-

ponent to be Be free and possesing the initial Li composition as in the
Heymann and Dziczkaniec case, I predict that Be/Al will equal 6.5 x lo-6.
This is very close to the observed value and does not disallow the model.
However large amounts of Li will be made in the irradiated parcel with
7Li/6Li = 6.4.

Even when mixed with 95% normal matter the resulting iso-

topic composition of Li wi 11 be 7. 2, much 1ower than a11 owed by my measurements of EK-1-07.

I therefore conclude that the Lee model is also

unlikely.
Supernova Senario
Supernova explosions appear to make enough 26Al to explain the results
presented here (Arnett & Wefel, 1978; Morgan, 1979).

In addition a
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protons/cm2 for the y

=

2.5, 3.5, and 4.5 gases respectively.

For

the lithium constraint I have assumed the initial 7Li/6Li ratio to be
12.5.

The initial Li abundance is taken from the value for young stars

(Reeves, 1974; the Li abundance in the sun is two orders of magnitude
lower, presumably because of burning the sun itself).

The total pos-

sible fluences are the 6.0 x 10 19 , 2.8 x 10 20 , and 1.1 x 1021 protons/
cm2 for the

y =

2.5, 3.5, and 4.5 gases.

The proton fluences decuded

here are far to low to allow the 26A1;27Al ratio to build up to its
value in EK-1-07.

Therefore I conclude that the model of Heymann and

Dziczkaniec is unable to explain the presence of 26Al.
I will take a different approach to the model of Lee.
diation component will see 2.2 x 10 25 protons/cm2.
parcel of gas is mixed with the normal component.
predicts exact amounts of the light isotopes.

The irra-

Afterwards this
Therefore this model

Taking the normal com-

ponent to be Be free and possesing the initial Li composition as in the
Heymann and Dziczkaniec case, I predict that Be/Al will equal 6.5 x 10- 6.
This is very close to the observed value and does not disallow the model.
However large amounts of Li will be made in the irradiated parcel with
7Li/6Li

=

6.4.

Even when mixed with 95% normal matter the resulting iso-

topic composition of Li wi 11 be 7. 2, much 1ower than a 11 owed by my measurements of EK-1-07.

I therefore conclude that the Lee model is also

unlikely.
Supernova Senario
Supernova explosions appear to make enough 26Al to explain the results
presented here (Arnett & Wefel, 1978; Morgan, 1979).

In addition a
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supernova will make little if any light elements.

A supernova pro-

genitor, a massive star, will asterate the light isotopes by burning
them at low temperatures throughout the star (e.g., Li in the sun).
Recent work (Epstein et

~.

1976) has attempted to produce light iso-

topes during a supernova explosion, but the non-thermal conditions
required in the shock are not predicted by explosions calculated by
Weaver (1976).

Therefore the supernova component containing the 26Al

will have no light isotopes.

I conclude that the supernova origin of

26Al is compatible with the data presented here.
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