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There has been considerable interest 
in the nature and sources of interplane- 
tary dust for many years. A prominent 
manifestation of interplanetary dust, the 
zodiacal glow, is due to scattered sun- 
light from a dust cloud concentrated in 
the plane of the ecliptic. Individual dust 
particles have lifetimes only on the order 
of 104 years. Destruction mechanisms in- 

fraction consists of particles larger than 
10 am (2). 

Major advances have been made in 
collecting and identifying interplanetary 
dust particles (3). The dust particles are 
collected on air sampling surfaces flown 
on NASA U-2 aircraft at an altitude of 20 
kilometers. Techniques for handling par- 
ticles as small as 5 am and for determin- 

Summary. The magnesium isotopic composition of some extraterrestrial dust parti- 
cles has been measured. The particles are believed to be samples of interplanetary 
dust, a significant fraction of which originated from the disaggregation of comets and 
may contain preserved isotopic anomalies. Improvements in mass spectrometric and 
sample preparation techniques have made it possible to measure the magnesium 
isotopic composition of the dust particles, which are typically 10 micrometers in size 
and contain on the order of 10-10 gram of magnesium. Of the 13 samples analyzed, 
nine have the terrestrial magnesium isotopic composition within 2 parts per thousand, 
and one shows isotopic mass fractionation of 1.1 percent per mass unit. A subset of 
the particles, described as chondritic aggregates, are very close to normal isotopic 
composition, but their normalized isotopic ratios appear to show nonlinear effects of 3 
to 4 parts per thousand, which is near the present limit of detection for samples of this 
size. The isotopic composition of calcium was also determined in one particle and 
found to be normal within 2 percent. It is clear that the isotopic composition of inter- 
planetary dust particles can be determined with good precision. Collection of dust 
particles during the earth's passage through a comet tail or an intense meteor stream 
may permit laboratory analysis of material from a known comet. 

elude erosion due to collisions and sput- 
tering by solar wind particles, as well as 

spiraling-in due to the Poynting-Robert- 
son effect. The cloud is maintained in a 

quasi-steady state by injection of fresh 
material from comets, asteroids, and the 
interstellar medium (1). Interplanetary 
dust particles micrometers in size enter 
the earth's atmosphere without melting, 
with a flux roughly of the order of - 10-' 
particle per square meter per second for 
particles 10 ,tm or larger. A significant 
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ing their morphological and chemical 
characteristics have been developed (4). 
The extraterrestrial nature of these parti- 
cles has now been well established, and 
they can be readily distinguished from 
terrestrial contaminants. Individual dust 

grains from the U-2 collections are in the 
size range 2 to 50 ptm, with masses typi- 
cally of the order of 10-9 gram. At pres- 
ent, the world's laboratory supply of this 
material is about 10-6 g. The small 
amount of material available has permit- 
ted morphological and chemical charac- 
terization but, until now, has precluded 
the measurement of isotopic composi- 
tions, as standard sample preparation 
and mass spectrometric techniques are 
inadequate for isotopic measurements on 
individual grains weighing only - 10-9 g. 
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The isotopic composition of small sam- 
ples in some cases can be measured with 
the ion microprobe; however, the accu- 
racy obtained has been in the percent 
range and there are substantial uncer- 
tainties because of the large number of 
molecular interferences and uncon- 
trolled mass fractionation effects in the 
sputtering process (5). 

The recently discovered isotopic 
anomalies in the calcium- and aluminum- 
rich high-temperature inclusions in the 
Allende meteorite show that variations 
in isotopic abundances, presumably dat- 
ing back to an isotopically heterogene- 
ous solar nebula, have been preserved in 
some meteorites. Two, so far unique, in- 
clusions from this meteorite are isotopi- 
cally anomalous in almost every element 
studied (6, 7). In addition, remains of 
now extinct 26A1 have been found in Al- 
rich phases as excesses in 26Mg (8, 9). 
Magnesium isotopic anomalies have also 
been found in the meteorites Leoville 
(10) and Murchison (11). It is clear that 
the isotopic imprints of nucleosynthetic 
sources that contributed to the material 
from which the solar system formed 
have not been completely obliterated; 
the record has been preserved in some 
meteorites. 

Interplanetary dust grains constitute a 
distinct class of solar system materials 
that may contain preserved isotopic ef- 
fects. There is considerable evidence 
that a significant fraction of interplane- 
tary dust originated from the gradual dis- 

aggregation of short-period comets (12). 
The existence of comet dust tails is proof 
that comets are copious producers of 
dust. The correlation of meteor showers 
with comets and the similar orbital pa- 
rameters of sporadic meteors and short- 
period comets suggest that comets are a 

significant and possibly the major source 
of interplanetary dust particles in the so- 
lar system (1). Studies of the luminosity 
and deceleration of some meteor streams 
in the earth's atmosphere indicate that 
some dust particles are fluffy objects of 
low density (- 1 g per cubic centi- 
meter). The precise isotopic analysis of 
cometary material is of particular inter- 
est because comets are believed to have 
aggregated at low temperatures at the 
outer fringes of the solar nebula and 
therefore may contain early solar system 
aggregates, condensates, or possibly 
presolar grains that were not vaporized 
during the formation of the solar system. 
Considering the isotopic anomalies re- 

cently discovered in meteorites, samples 
of cometary material are prime can- 
didates for a search for the solar nebula's 

original, and evidently heterogeneous, 
isotopic composition. This information 
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can provide new insights into the forma- 
tion and evolution of the solar nebula 
and the nature of the sources of nucleo- 
synthetic products. Because of the im- 
portance of this problem, we have devel- 
oped improved methods for isotopic 
analysis of microscopic particles. These 
techniques were applied to the magne- 
sium isotopic analysis of selected inter- 
planetary dust particles (IDP's). 

Experimental Procedures 

In this article we present magnesium 
isotopic data for 13 IDP's ranging in size 
from 10 to 30 g/m. The major element 
composition of IDP's consists of Si, Fe, 
Mg, S, 0, and C, which comprise more 
than 90 percent of the total mass, with 
lesser amounts of Na, Al, Ca, Ti, Ni, and 
Cr. The main difficulty in the isotopic 
analysis of the available IDP's is that a 
typical 10-/am particle contains only 
about 100 to 200 picograms (1 pg- 10-2g) 
of a major element such as Mg. Chem- 
ical separation is impractical because the 
amount of Mg introduced by contamina- 
tion in the separation procedures is at 
least a factor of 10 higher than the Mg 
content of the sample. The direct-loading 
technique developed for the analysis of 
lead in 10-11 g quantities (13) and for Mg 
(14, 15) is much more suitable for the 
analysis of microscopic samples. Pre- 
vious experiments have established that 
individual crystals directly placed on a 
filament and embedded in a matrix of sil- 
ica gel treated with H3P04 acid can be 
used as thermionic sources in a mass 
spectrometer and yield stable beams of 
Mg for precise isotopic analysis. The di- 
rect-loading technique has been used to 
analyze single crystals as small as 20 /um 
containing 10-9 g of Mg. The ionization 
efficiency for Mg (singly ionized Mg at 
the collector divided by total Mg on the 
filament) was estimated to be 10-4 (15). 
For a 100-pg Mg sample, this corre- 
sponds to a mean current of - 10-14 am- 
pere (for - 1 hour) and is close to the 
noise level of the amplifier system for a 
simple Faraday cup. Major improve- 
ments in the blank levels and in the ion- 
ization efficiency for the directly loaded 
samples were required for the present 
work before reliable isotopic analyses 
could be undertaken for Mg samples as 
small as 50 pg with a precision of a few 
parts in a thousand. 

After the IDP's were collected on U-2 
flights, the samples were processed at 
University of Washington laboratories 
and then transferred to our laboratory, 
where further morphological and chem- 
ical analyses were undertaken. After 
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Fig. 1. Continuous scan of the Mg mass spectrum on the mass spectrometer Faraday collector 
for mafic particle d (see Table 4). The 24Mg signal is 1.3 x 10-12 A. The bar marked 2.5 x 
10-14 A is the sensitivity corresponding to the base line. The spectral lines were scanned with a 
decrease in sensitivity by the factors indicated. 

these studies the samples were prepared 
for mass spectrometric analysis. The 
particles were handled dry, using elec- 
trolytically etched tungsten needles with 
tips 5 ,tm in diameter. The first three par- 
ticles were loaded into our standard V- 
shaped rhenium filaments, 3 millimeters 
long and about 0.4 millimeter deep. In 
order to decrease the amount of Mg due 
to laboratory contamination and possibly 
improve the ionization efficiency, a new 
type of filament was prepared. This con- 
sisted of a hemispherical dimple 200 ILm 
in diameter pressed into flat Re fila- 
ments. The filaments were loaded by us- 
ing a special mounting and heating fix- 
ture attached to an X-Y stage under a mi- 
croscope. Before a sample was loaded, 
the dimple was filled with - 50 tg of sili- 
ca gel and H3P04 acid from a micro- 
syringe attached to a micromanipulator. 
To improve the adhesion of silica gel to 
the Re, trace amounts of glucose and cit- 
ric acid solution (Tera "orange juice") 
were added. The grains were transferred 
from a glass microscope slide into the 
dimple with the tungsten needle attached 
to the micromanipulator. The particle 
was at all times in view under a micro- 
scope and the delivery and immersion of 
the particle into the wet silica gel-H3PO4 
mixture could be positively verified. The 
sample was then fused with the silica 
gel-H3P04 mixture and analyzed in the 
mass spectrometer. 

For a typical IDP sample a 24Mg beam 
greater than 10-12 A could be sustained 
for more than 2 hours. The ionization ef- 
ficiency for Mg achieved with the dimple 
filament is - 10-2, which represents a 
factor of 100 improvement in the sensi- 
tivity of the direct-loading technique. A 
mass spectrum obtained for a typical 
IDP is shown in Fig. 1. Except for Mg, 
the only other peak in the region of inter- 

est is the 27A1 peak, which was suffi- 
ciently weak for all IDP analyses that no 
scattered 27A1 background was detect- 
able in the mass 24 region (< 2 x 10-15 
amperes). For each sample analyzed, the 
data consisted of 150 to 250 individual ra- 
tio determinations from isotope mea- 
surements obtained in the cyclic order 
24Mg-25Mg-26Mg-24Mg. 

Contamination 

To test the procedures in the modified 
direct-loading technique and determine 
the beam stability and intensity obtain- 
able from samples with a Mg content on 
the order of 100 pg, terrestrial olivine 
grains (with normal isotopic composi- 
tion) and spinel and pyroxene crystals 
from the anomalous Allende inclusions 
EK1-4-1 and C-1 were analyzed. The 
data on the Allende samples are particu- 
larly useful because EK1-4-1 is fraction- 
ated by +20 per mil per mass unit and C- 
1 by 30 per mil per mass unit. Any con- 
tamination with Mg of terrestrial isotopic 
composition in the processing of EK1-4- 
1 and C-1 samples would result in a 
lower measured fractionation. For ex- 
ample, for C-1 a 33 percent addition of 
terrestrial Mg would reduce the mea- 
sured fractionation from 30 to 20 per mil 
per mass unit. In addition, after normal- 
ization for mass-dependent fractiona- 
tion, EK1-4-1 and C-1 have a deficiency 
in the 26Mg/24Mg ratio with 626Mg= 
-3.4 and -1.8 per mil, respectively (6). 
Therefore, analyses of small crystals 
from these samples can be used as in- 
dicators of overall laboratory con- 
tamination and of the resolution to be 
achieved in determining isotopic effects. 

Magnesium contamination was also 
determined independently by using a 
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Table 1. Magnesium contamination deter- 
mined by use of a 25Mg tracer. 

Mg 
contam- Method 

inant 
(Pg) 

Total procedure 1.5 
3.6 
3.5 

Excess glucose-citric acid 3.8 
mixture* 

Tungsten needlet 7.1 

*The amount used was 20 times the normal 
amount. tThe tip of the needle was heated in a 
dimple containing silica gel and H3PO4. 

tracer solution with a known content of 
separated 25Mg. In this case, a procedur- 
al blank was measured by repeating 
every step in the processing and loading 
of small crystals except that a measured 
amount of the 25Mg tracer solution was 
substituted for the actual crystal. Magne- 
sium blanks were also determined for the 
glucose-citric acid mixture and the tung- 
sten needle tip. The data for the various 
blank determinations are listed in Table 1 
and the results are summarized below. 

With the 25Mg tracer, (i) the total mea- 
sured procedural blank ranged from 2 to 
4 pg; (ii) addition of excessive glucose- 
citric acid mixture had an insignificant 
effect on the Mg blank; and (iii) pro- 
longed heating of the tungsten needle in 
the silica gel-H3PO4 mixture introduced 
roughly as much Mg as in the total blank. 
However, contact between the needle 
and the filament in the actual loading of 
crystals is minimal and takes place at 
room temperature. 

With the C-l samples, small (6 to 13 

/tm) spinel and pyroxene grains were 
characterized in a scanning electron mi- 
croscope (SEM) and their volumes were 
determined. The data are shown in Table 
2, where the column labeled "fractiona- 
tion" represents the fractional deviation 
of the directly measured average 25Mg/ 
24Mg ratio for the sample from the grand 
mean value of 25Mg/24Mg = 0.12475 for 
terrestrial samples (8). The 826Mg col- 
umn represents the fractional deviation 
of the 26Mg/24Mg ratio from the terrestrial 
value of 0.139805 after correction for 
mass-dependent fractionation by use of 
the measured 25Mg/24Mg ratio (see foot- 
note in Table 2). Inherent fractionation 
effects (A) appear as nonzero entries in 
the fractionation column, and any non- 
linear effects (such as excess 26Mg from 
26A1 decay or anomalous nuclear com- 
ponents at mass 24, 25, or 26) appear as 
nonzero entries in the 826Mg column. 

The first two entries in Table 2 are for 
pyroxene grains, which were relatively 
large (= 10 A/m) and contained roughly 
100 pg of Mg. Within errors, there is no 
shift from the expected fractionation val- 
ue of 30 per mil per mass unit. The next 
three grains analyzed were spinels with 
Mg contents of 80, 60, and 20 pg, respec- 
tively. Within the errors, the fractiona- 
tion data for these grains also show no 
effects due to contamination. An upper 
limit can be estimated from the uncer- 
tainties in the analysis of the smallest 
grain. For a fractionation value as low as 
24.5 per mil we obtain a blank limit of 3 
pg, which is consistent with the blank de- 
termined with the 25Mg tracer. The tech- 
nique of using EK1-4-1 and C-1 cannot 
be applied to even smaller samples be- 

Table 2. Magnesium contamination and sensitivity to nonlinear effects for individual crystals. 

Fraction- 
Mg ationt 826Mg 

Sample Size* con- A (Mi/ Mg blank? + 2l Sample A 
(25uMg/ + 

1 -12g) 2? (ALm) tentt 24g) ? 2- (l g) (per mil) 
(112 g) (per mil) 

Allende inclusions 
C-l pyroxene 10 100 29 ? 1 -1.1 + 2.5 

13 130 28 + 1 4 -2.0 + 2.8 
C-1 spinel 9 80 30 ? 1 -2.3 + 3.0 

8 60 31 ? 1 -2.2 + 2.5 
6 20 34 + 9 3 -3 +20 

EK1-4-1 spinel 22 1000 20 + 1 -3.5 + 2.0 
13 160 19.5 ? 0.4 -3.7 + 0.6 
11 100 18.9 + 0.4 -3.4 + 0.6 
10 75 19.6 + 0.5 -3.9 ? 0.8 

Terrestrial standards# 0 + 2 0 + 2 

*Typical crystal dimension were determined from the SEM image. tThe Mg content was estimated from 
the volume of each crystal. tA(25Mg/24Mg) = [(25Mg/24Mg)M/0. 12475 - 1] x 103 where M denotes the raw 
measured ratio and 25Mg/24Mg = 0.12475 is the grand mean value for terrestrial samples used for normal- 
ization. The corresponding grand mean value for raw measured 26Mg/24Mg is 0.13569. ?Upper limit calcu- 
lation from C-l with A (25Mg/24Mg)avg = 30 + 2 per mil. IICorrected (c) for fractionation according to 
(26Mg/24Mg)C = (26Mg/24Mg)M/a2, where a (25Mg/24Mg)M/0.12663; the normal (N) (25Mg/24Mg)N 0.12663 is 
that reported by Catanzaro and Murphy (22). ?S26Mg = [(26Mg/24Mg)o/0.139805 - 1] x 103. The value 
0.139805 is obtained by correction for fractionation of the grand mean for the raw measured 26Mg/24Mg = 0.13569 
for terrestrial samples. A bias of +1.5 per mil was added to 826Mg for each sample of EK1-4-1 and C-l 
because of the presence of a reflected 27A1 beam during analysis of these samples. #Directly loaded 
olivine crystals. 
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Fig. 2. Scanning electron micrograph of a 
chondritic aggregate consisting of many indi- 
vidual grains in a fluffy porous structure (par- 
ticle d in Table 4). 

cause of the diminishing signal levels and 
corresponding decrease in the precision 
of the data. For the 6-,/m spinel (20 pg of 
Mg), the 2or (2 standard deviations) mean 
error determined for the fractionation 
value is at the 10 per mil level. The small- 
est Mg content of the IDP's analyzed 
was about 100 pg, and the Mg blank con- 
tribution for this worst case is less than 5 
percent. The blank levels obtained pre- 
viously for directly loaded samples were 
of the order of 50 pg (15)-a factor of 10 
higher than the present levels. 

Resolution of Isotopic Effects 

The analyses of crystals from the Al- 
lende inclusions C-l and EK1-4-1 as well 
as the repeat analyses of terrestrial sam- 
ples show that the expected fractionation 
effects are well resolved for samples as 
small as 100 pg. Differences in fractiona- 
tion of 5 per mil per mass unit are clearly 
resolvable. By comparison, for larger 
samples the resolution in fractionation is 
2 to 3 per mil per mass unit (8). 

The EK1-4-1 samples have a nonlinear 
effect of -3.4 per mil in 826Mg and pro- 
vide a test for the precision obtainable 
when the direct-loading technique with 
the dimple filament is used for Mg 
amounts of the order of 10-10 g. How- 
ever, in contrast to IDP's, EK1-4-1 crys- 
tals have substantial amounts of 27A1, 
which result in high 27Al signals and a re- 
flected 27A1 beam under the 24Mg peak 
(15). Extensive tests have shown that the 
reflected beam results in about a -1.5 
per mil offset in the 826Mg value, essen- 
tially independent of the intensity of the 
27Al beam beyond a certain threshold. At 
this level of precision the fractionation 
effects do not seem to be affected by the 
high 27A1 beam. Results of isotopic anal- 
yses of EK1-4-1 spinel grains are listed in 
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Fig. 3. Scanning electron micrograph of a 
mafic IDP. The particle consists of a single 
crystal of forsteritic olivine covered with fine- 
grained debris. The chemical composition of 
the surface debris is chondritic and is similar 
in morphology to the chondritic aggregate in 
Fig. 2. 

Table 2; a + 1.5 per mil bias was added to 
the measured 826Mg value for these sam- 
ples. It is evident that for samples with 
100 to 200 pg of Mg the expected 826Mg 
value can be reasonably well reproduced 
in all cases. This shows that isotopic 
anomalies of the order of 3 to 4 per mil 
can be resolved, with the present tech- 
niques, for samples as small as 100 pg. In 
contrast, the analyses of C-1 samples 
(Table 2) show that the present tech- 
niques are not precise enough to resolve 
the -1.8 per mil shift in 826Mg, as the er- 
rors are of the same order as the magni- 
tude of the effect. We note that the + 1.5 
per mil correction was applied only to 
the C-1 and EK1-4-1 samples that 
showed high Al+/Mg+ ratios during mass 
spectrometer runs; no such corrections 
were applied for the other analyses re- 
ported here. 

Description of the Interplanetary 

Dust Particles 

The particles were collected on plates 
covered with a thin layer of viscous sili- 
cone oil. Before isotopic analysis the 
particles were washed with xylene or 
hexane to remove traces of silicone oil, 
handled with glass and tungsten needles, 
and coated with palladium films 100 
angstroms thick. All of the particles were 
characterized optically and with an SEM 
equipped with an energy-dispersive 
x-ray detector. X-ray diffraction patterns 
were obtained for a few particles, using 
a 28.6-mm Debye-Scherrer vacuum 
camera. The particles analyzed can be 
grouped into three categories-chon- 
dritic aggregates, mafic particles, and 
spheres-based on morphology and on 
elemental and mineralogical composi- 
tion. The three types are briefly de- 
scribed below. 

Chondritic aggregates. These com- 
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prise the bulk of the extraterrestrial mi- 
crometeorites recovered from the U-2 
collection plates. They are black, opaque 
aggregates of amorphous material and 
grains ranging in size from less than 100 
A to several micrometers. A typical 10- 
Aum particle contains more than 1 million 
submicrometer grains in a loosely bound 
structure that is highly porous for some 
particles and compact for others. Trans- 
mission electron microscope studies of 
crushed particles reveal that some of the 
submicrometer grains are single miner- 
als, while others are themselves aggre- 
gates of grains smaller than 50 A embed- 
ded in amorphous material. The fine- 
scale structures of typical IDP chondritic 
aggregates are morphologically distinct 
from the crumpled fibrous matrix materi- 
al observed in C1 and C2 carbonaceous 
chondrites (16). However, the elemental 
abundance of these IDP aggregate parti- 
cles is chondritic-that is, they contain 
Si, Mg, Fe, S, Na, Al, Ca, Ni, Cr, and 
Mn in proportions similar to those found 
in chondritic meteorites (see Table 3). 
They are thus called "chondritic aggre- 
gates" based on this chemical similarity, 
although they do not appear to be samples 
of typical chondrites. A representative 
sample consisting of several chondritic 
aggregates was analyzed for 4He content 
(17), and some were found to have large 
concentrations of solar wind 4He. The 
high 4He retention together with the 
loosely compacted and fragile appear- 
ance is evidence against significant heat- 
ing during atmospheric entry and rules 
out their being meteoritic ablation frag- 
ments. An SEM image of a chondritic ag- 
gregate particle analyzed for Mg isotopic 
composition is shown in Fig. 2. 

Mafic particles. The particles in this 
category were selected because they 
were largely monomineralic and because 
of their greater size and Mg content. 
They are either single crystals or poly- 

Fig. 4. Scanning electron micrograph of a 
spherical IDP. The Mg analysis of this particle 
showed an isotopic fractionation of 11 per mil 
per mass unit. The spheres are enriched in 
Mg, Al, and Ca relative to other types of 
IDP's. The surface blebs on this specimen are 
free of adhering matter except for some that 
are enriched in iron. 

crystalline aggregates of grains several 
micrometers in size, often of forsteritic 
olivine. The particles are transparent, 
but many have clumps of micrometer 
and submicrometer opaque grains adher- 
ing to their surfaces. The chemical com- 
position of these clumps is chondritic. 
Most of the particles are either forsteritic 
olivine or enstatite, although one particle 
is apparently a mixture of olivine and 
calcium-rich pyroxenes and is covered 
with nickel-rich troilite. Mineral phases 
are inferred on the basis of chemical 
composition as determined by the SEM 
analysis. These mafic particles differ 
considerably in composition from the 
more common IDP's, which typically are 
black, porous aggregates of a variety of 
fine-grained crystalline and amorphous 
materials. The chondritic surface coat- 
ings on the mafic particles imply that at 
one time they were embedded in a mate- 

Table 3. Chemical composition (ratio by weight, relative to Si) of interplanetary dust particles. 

Chondritic Mafic Cl chondrites? Element Sphere s 
aggregate* particlet Sphere Bulk Matrix 

Na 0.04 0.16 0.03 0.10 0.013 
Mg 0.74 0.68 1.33 0.89 0.80 
Al 0.06 0.04 0.17 0.10 0.09 
Si 1.00 1.00 1.00 1.00 1.00 
S 0.40 0.15 0.003 0.53 0.15 
K . 0.01 0.00.01 0.015 
Ca 0.07 0.07 0.26 0.10 0.015 
Ti 0.01 0.005 0.002 
Cr 0.02 0.04 0.019 0.022 
Mn 0.03 0.02 0.017 0.009 
Fe 1.25 1.19 0.01 1.72 1.07 
Ni 0.08 0.04 0.09 0.10 

*Average composition for thirteen particles reported by Brownlee (3). tChemical composition of mafic 
particle e in Table 4. tChemical composition of sphere a in Table 4. ?Mean composition of C1 carbo- 
naceous chondrites in bulk and for the fine-grained matrix material, from McSween and Richardson (20). 
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rial similar to either the carbonaceous 
chondrite matrix or the slightly different 
material that composes the more com- 
mon chondritic aggregates. An SEM im- 
age of a typical mafic particle is shown in 
Fig. 3. The elemental composition of a 
mafic particle that is a polycrystalline ag- 
gregate is given in Table 3. 

Spheres. Rare spheres of enigmatic 

Interplanetary 
dust particles 

Fractionation 
A (25Mg/24Mg) per mil 

0 10 20 

origin have been consistently collected 
during the entire U-2 air sampling pro- 
gram. The spheres are not of chondritic 
composition and do not contain surficial 
chondritic debris. Relative to chondritic 
abundances, they are enriched in Mg, 
Ca, Al, and Ti by factors of as much as 3 
and depleted in sulfur (Table 3). Of the 
three spheres analyzed, two were trans- 

26Mg per mil 

0 10 

Mafic a lV l1T 
b t-1 t 

.c. lio1l 

Spheres a I0 K0 

c I 1 

t I I... 
Chondritic a 
aggregates b l0-4 

c 1 I 
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Fig. 5. Magnesium isotopic 
composition of the IDP's. 
Fractionation and 826Mg are 
explained in Table 2. Bands 
of + 2 per mil around the 
A (25Mg/24Mg) = 0 and 626Mg 
= 0 axes represent the resolu- 
tion limits for the direct-load- 
ing techniques described here. 
The sphere shows large mass 
fractionation but no nonlinear 
effect. The chondritic aggre- 
gate analyses fall slightly to 
the right of the 26Mg = ? 2 
per mil band. 

Table 4. Magnesium isotopic composition of interplanetary dust particles, lunar orange and 
green glass, and terrestrial standards. Column headings are explained in Table 2. 

Fraction- 
Mg ation 26Mg 

Sample* Sze content A (25Mg/ + 2o- 
(AMm) (10-9 g) 24Mg) ? 2o- (per mil) 

(per mil) 

Interplanetary dust particles 
Mafic particles 

a 22 4.5 -0.8 + 1.4 1.7 ? 2.3 
b 12 1 -1.2 + 2.8 2.6 + 3.1 
c 23 3 -0.9 + 0.4 -0.6 + 0.4 
d 13 0.6 -0.7 + 1.1 0.3 + 2.3 
e 20 0.5 -0.6 + 0.9 1.4 + 2.0 
f 10 0.1 0.3 - 0.7 -0.5 ? 1.6 

Spheres 
a 10 0.1 11.3 + 0.9 0.5 + 2.0 
b 11 0.1 -2.7 ? 1.5 3.5 + 2.5 
c 16 0.3 0.3 + 0.8 0.6 + 1.5 

Chondritic aggregates 
a 20 0.4 -0.8 + 0.6 3.2 + 1.1 
b 15 0.2 2.2 + 1.3 1.0 + 2.8 
c 30 0.8 -1.9 + 0.5 4.0 + 0.8 
d 20 0.4 0.5 + 0.7 3.5 + 1.1 

Lunar orange glass 
a 15 0.6 0.5 + 0.9 0.0 + 2 
b 30 5 -1.7 + 0.4 0.1 + 0.6 

Lunar green glass 
a 80 95 -2.0 + 0.2 -2.0 + 0.2 
b 70 60 -0.5 + 0.6 -1.2 + 0.5 
c 100 190 1.7 + 0.2 -1.7 + 0.2 
dt 180 150i 0.1 + 0.1 -0.6 ? 0.2 
et 170 150t 0.5 + 0.2 0.2 + 0.3 
ft 200 130t 0.6 ? 0.2 -0.7 + 0.2 
g? 210 130t 1.1 + 0.2 -0.5 + 0.2 

Terrestrial olivine standards 
a 20 4 0.8 + 0.9 -0.2 + 1.5 
b 18 3 -1.0 + 0.8 -0.4 + 1.6 
c 80 180 1.4 + 0.1 -0.3 + 0.2 

*All the samples, unless otherwise indicated, were directly loaded. tChemically separated samples. 
tAmount of Mg loaded on filament. 
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parent and had very low iron contents; 
the third was black and contained iron in 
roughly chondritic abundance. The iron- 
rich sphere contained several microme- 
ter-sized magnetite grains. An SEM im- 
age of one of the spheres analyzed is 
shown in Fig. 4. The spheres may be me- 
teor ablation particles, objects produced 
in space, or terrestrial particles, although 
because of their large fall speeds, 10-/am 
terrestrial particles are exceedingly rare 
in the stratosphere. The only contami- 
nants that are similar in morphological 
character in the U-2 collections are 
aluminum oxide spheres produced in sol- 
id-fuel rocket exhaust, but these are 
rarely as large as 10 ,um (18). 

Representative results of chemical 
analyses for each type of IDP are shown 
in Table 3. The data were obtained by 
quantitative energy-dispersive x-ray 
analyses. Spectral line areas were deter- 
mined by a least-squares fit to standards. 
Elemental abundances were computed 
relative to silicon by using the Arm- 
strong-Buseck particle program (19), 
which performs absorption, fluores- 
cence, and atomic number corrections 
for unsectioned particles. The IDP's 
contain significant amounts of oxygen 
and carbon which cannot be detected by 
x-ray analyses. The mean chemical com- 
positions of the bulk and the fine-grained 
matrix of Cl carbonaceous meteorites 
(20) are given in Table 3 for comparison. 

Results for Interplanetary Dust Particles 

The Mg isotopic data for IDP's, 
grouped according to morphological 
type, are shown in Table 4 and Fig. 5. 
We looked for two distinct types of ef- 
fects-mass fractionation and nonlinear 
isotopic anomalies. The raw values of 
the average 25Mg/24Mg were used to cal- 
culate a fractionation value for each ex- 
periment. The dashed lines in Fig. 5 rep- 
resent a +2 per mil band for shifts in 
25Mg/24Mg, and we believe that any frac- 
tionation effects within this band are not 
significant as they reflect the range of in- 
strumental fractionation effects. Consid- 
ering the small sample sizes for all of the 
IDP's analyzed, as well as the fact that 
only a single analysis could be done for 
each particle, anomalous isotopic effects 
have to be larger than a few per mil to be 
detected. In general, the quality of the 
data may vary depending on the ion 
beam intensity and stability during a par- 
ticular analysis. The experiments with 
EK1-4-1 spinels described in the pre- 
vious section show that effects of 3 to 4 

per mil can be clearly resolved for the 
better runs with uncertainties of - +0.6 
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mass fractionation. Large black ellipses are the error envelopes representing the means of ten individual ratios for all data sets (6). The small open 
ellipses represent the 2- mean error envelopes of the grand means of each experiment. Fig. 7 (right). Correlation diagram of 25Mg/24Mg versus 
26Mg/24Mg for all the data obtained on subnanogram Mg samples (except for the highly fractionated sphere). Each point represents the mean of ten 
individual ratios. All the data lie in an envelope bounded by 25Mg/24Mg = +3.5 per mil and 26Mg/24Mg = ?7 per mil along a mass fractionation 
line of slope 0.5 through terrestrial normal Mg. The data for the chondritic aggregates are offset downward or to the right of the fractionation line. 

per mil. The +2 per mil band bracketing 
626Mg = 0 in Fig. 5 represents a reason- 
able limit beyond which anomalous ef- 
fects can be distinguished, depending on 
the precision of the data. The isotopic re- 
sults are described below for each mor- 
phological type. 

Mafic crystals. These were chosen pri- 
marily for their size and single-crystal 
nature. Six of these particles had Mg 
contents ranging from 0.1 to 4.5 nano- 
grams. The first three particles listed in 
Table 4 were analyzed on Re V-shaped 
filaments with lower sensitivity and con- 
sequently show larger errors relative to 
sample size. The fractionation data for 
all the mafic grains show no resolvable 
effects and lie within the +2 per mil 
band. Similarly, no effects are observed 
in 826Mg, and all the points, except one 
that has relatively large errors, lie within 
the +2 per mil band. The isotopic com- 
position of the Mg in the mafic IDP's so 
far analyzed is therefore indistinguish- 
able from that of terrestrial Mg. 

Spheres. The first sphere analyzed 
showed a fractionation effect of 11 per 
mil per mass unit and a normal 826Mg 
value (see Fig. 6). This is the first IDP 
sphere listed in Table 4. Two other 
spheres, chemically and morphologically 
similar to the first one (except for the dif- 
ference in iron content) show no effects 
in either A(25Mg/24Mg) or 826Mg. An 
SEM image of the anomalous sphere is 
shown in Fig. 4. 

Chondritic aggregates. Four of these 
particles had Mg contents ranging from 2 
ng to 80 pg. All have fractionation values 
within the normal range, but all except 
one show statistically significant ex- 
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cesses in 826Mg ranging from 3.2 to 4 per 
mil. An SEM image of one of these 
anomalous particles is shown in Fig. 2. 

All the data for the terrestrial stan- 
dards and IDP's, with the exception of 
the fractionated Mg sphere, are shown in 
Fig. 7 as the measured raw 25Mg/24Mg ra- 
tio versus the measured raw 26Mg/24Mg 
ratio. Each data point represents the 
mean of a set of ten sequential ratios. In 
general, 15 to 20 such sets were obtained 
for each sample. The maximum scatter 
in 25Mg/24Mg and 26Mg/24Mg is +3.5 and 
+7 per mil, respectively. All the data are 
scattered around the mass fractionation 
line for normal Mg except the points for 
the fluffy aggregates, which are displaced 
from this line. It should be pointed out 
that the mean values given for each 
sample (see Table 4) are the statistical 
averages of 150 to 200 individual ratio 
measurements and the 2o- mean errors 
show a much smaller spread than the 
range of scatter shown in Fig. 7. These 
results suggest that reliable data may be 
obtained by the direct-loading method to 
a precision of - 1 percent for samples 
containing - 10-12 g of Mg if it becomes 
possible to decrease laboratory contami- 
nation. 

Calcium Analyses 

It was previously demonstrated that 
for directly loaded samples, simultane- 
ous beams of magnesium and calcium 
can be obtained (14, 15). The IDP's con- 
tain small amounts of Ca (- 1 percent) 
and during the experiments described 
here large Ca beams (- 10-11 to 5 x 

10-10 A) were observed during Mg runs. 
No attempt was made to investigate the 
optimum operating conditions or the 
long-term stability of Ca beams. How- 
ever, some data for the three most abun- 
dant calcium isotopes, 40Ca, 42Ca, and 
44Ca, were obtained during three runs: 
two for samples of C-l pyroxene (- 300 
pg of Ca) and one for a mafic particle 
(sample e in Table 4) containing 50 pg of 
Ca. All these samples gave raw 40Ca/44Ca 
ratios between 46.0 and 46.7, which are 
indistinguishable from the terrestrial val- 
ues under standard operating conditions 
to within 2 percent. After normalization 
for mass-dependent fractionation, all 
three samples had 42Ca/44Ca ratios be- 
tween 0.3098 to 0.3160, within - 1 per- 
cent of the terrestrial value. The 2cr 
mean error for the data ranged from 
about 2 percent for the C-1 pyroxene to 
about 4 percent for the IDP. The ioniza- 
tion efficiency for Ca was estimated to be 
- 0.1, which is a factor of 100 better 
than that obtained for large samples. It is 
clear that with some care, data on Ca and 
Mg in IDP's can be obtained simultane- 
ously. A further investigation to deter- 
mine the optimum operating conditions 
should improve the precision of the data 
substantially and extend the number of 
elements that can be analyzed by this 
method. 

Orange and Green Lunar Spheres 

Lunar green glass spheres from Apollo 
15 and orange glass spheres from Apollo 
17 were also analyzed. These samples 
were evidently formed as liquid droplets 
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and may have undergone substantial 
mass loss by volatilization. We analyzed 
samples of green and orange glass to 
search for possible fractionation effects 
in Mg. The data are listed in Table 4. The 
orange glass spheres show a normal Mg 
composition; fractionation and nonlinear 
effects are absent. The green glass 
spheres show no fractionation effects, 
but they appear to have negative values 
for 626Mg ranging from -1.2 to -2.0 per 
mil (samples a, b, and c in Table 4). The 
statistical precision of the data is better 
than that of the IDP data as more materi- 
al was available. However, previous 
analyses of macroscopic lunar samples 
did not show any evidence of Mg iso- 

topic anomalies (21). 
The negative 826Mg values obtained 

for the lunar green spheres are puzzling. 
The -1.2 to -2.0 per mil deviation is 
close to the -1.5 per mil offset that was 
observed for directly loaded samples 
with a higher Al content and was attrib- 
uted to a reflected 27A1 beam interfering 
with the 24Mg spectrum. However, the 
lunar green and orange spheres have a 

high Mg content and only small amounts 
of Al (< 2 percent). In all cases the Al 
beam was sufficiently weak that no re- 
flected beam was visible under the 24Mg 
peak. Furthermore, the orange spheres, 
which are chemically similar to the green 
spheres except for their high Ti content, 
do not show statistically significant de- 
viations from zero in 526Mg. Because of 
this problem, we analyzed terrestrial oli- 
vine with a low Al content. The data are 
listed in Table 4 and show no negative 
effects within the statistical accuracy 
quoted. In addition, some individual 

green glass balls were analyzed after 
chemical separation of Mg (d, e, f, and g 
in Table 4), and they also showed no 
clear evidence of a negative 826Mg. The 

problem appears to be unresolved at 

present, and further studies will be 
needed to improve our understanding of 
the procedures for analysis by the direct- 

loading method at this level of precision. 
Because these deviations of up to 2 per 
mil in the lunar green glasses may be arti- 
facts of the procedure, we infer that iso- 

topic effects at the 2 per mil level may 
not be well defined by the experimental 
methods at their current stage of devel- 

opment. We must therefore conclude 
that the positive nonlinear effects ob- 
served for the chondritic aggregates at 
the level of 3 to 4 per mil are suggestive 
but not clearly established. 

Discussion 

We have presented the first isotopic 
analyses of interplanetary dust particles. 

These are considered to be different from 
meteoritic materials and are thought to 
represent samples of cometary debris. 
The overriding constraint during the in- 
vestigation was the availability of only 
small amounts of material. It was dem- 
onstrated that individual samples as 
small as 5 to 10 /,m and weighing less 
than 10-9 g can be reliably handled and 
analyzed. Techniques developed in this 
work permit isotopic analyses with 10-10 

g of Mg (3 x 1011 atoms of 26Mg) to a 

precision of 2 parts per thousand. Labo- 
ratory Mg contamination was typically 4 

pg and comprises less than a few percent 
of the total Mg analyzed. The sensitivity 
achieved in mass spectrometric analysis 
for Mg is more than a factor of 100 better 
than that previously obtained. 

The data for the IDP's can be summa- 
rized as follows: (i) the isotopic composi- 
tion of the Mg in the mafic crystals is in- 
distinguishable from that of terrestrial 

Mg, (ii) one of the spheres is fractionated 
by 11 per mil per mass unit, (iii) the 
chondritic aggregates show no fractiona- 
tion effects and their isotopic composi- 
tions are very close to that of terrestrial 
Mg, (iv) three of the four chondritic ag- 
gregates have a statistically significant 
nonlinear anomaly near the limit of reso- 
lution, and (v) 40Ca, 42Ca, and 44Ca abun- 
dances are the same as the terrestrial val- 
ues within - 2 percent in one IDP. 

Data for the fractionated IDP sphere 
fall along a simple fractionation line for 
normal Mg; they are far outside the 

range of instrumental fractionation ef- 
fects and the range of fractionation for 
terrestrial samples (see Fig. 6). We con- 
clude that this grain was produced in a 

process that led to large isotopic frac- 
tionation. It is possible that the spherical 
shape of some of the IDP's is due to 

melting and ablation during atmospheric 
entry. The observed fractionation of 11 

per mil could have been induced at this 
time by a distillation process, which 
would require loss by volatilization of 
more than 20 percent of the Mg in the 

particle. Two other IDP spheres that are 
similar in both morphology and chemis- 

try to the fractionated sphere have a nor- 
mal Mg isotopic composition. Further- 
more, the lunar glass spheres do not 
show any fractionation effects. We infer 
that although the IDP sphere shows 

strong fractionation, a melting or vol- 
atilization process for small spherical 
particles does not, in general, produce 
significant isotopic separation. 

The chondritic aggregates show no 
fractionation but have statistically signif- 
icant positive values of 826Mg ranging 
from 3.2 to 4 per mil with a typical 2o- 
error of - 1 per mil. The results of the 

analyses of EK1-4-1 spinel grains listed 

in Table 2 show that nonlinear effects of 
the order of 3.5 per mil can be resolved, 
with the present techniques, for samples 
as small as 10-10 g. However, measure- 
ments of lunar glass spheres indicate that 
it is possible to obtain shifts of - 2 per 
mil by the direct-loading procedure that 
are absent in chemically separated sam- 
ples. No peculiarities in either the oper- 
ating conditions of the mass spectrome- 
ter or the mass spectra in the region of 
interest were observed during the experi- 
ments. Although convergence of the data 
for the chondritic aggregates to positive 
826Mg values is evident, it is possible that 
systematic effects due to the chemical 
composition of the particle can produce 
artifacts in the isotopic results at this 
level. 

If the deviations from normal in the 
chondritic aggregates are real, it is not 
possible to state which isotopes are in 
anomalous abundance. The results could 
be explained by an excess of 24Mg or 

26Mg or a deficiency of 25Mg. If the sug- 
gested effect is due to the decay of 
26A1, this implies an extremely high initi- 
al 26A1/27A1 ratio of - 10-2 (8-10). 

The mafic crystals are either single 
crystals or collections of a few large 
grains. They usually have clumps of 
chondritic material adhering to their sur- 
faces that are similar in morphology and 
chemistry to the constituents of the IDP 
chondritic aggregates, implying a close 
association between the two types. 
However, the mafic crystals have a nor- 
mal Mg isotopic composition and show 
no suggestion of either large fractiona- 
tion or nonlinear isotopic effects. 

In the continuing search for isotopic 
anomalies, there may be competition be- 
tween relatively precise measurements 
on "large" samples and less precise 
measurements on small samples. For ex- 

ample, there is only a hint of isotopic ef- 
fects in the IDP chondritic aggregates. 
The deviations in large (- 10 /m) sam- 

ples may be small (at the percent or per 
mil level) because the samples are aggre- 
gates of many primitive IDP's. It may 
therefore prove to be useful to investi- 

gate smaller (- 1 /am) particles at a much 
lower level of precision, but with the 

possibility of finding large (tens of per- 
cent) effects undiluted by a collection of 
numerous dust particles that may aver- 

age to normal isotopic composition. 
Some of the difficulty in interpreting 

isotopic effects in both interplanetary 
dust and meteorites is that the parent 
bodies of the samples are unknown. Lu- 
nar samples are the only extraterrestrial 
materials that have been analyzed whose 

parent body is certain. In this regard, it 
would be highly desirable to obtain sam- 

ples from a known comet. Short of a 



spacecraft sample return mission, this 
might be accomplished by using aircraft 
to collect debris from a large meteor fire- 
ball having a cometary orbit, or by col- 
lecting debris from some of the intense 
cometary showers that occur several 
times a century. Further improvements 
in experimental techniques and the avail- 
ability of larger quantities of IDP's can 
be expected to resolve more mysteries of 
the isotopic record that is preserved in 
early solar system debris. 
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