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Introduction and Background

Trace element abundances and abundance patterns in meteorites have proven to be
diagnostic indicators of

• nebular (Larimer and Anders, 1967) and parent body (Schnetzer and Philpotts, 1969)
fractionations,

• formation temperature (Keays et al., 1971),

• thermal metamorphism (Ikramuddin et al., 1977), and,

• co-genesis (Schaudy et al., 1972).

If comets are more primitive samples of the solar nebula than the meteorites, then trace
element abundances in the returned comet nucleus samples should be better indicators of
primitive solar nebula conditions than those of meteorites.

Comet nucleus samples are likely to consist of a mixture of ices and mineral grains. To
provide a complete picture of the elemental distributions, trace element abundance data
on the bulk material as well as separated mineral grains and ices will be required.

Some micrometeorites collected from the earth's stratosphere after atmospheric decel-
eration are likely to be samples of comets (Brownlee, 1985). Examination of the structure,
mineralogy and composition of micrometeorites provide an indication of properties to be
expected in the mineral component of the returned comet nucleus samples. The 5 to 50
/zm micrometeorites recovered from the stratosphere are generally aggregates of mineral
grains, predominantly olivine and pyroxene, typically smaller than 1 /un. Major element



analyses by analytical Transmission Electron Microscopy (TEM) show varying major ele-
ment compositions for nearby grains of the same mineral (Fraundorf, 1981). Bulk chemical
analyses with sampling volumes of order 1 /im show wide variations in major element com-
positions at adjacent spots on the same particle (Blanford et al., 1988).

The elemental heterogeneity of the cosmic dust particles is indicative of the variation
expected for comet nucleus material. Both major and trace element analyses on micron
and sub-micron mineral grain samples will be required for maximum information extrac-
tion. Analytical TEM and other approaches will permit major element analyses while
synchrotron radiation applications will provide one of the few possibilities for trace ele-
ment analysis of bulk material and individual grains as small as 1 Jim. The Synchrotron
X-ray Fluorescence (SXRF) Microprobe (Giauque et al., 1987; Jones et al., 1987) at the
National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, will be an
excellent instrument for non-destructive trace element analyses of cometary nucleus sam-
ples.

Analyses of individual, cometary mineral grains will complement currently active re-
search on micrometeorites collected from the stratosphere (Sutton and Flynn, 1988). Since
these micronieteorites are likely to sample both comets and asteroids (Brownlee, 1985),
the trace element abundance data on these particles will be valuable for comparison with
the returned comet nucleus samples. In addition, the proposed Space Station Cosmic Dust
Collection Facility (CDCF), scheduled for launch in 1996, is expected to collect particles
which can be identified as cometary on the basis of orbital elements. Trace element anal-
yses of CDCF particles, which should sample a variety of comets, will be available for
comparison with the grains from the comet nucleus sample return mission. Thus, a variety
of grains from a single couiet can be compared with samples of a variety of comets, giving
information on the diversity or similarity of the formation conditions among the members
of the cometary population.

Trace element analyses of as-received cometary nucleus material will also be possible
with this technique. Bulk analyses of relatively volatile elements will be important in
establishing comet formation conditions. However, as demonstrated for meteorites, mi-
croanalyses of individual phases in their petrographic context are crucial in defining the
histories of particular components in unequilibrated specimens. In-situ, high spatial res-
olution microanalyses will be essential in establishing host phases for these elements and
identifying terrestrial (collection/processing) overprints.

The relatively new technique of computed microtomography (CMT) is currently un-
der development and should be an extremely useful tool in the preliminary examination
of comet nucleus cores. Absorption and fluorescence imaging will provide density and
chemical distribution data in a non-destructive manner.

Present Analytical Capabilities

The present SXRF microp^obe is a simple, yet powerful, instrument in which specimens



are excited with filtered, continuum synchrotron radiation from a bending magnet on &
2.5 GeV, electron storage ring (Gordon et al., 1987; Hanson et al., 1987). X-ray beams
down to 20 micrometers are produced with a continuously adjustable collimator. X-ray
spectra are obtained m air with an energy dispersive Si(Li) detector. Detection limits
are near 1 ppm for v^-tually all elements above silicon using either K or L transitions.
The microprobe has been extensively applied to problems in the earth, biological and
materials sciences (Sutton et al., 1987; Jones and Pounds, 1987). Intense, high energy
x-ray excitation results in minimal energy deposition, unlike charged particle techniques
employed by electron, proton, and ion-microprobes.

Bulk Chemical Analyse*- The low energy deposition makes SXRF an attractive tech-
nique for analysis of volatile-rich, comet nucleus samples. The NSLS x-ray bending magnets
emit about 2x10" photons/sec between 3 and 30 keV into a 100 /im spot (200mA at 20
m from the source after 100 /xm Al filtering). A 100 fim thick, ice/silicate aggregate will
absorb only a few percent of these photons resulting in a total deposition rate of about
10"6 cal/sec. The corresponding power density is 10"10W///m3 compared to 10"4VT/^m3

for an electron microprobe (10 kV and 10 nA). Such a sample will have an effective ther-
mal conductivity of about 10"3 cal sec"1 cm"1 K"1 and can lose energy conductively at
a rate ten times greater than this deposition rate. Experiments on biological cells have
demonstrated the non-destructive nature of this technique (Jones and Pounds, 1987).

A refrigerated cell will be constructed to permit analyses at low temperatures. The
cell will consist essentially of an air tight housing with a cold stage. Thin windows (e.g.,
Be or Kapton) will be used to allow the incident synchrotron beam to enter the cell and
fluorescent x-rays to exit it. The cell will be continuously purged by ultrapure helium to
assist heat loss during analyses. The anticipated minimum detection limits for a 10 mg
cm"2 thick ice sample using the existing SXRF facility at the NSLS is near 1 ppm (figure
1).

Individual Grain Analyses- Trace element analyses have been performed on bulk cos-
mic dust particles, some less than 10 ^m, by Neutron Activation Analysis (Ganapathy
and Brownlee, 1979), Proton Induced X-Ray Emission (PIXE) (van der Stap et al., 1986),
and Synchrotron X-Ray Fluorescence (SXRF) (Sutton and Flynn, 1988). Of these, SXRF
offers the advantage of minimal energy deposition, permitting the analysis of individual,
volatile-rich grains leaving the samples virtually unaltered and available for further char-
actarization by other techniques. SXRF is presently capable of determining concentrations
in 20 fiin diameter cosmic dust particles for virtually all elements between S and Mo (Z =
16 to 42). A SXRF spectrum of a 30 fim, chondritic micrometeorite (W7027-C5) is shown
in figure 2. Details of this analysis are described by Sutton and Flynn (1989).

Computed Microtomography (CMT)- One of the most basic studies to be undertaken on
a returned comet nucleus sample is the "petrography", e.g. spatial relationships of mineral
phases and voids. X-ray computed microtomography (CMT) could be used to obtain this
information in a non-destructive manner with spatial resolutions below 5 microns, and the
capability for major and trace element analyses. Synchrotron radiation sources are ideal



for CMT because small (down to 1 ftm), intense x-ray beams can readily be produced,
and one can chose the x-ray energy to match the sample'• x-ray attenuation, a function
of size, composition and density. The basic principle is that measurements of the x-ray
transmission on a solid object at many different orientations can be used to reconstruct
the 2-dimensional variation in the linear attenuation coefficient. By measuring the x-ray
fluorescence of particular elements, rather than the transmitted flux, one can reconstruct
the elemental distribution. Developmental CMT research h currently underway at NSLS
X-26 (Spanne and Rivers, 1987) directed both toward biomedical research, e.g., tumor
therapy research, and materials science problems such as void distributions in ceramics.

For a solid water ice core which is 1 cm in diameter, the x-ray attenuation at 20 keV
is about 50% , which is ideal for CMT measurements. Excellent flux at this energy is
provided by current synchrotron sources such as the NSLS. Larger samples can be imaged
using higher energy sources, such as the Cornell High Energy Synchrotron Source, the
NSLS X-17 wiggler, or bending magnets on the proposed Advanced Photon Source at
Argonne National Laboratory. Samples of a few mm in diameter could be imaged for
major and trace elements with atomic numbers greater than Fe.

•
Anticipated Analytical Improvements

Several improvements of the NSLS microprobe will be made prior to the cometary
nucleus sample return mission that will greatly enhance the sensitivity of the technique.
First, a focusing mirror will increase the photon flux at the specimen about 1000-fold.
Second, a monochromator on the incident beam will allow selective elemental excitation.
Third, a wavelength dispersive detector will improve energy resolution.

In addition, advanced synchrotron radiation sources will come on-line. A supercon-
ducting wiggler insertion device will be commissioned at NSLS (X17) during 1989 offering
more intense and higher energy x-radiation than the bending magnets. The availability of
high flux at x-ray energies above 50 keV will allow efficient K excitation of high atomic
number elements such as REE and platinum group elements. A major advance will occur
in 1995 with the commissioning of the Advanced Photon Source (APS) at Argonne Na-
tional Laboratory (Rivers, 1988). The low emittance, high energy undulators on this 7-8
GeV, positron storage ring will be ideal for an x-ray microprobe in the 5-40 KeV range
with micrometer resolution and better than 100 ppb elemental sensitivity (Sutton et al.,
1988).

With these improvements, the sensitivity of SXRF analysis will increase by more than
an order of magnitude by the middle of the 1990's. Thus trace element analysis of individual
micron-sized grains should be possible by the time of the comet nucleus sample return
mission. The estimated elemental detection limits for a 10 mg cm"J thick ice sample using
either the APS bending magnet or the APS wiggler A are compared with those using the
NSLS bending magnet in Figure 1.



Sampling Recommendations

Sample collection, delivery, and curation must be accomplished in a manner to avoid
contamination with even trace amounts of the elements to be analysed. The present SXRF
sensitivity for micrometeorite analysis is of order of 10 fg. Improvements in sensitivity
will require sample contamination substantially below this level. Sample collection and
handling equipment should be constructed from materials selected for ultra-high purity. A
coring technique which preserves the inherent structure of the comet nucleus is also crucial.
CMT analyses will only be informative if intergranular relationships are retained.
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Figure Captions

Figure 1: Estimated mininum detection limits (elements from Z=12 to 38) for a 10
mg/cm1 thick ice sample with 3 different synchrotron radiation sources- the NSLS bending
magnet currently in use, the APS bending magnet and the APS wiggler A.

Figure 2: Synchrotron x-ray fluorescence spectrum for a 30 /im chondritic particle
(W7027-C5) obtained at NSLS beamline X26A with 170 pm Al on Si(Li) detector (30
min. acquisition). Energies less than 9 keV are plotted logarithmic while those above 9
keV are linear. Kr fluorescence derives from the air along the incident beam path. The Fe
escape peak is labelled "esc".
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