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Abstract

We detected additional CAl-like material in STARDUST mission samples of comet 81P/Wild 2. Two highly refractory
cometary dust fragments were identified in the impact track 110 [C2012, 0, 110, 0, 0] by applying high resolution synchrotron
induced confocal and conventional XRF analysis (HR SR-XRF). The use of a polycapillary lens in front of the detector for
confocal spectroscopy dramatically improves the fidelity of particle measurements by removing contribution from the sur-
rounding aerogel. The high spatial resolution (300 x 300 nm?; 300 x 1000 nm?) obtained allowed the detailed non-destructive
in situ (trapped in aerogel) study of impacted grains at the sub-pm level.

For the two largest particles of the track, the terminal particle and a second particle along the impact track, Ca concen-
tration is up to 30 times higher than CI and Ti is enriched by a factor of 2 compared to CI. High resolution (HR) SR-XRF
mapping also reveals that the highest concentrations of Ca, Ti, Fe (and Ni) measured within each grain belongs to different
areas of the respective maps which indicate that the particles are composed of several chemically diverse mineral phases. This
is in agreement with the finding of a complex phase assemblage of highly refractory minerals in the first ever detected Stardust
mission CAI grain “Inti” of Track 25.

Principle component analysis (PCA) is a powerful tool for extracting the dominant mineral components and was applied to
the two grains indicating that regions in the terminal particle and the second particle are consistent with anorthite or grossite
and gehlenite, monticellite or Dmitryivanovite (CaAl,Oy), respectively.

Our new findings demonstrate that the HR SR-XRF with confocal geometry and PCA analysis is capable of identifying
CAl-like fragments without the need to extract particles from the aerogel matrix which is a time-consuming, complex and
destructive process.

Furthermore, the detection of new CAl-like fragments in the coma dust of comet 81P/Wild 2 strengthens the observation
that strong mixing effects and, therefore, mass transport before or during comet formation must have occurred at least up to
the region where Kuiper Belt comets formed (~30 AU).
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION close encounter with Jupiter and is believed to have origi-

nated in the Kuiper Belt. Comets were made up of relict

Comet 81P/Wild 2 is a Jupiter family comet (JFC) which material from the solar nebula and are believed to have
was gravitationally forced into its current orbit in 1974 by a not been (strongly) changed since, e.g., by thermal meta-
morphism or hydrous alteration. As a remnant from the
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phosphates and organic matter of solar and presolar origin
(Sandford et al., 2006; Zolensky et al., 2006; Rotundi et al.,
2008); most grains are expected to have escaped extensive
thermal processing in the solar nebula. Investigation of
Stardust mission material captured in several impact tracks
in silica aerogel collectors (Brownlee et al., 2006; Flynn
et al., 2006; Zolensky et al., 2006) has shown that, in con-
trast to these expectations, a large percentage of the im-
pacted mineral grains are high temperature crystalline
grains, such as forsteritic olivine, low Ca pyroxenes (Zo-
lensky et al., 2006), protoenstatite (Schmitz and Brenker,
2008) and Ca, Al-rich inclusions (CAI) (Brownlee et al.,
2006; Zolensky et al., 2006). Brownlee et al. (2006), McKe-
egan et al. (2006) and Zolensky et al. (2006) reported preli-
minary results about the first CAl-like material, named
“Inti”, found in Stardust mission impact tracks, which
was later studied in greater detail by Simon et al. (2008).
The grain “Inti” from Track 25 consists of several refrac-
tory minerals — V-bearing osbornite [(Ti,V)N], corundum,
probably perovskite, gehlenite, spinel, Ca-, Al-, Ti-rich
clinopyroxene, anorthite and FeS (Zolensky et al., 2006; Si-
mon et al., 2008). Simon et al. (2008) used several destruc-
tive and non-destructive techniques for determining the
mineralogy, chemistry and isotopic composition of the
grain. They reported striking similarities in mineralogy,
chemistry, Ti oxidation state and oxygen isotopic composi-
tion between “Inti” and common CAls that are found in
carbonaceous chondrites and are consistent with condensa-
tion from a cooling gas of solar composition.

CALIs are believed to have formed in the solar nebula by
condensation or high temperature processing of pre-con-
densed material, including evaporation, re-condensation
and melting (Amelin et al., 2002 and references within)
and are the oldest solid objects formed in the solar system
(4567.2 + 0.6 Ma; Amelin et al., 2002). They are typically
found in carbonaceous chondrites and are rare in ordinary
and enstatite chondrites. CAls are mineralogically domi-
nated by silicates and oxides that are enriched in Ca and
Al including corundum, hibonite, grossite, perovskite, spi-
nel and anorthite, also melilite and Ti-, Al-diopside (fassa-
ite). Grossman and Clark (1973) concluded that for
example titaniferous pyroxenes and melilites found in CAls
indicate an origin via condensation of solar nebula material
at temperatures of at least 1400 K. Solar nebula conden-
sates, however, are rare among CAls, which typically expe-
rienced a complex (multistage) history, including episodes
of processing within the solar nebula and after accretion
within the parent body like induced partial melting and sec-
ondary alteration (e.g., MacPherson and Davis, 1993;
Beckett et al., 2000; Grossman et al., 2002; MacPherson
et al., 2005).

The wide compositional range of crystalline olivine and
pyroxenes in Wild 2 suggests that they formed under vari-
able conditions (e.g., oxygen fugacity, temperature) and
possibly in different regions of the solar nebula (Zolensky
et al., 2000).

Thus, the presence of CAls and other high temperature
phases in Wild 2 indicate that large-scale transport of rocky
material must have occurred from the hot inner region of
the solar nebula to the cold outer parts (~30 AU) where

Kuiper Belt comets formed (Brownlee et al., 2006; McKee-
gan et al., 2006; Zolensky et al., 2006).

Here we present the detection of additional CAl-like
material found in the impact track 110 [C2012, 0, 110, 0,
0] a non-destructive technique. In the past, mineral identifi-
cation has been made mainly by extracting particles, slicing
them up and performing TEM (transmission electron
microscopy) analysis which is a time-consuming and com-
plex process. SR-XRF however, being a non-destructive
method, does not require special preparation of the impact
tracks and allows the analysis of crystalline grains without
extraction from the aerogel.

The analyzed impact track reveals at least 2 fragments
that are enriched in Ca and Ti. Since CAls are defined as
being Ca-, Al-rich inclusions, it is a major drawback of
the SR-XRF detection in ambient conditions that Al can-
not be measured. The chemical composition was quantified
applying the Fundamental Parameter Method (FPM) and
principle component analysis (PCA, Pearson, 1901). Re-
sults yield that the grain compositions in the studied regions
are close to anorthite (CaAl,Si,Og) or grossite (CaAl,O7)
and gehlenite (Ca,Al,SiO;), monticellite (CaMgSiO,4) or
Dmitryivanovite (CaAl,Oy), respectively. Our results are
in agreement with observations of the first Stardust CAI
“Inti”.

2. EXPERIMENTAL
2.1. Sample description

The impact track studied was received inside a keystone
which is a piece of dissected aerogel. The preparation was
following the technique described in Westphal et al.
(2004) at the Space Science Laboratory at University of
California at Berkley. For the cutting procedure micronee-
dles were used for extracting the whole impact track out of
the collector. Typically, 10 um of aerogel between the wall
of the impact track and the vertical cut is left. Keystones
were fragile and therefore fixed on self-supporting “micro-
forklifts” and mounted on a 1 mm-diameter glass needle.

The keystone analyzed in this study was extracted from
cell C2012 and contained a carrot shaped impact track
(Track 110) with an end particle (terminal particle, TP)
and several fragments along the wall of the track. The im-

fragments

Fig. 1. Stardust impact track 110 [C2012, 0, 100, 0, 0] with a total
length of approx. 180 um and a well defined TP at its end and
several larger (>1 pm) and smaller fragments along the wall of the
track.
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pact track has a total length of approximately 180 um
(Fig. 1).

2.2. Synchrotron radiation XRF set-up

The entire impact track 110 was analyzed with synchro-
tron radiation (SR) induced X-ray fluorescence (XRF) at
the European Synchrotron Radiation Facility (ESRF) in
Grenoble (France). The set-up was installed at the nano-
focussing beamline ID13. SR from second and third gener-
ation sources offer the possibility of non-destructive multi-
element analysis with high spatial resolution (see also: Schr-
oer et al., 2005) down to trace element concentrations with
relative detection limits (DL) at the sub-ppm range and
absolute DL below 1 fg.

The ID13 beamline has a 18 mm period in-vacuum und-
ulator X-ray source and is equipped with a liquid N, cooled
Si(1 1 1) double crystal monochromator. The excitation X-
ray energy of 12.7 keV combined with the detection in air
allowed the collection of fluorescence radiation of elements
between Si and Se. Thus, Al and Mg content cannot be
measured and Si was not quantified, in general, due to
the silica aerogel interference which is a severe limitation
in identifying minerals.

The incident X-ray beam size obtained was
300 x 1000 nm? at a flux of 9.7 x 10'° ph/s using two Be-
lenses and 300 x 300 nm?> with one Be-lens at a lower flux
of 3.9 x 10° ph/s. The fluorescence radiation was simulta-
neously collected in a confocal and a conventional detection
mode (Fig. 2) with an energy-dispersive Si(Li) detector and
a Vortex Si drift detector placed in a 90° geometry to reduce
background signals. The simultaneous collection enables us
to directly compare the result of both detection modes.

The confocal detection mode (KanngieBer et al., 2003;
Vincze et al., 2004; Brenker et al., 2005; Malzer, 2006) was
realized with a polycapillary half lens which was positioned
in the detection channel of a Vortex detector. The probing
volume depends on the acceptance of the polycapillary

Si-drift
detector

polycapillary
optical halflens ,

microscope )
p y Y 4

pin diode

XY, Z sample
stage

Si(Li) \
detector

Fig. 2. Sketch of the experimental set-up used at beamline ID13:
detection of the fluorescence radiation in a conventional (left) and
confocal (right) detection mode. The polycapillary in front of the
Si-drift detector defines the probing volume (indicated as a box) of
the sample (in confocal detection mode).

and is defined as the intersection of the focus of the half lens
with the incident nano X-ray beam. The working distance of
the half lens was only a few mm (<10 mm) and the accep-
tance full width at half maximum (FWHM) in the direction
perpendicular to the capillary was determined to be approx-
imately 19 pm for Fe-Ka. A clear advantage of this confocal
detection mode is that it strongly reduces the fluorescence
signal produced by the aerogel and its contaminants.

The sample, an aerogel “keystone” containing an impact
track with comet dust embedded along it, is mounted on a
glass—fiber on top of a so called nano cube to allow step
precision at the nm-scale. The keystone was moved through
the incident nano X-ray beam to perform large “overview”
XRF mappings along the impact track, detailed single grain
mappings and point analyses. Point measurements (300 s)
and scans over smaller areas (e.g., 3 X 3 um> up to
6 x 6 um?) were performed simultaneously in confocal
and conventional detection mode in order to compare sig-
nals that derived from the particle regions which contain
only little contribution of the aerogel (“real signal”) and
signals which include considerably more of the surrounding
aerogel due to the excitation of the aerogel in the beam path
before and after the particle.

2.3. Data evaluation

The first step of spectral evaluation was performed using
the AXIL software package (Vekemans et al., 1995) for ele-
mental identification and the determination of the net-line
intensities. The latter includes background subtraction
and the separation of overlapping fluorescence lines. The
elemental maps were created using the software package
MICROXRF2 (Vekemans et al., 1995) and PyMCA (Solé
et al., 2007).

The point measurements obtained in the confocal detec-
tion mode were quantified using a model based on the Fun-
damental Parameter Method (FPM; see Sherman, 1955),
which was modified to include the specific properties of
the confocal set-up (transmission, energy-dependent accep-
tance). The net-line intensity (/;,k,,) of an element can be de-
scribed by the following equation:

_ ace
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with:

I; x, = the Ka net line intensity of element i

I, = the intensity of the incoming beam

G = geometry factor

w; = the weight fraction of element / in the layer of
interest

0; k. = the XRF production cross section (em?/g) of Kot
photons for element i

T; K = polycapillary transmission coefficient for Ka
photons of element i

&;xq = detector efficiency for Ka photons of element i

I1.. and IIg,, = terms correcting for the absorption of
the incoming beam and fluorescence respectively, by the
sample and the surrounding air

= the density of the layer of interest

T ko = the acceptance (FWHM) of the polycapillary

for Ka photons of element i
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A corr.iace = absorption correction term for the fraction
of the layer of interest that lies within the detector
acceptance

This equation was constructed for measurements on
both the sample (#) and a standard (s), after which the ratio
of both was observed:

I%a I(M) GW(‘u)Qi Ko Ti.KaCi, Kun( Hfluop T?;éuAil:)Zrl ace
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Several terms can be cancelled out in the numerator and
denominator, yielding:
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The system of equations was then solved in an iterative
manner for all elements i, using software developed at the
XMI group (Gent University, Belgium), yielding the weight
fractions w;®.

A 93 um thick geological glass standard ATHO-G (Jo-
chum et al., 2000) with certified elemental concentrations
was used as the standard reference material for the FPM
quantification. The differences in thickness and composi-
tion of the sample and standard have been taken into ac-
count using the absorption correction terms Ao 7uce
and the Il and Il4,, terms that correct for absorption
in the sample and the surrounding air. A line scan of 11
points was performed with 30 s measurement time per
point, and the resulting normalized sum spectrum was used
to determine the elemental yields that are applied to the
normalized point spectra obtained from the Stardust grains.

Principle component analysis (PCA; Pearson, 1901) was
performed on the elemental concentrations (Ca, Ti, Fe, Ni)
obtained from the point spectra and compared to well
known Ca and Ti enriched mineral phases and minerals
formed in the condensation sequence. PCA is a technique
used to reduce multidimensional data sets to lower dimen-
sions for analysis by retaining the orthogonal linear combi-
nations of the original variables (principle components) in
the data set that contribute the most to the total variance
in the data set. It is mathematically defined as an orthogo-
nal linear transformation of the data to a new coordinate
system. Any projection of the data set on the first coordi-
nate has the greatest variance (first principal component,
PC1), the second largest variance on the second coordinate
(PC2), and so on. PCA is a useful statistical tool to reduce
the dimensionality of the data and therefore to summarize
the most important parts while simultaneously filtering
out noise. The description of the specific PCA method used
is given elsewhere (Vekemans et al., 1997).

3. RESULTS

The broad overview map (Fig. 3, step size =1 pm,
RT =0.5s, scanned area: 180 x 20 um?) of impact track
110 yields a terminal particle and at least four sub-particles
along the track which have been characterized and localized
by their Ca, Ti, Fe, Ni and Mn content. We identified two
Fe, Ni-rich fragments and a single Ti-rich particle, but the
most interesting observation are two Ca, Ti-rich grains (the

Arthur (TP) /K.‘Iarvin 20pm

Fig. 3. 2D XRF maps of the entire impact track 110 [C2012, 0,
100, 0, 0] for the elements Ca, Ti, Fe and Ni (all Ka-lines). The
terminal particle Arthur (far left) is characterized by elevated Ca,
Ti, Fe and Ni concentrations. The grain Marvin can be recognized
by elevated Ca, Ti and Fe signals. Along the track there are some
more fragments enriched in Fe and Ni. One fragment shows only Ti
signal. The entrance of the impact track is located at the far right.

TP and a particle along the track) at the end of the impact
track, which also show some local enrichment in Fe and Ni.

3.1. Comparison between confocal and conventional detection
mode

Previous SR-XRF measurements on Stardust impact
tracks (e.g., Flynn et al., 2006; Ishii et al., 2008; Lanzirotti
et al., 2008), which relied on conventional detection modes,
have suffered from aerogel contamination in the fluores-
cence signal. The use of confocal detection allows the sup-
pression of the fluorescence signal from the aerogel which
can be demonstrated in Fig. 4. Fig. 4 shows the comparison
of both conventional and confocal detection modes using
the Pt-La line as an example. In the “conventional” (upper)
map, several Pt-La hotspots are displayed in the 6 x 6 pm?>
sized map representing fluorescence signal that is not pro-
duced in the grain itself. The “confocal” (lower) map shows
that the signal of the Pt-La can be efficiently suppressed
with the smaller probing volume, demonstrating the colli-
mating effect of the polycapillary.

The corresponding sum spectra for the related scanned
area also illustrate the suppression of the surrounding aero-
gel which becomes obvious especially for the Se-Ko line but
also for As-Ko and Pt-La lines. The distribution of Se
around the particle representing compressed aerogel was re-
cently demonstrated by Silversmit et al. (2009). The use of
confocal detection mode therefore offers the advantage of
detecting fluorescence almost exclusively from the region
of interest (here: the particles). It is known that compacted
or molten aerogel around the grains lead to a relative in-
crease in concentrations of elements present in the aerogel
(Tsou et al., 2003).

3.2. FPM: concentrations obtained on CAl-like material

A severe limitation on identifying mineral phases using
XRF techniques is the strong absorption of Al, Mg and
O fluorescence radiation that makes it impossible to detect
these elements with the used set-up. Furthermore, the Si
content cannot be measured quantitatively due to interfer-
ence of the aerogel. Therefore, the interpretation of the data
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Fig. 4. (A) The comparison between the confocal and conventional detection mode shown for the two sum spectra demonstrating the efficient
suppression of signal from the surrounding aerogel (e.g., Se, As, Pt). The 2D XRF maps for the element Pt-Lo in the conventional (B) and
confocal (C) detection mode also show the advantage of the confocal mode by efficient suppression of the signal from the aerogel (size of XRF

maps is 6 x 6 pm?).

is mainly based on the Ca and Ti content revealing CAl-like
candidates. The detailed XRF analysis confirms the two
hotspots enriched in Ca and Ti.

The approximately 2 x 2 pm~ sized terminal particle
(TP, “Arthur”') and a second 1.5 x 1.5 ym? sized fragment
(hereafter: ““Marvin”) reveal Ca concentrations of a few
wt.% together with a slight enrichment in Ti.

The two-dimensional (2D) XRF maps obtained with the
confocal mode are shown in Fig. 5(A,B). The figures show
that the higher concentrations of the elements Ca, Ti, Fe
and Ni do not coincide, but overlap. This can be demon-
strated in a RGB plot (Fig. 5C,D) which clearly shows
the different positions for the elemental maxima. For the
TP Arthur, the highest concentrations of Ca and Ti have
different positions, whereas the Ca, Fe and Ni contents
seem to correlate. For the grain Marvin it can clearly been
seen that the highest concentrations of all three elements
Fe, Ti and Ca have different positions in the map and only
the lower concentrations of each element slightly overlap.

First order results from the FPM quantification of seven
point spectra (s66-s68, s73, s186, s191, s196) obtained in
the confocal detection mode from the two Ca-rich particles
(Marvin and Arthur) are listed in Table 1. Fig. 6 shows
three representative spectra of Arthur (s73) and Marvin
(s186, s196) for confocal and conventional detection mode.
For the FPM quantification, parameters like the particle
size, particle density and matrix have to be defined.

The particle size can easily be estimated using the 2D
XRF maps and measuring the mean diameter of the parti-
cles. A size of 2.0 pm for Arthur and 1.5 pm for Marvin was
used for the quantification model. One crucial step was the
approximation of the density of each particle. For the final
quantification, a mean density of 3.5 g/cm> was assumed. A
variation of density values between 3.0 g/cm® and 4.0 g/cm?®
was applied in order to estimate the maximum error intro-

2

! Particle names from “The hitchhiker’s guide to the galaxy” by
Douglas Adams.

duced for the FPM. The starting matrix was set to SiO, be-
cause CAIls are comprised primarily of silicate minerals.
Variation of the starting matrix of the model leads to much
smaller changes than varying the density and is therefore
considered only as second order effect (see Table 2). The
variation of the starting matrix, e.g., ALO; instead of
SiO,, leads to deviations in the quantification of less than
1%. The total error for the quantification method was esti-
mated to be up to 16%, dominated by the density of the
particle.

The results from the terminal particle Arthur (Table 1)
show that, except for one point measurement, all spectra
(s66-s68) yield low concentrations of the measured ele-
ments, most likely representing a SiO, (aerogel) matrix with
only minor enrichment of different elements. This might be
due to low count rates. An explanation could be that these
measurements were performed at the surface of the frag-
ments leading to a low amount of fluorescence radiation.
Only one point, measured under optimized conditions
(s73, Fig. 6A), shows a Ca, Ti, Fe and Ni enrichment. This
measurement was performed at the “hot spot”, the region
of highest count rate, reflecting that the fluorescence radia-
tion came from the total volume of the particle at this point.
The Ca concentration was calculated to 27 wt.% (Ti = 0.1,
Fe=2.58, Ni=0.12, Mn=0.14 wt.%) (Table 1). For
PCA, only this measurement was considered as representa-
tive for the TP.

The measurements of grain Marvin gave much better re-
sults due to higher counts in the confocal mode. Measure-
ment s186 represents a point spectrum from the Fe-rich
part of the phase (Fig. 6B); s191 was taken at the maximum
Ti concentration and s196 at the Ca maximum (Fig. 6C).
The Ca concentrations for s191 and s196 vary between 13
and 13.5 wt.%, Ti and Fe are approx. 1 wt.%. In compari-
son to Arthur, the Ni concentration is only 52 ppm at s196
and 140 ppm at s191. The point measurement s186 shows
lower concentrations for all elements: Ca=0.16,
Fe = 1.68, Ti and Ni 0.03 (all in wt.%) possibly representing
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Fig. 5. (Top) Confocal 2D XRF maps for the TP Arthur (A) and for the grain Marvin (B) for the elements Ca, Ti, Fe and Ni. The circles
indicate the spot measurement positions (not to scale). (Below) The RGB maps including the elements Ca, Ti and Fe show different hotspots
in elemental concentrations related to a polyphase mineral character. Especially for Marvin it is clear that the three elements are uncorrelated.

a different (Mg-, Al and/or Si-rich) mineral phase or an-
other measurement that was performed at the surface of
the grain revealing similar problems as for the TP (s66—s68).

The maximum error obtained for the FPM due to vari-
ation of the particle size (d), particle density (p) and the ma-

Table 1

Concentrations obtained for the terminal particle Arthur and the
grain Marvin using FPM (data in wt.% except for asterisks
representing data in ppm). Only the data of s73, s186, s191 and
8196 are used for PCA. Si and O are included due to the chosen
starting matrix.

Arthur concentrations Marvin
concentrations

s66 s67 s68 s73 s186 s191 s196
Ca 0.13 023 020 2742 0.17 12.97 13.45
Ti 1" " 13" 0.10  0.04 0.87 0.81
Cr 15" 14° 14 002 nd nd nd
Mn 13" 2" 16 0.14  0.05 0.13 0.12
Fe 62" 158" 103" 2.58 1.68 1.00 0.98
Co nd nd nd nd 85" 32" 57"
Ni 7" 8" 4 0.12 316 140" 527
Si 45.93 45.88 4590 32.02 45.09 39.10 38.93
(0] 53.92 53.86 53.88 37.59 5293 4590 45.70

nd = not detected.

trix parameters is listed in Table 2 where the variations are
shown with respect to the first column. The estimation of d
is the most critical parameter for the quantification model
and can result in deviations up to 25%, but fortunately it
can be eliminated by measuring the true particle size from
the 2D XRF map. Therefore the error of the quantification
model is dominated by the variation of the assumed density
alone, which is 15% for Ca, Ti and 16-16.5% for the other
elements. The variation of the starting matrix (assuming Al-
rich phases instead of Si-rich phases) leads to errors which
can be neglected with respect to the larger errors discussed
above.

The similarity of Arthur and Marvin with minerals that
are well known from the CAI condensation sequence like
hibonite, grossite, perovskite, Dmitryivanovite, gehlenite,
spinel, diopside/Ti-, Al-diopside (fassaite) etc. (see Fig. 7)
as well as additional mineral phases that are enriched in
Ca (e.g., wollastonite, augite) is explored by performing
PCA using the elements Ca, Ti, Fe and Ni. Si was avoided
due to possible interferences from the aerogel, and Al and
Mg cannot be measured with the applied SR-XRF set-up.
The elements Mn, Cr, Zn and Co may appear in different
reference minerals as trace elements but are not really indic-
ative of the identity of the host minerals.

The components PC1 and PC2 (Fig. 7) show the greatest
contribution to the variance in concentrations
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Fig. 6. Point spectra of the Arthur grain (s73) and the Marvin grain (s186, s196) in the conventional and confocal detection mode.
Measurements were performed simultaneously in both detection modes for 300s. The spectra of the confocal mode were used for
quantification based on Fundamental Parameter Methods.

(PC1 = 84.32%, PC2 = 10.82%), whereas the third compo- (high weight to PC2). The contribution of Fe and Ni to
nent has only a minor contribution of 4.86%. The PCI vs. PC1 and PC2 is negligible as shown in the loading plot (in-
PC2 plot is dominated by Ca (high weight to PC1) and Ti set of Fig. 7), indicating that the variance in the concentra-



5490 S. Schmitz et al./ Geochimica et Cosmochimica Acta 73 (2009) 5483-5492

Table 2

Maximum error for the FPM obtained on data from the Arthur grain. Error is based on the variation of the parameters d, p and the matrix.
Errors are shown with respect to the first (initial) column. The variation of d represents the most critical step for the quantification model but
can be eliminated by measuring the particle size in the 2D maps. Therefore, the error is dominated by the variation of the assumed density and

is 15% for Ca, Ti and 16-16.5% for the other elements.

Element Initial Varying d Varying p Varying matrix
wt.% wt.% A wt.% A wt.% A wt.% A

Ca 35.72 27.43 8.29 41.26 5.54 31.57 4.15 35.58 0.14
Ti 0.14 0.10 0.04 0.16 0.02 0.12 0.02 0.13 0.01
Cr 0.03 0.02 0.01 0.03 0.00 0.02 0.01 0.03 0.00
Mn 0.18 0.14 0.04 0.21 0.03 0.16 0.02 0.18 0.00
Fe 3.41 2.58 0.83 3.97 0.56 2.99 0.42 3.41 0.00
Ni 0.16 0.12 0.04 0.19 0.03 0.14 0.02 0.16 0.00
d (pm) 1.5 2.0 1.5 1.5 1.5

p (g/em®) 3.5 3.5 3.0 4.0 3.5

tion data can be explained mainly by the concentration
variations in Ca and Ti. The classification of Arthur and
Marvin as seen in Fig. 7 can then be easily understood in
the following way.

A Ca-trend line extends from point 6 (spinel) to point 16
(larnite) and separates the plot into fields of Ti-free and Ti-
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Fig. 7. The PCI vs. PC2 discrimination diagram for the elements
Ca, Ti, Fe and Ni shows Ca-rich minerals and minerals from the
condensation sequence in comparison to the Ca, Ti enriched grains
from track 110. The plot is dominated by Ca and Ti, whereas Fe
and Ni do not contribute much which can be also seen in the inset
of the plot (loading plot). The Ca, Ti composition of the terminal
particle Arthur is consistent to the composition of gehlenite,
monticellite and Dmitryivanovite (CaAl,O4). The measured posi-
tions of the grain Marvin (except for one point) are consistent with
anorthite or grossite.

bearing mineral phases. Minerals on the Ca-trend line are
Ti-free; each mineral which plots above contains Ti.
Although hedenbergite does not contain Ti it is shifted be-
low the line due to the higher Fe-content. A high Ti content
(upper half of the plot) would correspond to titanite or
perovskite; a high Ca value corresponds to Ca-rich phases,
e.g., gehlenite, rankinite or larnite. The inset of Fig. 7 (load-
ing plot) shows Fe and Ni in the left edge of the lower half
in the plot close to the origin of the coordinate system. As
mentioned before, Fe and Ni do not contribute much to the
PC1 vs. PC2 plot due to a small variation in the data set.
Also, minerals containing little to no Ca and Ti should
show up close to the origin of the plot (e.g., spinel). It is
interesting to see that the grouping of these minerals is pos-
sible on the basis of Ca and Ti.

The classification of the TP Arthur is limited to a single
measurement that has sufficient counts. Square s73 repre-
sents the maximum intensity obtained from the TP and
within error (represented by the arrows) it plots close to
points 4, 5 and 11. This means, that the Ca and Ti concen-
trations of the point s73 is similar to the Ca and Ti concen-
tration of gehlenite, monticellite or Dmitryivanovite that
lies at the maximum end of the error region. Table 3 shows
a direct comparison of the Ca, Ti and Fe concentrations of
these three minerals and Arthur. From comparison of the
Ca content Arthur is more consistent with gehlenite and
monticellite than with Dmitryivanovite. The stars s186,
s191 and s196 represent the grain Marvin. The stars s191
and s196 are close to the points 2 and 12 — grossite and

Table 3

Direct comparison of the Ca, Ti and Fe content of the Arthur and
Marvin grain with the “standard” minerals that fit best. All data
are given in wt.%.

Element s73 Monticellite  Gehlenite ~Dmitryivanovite
Ca 2742  25.61 29.23 23.94

Ti 0.10 0.00 0.00 0.00

Fe 2.58 0.00 0.00 0.00

Element s191 s196 Anorthite  Grossite

Ca 12.97 13.45 14.4 15.08

Ti 0.87 0.81 0.00 0.09

Fe 1.00 0.98 0.00 0.24
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anorthite. From the direct comparison of the Ca, Ti and Fe
content (Table 3) s191 and s196 are slightly more consistent
with the Ca content of anorthite than grossite although the
Ti and Fe concentrations are higher than the “standard”
minerals. Star s186 is close to the origin of the coordinate
system which indicates lower Ca, Ti concentration com-
pared to the two other points which is in agreement to
Table 1.

4. DISCUSSION AND CONCLUSIONS

Our work demonstrates the high potential of SR-XRF
to identify CAl-like fragments in Stardust impact tracks
without any complex, time-consuming, destructive sample
preparation. The non-destructive in situ (impact track cov-
ered with aerogel) technique protects the samples from any
contamination and allows the pre-selection of interesting
tracks for specific scientific questions. Before extracting
and preparing the grains, it is thus a good opportunity
for quantitative multi-elemental analyses down to the trace
element level. The keystone can be used afterwards for
other methods which need special preparation (e.g.,
TEM) and are (in most of the cases) destructive on at least
at the nm-scale (e.g., NanoSIMS, TOF-SIMS).

A high spatial resolution of some hundred nm (in best
cases less than 50 nm (Schroer et al., 2005)) can be obtained
with still sufficiently high photon flux on the ID13 beamline
at the ERSF. It is further demonstrated that by using a con-
focal set-up, it is possible to minimize the amount of fluo-
rescence signal from the surrounding aerogel matrix. Due
to the unequal distribution of impurities and compression
of the aerogel, the confocal mode provides the possibility
of extracting almost only the fluorescence radiation of the
grain itself.

Our SR-XRF results show that there are two CAl-like
fragments present in the impact track 110. Ca concentra-
tions of 13 and 27 wt.% are obtained in the Ca-rich regions
of the particles.

Applying PCA to discriminate the mineral phases sug-
gests that one fragment (TP) mainly is consistent with gehl-
enite, monticellite or Dmitryivanovite, whereas the second
particle is consistent with primarily anorthite or grossite.
Due to the high spatial resolution offered by the set-up, it
is possible to show that the fragments consist of several
chemically diverse mineral phases. The RGB maps
(Fig. 5C,D) illustrate that the highest concentrations for
the elements do not correlate. The polyphase nature of
the fragments is in agreement with the results from the Star-
dust CAI “Inti” which also shows a complex chemical
structure due to a mixture of several different mineral
phases.

At the entrance region of the impact track we detected a
Ti-rich fragment. It is less than several 100 nm in size which
makes the quantification more difficult. Within the XRF
spectrum only a very low Ca signal (only a few 100 counts)
with respect to the other measurements of Marvin or
Arthur is found. During penetration and deceleration of
the original impacting particle through the aerogel, the inci-
dent particle often breaks into several pieces and thus the Ti
phase at the entrance region of the track might be originally

part of the CAl-like fragments. In this case, likely candi-
dates for the grain are Ti-oxide (TiO,) or TiN. Osbornite
[(Ti,V)N] was also reported by Zolensky et al. (2006) and
Simon et al. (2008), as part of the Ca-, Al-rich inclusion
“Inti”.

A major drawback of the SR-XRF technique is the
problem that Al and Mg cannot be measured due to the
strong absorption of the fluorescence radiation by the aero-
gel matrix and the ambient measuring conditions and that
Si cannot be quantitatively measured due to interference
of the aerogel. Since CAIs are comprised of primarily sili-
cate minerals only Ca and Ti can be used as indicators
for CAl-like candidates. Nevertheless, this technique is a
first (non-destructive and easy) way in identifying those
candidates still in the aerogel. Afterwards, other techniques
that are more time-consuming and complex in sample prep-
aration (e.g., for TEM, NanoSIMS analysis) can be applied
to those particles. The second step is needed to confirm the
SR-XRF data.

The presence of additional CAl-like materials in comet
81P/Wild 2 samples strengthens the hypothesis that comets
are not formed in isolation in the cold icy region of the solar
system. Highly refractory minerals found in cold icy and
dusty objects, require a large-scale radial mixing in the pro-
toplanetary disk with a mass transport from the inner part
of the solar nebula to its outer parts. Gehlenite for example
would condense from a cooling gas of solar composition at
temperatures of >1600 K; anorthite at a slightly lower tem-
perature of 1416 K. Due to their formation temperature of
1400-2000 K, CAIs are believed to originate from very
close to the proto-Sun. Mixing processes must occur over
distances to at least 30 AU (A’Hearn, 2006) where short
period comets were formed in the Kuiper belt and refrac-
tory minerals were implanted.
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