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ABSTRACT: We report laser ablation inductively coupled plasma
mass spectrometry measurements of the trace element contents of
the two naturally occurring quasicrystalline minerals, Al63Cu24Fe13
icosahedrite and Al71Ni24Fe5 decagonite, from their type locality in
the Khatyrka meteorite. The isolated quasicrystal fragments were
mounted separately from any matrix and are larger than the laser
beam diameter. When the elements are sorted in order of volatility,
a systematic and unique pattern emerges in both bulk natural
quasicrystal specimens. They are highly depleted compared to
primitive solar system materials (chondritic meteorites) in
moderately refractory elements (those with 50% condensation
temperatures near 1350−1300 K; V, Co, Mg, Cr) and significantly
enriched in moderately volatile elements (those with 50%
condensation temperatures between 1250 and 500 K; Sb, B, Ag, Sn, Bi). We compare the chondrite-normalized trace element
patterns and ratios of the quasicrystals to those of scoriaceous cosmic spherules and other meteoritic components. The
nonmonotonic shapes of the chondrite-normalized trace element patterns in both icosahedrite and decagonite are incompatible with
a single condensation process from the gas of the solar nebula. Previous transmission electron microscopy studies show that the
natural quasicrystals contain 3−5 vol % of silicate and oxide nanoparticle inclusions, which we consider to be the main host of the
measured trace elements. On this basis, we construct a three-stage model for the formation of the quasicrystals and their inclusions: a
high-temperature condensation stage and a low-temperature vapor-fractionation stage to make nanoparticles, followed by a third
stage that leads to the formation of quasicrystals incorporating the two different types of nanoparticles and their incorporation into
the CV chondrite parent body of the Khatyrka meteorite.
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■ INTRODUCTION

Khatyrka is a peculiar CV-type meteorite that contains
crystalline Cu−Al alloys.1 It also contains quasicrystals
(QCs), short for “quasiperiodic crystals”,2,3 materials well
studied for the last 35 years in the laboratory but exceedingly
rare in nature. In fact, Khatyrka is currently the only known
natural occurrence. QCs are built from quasiperiodic arrange-
ments of atoms and exhibit rotational symmetries forbidden to
ordinary crystals (e.g., fivefold). The origin of these unusual
metallic alloys is enigmatic as they contain metallic aluminum,
which forms under highly reducing conditions not normally
found in nature. Furthermore, the puzzling combination of
metallic aluminum, a refractory lithophile element, and copper,
a moderately volatile siderophile or chalcophile element, makes
these alloys even more mysterious. When first reported, a
plausible explanation was that the samples were byproducts of
some laboratory or industrial process, and indeed Ivanova et
al.4 argued for this hypothesis. Previous and successive studies,
however, provided compelling evidence that the quasicrystals
are natural and from a common meteoritic source, namely, (1)
14C-dating of material from undisturbed clay layers where
some of the samples were collected yielded 6.7−8.0 ka BP;1,5

(2) the Cu−Al metallic alloys were found to be intimately
intermixed with oxides/silicates with nonterrestrial oxygen
isotope composition;6 (3) clear evidence was found of high-
pressure-induced phase transitions requiring transient con-
ditions consistent with an asteroidal collision event, at least 5
GPa and 1200 °C, sufficient to melt and rapidly quench the
Al−Cu bearing alloys;7 (4) noble gas measurements confirmed
that the shock event reached pressure above 5 GPa and
occurred at least hundreds of million years ago;8 and (5)
robust petrographic and chemical evidence established that
some metallic alloy grains (including quasicrystals) found in
the samples predated the shocks.6,7 Moreover, the recent
discovery of a CO-type chondritic spherule from the Nubian
desert, Sudan,9 containing the same assemblage of aluminum,
iron, and copper and with a morphology remarkably similar to
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Khatyrka, provided further support and independent evidence
that these samples were formed in outer space. The Khatyrka
quasicrystals are currently suspected of having formed in the
early solar system through either condensation in the solar
nebula or by impact-induced shock metamorphism on the
Khatyrka parent body.6−8,10

To better understand the origin of these exotic phases and
the relationship of Khatyrka to other CV chondrites, we have
measured the trace element abundances of the two known
quasicrystalline minerals, icosahedrite,11,12 and decagonite.13,14

Remarkably, in spite of the fact that QCs appear homogeneous
at electron microprobe scale,1,11,12,15 electron microscope
(SEM, TEM) studies6,15,16 have demonstrated the occurrence
of silicate/oxide inclusions with particle sizes less than 10 nm
(Figure S1). These nanoparticles make up some 3−5% of the
quasicrystal volume and, as we shall see, appear to be the main
hosts of most of the trace element signatures presented in this
study.
This study is organized into two parts. First, the trace

element signature of the two natural QCs is compared with
those of other extraterrestrial objects and shown to have a
unique trace element pattern never encountered previously in
meteorites. This is likely due to the occurrence of two different
types of nanoparticle inclusions in the QCs. Second, based on
this unique trace element signature, we describe in the
Discussion section a three-stage model for the origin and
evolution of these nanoparticles (stages I and II) that
eventually were incorporated into QCs during their formation
(stage III).

■ METHODOLOGY

Materials Studied. Eight quasicrystalline samples were
selected for this study. They were initially checked by single-
crystal X-ray diffraction using a Bruker D8 Venture equipped
with graphite-monochromatized Mo Kα radiation and then
mounted in epoxy and polished. All analyses were conducted
not in situ in Khatyrka grains but rather on separated
quasicrystal pieces greater than 200 μm in the smallest
dimension, without adhering meteoritic matrix material. Their
chemical compositions were qualitatively measured by energy-
dispersive X-ray spectrometry on a scanning electron micro-
scope (Zeiss-EVO MA15) to develop a comprehensive list of
elements for quantitative measurements by an electron
microprobe (JEOL JXA-8600). Each fragment was homoge-
neous within analytical error. The same samples were then
analyzed by laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS).
In detail, we studied

• two fragments of icosahedrite (icosahedral symmetry)
from the Khatyrka meteorite (labeled NI1 and NI2; NI
= natural icosahedrite); such fragments are not part of
the holotype material (MSNF_46407/G)12 but were
found in successive searches through the materials
brought back from the expedition to the Koryak
Mountains in the Chukotka Autonomous Okrug of Far
Eastern Russia;16,17

• two fragments of decagonite (decagonal symmetry)
from the Khatyrka meteorite (labeled ND1 and ND2;
ND = natural decagonite); such fragments are neither
part of the holotype meteorite material (MSNF_46407/
G)1 nor of the decagonite holotype (MSNF_3143/I)

but rather are from the same additional recovered
material as NI1 and NI2;

• two specimens of synthetic icosahedrite and two
specimens of synthetic decagonite, prepared in each
case from high-purity metals, as references and blanks
(see the Supporting Information).

SEM-BSE images of the four natural quasicrystals are given
in Figure 1. Electron microprobe analyses of the four natural
quasicrystals investigated are reported in Table 1.

Analytical Methods. The trace element concentrations
were determined by laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS) at the Department of Physics
and Geology, University of Perugia, Italy.18−20 The analyses
were carried out with a Teledyne Photon Machine G2 laser
ablation system coupled to a Thermo Fisher Scientific iCAP-Q
quadrupole-based ICPMS. The unknown samples were
analyzed using a circular 193 nm laser beam focused to a
spot diameter on the sample surface of 110 μm, a pulse
repetition frequency of 10 Hz, 5 ns pulses, and a laser density
on the sample surface of ∼3.5 J/cm2. Ablation times were
about 40 s per spot, preceded by a 30 s background
measurement and followed by 30 s of washout.
Before the analytical session, the LA-ICPMS operating

conditions were optimized by continuous ablation of NIST
SRM 612 glass reference material21 to provide maximum signal
intensity, stability for the ions of interest, and minimum
potential interferences. The sensitivity and the stability of the
system were then evaluated on 139La, 208Pb, 232Th, and 238U by
a short-term stability test. It consisted of five acquisitions (one
minute each) on a linear scan of NIST SRM 612 glass
reference material.
The effects of potential interferences related to polyatomic

compounds such as oxides (MO+, where M is a metal atom)
and argides (ArM+) or to doubly charged ions (M++) have
been carefully evaluated as part of our assessment of the
accuracy of the reported determinations. The ThO+/Th+ ratio
was used as a proxy for oxide production, given that Th−O is
among the strongest M−O bonds with a binding energy of
878.9 kJ mol−1.22 As a consequence, the ThO+/Th+ ratio is

Figure 1. Scanning electron microscope backscattered electron
images of the four natural quasicrystals (icosahedrite: NI1 and NI2;
decagonite: ND1 and ND2) investigated. Red dashed circles indicated
the spots (110 μm in diameter) obtained for each sample. The scale
bar is 200 μm.
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expected to provide an upper bound on the abundances of all
other oxide clusters relative to their free metal ions. In detail,
the ThO+/Th+ ratio was monitored during the tuning process
and maintained below 0.5%. Starting from the measured value
of ThO+/Th+, all other MO+/M+ ratios are estimated from
their relative M−O binding energies.23 The 0.5% ceiling on
ThO+/Th+ implies that the maximum effects of oxide
interferences on the target analytes are, for example, 50 μg/g
of oxide for an element present in the sample at 10 000 μg/g or
0.5 μg/g of oxide for 100 μg/g of an element, etc. These
maximum values are correct for a few elements like Th and Ta.
All of the other elements are characterized by lower oxide
production, often negligible even at wt % concentration. To be
conservative, we used the maximum threshold of 0.5% for all
MO+/M+ and we monitored all elements present at or above
10 μg/g to intercept maximum potential interferences above
0.05 μg/g. We excluded from the analyses all of the elements
potentially affected by oxide interferences of Cu, Al, Fe, and
Ni.
In LA-ICPMS, argide ions (e.g., ArM+) can significantly

affect specific elements. Examples are the interferences by
59Co40Ar, 61Ni40Ar, 63Cu40Ar, 65Cu40Ar, and 66Zn40Ar on light
PGEs like 99Ru, 101Ru, 103Rh, 105Pd, and 106Pd.24 In the present
study, we excluded from the analytical protocol all of the
isotopes potentially affected by interferences related to argide
ion production.
The formation of significant doubly charged ions (M++)

occurs for elements characterized by low second ionization
potentials like Be, Mg, Ca, Cu, Sr, Ba, Pb, and all of the rare-
earth elements.25 Operating the ICPMS at the unit mass
resolution can cause anomalous counts at half the mass of the
doubled-charged ion (rounded up for odd masses). Among the
studied analytes, potentially affected isotopes are 71Ga (141Pr,
142Nd, 142Ce), 75As (149Sm, 150Sm, 150Nd), and 88Sr (175Lu,
176Yb, 176Hf, 176Lu). However, under the analytical conditions
utilized for this study, the effects of doubly charged ions are
negligible for all unknown quasicrystals and quality controls.
A major problem in obtaining reliable LA-ICPMS trace

element analyses of metal alloys (Al−Fe−Cu−Ni alloys in this
specific case) is that, unlike currently available silicate glass
standards, most available metal alloy standards do not have a
complete set of certified trace element contents. In general, the
available metal alloy standards are well characterized for
platinum group elements but other trace elements, if reported
in their certificates at all, are not homogeneously distributed in
the reference material26 and cannot be used as quality control.
In the present case, no Al−Cu alloy standard with a complete
and homogeneously distributed set of trace elements is
currently available and furthermore we seek to quantify a set
of trace elements not available in other metal alloy standards.
On the other hand, using a silicate glass standard as

calibration reference material may cause poor accuracy on the
unknowns to be analyzed because of matrix-matching
problems. The best compromise that we have adopted has
been to use NIST SRM 610 silicate glass standard21 as
calibrator reference material and to evaluate systematic errors
by comparison with three metal alloy standards during each
QC analytical session. The metal alloy standards adopted are
HOBA, NORTH CHILE, and NIST SRM 1262b reference
materials. For each reference material, we calculated the
relative sensitivity factors (RSFs) normalized to Al and Fe. The
results are reported in Figure S2, which shows that both Al-T
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Table 2. Trace Element Analyses (μg/g) of Natural Icosahedrite and Decagonite

icosahedrite

LOD NI1_01 NI1_02 NI1_03 NI1_01 NI2_02 NI2_03

B (3−3.4) − − <4.5 <4 <6.8 −
Na (12−16) 183 ± 72 − <19 202 ± 78 55 ± 19 220 ± 120
Mg (1.1−1.6) 12.9 ± 3.0 − 13 ± 10 53 ± 39 14.8 ± 3.4 51 ± 29
K (2.5−4.2) 46 ± 14 52 ± 23 <7 47 ± 34 18.5 ± 7.4 44 ± 24
Ti (2.1−2.2) − − − <9.1 − <2.5
V (0.18−0.24) 1.54 ±0.76 5.3 ±2.9 <2.5 2.3 ±1.6 0.88 ± 0.15 1.04 ± 0.27
Cr (1.8−2.7) 130 ± 32 104 ± 17 83 ± 14 121 ± 26 129 ± 30 113 ± 28
Mn (1.3−1.7) 30.6 ± 8.8 20.3 ± 4.1 16 ± 2.6 31.7 ±7.8 24.9 ± 4.9 25.4 ± 9.0
Co (0.17−0.23) 5.44 ± 0.82 4.8 ± 2.1 3.35 ± 0.48 5.06 ± 0.61 4.55 ± 0.47 4.31 ± 0.61
Zn (0.5−0.7) 134 ± 31 105 ± 20 123 ± 23 213 ± 42 117 ± 20 94 ± 23
Ga (0.042−0.11) 12.4 ± 1.3 12.2 ± 1.1 12.0 ± 1.2 12.2 ± 1.4 13.2 ± 2.3 11.8 ± 1.4
As (0.49−0.77) 1.04 ± 0.36 <1.4 <0.77 1.28 ± 0.40 (1.7) ± 1.8 <1.3
Rb (0.12−0.14) <0.30 0.46 ± 0.27 <0.16 <0.13 <0.20 <0.48
Sr (0.004−0.014) 0.88 ± 0.29 − 0.42 ± 0.25 1.16 ± 0.38 0.85 ± 0.30 1.52 ± 0.44
Y (0.004−0.017) 6.52 ± 0.37 6.89 ± 0.63 5.12 ± 0.38 6.02 ± 0.51 5.90 ± 0.52 6.30 ± 0.60
Zr (0.007−0.017) 3.10 ± 0.61 7.6 ± 4.1 12.1 ± 6.9 4.2 ± 1.6 6.6 ± 3.6 2.53 ± 0.40
Nb (0.004−0.016) 0.082 ± 0.031 0.5 ± 0.3 0.054 ± 0.036 0.19 ±0.16 <0.24 0.24 ± 0.13
Mo (0.09−0.22) 2.31 ± 0.93 2.06 ± 0.55 1.30 ± 0.46 2.8 ± 1.3 1.67 ± 0.43 1.37 ± 0.34
Ag (0.041−0.057) − 5.77 ± 0.67 7.5 ± 3.1 8.2 ±2.0 7.4 ± 1.3 5.47 ± 0.57
Cd (0.32−0.53) 0.71 ± 0.31 1.08 ± 0.61 − <0.62 0.86 ± 0.40 <1.28
Sn (0.12−0.16) − 31.2 ± 8.4 33 ± 24 82 ± 41 105 ± 46 31.4 ± 6.1
Sb (0.13−0.17) 0.73 ± 0.15 1.7 ± 1.5 1.33 ± 0.76 0.69 ± 0.14 0.82 ± 0.17 0.63 ± 0.13
Ba (0.026−0.067) 0.60 ± 0.38 − 0.35 ± 0.28 1.31 ±0.87 0.91 ± 0.42 0.90 ± 0.62
La (0.003−0.017) 0.034 ± 0.019 0.65 ± 0.43 <0.056 <0.085 <1.0 0.016 ± 0.012
Ce (0.003−0.008) <0.36 − 0.025 ±0.018 <0.29 0.037 ± 0.023 <0.11
Pr (0.002−0.009) <0.10 0.15 ± 0.12 − 0.14 ±0.10 <0.037 <0.031
Nd (0.03−0.08) 0.35 ± 0.22 0.62 ± 0.39 <0.17 − 0.64 ± 0.37 0.33 ± 0.18
Sm (0.019−0.045) − 0.31 ± 0.16 − <0.13 <0.034 −
Eu (0.005−0.012) − <0.03 <0.07 <0.20 <0.006 −
Gd (0.019−0.049) 0.056 ± 0.048 <0.12 <0.043 <0.055 <0.047 <0.057
Tb (0.003−0.008) 0.025 ± 0.016 0.031 ± 0.017 <0.008 <0.039 <0.016 <0.015
Dy (0.012−0.038) <0.012 0.15 ± 0.11 <0.022 <0.042 − <0.074
Ho (0.003−0.008) 0.025 ± 0.023 0.028 ± 0.020 <0.013 <0.023 <0.008 <0.004
Er (0.009−0.022) <0.027 0.07 ± 0.04 <0.03 <0.015 − <0.021
Tm (0.003−0.008) − 0.022 ± 0.015 <0.01 0.071 ± 0.060 <0.011 <0.016
Hf (0.01−0.028) 0.104 ± 0.055 0.19 ± 0.10 0.159 ± 0.098 0.16 ± 0.11 0.21 ± 0.15 0.102 ± 0.062
Ta (0.003−0.008) <0.09 0.07 ± 0.04 0.023 ± 0.018 <0.10 <0.02 <0.056
W (0.07−0.1) 1.09 ± 0.47 0.46 ± 0.19 <2.4 1.90 ± 1.60 <1.2 0.40 ± 0.18
Re (0.008−0.009) <0.023 <0.018 <0.14 <0.058 − <0.025
Tl (0.005−0.014) 0.39 ± 0.26 0.24 ± 0.15 − 0.23 ± 0.18 <0.21 <0.45
Pb (0.043−0.081) 5.50 ± 1.20 4.31 ± 0.79 4.40 ± 1.80 7.4 ± 2.4 4.8 ± 1.2 4.56 ± 0.95
Bi (0.011−0.047) 1.84 ± 0.97 0.69 ± 0.19 1.12 ± 0.73 1.29 ± 0.33 1.10 ±0.48 <1.5
Th (0.004−0.005) <0.035 0.52 ± 0.33 <0.008 0.10 ± 0.07 <0.01 <0.021

decagonite

LOD ND1_01 ND1_02 ND1_03 ND2_01 ND2_02 ND2_03

B (4.4−5.2) 40 ± 7 128 ± 36 51.2 ± 8 27.8 ± 6 41 ± 10 107 ± 15
Na (19−22) 130 ± 100 52 ± 17 44 ± 17 54 ± 26 36 ± 15 <21
Mg (1.4−3.1) 166 ± 54 102 ± 21 69 ± 12 41 ± 9 72 ± 16 56 ± 11
K (4.5−6) 45 ± 27 12.1 ± 4.5 12.3 ± 4 28 ± 5 <7.1 <8.6
Ti (1.5−3.3) 25 ± 10 38 ± 12 <3.7 − − <3.7
V (0.25−0.33) 0.72 ± 0.33 0.76 ± 0.22 − <0.35 − <0.32
Cr (2.6−3.7) 14 ± 10 58 ± 10 13.4 ± 3.6 13.5 ± 5.7 10.1 ± 5.7 17.8 ± 5.1
Mn (1.8−2.2) 13.3 ± 6.1 13 ± 11 <8 <2.4 <3 5.9 ± 2.0
Co (0.27−0.36) 2.61 ± 0.73 3.60 ± 0.62 1.56 ± 0.32 2.07 ± 0.48 1.51 ± 0.29 2.48 ± 0.42
Zn (0.55−1.1) 6.0 ± 1.4 6.3 ± 1.2 7.0 ± 1.3 6.3 ± 2.7 4.16 ± 0.98 7.1 ± 2.4
Ga (0.05−0.08) − − − − − −
As (0.77−0.98) <1.24 − <1.64 <1.38 1.53 ± 0.62 <1.14
Rb (0.17−0.2) <0.60 − − <0.43 − −
Sr (0.005−0.03) 0.49 ± 0.15 0.20 ± 0.06 0.21 ± 0.06 0.15 ± 0.06 − 0.17 ± 0.07

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://dx.doi.org/10.1021/acsearthspacechem.1c00004
ACS Earth Space Chem. 2021, 5, 676−689

679

http://pubs.acs.org/journal/aesccq?ref=pdf
https://dx.doi.org/10.1021/acsearthspacechem.1c00004?ref=pdf


and Fe-normalized RSFs of the metal matrixes and silicate glass
matrix are in good agreement. Some exceptions are related to
those elements heterogeneously distributed in the metal alloys
(e.g., Zr, Ti), but the trace element ratios that will be used in
this study (to the right of both panels in Figure S2) are in
excellent agreement. Also, comparing W (a refractory element)
and Sn (a volatile element) RSFs, we do not observe any
significant difference that could imply a volatility fractionation
effect correlated with their 50% condensation temperature as
reported by Steenstra et al.27 Consequently, no correction for
matrix effects resulting from ablation-induced evaporative and/
or melting processes has been applied.
Overall, the cross-check with metallic standards demon-

strates the reliability of using NIST SRM 610 silicate glass
standard as calibrator reference material for Al−Cu−Fe−Ni
QC analyses. We decided to use 27Al as an internal standard
instead of 57Fe because of better counting statistics on the
peak. Data reduction was performed utilizing the IOLITE 3
package,28 following the procedure reported by Longerich et
al.29 Four reference materials were regularly analyzed as
unknowns to provide quality controls, namely, NIST SRM
612, USGS BCR2G, USGS BHVO2G, and USGS GSD1.30

The analytical capability (i.e., precision and accuracy) of the
instrumentation for routine analyses was reported in Petrelli et
al.18−20 In detail, for the analytical conditions utilized in this
study, instrumental precision is typically better than 7% for all

elements. Also, Table S1 and Figure S3 report the accuracy of
the analyses for the quality controls utilized in this study. For
silicates, accuracy values are always better than 17%, mostly
10%, with few exceptions, especially at sub-μg/g levels (Table
S1).

■ RESULTS

The trace element contents of the analyzed natural quasicrystal
specimens are reported in Table 2. It is important to highlight
that when the signal (counts per second) was below the 3σ
detection limit filter (LOD), the content of that element is not
given. However, elemental contents are shown as “<value” for
those elements whose signal was above the 3σ detection limit
filter but whose uncertainty was such that Cel − 1σ < LOD,
where Cel is the measured elemental abundance and 1σ is the
standard deviation of the measurement. Hence, those
elemental contents are given as semiquantitative estimates,
meaning they have high uncertainty and can best be
interpreted as an upper limit to the concentration.
Although these reported values are only semiquantitative

estimates, they are reported as the only currently available
information on the presence of these elements in natural QCs.
The temporal instability in the count rate that leads in some
cases to large relative errors may be due to the fact that the
trace elements are not uniformly distributed within the volume
sampled by the laser beam (∼5 × 105 μm3). This apparent

Table 2. continued

decagonite

LOD ND1_01 ND1_02 ND1_03 ND2_01 ND2_02 ND2_03

Y (0.006−0.039) 1.06 ± 0.32 0.79 ± 0.14 0.48 ± 0.13 0.31 ± 0.08 0.43 ± 0.09 0.51 ± 0.14
Zr (0.01−0.034) 2.7 ± 1.4 1.83 ± 0.53 0.50 ± 0.28 0.45 ± 0.20 0.30 ± 0.11 1.02 ± 0.28
Nb (0.005−0.025) 0.64 ± 0.34 0.58 ± 0.12 0.52 ± 0.21 0.22 ± 0.07 0.54 ± 0.13 0.68 ± 0.19
Mo (0.15−0.3) <0.59 0.77 ± 0.32 <0.16 − − −
Ag (0.044−0.1) 0.22 ± 0.11 0.21 ± 0.11 <0.07 <0.14 <0.23 <0.08
Cd (0.41−0.71) <0.81 1.24 ± 0.68 <0.77 <0.84 <0.63 <0.66
Sn (0.12−0.17) 10.0 ± 1.9 − 11.0 ± 2.4 5.9 ± 1.5 7.7 ± 1.4 15.2 ± 3.2
Sb (0.19−0.25) 1.0 ± 0.2 1.57 ± 0.31 0.74 ± 0.24 0.53 ± 0.19 0.68 ± 0.18 0.85 ± 0.24
Ba (0.035−0.093) 1.63 ± 0.78 0.48 ± 0.23 0.31 ± 0.17 − 0.36 ± 0.23 0.32 ± 0.21
La (0.005−0.087) 0.49 ± 0.13 0.178 ± 0.055 0.147 ± 0.050 0.273 ± 0.093 0.224 ± 0.068 0.304 ± 0.070
Ce (0.004−0.026) 1.11 ± 0.30 0.33 ± 0.11 0.32 ± 0.12 0.62 ± 0.39 0.42 ± 0.11 0.50 ± 0.14
Pr (0.004−0.02) 0.157 ± 0.068 0.045 ± 0.020 0.044 ± 0.017 0.056 ± 0.026 <0.041 <0.039
Nd (0.044−0.05) 0.43 ± 0.20 <0.13 − <0.14 0.21 ± 0.15 0.33 ± 0.22
Sm (0.025−0.061) <0.081 − − − − <0.069
Eu (0.007−0.02) − − − <0.07 <0.029 <0.016
Gd (0.027−0.11) <0.127 <0.032 − <0.048 <0.06 −
Tb (0.004−0.005) 0.066 ± 0.031 <0.016 − <0.007 <0.012 <0.015
Dy (0.016−0.018) <0.047 <0.031 − − − −
Ho (0.004−0.005) 0.053 ± 0.025 <0.007 − − <0.013 −
Er (0.012−0.062) 1.57 ± 0.46 1.3 ± 0.29 3.3 ± 1.10 0.52 ± 0.17 1.28 ± 0.29 2.41 ± 0.87
Tm (0.004−0.015) 0.056 ± 0.033 0.052 ± 0.026 0.037 ± 0.028 <0.013 0.044 ± 0.025 0.198 ± 0.095
Hf (0.015−0.039) 1.85 ± 0.52 − 4.1 ± 1.7 1.51 ± 0.44 1.39 ± 0.41 2.14 ± 0.73
Ta (0.004−0.012) 0.062 ± 0.044 <0.016 − <0.021 <0.011 <0.014
W (0.019−0.16) 0.72 ± 0.20 0.47 ± 0.16 0.30 ± 0.10 (2.0) ± 2.2 0.82 ± 0.29 1.00 ± 0.38
Re (0.011−0.013) 0.098 ± 0.047 0.134 ± 0.066 0.102 ± 0.048 <0.047 0.084 ± 0.046 0.057 ± 0.040
Tl (0.008−0.009) − <0.025 − − − <0.014
Pb (0.07−0.17) 0.73 ± 0.26 3.0 ± 1.3 0.46 ± 0.12 0.41 ± 0.16 0.41 ± 0.15 0.81 ± 0.27
Bi (0.021−0.062) 3.8 ± 1.0 3.06 ± 0.55 4.70 ± 1.50 1.6 ± 0.32 3.8 ± 1.3 3.33 ± 0.77
Th (0.006−0.007) 0.131 ± 0.066 <0.009 <0.043 <0.015 <0.016 <0.023

aEach single spot analysis is given with associated error (1σ). Elemental concentrations reported as “<value” are at a semiquantitative level (Cel −
1σ < LOD, see the Results section of the text); LOD: range (μg/g) of the limit of detection during an analytical session; −: below the detection
limit.
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nugget effect31 is consistent with the idea that the analyzed
budget of trace elements is concentrated in the 3−5 vol % of
mineral nanoparticles randomly distributed within the
Khatyrka QCs, as reported by previous SEM−TEM stud-
ies6,15,16 (see also Figure S1).
The role of nanoparticle inclusions in QCs is reflected in the

time-resolved signals acquired during the ablation. This is
particularly important for interpreting the light rare-earth
elements in natural icosahedrite. As an example, Figure S4
shows time-resolved signals for Al, La, and Ce of sample
NI2_02. The Al signal (Figure S4a) is reported to highlight the
behavior of the internal standard, and it can be used as a proxy
for well-resolved elements. The signals for La (Figure S4b) and
Ce (Figure S4c) have no counts (cps) during background
acquisition and detectable cps during the ablation. The cps,
however, are sometimes characterized by high-energy tran-
sients of short duration (Figure S4b,c) causing large
uncertainty in elemental content. In this example (NI2_02,
Table 2), reporting the La result as mean and standard
deviation would give 1.0 ± 1.6 μg/g. Evidently, the distribution
of count rates over time is not Gaussian and the standard
deviation is somewhat misleading. However, we determine
whether to report this value as an upper limit using the Cel −
1σ < LOD criterion. In this case, therefore, La is reported as an
upper limit, <1.0 μg/g (Table 2). This is different from an
element that is not detected. Rather, the occurrence of high-
energy transients makes the counting statistics very poor,
precluding a definitive measure. The source of the high-energy
transient signals is also interesting. They cannot be attributed
to instabilities of the analytical system as they never occurred
during background acquisition. The likely source, in our
opinion, is the random occurrence among the nanoparticle
population included in the QCs of rare grains highly enriched
in light rare-earth elements.5,14,16 Consequently, as detailed
below, we will model the observed trace element signature by
assuming that the budget of trace elements in these ablations is
dominated by the two types of nanoparticles rather than the

QC host phases. We will show that there is a clear distinction
in behavior between those elements with well-resolved stable
counts (occupying abundant nanoparticle phases being ablated
in statistically large numbers) and those showing transient
anomalies (concentrated in rare nuggets). Moreover, the
sequential elemental acquisition of a large number of elements
requires cycles for the acquisition of the entire element set that
are longer than the duration of the signal spike from a single
nanoparticle, resulting in uncorrelated signals for elements
such as La and Ce (Figure S4b,c). Although elements that are
extremely enriched in a small fraction of the nanoparticles are
therefore impossible to interpret, this does not preclude the
interpretation of other elements, even if they are predom-
inantly hosted in more uniformly sampled nanoparticles. Most
elements yield stable signals over the full duration of ablation,
implying adequate sampling of their average concentration
within the ablation volume.

Trace Element Signature of QCs. A first glimpse of the
trace element signature can be obtained with the help of a
multielement chondrite-normalized plot (Figure 2). In this
diagram, we have reported all of the elements analyzed,
including those whose content is at a semiquantitative level
(open symbols in Figure 2), to have a general picture of the
pattern. The only exceptions are Al, Ni, Fe, and Cu, which,
being major constituents of either icosahedrite (Al, Fe, Cu) or
decagonite (Al, Fe, Ni), would strongly bias the pattern.
The elements are plotted, from left to right, in order of

decreasing 50% condensation temperature (TC; defined as the
temperature below which 50% of the original gas budget of an
element is found in solid phases) in a gas of solar composition
at 10−4 bar.32 Elemental concentrations in the natural
icosahedrite and decagonite are normalized to the correspond-
ing elemental concentrations in CI chondrites.33 The patterns
of the two natural QCs are quite unique compared to those of
other chondritic objects.34−36 Refractory elements from W to
Ba have moderately supra- or subchondritic values, within
about 1 order of magnitude of chondritic, except Ti (<0.1×

Figure 2. Chondrite-normalized33 trace element spider diagram of natural icosahedrite and decagonite, ordered from left to right with decreasing
50% condensation temperature (TC) in a gas of solar composition at 10−4 bar.32 Refractory (TC = 1850−1250 K) and moderately volatile (TC =
1250−250 K) elements have been separated by a vertical dashed blue line. Both QCs have quite a unique pattern that has never been observed in
other chondritic meteorites.34−36 They yield chondritic, or slightly suprachondritic, refractory element (from W to Ba) content followed by a strong
depletion in moderately refractory elements (V, Co, Mg, Cr) and a systematic and significant enrichment in moderately volatile elements (MVEs)
from As to Tl (see the text for discussion). Filled and open symbols refer to elements determined at quantitative and semiquantitative levels,
respectively (see the Results section of the text).
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chondrite in both icosahedrite and decagonite) and Sr (<0.06×
chondrite in decagonite). Ti values are at a semiquantitative
level, but this element is clearly depleted; if it approached
chondritic abundance, it would have easily been resolved by
the measurement. Within the general band of about 2 orders of
magnitude around chondritic concentrations, there are a
number of large anomalies, about 2 orders of magnitude, in
chondrite-normalized ratios of refractory elements. Similar or
larger anomalies in ratios of refractory elements have been
observed in a few meteoritic objects (Figure S5), including a
unique ultrarefractory inclusion in Murchison37 and in a class
of Ca−Al-rich inclusions (CAIs) dubbed Group II;31,35 we will
discuss below whether these refractory objects offer models for
understanding one component of the population of nano-
particle inclusions within the natural QCs (see Discussion).
Another significant difference in comparison with other

chondritic objects starts from the still moderately refractory
element vanadium and proceeds to the entire set of moderately
volatile elements (MVEs). Both QCs yield a uniform decrease
to subchondritic values of moderately refractory elements from
V to Mg (≤0.001× chondrite in both NI and ND points)
followed by an overall increase to suprachondritic values of
MVE (B up to 160× chondrite in decagonite). The increase is
neither uniform nor identical in the two QCs, with decagonite
having more pronounced negative anomalies in Zn, Pb, and Tl.
Again, Tl content is at a semiquantitative level in decagonite
(Figure 2 and Table 2) and will not be considered further. This
is the first time, to the best of our knowledge, that such a large
enrichment in MVE has been reported in an extraterrestrial
object (Figure 2).
More details of the peculiar and unique elemental

enrichment and depletion patterns in icosahedrite and
decagonite can be seen by selecting and plotting characteristic
elemental ratios (Figure 3). For comparison, we also plot
average chondrite compositions from several sources34−36,38,39

and a set of scoriaceous cosmic spherules (SCSs)40−42 that
have MVE enrichments smaller in magnitude but with a
pattern similar to the natural QCs, albeit starting from a
different primordial component.
The x-axes of all three panels of Figure 3 represent the

fractionation of refractory elements using the ratio of a highly
refractory element (Zr, TC = 1722 K) to a moderately
refractory element (Cr, TC = 1291 K32). The y-axes represent
the fractionation of a number of MVE (Sb, Pb, Bi; 1250 K >
TC > 250 K) ratioed to moderately refractory Cr. Note that
shock recovery experiments that have synthesized icosahedral
quasicrystals show that Cr may be incorporated in the
icosahedral structure,10,43,44 so low concentrations of Cr in
the analysis of QC with nanoinclusions do not reflect strong
exclusion from the QC structure.
From the chondrites through the SCSs to the natural QCs,

there are striking increases of 2 to 4 orders of magnitude in Zr/
Cr, Sb/Cr, Bi/Cr, and Pb/Cr (Figure 3). The increase in Zr/
Cr in both SCSs and QCs requires a process that fractionates
refractory elements from one another, which is presumably a
high-temperature process involving condensation above 1350−
1300 K. On the other hand, the increases in Bi/Cr, Sb/Cr, and
Pb/Cr point to an MVE-rich component that can only be
incorporated into solids at low temperature.
All of the selected ratios are positively correlated, indicating

that the magnitude of depletion of moderately refractory
elements is somehow linked to the magnitude of enrichment in
MVEs, despite the two fractionations likely occurring in

different processes and at different times. The correlation
between the magnitude of refractory element fractionation and
MVE enrichment (Figure 3) is a natural consequence of an

Figure 3. Chondrite-normalized33 Zr/Cr vs MVEs Sb (a), Bi (b), and
Pb (c) ratioed to Cr (logarithmic axes). The enrichment (Bi/Cr up to
4 orders of magnitude) in MVEs and depletion in moderately
refractory elements, such as Cr, is clearly evident in icosahedrite and
decagonite with respect to chondrites. In the three panels, we have
also plotted a set of scoriaceous cosmic spherules (SCSs) that exhibit
smaller enrichment in MVEs and occupy an intermediate position
between chondrites and QC compositions. All of the selected ratios
are positively correlated, indicating that the magnitude of depletion of
moderately refractory elements is somehow linked to the magnitude
of enrichment in MVEs (see the text for discussion). We note that all
of the elements are at a quantitative level. Literature data sources:
average chondrite compositions.34,36,38 average Group II CAI
compositions;31,35 average CAI compositions;35 scoriaceous cosmic
spherules (SCSs): black-green circles,39 green circles,41 and crossed
green circles.42
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admixing process. The more Cr is removed in the high-
temperature stage, the easier it becomes to raise Sb/Cr, Bi/Cr,
and Pb/Cr by adding a given fraction of a low-temperature
MVE-rich component.
The behavior of Pb/Cr (Figure 3c) adds another piece to

the puzzle. Unlike Zr/Cr, Sb/Cr, and Bi/Cr, which remain
within an order of magnitude or less of CI chondrites in all of
the chondrite classes, Pb/Cr varies among chondrite classes by
over 2 orders of magnitude, becoming progressively depleted
from carbonaceous to ordinary to enstatite chondrites. This
depletion of an MVE takes place at nearly constant Zr/Cr,
implying a comparatively low-temperature volatile loss process
compared to that which affected natural QCs. However, one
component of chondritic objects, the Ca−Al-rich inclusions
(CAIs), thought to be high-temperature condensates with
subsequent histories of high-temperature evaporative process-
ing,45 display fractionation of refractory elements (e.g., not
chondritic Zr/Cr) as strong as the natural QCs but without as
large an enrichment in MVEs (e.g., Pb/Cr).35 This again
suggests that one step in the evolution of the natural QCs
involved high-temperature condensation, able to fractionate
moderately from highly refractory elements in QCs.

■ DISCUSSION
Scenario for Forming Natural Quasicrystals. The

similarities and differences between the natural quasicrystals
(QCs) and scoriaceous cosmic spherules (SCSs) are further
explored in Figure 4, which plots chondrite-normalized
concentrations of MVEs of varying volatility (Mn, Bi, and
Sb) against moderately refractory Cr. SCSs all have essentially
chondritic abundances of Cr (as well as slightly volatile Mn,
Figure 4a, and slightly suprachondritic highly refractory Zr, not
shown). In contrast, natural QCs have subchondritic
abundances of the moderately refractory elements, with CI-
normalized Cr concentrations of ∼0.04 in icosahedrite and
∼0.005 in decagonite (Figure 4a). Yet, the enrichment in MVE
(e.g., Sb and Bi, Figure 4b,c) is common to both QCs and
SCSs. To the extent that depletion of and fractionation among
moderately refractory elements requires high temperatures
while the addition of moderately volatile elements requires low
temperatures, this observation suggests that the natural QCs
and SCSs probably experienced quite different high-temper-
ature processing environments but comparatively similar low-
temperature processing environments. This general idea is
illustrated in Figure 4 using schematic arrows to indicate the
effects of high-temperature (red arrows) and low-temperature
(blue arrows) processing steps. In Figure 4a, Mn and Cr
express only the high-temperature process of condensation or
evaporation, experienced by the QCs but not by SCSs or bulk
chondrites. The larger lever arm of the differential volatility of
Bi and Sb relative to Cr, however, allows Figure 4b,c to show
both high- and low-temperature stages. Starting from a
common CI chondritic composition, the slope of coupled
depletions of moderately refractory and moderately volatile
elements depends on temperature. The QCs may have
experienced higher temperatures (T > 1350−1300 K), leading
to subchondritic abundances of both Cr (as well as V, Co, Mg,
Figure 2) and MVE, whereas bulk chondrite classes and
possibly SCSs experienced lower temperatures (although T >
1100 K) and developed subchondritic abundances only of
MVE. In a second step, an MVE-rich component was admixed
into both QCs and SCSs, resulting in the observed trace
element patterns.

It seems evident that the low-temperature admixture must
occur after the high-temperature processing or its MVE
signature would have been wiped out.

Model for the Origin of the QC Trace Element
Signature. In the following section, we present a three-stage
model for the origin and evolution of the high-T nanoparticle

Figure 4. Chondrite-normalized33 moderately refractory Cr vs MVEs
of varying volatility: Mn (a), Bi (b), and Sb (c) (logarithmic axes).
QCs and SCS have a marked difference in moderately refractory and
slightly volatile element concentration (Cr and Mn), whereas the
enrichment in MVEs (Sb and Bi) is common to both QCs and SCS.
This observation suggests that QCs and SCSs probably experienced
quite different high-temperature processing environments as
suggested by refractory element content (red arrows) but
comparatively similar low-temperature processing environments as
indicated by moderately volatile element content (blue arrows). The
arrows in this figure are schematic; see Figure 7 and the text for an
illustrative quantitative model. All QC analyses are at a quantitative
level. Literature data sources as in Figure 3; the CI chondrite
composition is highlighted.
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condensates (stage I), the MVE-rich nanoparticle condensates
(stage II), and the formation of the QCs that incorporated the
two different types of nanoparticles (stage III). The trace
element signature of the two QCs forms well-organized
patterns when plotted relative to primitive carbonaceous
chondrite material on a volatility-ordered diagram. The pattern
in both decagonite and icosahedrite is marked by increasingly
strong depletion of moderately refractory elements from W to
Cr, with 50% TC > 1250 K (Figure 2), followed by enrichment
up to 160× chondrite in many moderately volatile elements
with 50% TC < 1250 K (Figures 2, 3, and 4). Considered
together with chondrite classes and scoriaceous cosmic
spherules, the natural quasicrystals appear to define a strong
correlation between the magnitude of fractionation among the
refractory elements (e.g., Zr/Cr) with the magnitude of
addition of an MVE-rich component (Figures 3 and 4). This is
something of a paradox in that the icosahedrite and decagonite,
or rather the aggregates of materials ablated by a 110 μm laser
spot focused on the quasicrystalline domains, appear to have
been affected by two sets of processes that occurred at different
temperatures and so presumably in different environments and
at different times within the solar nebula. A successful theory
incorporating both the high- and low-temperature processing
in the CV formation region may offer significant insight into
the evolution of the region of the solar protoplanetary disk
where the processes took place. Our proposed model can be
decomposed into three successive stages.
First Stage: Reservoir #1, Inner Solar System. The first

stage is either similar or complementary to the processing that
formed CAIs. Condensation from solar gas initially forms
ultrarefractory condensates consisting of corundum, hibonite,
grossite, and transition-metal alloys.32,46,47 Either termination
of this process well above the 50% condensation temperature
of moderately refractory elements or an evaporation stage
involving reheating above TC of these elements results in solid
material whose refractory element pattern is fractionated (e.g.,
Figure S5). This material has suprachondritic Zr/Cr (Figure 3)
strong depletion in MVE (blue arrows, Figure 4) and likely
extremely low concentrations (dominated perhaps by
adsorption onto grains) of highly volatile elements.
We propose that these high-T condensates constitute some

fraction of the nanoparticles in the two QCs. The occurrence
of nanoparticles of complementary high-T condensates in QCs
can be better appreciated in Figure 5, where Tm/Er anomalies
are plotted versus Zr/Cr and Nd/Er. Tm and Er are
neighboring lanthanides whose fractionation is generally
controlled by the general trend of ionic radius, except that
high-temperature evaporation and condensation yield anom-
alous fractionation of Er.31 Figure 5a shows that the positive
and negative anomalies in Tm/Er in decagonite and
icosahedrite (albeit on a reduced data set because some
samples have semiquantitative estimates of Tm, Er, or Nd;
Table 2), resemble those in Group II CAIs and in
ultrarefractory inclusions in Murchison. The QCs are
apparently sampling, at the nanoscale, anomalies similar to
those caused at the microscale in Allende and Murchison by
the heterogeneous distribution of refractory inclusions that
host a large part of their refractory element budgets.35 Group II
CAIs have suprachondritic Tm/Er, Nd/Er, and Zr/Cr (Figure
5a,b). Their Tm/Er and Nd/Er signature is complementary to
sequestration of excess Er in an ultrarefractory component,
possibly hibonite,48 such as that documented in the ultra-
refractory inclusion in Murchison.37 This is a different signal

from that seen in Zr/Cr, where all of these objects have
variably suprachondritic Zr/Cr (Figure 5b) because all of the
processing involved in fractionating hibonite from other
refractory phases is taking place well above the 50% TC of
Cr.31,49,50 Incidentally, the negative Ti (semiquantitative value
but clearly depleted) and Sr anomalies observed in QCs
(Figure 2) could indicate the absence of titanates [(Ca,Sr)-
TiO3] in these condensates, which implies condensation
temperature in excess of about 1570 K,32,46,47 consistent with
the condensation temperature of hibonite at some 1740 K.50

Quantitative Model of the First Stage. Group II CAIs and
the Murchison inclusions may not be perfect analogues for the
refractory nanoparticles in the Khatyrka QCs, and a wide
variety of refractory element patterns could be possible during

Figure 5. Chondrite-normalized33 (a) Tm/Er vs Nd/Er (b) and Zr/
Cr (logarithmic axes). These two panels are suggestive of
incorporation of different and complementary mixtures of high-T
condensates resembling composites of Group II CAIs (20−50%) and
normal CAIs (80−50%) in icosahedrite (solid red line), whereas
decagonite (dashed red lines) appears to contain a composite
resembling a small percentage of the ultrarefractory inclusions in
Murchison (2−7%) with either Group II CAIs (93−98%) or a
mixture (95−98%) between Group II CAIs and up to 80% normal CI
chondrites. The compositions and percentages of all mixtures (small
open red circles) are reported in Table S2, whereas only the relevant
composite percentages are indicated in the two panels. The mixing
line between Murchison inclusions and Group II CAIs is not shown in
panel (a) for the sake of clarity. Only QC analyses at a quantitative
level have been reported. Literature data sources as in Figure 3 plus
Group II CAIs50 and ultrarefractory inclusions of the Murchison
meteorite.37
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high-T condensation from the solar nebula.37 However, they
provide an illustrative example of the material that was
processed in a high-T nebular environment to create
complementary enrichments and depletion of highly refractory
elements. Bearing these limitations in mind, we construct a
model that assumes that the QCs themselves are barren in the
trace elements considered, with the measured inventory hosted
entirely in the refractory fraction of the enclosed nanoparticles.
The ingredients available to form these nanoparticles are
represented by the following putative end-member proxies
(Table S2): (1) the average of the two Murchison inclusions
with the most extreme Zr/Cr,37 (2) the average of Group II
CAIs,31,35 (3) the average of other CAIs,35 and (4) CI
chondrites.33

The mixing results (Table S2), reported in the two panels of
Figure 5, are suggestive of incorporation of two types of
complementary refractory inclusions in each of the QCs. The
nanoparticles in icosahedrite can be modeled as a binary
mixture of high-T condensates consisting entirely of Group II
CAIs and other CAIs, with the percentage of Group II CAIs in
the mix somewhere between 20 and 50%. On the other hand,
the nanoparticles in decagonite mix toward a non-CAI
component that we model using the ultrarefractory inclusions
in Murchison. A proportion between 2 and 7% of the
Murchison inclusions, when mixed with a component varying
between pure Group II CAIs and an admixture of Group II
CAIs with up to 80% CI chondrite (Table S2), encompasses
the range of decagonite analyses in the examined refractory
element ratios.
In terms of absolute amount (Table S2), 3% of these high-T

composites, in agreement with the occurrence of 3−5%
silicate/oxide inclusions within QCs,6,15,16 reproduce the
patterns observed in QCs (Figure 6). Keeping in mind that
these modeled composites are only proxies for the actual
refractory condensates, the model shows that both the absolute

concentrations and the ratios of refractory elements observed
in natural QCs can be reconciled with reasonable densities of
components known to exist in carbonaceous chondrites.
Figure 5 also shows data on SCS42 that plot with normal

CAIs and bulk chondrite in Tm/Er and Nd/Er; we will invoke
SCS-like materials below as the carrier of the MVE signature,
but they were not processed at sufficiently high temperature to
be carriers of the anomalies in highly refractory elements.

Second Stage: Reservoir #2, MVE-Rich Component. The
formation of MVE-rich components and their incorporation
into inner solar system material is controversial, and there is
presently no consensus on a unique scenario.
The MVE-rich component could be ascribed to the gas

phase of the interstellar medium, which forms the comple-
mentary reservoir to elements incorporated into solid dust,
which in turn are represented in chondritic solids. Refractory
elements depleted in the gas phase of the interstellar medium
are enriched in chondrites, whereas the opposite is true for
MVE. The composition of interstellar gas has been inferred
from absorption-line observations of the ζ Ophiuchi Cool Gas,
ξ Persei Cool Gas, and Galactic Cold Cloud.51−55 The removal
of refractory elements from the gas phase will naturally leave a
complementary enrichment of volatile elements simply by
mass balance. However, the suprachondritic abundances of
some MVEs up to 160× chondrite (Figure 2) are too large an
enrichment to be obtained by removal of refractory elements
from a region with near-solar metallicity and relative
abundances of the elements, according to the interstellar
medium observations reported in the aforementioned papers.
Furthermore, this source requires delivery of the interstellar
material to the disk by infall at an appropriate stage of disk
evolution, without reheating to the point where the MVEs are
lost back to the gas phase.
Another possible source of an MVE-enriched component

within the protoplanetary disk itself could be the residual
nebular gas during the later, low-temperature stage of nebular
evolution just before the T Tauri stage where the remaining
gas is removed by the solar wind. The capture of such volatile-
enriched material into low-temperature condensates has been
suggested as the origin of the mysterite dark clasts in the H6
chondrite Supuhee.56,57 These authors suggested that mysterite
was a late, low-temperature condensate from the solar nebula
that incorporated MVE left behind after condensation of the
components of earlier generations of chondrites. A similar
explanation was offered by Ganapathy and Larimer58 to explain
their observation of MVE enrichment in the enstatite
chondrite Abee. Note that if transport processes such as X-
winds59 were delivering material from different semimajor axes
within the nebula, then different locations within the nebula
rather than different stages of evolution at a given location
might be invoked to explain the mixing of multiple
components with different condensation temperatures.
Finally, the MVE-rich component could have condensed

from volatile-enriched vapor produced during collisions in the
solar protoplanetary disk.60−62 Collisions among early objects
grew progressively more energetic and eventually began to
cross the thresholds for incipient melting, complete melting,
incipient vaporization, and ultimately large-scale vaporization
of silicates.63,64 Remarkably, the experimental work of Norris
and Wood61 demonstrated that MVEs are strongly fractionated
into vapor during high-energy collisions and that lower oxygen
fugacity promotes increasingly volatile behavior of MVE. This
is notable because the QCs are found in an object with a

Figure 6. Chondrite-normalized33 trace element content of the
modeled two-stage formation of nanoparticles enclosed in QCs. The
first stage is focused on reproducing Zr/Cr, Tm/Er, and Nd/Er of
QCs (Figure 5) by mixing composites of different proxies for high-T
condensates with CI chondrite material (Table S2). The second stage
is focused on reproducing Sb/Cr, Bi/Cr, and Pb/Cr of QCs based
upon MVE-rich vapor condensation from early object collisions
(Table S3). Negative Pb and Zn anomalies (Figure 2) imply an
additional stage of sulfide segregation. The calculated total amount of
nanoparticles in QCs (first stage and second stage) is ≤4% (Tables S2
and S3), in agreement with previous independent estimates.6,15,16 All
QC analyses are at a quantitative level.
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unique oxidation state history. The incorporation of an MVE-
enriched component that originated from collision-induced
partial vaporization may therefore offer a new constraint on the
fO2 evolution responsible for the formation of Khatyrka’s
distinctive metallic phases.
An MVE-rich component that was present in the inner solar

system from ∼1 to at least 4 Myr after the time of CAI
formation has been associated with a decrease in oxygen
fugacity in late nebular conditions.65 The Mn/Na ratio of solar
system objects functions as an effective proxy for the prevailing
fO2 conditions during gas/solid interactions: high fO2 renders
Mn more refractory and yields solids with high Mn/Na ratio,
whereas low fO2 has the opposite effect. Notably, the Mn/Na
ratios of the two QCs (on average 0.34 in icosahedrite and
0.15 in decagonite) are among the lowest values recorded so
far in any extraterrestrial object (Figure 3 in ref 65). The
extremely low Mn/Na of QCs is consistent with the very
reducing conditions needed to form metallic Al. In the current
context, the efficient transfer of MVEs into vapor under
reducing conditions61 favors the hypothesis that the volatile
component incorporated in the QCs condensed from the
vapor formed by a collision during the protoplanetary
accretionary stage.
Quantitative Model of the Second Stage. There are many

uncertainties in constructing a model for the MVE enrichment,
but we propose an approach to constraining this process using
the results of Norris and Wood at fO2 = 10−13 bars and 1300
°C.61 The results of these experiments were reported as
volatility factors for a number of MVEs, but the evaporated
mass fraction (F) was not reported, precluding direct estimates
of partition coefficients. We estimated vapor/liquid partition
coefficients for each element (Di) by analytical inversion of the
Rayleigh fractional evaporation equation with an unknown
value of F
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where Cs
i and Co

i are the concentrations of element i (Sb, Bi,
Pb) in the residue and in the starting material of the
experiments of Norris and Wood, respectively (extended data,
Table 2),61 and we consider F values of 5, 1, and 0.1% (Table
S3). DCr has been assumed equal to unity on the basis of the
results of Norris and Wood.61 We then used the set of
calculated Di to model aggregated fractional vapor formed by
various extents of Rayleigh evaporation of CI chondrite,33 the
average SCS, and two extreme SCS samples41 (Table S3).
The results are illustrated in the two panels of Figure 7.

Figure 7a, Sb/Cr vs Bi/Cr, demonstrates that impact-induced
partial vaporization of the modeled starting materials could
have created a reservoir enriched in MVE that, upon
condensing, would be a plausible source for the MVE-rich
component subsequently incorporated in the QCs. The
absolute amount of the MVE-rich component necessary to
roughly reproduce the pattern observed in QCs ranges from 1
to 0.1% (Table S3 and Figure 6), which, added to the
refractory nanoparticles from the first stage, yields ≤4% total
nanoparticles, consistent with the 3−5% observation of
nanoparticle density via electron microscopy.6,15,16

The vaporization model predicts, however, the wrong sign of
Pb/Cr anomalies (Figure 7b) and implies Pb contents (Figure
6) derived from the MVE-rich component that are higher than
the values observed in QCs. Considered together with the

prominent negative Zn anomalies (Figure 2), the behavior of
Pb could be explained by condensation and segregation of a
sulfide phase from the vapor before condensation of the MVE-
rich nanoparticles that would subsequently become entrapped
within QCs.
Although we illustrate the formation of the MVE-enriched

component of the QCs with a single-stage evaporation process,
one could just as well envision multiple collisions and other
more elaborate protracted processes. In fact, the SCS starting
material (Figure 7) might represent an example of volatile-
enriched material from a previous collision.

Third Stage: Formation of QCs. Although the trace element
concentrations reported here were measured by ablating
material that appears, at the microscale, to be homogeneous
single-phase QCs, it seems very unlikely that QCs themselves
condensed as solids from the gas of the solar nebula. Volatility
control fails to explain the origin and ratios of the major
constituents of the QCs, icosahedrite (Al63Cu24Fe13) and

Figure 7. Chondrite-normalized33 (a) Sb/Cr vs Bi/Cr and (B) Sb/Cr
vs Pb/Cr (logarithmic axes). The enrichment in MVEs in the QC
domains is modeled using aggregated Rayleigh fractional evaporation
and partition coefficients estimated from the experimental results of
Norris and Wood61 as described in the text, using as starting materials
CI chondrite,33 average SCS, and two extreme SCS samples41 (Table
S3). The model shows that condensation of an MVE-enriched vapor
could create the Sb/Cr and Bi/Cr signature of the QCs. However, low
Pb/Cr (and Zn) in the QCs points to an additional effect, perhaps
segregation of sulfides from the vapor phase (see the text).
Percentages refer to the evaporated mass fraction F. All QC analyses
are at a quantitative level. Literature data sources as in Figure 3.
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decagonite (Al71Ni24Fe5). Moreover, high-temperature con-
densates of the solar gas all contain trivalent Al (e.g.,
corundum, hibonite, grossite); thermodynamic data appear
to forbid the presence of metallic aluminum in equilibrium
with the solar nebula. Thus, Al, Cu, Fe, and Ni incorporation
was likely not controlled by gas/solid partitioning. To the
extent that the observed trace element patterns are indeed well
explained by gas/solid fractionation processes, i.e., volatility
control, the most likely explanation is that the QC domains
analyzed are heterogenous at scales much smaller than the laser
spot (110 μm). The trace elements may be present in lattice
defects or as nanoparticles of cosmic dust. Heterogeneities of
these types have already been noted in previous TEM studies
of Khatyrka fragments.15,16 We must therefore consider the
likelihood that we are here discussing the origin and evolution
of dust incorporated into QCs rather than the formation of the
QCs as such.
Both QCs record the admixture of at least two different

components whose elemental fractionations appear to
represent different regions or different stages of the solar
nebula. It has been extensively documented that Khatyrka
experienced a multistage collision history6,7 and that the QCs
themselves are likely the result of impact-induced processing of
reduced metal precursors.10,43,44 Although the impact intensity
associated with QC formation is much lower than that needed
for efficient vapor production, impacts are associated with
highly heterogeneous variations in shock intensity both at
small scale due to target material variations (e.g., porosity) and
at large scale due to distance from the impact point.
Nevertheless, the proposal that MVE-enriched condensates
formed out of impact-induced vapor and were then present in
intimate contact with the solid metallic precursors of the QCs
reinforces the multistage impact history already demonstrated
for the Khatyrka meteorite.6−8,10,42,44

In summary, the Khatyrka parent body is a CV chondrite
consisting of clasts of different origins accreted together during
a complex multistage sequence of collision events6−8,10 that
brought together all of the chemical ingredients to form the
QCs: Al, Fe, Ni, Cu, and both high- and low-T components
that conveyed to QCs their unique trace element signature.
The nucleation of QCs required P > 5 GPa (indicated by
stishovite and ringwoodite inclusions in some icosahedrite
grains6,15), T > 1700 K (suggested by melting textures in some
icosahedrite/ decagonite grains7), and low fO2 (to reduce
trivalent aluminum to metallic aluminum).
The formation of QCs must have occurred during a modest-

sized short-lived collision10,66 following the much more
energetic event that mobilized the MVE-rich component.
Incidentally, extreme reduction conditions and high temper-
atures were suggested, by Essene and Fisher67 in their
pioneering study on glassy fulgurite, to occur as a result of
electrical discharges (i.e., lightning strikes) in the solar nebula
following impacts among early objects. Thus, collisions (high P
and T), perhaps aided by electrical discharge (high T and low
fO2),

68 may have provided the necessary environment for the
formation of liquid metal, as suggested by the observed melting
textures,7 in which QC nucleation was followed by QC domain
growth that overran and incorporated nanoparticles of both
components, resulting in the unique trace element signature of
the QC domains (Figures 2−5 and 7). Remarkably, the
formation of cupalite at T = 1700 K occurs at fO2 of 10

−14−
10−13 bars (extrapolated from Bindi et al.),15 suggesting that all
of the reduced metallic phases in Khatyrka (not just the QCs)

may be attributable to the joint effects of the planetesimal
collision and electrical discharge.
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