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Quasicrystals are solids whose atomic arrangements have symmetries that are forbidden for periodic
crystals, including configurations with fivefold symmetry. All examples identified to date have been
synthesized in the laboratory under controlled conditions. Here we present evidence of a naturally
occurring icosahedral quasicrystal that includes six distinct fivefold symmetry axes. The mineral, an
alloy of aluminum, copper, and iron, occurs as micrometer-sized grains associated with crystalline
khatyrkite and cupalite in samples reported to have come from the Koryak Mountains in Russia. The
results suggest that quasicrystals can form and remain stable under geologic conditions, although there
remain open questions as to how this mineral formed naturally.

Solids, including naturally forming min-
erals, are classified according to the order
and rotational symmetry of their atomic

arrangements. Glasses and amorphous solids
have disordered arrangements with no exact rota-
tional symmetry. Crystals have atomic structures
with long-range periodic order that can be de-
scribed by a single atom or atomic cluster that
repeats at regular intervals. According to the
well-known theorems of crystallography derived
nearly two centuries ago, the rotational symme-
tries of crystals are highly restricted: Two-, three-,
four-, and sixfold symmetry axes are allowed, but
five-, seven-, and all higher-fold symmetry axes
are forbidden. Quasicrystals (1, 2) (short for
quasiperiodic crystals) have a more subtle kind of
long-range order. In a quasiperiodic structure, the
atomic positions along each symmetry axis are
described by a sum of two or more periodic
functions whose wavelengths have an irrational
ratio (inexpressible as a ratio of integers). This
difference exempts quasicrystals from the crys-
tallographic restrictions: They can exhibit all the
rotational symmetries forbidden to crystals, in-
cluding fivefold symmetry. Just as square or hex-
agonal tilings are commonly used as geometric
analogs for periodic crystals, the Penrose tiling
(3) is used as an analog for quasicrystals. The
fivefold symmetric tiling consists of acute and
obtuse rhombic tiles that repeat along each
symmetry direction with frequencies whose
quotient is t ¼ 1þ ffiffi

5
p
2 ¼ 1:618, the golden ratio.

The concept of quasicrystals was introduced
25 years ago (1), and the first example observed
was a rapidly quenched alloy of Al and Mn with
icosahedral symmetry (2). Since then, over 100
examples have been identified (4), but all have
been synthetic alloys produced in the laboratory
under controlled conditions, ranging from fast to
moderately slow quenching (5). A substantial

number have icosahedral symmetry, but other
crystallographically forbidden symmetries have
been observed as well (1, 4). Among the most
carefully studied is the icosahedral phase of
AlCuFe (i-AlCuFe), reported by Tsai et al. (6)
and subsequently examined over a range of stoi-
chiometries, temperatures, and quench conditions
(5). The optimal composition, Al63Cu24Fe13, is
known to be stable over the temperature range
from 500° to 870°C at atmospheric pressure, but
its stability under wider ranges of temperature
and pressure has not been fully explored.

To search for quasicrystals beyond the chem-
ical families in which they are already known to
occur, a scheme to identify quasicrystals based
on powder diffraction data was developed and
applied (7) to a collection of over 80,000 patterns
published as the “powder diffraction file” by the
International Center for Diffraction Data (ICDD-
PDF). The ICDD-PDF includes some 9000 min-
eral patterns in addition to synthetic phases.
Figures of merit were identified to rank the ob-
served powder patterns according to how they
compared with those of ideal quasicrystals.
Known quasicrystals in the ICDD-PDF were suc-
cessfully identified by this procedure. Among
other materials, samples of the 50 most highly
ranked were obtained and explored with trans-
mission electron microscopy (TEM) and powder
x-ray diffraction (XRD), but no new quasicrys-
tals, synthetic or natural, were found (7). As a
result, the search turned to possibilities outside
the existing catalog, beginningwithminerals with
compositions similar to those of known quasi-
crystals synthesized in the laboratory.

Many synthetic quasicrystals are metallic al-
loys, often including Al, which led to the consid-
eration of the mineral khatyrkite, with a nominal
composition of (Cu,Zn)Al2. Khatyrkite (8, 9) was
originally found in a metal placer, reported as
coming from a Triassic (200 million years old)
ultramafic (silicon-poor) zone (10) of the Koryak
Mountains, northeast of the Kamchatka Penin-
sula in Russia. Cupalite, nominally (Cu,Zn)Al,
is reported to form in close association with
khatyrkite and is orthorhombic (8, 9). The only
reported samples of khatyrkite were described as
roughly 30-mm grains found in association with
weathered serpentinite and located near the
Listvenitovyi Stream in the Chetkinvaiam tec-
tonic melange (9, 10).

We examined a khatyrkite-bearing sample
from the collection of the Museo di Storia Na-
turale of the Università degli Studi di Firenze
(catalog number 46407/G) that was acquired in
1990 and cataloged as coming from the Koryak
region, although we have no direct evidence that
our sample originated from the same location as
the type specimen. Instead of a metal placer, the
sample includes an assemblage (Fig. 1A) of
spinel, augite, and forsteritic olivine. We made
polished thin sections and examined the micro-
structure using backscattered electron (BSE) im-
aging in the scanning electron microscope (11).
To quantify the stoichiometry of these phases, we
examined samples using wavelength-dispersive
x-ray analysis in an electron microprobe (12).

The study revealed a number of Al-rich grains
consistent with khatyrkite and cupalite, though
with only traces of Zn as compared with the
reported composition (8, 9). These grains were
intergrown with forsteritic olivine (Fig. 2A) and
an unknown mineral, AlCuFe, corresponding to
the b phase (5) in the synthetic Al-Cu-Fe alloy
(Fig. 2B). The complex assemblage of mineral
phases shown in Figs. 1 and 2 provides evidence
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Fig. 1. (A) The original khatyrkite-bearing
sample used in the study. The lighter-colored
material on the exterior contains a mixture of
spinel, augite, and olivine. The dark material
consists predominantly of khatyrkite (CuAl2) and
cupalite (CuAl) but also includes granules, like
the one in (B), with composition Al63Cu24Fe13.
The diffraction patterns in Fig. 4 were obtained
from the thin region of this granule indicated by
the red dashed circle, an area 0.1 mm across. (C)
The inverted Fourier transform of the HRTEM
image taken from a subregion about 15 nm
across displays a homogeneous, quasiperiodi-
cally ordered, fivefold symmetric, real space
pattern characteristic of quasicrystals.
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that all the phases were formed naturally by
geologic processes and are unlikely to have been
introduced by human activity; however, elucidat-
ing the mechanisms responsible for this hetero-
geneous morphology and for the low oxygen
fugacity implied by the existence of metallic Al
remains a serious and fascinating challenge. In
addition to these phases, we observed within the
sample a grain about 90 to 120 mm across that,
based on 18 microprobe analyses, is approxi-
mately Al65Cu20Fe15, with an uncertainty of less
than 0.1 atomic %. This is close to the optimal
stoichiometry of synthetic i-AlCuFe (5). Over
200 microprobe samplings show that the chem-
ical composition in each of the metallic phases
shown in Fig. 2 has a fairly uniform composi-
tion. Extensive studies of AlCuFe alloy forma-
tion in the laboratory do not show the same
assemblage of metal alloys found in this sample
(13).

To investigate the atomic structure of this
possible i-AlCuFe phase, we removed grains
from the polished thin sections, mounted them
on glass fibers, and collected powder XRD pat-
terns with a diffractometer (14). The powder
XRD pattern gives direct information about the
atomic structure that can indicate whether it is a
quasicrystal, using the scheme in (7). For an
icosahedral quasicrystal, the diffraction scatter-
ing intensity in Fourier space at scattering wave
vector q is IðqÞ ¼ ∑jrQj2dq,Q, where rQ is com-
plex, and the sum is over a discrete lattice of
reciprocal vectorsG, expressible as integer linear
combinations of the six fundamental wave vectors
gk ¼ sin b cos 2pk

5

� �
, sin b sin 2pk

5

� �
, cos b

� �
for k =

0,…,4 and cos b ¼ 1ffiffi
5

p and g5 = (0,0,1). The
vectors {gk, g5} are oriented along the six
fivefold symmetry axes of an icosahedron (15).
The icosahedron (which has the symmetry of a
soccer ball) also has 10 threefold symmetry
axes and 15 twofold symmetry axes. Associ-
ated with each peak Q is a complementary
wave vector Q, obtained by using the same six
integers to construct the corresponding linear
combinations of gk ¼ g2k mod 5 and g5 ¼ −g5.
The diffraction scattering intensity at peak Q
tends to decrease as jQj increases. Synthetic
i-AlCuFe is a face-centered icosahedral (FCI)
quasicrystal (5); in these structures, Bragg peaks
occur only at integer linear combinations of
{gk, g5} where the sum of the integers is even.
Applying the automated indexing program in (7),
we compared the powder XRD pattern of our
AlCuFe mineral grains to that of an ideal FCI
structure and found that all of the major peaks
(Fig. 3A) match closely with Bragg reflections in
the ideal structure, as shown in Table 1. We also
quantified the degree of conformity, using figures
of merit corresponding to D, the intensity-
weighted average of the absolute deviation of
each Q from its closest-matching FCI peak
(column three in Table 1), and the intensity-
weighted average of Q, as discussed in (7); Fig.
3B shows that the sample ranked extremely
high.

Fig. 2. (A and B) BSE
images of two thin polished
slices of the khatyrkite sam-
ple shown in Fig. 1. At least
one microprobe analysis
wasmade at each location
marked with a symbol,
corresponding to the fol-
lowing phases: khatyrkite
(CuAl2), yellow squares;
cupalite (CuAl), blue cir-
cles; unknown mineral
(AlCuFe), corresponding
to b phase (5, 12) in the
synthetic alloy, purple tri-
angles; forsteritic olivine
[(Mg0.95Fe0.05)2SiO4], in-
timately associated with
khatyrkite, green dia-
monds; and natural quasi-
crystal with approximate
composition Al63Cu24Fe13,
red pentagons.

Table 1. Best fit of the powder XRD pattern from the mineral sample to an ideal FCI quasicrystal,
using the automated scheme in (7). The first two columns show the magnitude of the scattering
vector |Q| for the real and ideal patterns, and column three shows the difference between these
two values. The fourth column is the relative intensity (100 is the most intense). The fifth column
is the best-fit index assignment (integer linear combinations of the six vectors {gk, g5}), and the
last column is an equivalent two-integer index introduced by Janot (4) (eqs. 3.20 to 3.26) and
used in Fig. 3A, in which Q ¼

ffiffiffiffiffiffiffiffiffiffiffi
N þ tM

p
d with distance d = 34 Å and six-dimensional lattice

parameter a6 ≡ dffiffiffiffiffiffiffiffiffiffiffiffi
2ð2 þ tÞ

p ¼ 12:64 Å.

|Qreal| (Å−1) |Qideal| (Å−1) D Irel ni (N,M)
0.1116 0.1120 0.32% 2 200000 (8,4)
0.1808 0.1812 0.20% 5 111111 (12,16)
0.2668 0.2670 0.06% 20 200022 (24,36)
0.2931 0.2932 0.03% 25 311111 (28,44)
0.3082 0.3083 0.03% 20 220022 (32,48)
0.3571 0.3576 0.12% 5 311131 (44,64)
0.4080 0.4078 0.05% 10 420022 (56,84)
0.4255 0.4254 0.02% 5 311133 (60,92)
0.4744 0.4744 0.00% 90 422222 (72,116)
0.4985 0.4988 0.06% 100 402042 (80,128)
0.5787 0.5786 0.02% 5 531133 (108,172)
0.6887 0.6884 0.05% 15 622044 (152,244)
0.7052 0.7054 0.03% 5 622244 (160,256)
0.8078 0.8071 0.08% 30 604064 (208,336)
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