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Khmaralite, a new beryllium-bearing mineral related to sapphirine: A superstructure
resulting from partial ordering of Be, Al, and Si on tetrahedral sites
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ABSTRACT
Khmaralite, Ca0.04Mg5.46Fe3+0.12Fe2+1.87Al14.26Be1.43B0.02Si4.80O40, is a new mineral closely related to
sapphirine from Khmara Bay, Enderby Land, Antarctica. It occurs in a pegmatite metamorphosed at
T ≥ 820 °C, P ≥ 10 kbar. The minerals surinamite, musgravite, and sillimanite associated with khmaralite
at Casey Bay saturate it in BeO, and thus its BeO content could be close to the maximum possible.
Optically, khmaralite is biaxial (–); at λ = 589 nm, α = 1.725(2), β = 1.740(2), γ = 1.741(2), 2Vmeas =
34.4 (1.8)°, v > r strong, and β  b. The weak superstructure reported using electron diffraction has
been confirmed by single-crystal X-ray diffraction. The superstructure corresponds to a doubling of
the a axis in monoclinic sapphirine-2M (P21/c setting) with the following unit-cell parameters: a =
19.800(1), b = 14.371(1), c = 11.254(1) Å, β = 125.53(1)°, Z = 4, Dcalc = 3.61 g/cm3. Using a simplified chemical formula of Mg5.46Al14.28Fe2.00Si4.80Be1.46O40, the fully anisotropic structure refinement of
all site occupancies, including Al vs. Mg and Al vs. Si on the 16 octahedral (M) and 12 tetrahedral
(T) sites respectively, establishes that the 2×a superstructure results primarily from ordering in the
doubled (T1 → T6, T7 → T12) tetrahedral chain, which is parallel to the a axis. The strongest contribution comes from Al-Si-Be ordering on the T2 (33-16-51%) vs. T8 (0-95-5%) and T3 (4-78-18%)
vs. T9 (30-0-70%) sites. Thus, the sequence Al-Si-Al in sapphirine is replaced by the sequence SiBe-Si in khmaralite; i.e., Be replaces Si on two sites and Si replaces Al on on four adjacent sites,
resulting in an indirect replacement of Al by Be by the coupled substitution Be + Si = 2Al. The Be
distribution in khmaralite and the strong preference for Be/Al mixing over Be/Si mixing appear to
satisfy the bonding requirements of the bridging O atoms by minimizing the number of Be-O-Be and
Be-O-Al linkages.

INTRODUCTION
Sapphirine is one of the few rock-forming minerals which
incorporates variable amounts of beryllium above the trace
level; up to 0.65 wt% BeO has been measured (Wilson and
Hudson 1967). However, Grew (1981) estimated that as much
as 2.5 wt% BeO could be present in a sapphirine from Khmara
Bay (67° 20’ S; 49° 00’ E), the easternmost extension of Casey
Bay, Antarctica, an estimate confirmed by subsequent ion microprobe analyses. Using transmission electron microscopy,
Christy (1988) reported a superstructure of sapphirine-2M with
a doubled a axis repeat in the Khmara Bay sapphirine, which
he attributed to Be-Si ordering: competition between Si and
Be for the most polymerized sites in the tetrahedral chains.
P.B. Moore (unpublished data) attempted to identify the superstructure with X-rays, but without success.
In this study, crystallographic refinement of the superstructure confirms the presence of significant Be-Si-Al ordering,
but not in the scheme suggested by Christy (1988); instead
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significant Be (51–70%) is present on one of the two sites coordinated to three other tetrahedra in each of the sapphirinelike sub-cells. This phase is not “beryllosapphirine” because
such a mineral should have the same space group as sapphirine-2M and similar cell parameters. We chose the name
khmaralite from the locality Khmara Bay, which honors Ivan
Fedorovich Khmara (1936–1956), a tractor driver on the Soviet Antarctic Expedition who perished in Antarctica. The new
mineral and the name have been approved by the Commission
on New Minerals and Mineral Names of the IMA. Holotype
material is preserved in the National Museum of Natural History, Smithsonian Institution as NMNH 171532.
Sapphirine is structurally most closely related to the
aenigmatite group, which includes the beryllosilicate minerals
høgtuvaite, welshite and “makarochkinite,” and to the ferromagnesian aluminum beryllosilicate mineral surinamite. No
structure determination is presently available for either
høgtuvaite, (Ca,Na)2(Fe,Ti,Mg,Mn,Sn)6(Si,Be,Al)6O20 (Grauch
et al. 1994) or welshite, Ca2(Mg,Mn)4FeSb(Si,Be,As,Al)6O20
(Moore 1978). “Makarochkinite” (not approved by the IMA
Commission on New Minerals and Mineral Names), (Ca,Na)2
(Fe,Ti,Mg,Mn)6(Si,Be,Al)6O20 (Polyakov et al. 1986), is chemi1650

