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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, CgoMgs.4dF€ 01561 57Al 14.28B€1 48B0.0:514 80040, IS @ 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=589 nmga = 1.725(2)3 = 1.740(2)y = 1.741(2), ¥ neas=
34.4 (1.8}, v >r strong, an@ [Ib. The weak superstructure reported using electron diffraction has
been confirmed by single-crystal X-ray diffraction. The superstructure corresponds to a doubling of
thea axis in monoclinic sapphirineh (P2,/c setting) with the following unit-cell parametees=
19.800(1)b = 14.371(1)¢ = 11.254(1) AR = 125.53(19, Z = 4, D, = 3.61 g/cr Using a simpli-
fied chemical formula of MgyeAl 14286 00SissB€1.48040, 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 tlha 8uperstructure results primarily from ordering in the
doubled (T1- T6, T7 - T12) tetrahedral chain, which is parallel to #exis. The strongest contri-
bution 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 Si-
Be-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 significant Be (51-70%) is present on one of the two sites co-

Sapphirine is one of the few rock-forming minerals whicRrdinated to three other tetrahedra in each of the sapphirine-
incorporates variable amounts of beryllium above the tratike sub-cells. This phase is not “beryllosapphirine” because
level; up to 0.65 wt% BeO has been measured (Wilson a$i4ch @ mineral should have the same space group as sapphir-
Hudson 1967). However, Grew (1981) estimated that as mJ8§-2V and similar cell parameters. We chose the name
as 2.5 wt% BeO could be present in a sapphirine from Khmdj3maralite from the locality Khmara Bay, which honors Ivan
Bay (67 20'S; 49 00’ E), the easternmost extension of Caselg,_edorowch_ Khmara_ (1936_1956_)1 a tractor drlv_er on the So-
Bay, Antarctica, an estimate confirmed by subsequent ion nfitAntarctic Expedition who perished in Antarctica. The new
croprobe analyses. Using transmission electron microscopyineral and the name have been approved by the Commission
Christy (1988) reported a superstructure of sapphirMevih ~ ©n New Minerals and Mineral Names of the IMA. Holotype
a doubleda axis repeat in the Khmara Bay sapphirine, whichaterial is preserved in the National Museum of Natural His-
he attributed to Be-Si ordering: competition between Si af@fy. Smithsonian Institution as NMNH 171532.

Be for the most polymerized sites in the tetrahedral chains. S@Pphirine is structurally most closely related to the
P.B. Moore (unpublished data) attempted to identify the s@énigmatite group, which includes the beryllosilicate minerals
perstructure with X-rays, but without success. hggtuvaite, welshite and “makarochkinite,” and to the ferro-

In this study, crystallographic refinement of the superstruglagnesian aluminum beryllosilicate mineral surinamite. No
ture confirms the presence of significant Be-Si-Al orderini,”ucwre determination is presently available for either

but not in the scheme suggested by Christy (1988); inste3ggtuvaite, (Ca,NajFe,Ti,Mg,Mn,Sn)(Si,Be,Al)O, (Grauch
et al. 1994) or welshite, @&lg,Mn),FeSh(Si,Be,As,AlOx

(Moore 1978). “Makarochkinite” (not approved by the IMA
Commission on New Minerals and Mineral Names), (Ca,Na)
*E-mail: barbier@mcmaster.ca (Fe,Ti,Mg,Mn)(Si,Be,Al)xO,, (Polyakov et al. 1986), is chemi-
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cally nearly identical to hggtuvaite (Grauch et al. 1994), btitsillimanite + surinamite + musgravite + garnet + biotite +
optical properties and the absence of polysynthetic twinningristile, is one of three assemblages found in the surinamite-bear-
“makarochkinite” suggest that the two minerals could be disyg pegmatites at “Zircon Point” and nearby “Christmas Point”
tinct species. Yakubovich et al. (1990) refined the structure (®ig. 1). The phase relationships illustrated in Figure 1 is a
“makarochkinite” and reported unexpected Be/Si mixing asimplification because of the presence of substantial Zn in
two of the tetrahedral sites. In the case of sapphirineusgravite. Zinc stabilizes an assemblage in no. 2234L(5)
(Mg,Al,Fe)(Al,Si)¢0,,, structure determinations have beeiiGrew 1981) not consistent with the array shown: sillimanite +
carried out for sapphirineh (Moore 1968, 1969; Higgins and surinamite + musgravite + quartz. Nonetheless, to a first ap-
Ribbe 1979b) and sapphiriné&{Merlino 1980). None of these proximation, the phase relations imply that the assemblage
studies, including one which used single-crystal neutron difiusgravite + surinamite + sillimanite saturates khmaralite in
fraction to refine the octahedral Mg/Al and tetrahedral Al/Se at theP andT of metamorphism given that Be is incorpo-
occupancies (Higgins and Ribbe 1979b), reported the preserated in khmaralite by the substitution BeSiAlGrew 1981).

of a superstructure. A later study of natural and synthetit contrast, beryllian sapphirine containing 0.6—1.2 wt% BeO
sapphirines by electron diffraction and microscopy did not dfom the Musgrave Ranges, Australia, is associated with
tect any superstructure either (Christy and Putnis 1988). In tin@sgravite, spinel, and biotite, but not surinamite and silliman-
case of surinamite, (M§l;)(Si;BeAl)Oy, only one structure ite (Wilson and Hudson 1967; Grew and Shearer, unpublished
determination has been done (Moore and Araki 1983). The data), and thus would not be expected to be saturated in Be.
finement of the octahedral Mg/Al distribution was not attempteinother factor favoring Be incorporation could be higi‘/Fe
but the tetrahedral Si/Be/Al distribution was found to be fulliMg ratio in sapphirine and khmaralite (see below).

ordered. Beryllium has been shown to be essential for the sta-

bility of the surinamite phase in the Mg-Al-Si-Be-O system PHYSICAL PROPERTIES

(de Roever et al. 1981; Holscher et al. 1986) and its crystal No cleavage was observed in khmaralite. The luster is vit-
chemical role may be linked to the tetrahedral ordering in theous. The hardness is about 7. It is brittle and the fracture is
crystal structure. The structure of khmaralite described hareeven. The color is very dark green; streak is green-gray. The
represents another example of the role of beryllium in inducalculated density is 3.61 g/énin thin section, khmaralite is

ing tetrahedral ordering.

PETROGRAPHIC DESCRIPTION

Khmaralite was found in a single specimen of pegmatite,
no. 2234L(3) from “Zircon Point” on Khmara Bay; a small Si0,
grain of Si-rich sapphirine containing 1.7 wt% BeO, which
could be khmaralite, is enclosed in garnet in a specimen from
the same pegmatite, no. 2234L(2) (Grew 1981; Grew and
Shearer, unpublished data). In no. 2234L(3), khmaralite forms
a foliated aggregate nearly 3 cm across of parallel tablets in a <«+—BeSi;)05
pegmatite consisting largely of quartz and microcline. The tab- .

. Cordierite
lets are flattened parallel to {010} and a few grains show these  Orthopyroxene
faces. Individual tablets range from 1 to 7 mm across and from Garnet
0.5 to 4 mm thick as seen in thin section. Khmaralite is most Surinamite
closely associated with sillimanite, surinamite, musgravite, /
garnet, and biotite, which are also major constituents of the 29:1
aggregate; other associated minerals are apatite, rutile, and \é%%hirine
sparse dumortierite. Spinel is found interstitial to sillimanitée

Quartz

prisms at one spot and is isolated from khmaralite, which alsgpzrigl'3 Chrysoberyl BeO
has no contact with either quartz or microcline. Chrysobery! igvig,Fe,Zn)A1,0, MINERAL COMPOSITIONS
present in no. 2234L(2), but given the isolation of the possible (projected through sillimanite)
khmaralite by garnet, there is no evidence that khmaralite is m Present in all assemblages
stable with chrysoberyl. Musgravite @ Part of an assemblage
o Not part of an assemblage
PETROGENESIS 3 Ideal compositions

Chrysoberyl
The textures of the aggregates, particularly the relatively
fine grain size (few mm to nearly 3 cm) and preferred orienta- ) ] )
tion, suggest a metamorphic origin. Grew (1998) proposed FIGURE 1. Assemblages of Be minerals in pegmatites of Casey
granulite-facies conditions &f820°C, > 10 kbar after intru- Bay (all with sillimanite). The numbered assemblages are identified

. . . . . as follows (Grew 1981, Table 1): (1) no. 2292B, “Christmas Point,”
sion. Khmaralite and associated minerals are inferred to hemeno 22341(3), “Zircon Point” and (3) no. 2234L(4,5), “Zircon

formed by metamorphism of pre-existing pegmatitic Be phasleéint." The dashed line marked BeSjAk one of an array of lines

such as beryllian Cordierite_- converging on the point BeSs; infinite amount of BeSiAlL
The stable assemblage inferred for no. 2234L(3), khmaralggpstitution is required to reach this point along any one of these lines.
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transparent and biaxial negative. Optical constants measured CRYSTALLOGRAPHY
(method of Bloss 1981; Su 1983, 1998) at 589 nm ar@ = Electron diffraction and microsocop
1.725(2),3 = 1.740(2)y = 1.741(2), and 2yeas= 34.4 (1.8), y
2Veae = 29; v > 1 is strong, and\2,..{(486 nm) = 49.3(0.8) Crystals of khmaralite were extracted from sample no.
and &/,,..{656 nm) = 62.6 (0.6) The orientation if§ (Ib. The 2234L(3) (Grew 1981), crushed with an agate pestle and mor-
pleochroisma = colorless or very light tafy = blue-green, tar, suspended in butanol, and deposited onto a carbon film
andy = deep blue-green. Calculation of the Gladstone-Dafé/pported by a copper grid. Examination in a Philips CM12
relationship using Eggleton’s (1991) constants (for pyroxen@nsmission electron microscope confirmed the presence of
and pyroxenoids where possible;d constant is taken from the superstructure originally reported by Christy (1988). Rows
Mandarino 1981) yields compatibility indices of —0.0007 for &f weak extra reflections were present corresponding to a dou-
BeO constant of 0.307 and —0.0096 for a BeO constant of 0.2861g of thea axis and all diffraction patterns were indexed on
Both indices are in the “superior” category (Mandarino 1981the following unit cell P2/c setting):a= 19.8,b = 14.4,c =
11.2 A,B = 125 (Fig. 2).
CHEMICAL COMPOSITION The superstructure was also observed in medium-resolu-
Khmaralite was analyzed for constituents other than Li, B&On lattice images of a few crystals viewed along the [001]
and B with an ARL-EMX electron microprobe at UCLA inzone axis. A faint contrast was visible in the thicker regions of
1980; operating conditions were 15 kV accelerating voltagéle crystals corresponding to a doutblg interplanar spacing
20 nA sample current (method given in Grew 1980) (Table Baual to 16.1 A (Fig. 2).
The three light elements were analyzed in 1982 with an ARL ) ]
lon Microprobe Mass Analyzer (IMMA) at the Aerospace Cor2owder X-ray diffraction
poration {*O- beam, method given in Grew et al. 1990) and in The X-ray powder pattern of khmaralite (Table 2) was
1996 with a Cameca ims 4f (Secondary lon Mass Spectroseorded with a Guinier-Lenné camera usini(deradiation
copy or SIMS) operated on the University of New Mexic¢\ = 1.93604 A) and YO; as internal standard. The line posi-
(UNM) campus by a UNM-Sandia National Laboratories corions and intensities were measured with a computer-controlled
sortium {0~ beam , method given in Grew et al. 1998). Thdigital film scanner (LS20, KEJ Instruments, Sweden). The
%Be* signal was not corrected for tFidl3* signal in the IMMA powder pattern was completely indexed on a monoclinic unit
data. Assuming that th@AI3* is 5x 10° the intensity of the cell with the parameters listed in Table 2 and with absences
ZIAl* signal (Grew et al. 1990), its contribution would constieonsistent with th@2,/c space group. This unit cell is similar
tute no more than 0.5% of tPige* signal for sapphirine and noto that determined by Christy (1988 £ 19.794(8),b =
more than 0.2% of th#e* signal for the surinamite standard.14.367(5)c = 11.320(3) Ap = 125.49(4)], except for an un-
The SIMS data were obtained at a resolution sufficient to sepaplained 0.066 A difference in tlegparameters.
rate the®Be* and?’Al®* signals. The IMMA and SIMS BeO  None of the reflections corresponding to tha &uperstruc-
contents are respectively, 2.56 and 2.47 wt%, which is gotde is visible in the powder X-ray pattern of khmaralite, even
agreement given the difference in the instruments and opewdter a prolonged exposure time of about three hours. This ob-
ing conditions. servation is consistent with the single-crystal X-ray data (see

TABLE 1. Chemical composition of khmaralite

wt% Std. Dev. Range Standard Method Formula*

SiO, 20.27 0.37 19.7-20.7 Pyrope glass EMPAT 4.796
AlLO3 51.15 0.39 50.4-51.6 Kyanite EMPAT 14.263
Cr,0, 0.01 0.01 0-0.02 Chromite EMPAT 0.000
Fe,0O3* 0.70 - - calculated - 0.125
FeO* 9.43 - - calculated - 1.866
FeO* 10.06 0.26 9.6-10.5* Magnetite EMPAT -
MnO 0.01 0.01 0-0.04 Verma garnet EMPAT 0.000
MgO 15.49 0.20 15.2-15.9 Pyrope glass EMPAT 5.463
ZnO 0.10 0.09 0-0.2 Zincite EMPAT 0.000
CaOo 0.16 0.03 0.1-0.2 Wollastonite EMPAT 0.041
K,O 0.03 0.03 0-0.06 Orthoclase EMPAT 0.000
Na,O 0 0 0-0 Jadeite EMPAT 0.000
Li,OF ~0.01 - ~0.01, ~0.01 Spd, Turt IM, SI18 -
BeO 2.51 - 2.47,2.56 Surinamite IM, SI§ 1.427
B,0; 0.05 - 0.05, 0.05 Grandidierite IM, SI§ 0.020

Totald 99.76 28.000

Note: Modified from Grew (1981) with addition of ion microprobe data.

* Fe was analyzed as Fe?*; FeO and Fe,0O; were calculated assuming 28 cations in a formula for 40 O atoms.

T Electron microprobe analyses at 13 points on 4 grains.

F Semiquantitative only because standards unsuitable; Spd = spodumene, Tur = lithian tourmaline.

§ IM =ARL ion microprobe mass analyzer (IMMA); S| = Secondary ion mass spectroscopy (SIMS) with the Cameca ims 4f. Stated values are
averages of several analyses with each instrument.

[MDoes not include Cr,0;, FeO (measured), MnO, ZnO, K,O and Li,O. In addition, semi-quantitative emission spectrographic analyses gave in wt%
Be 0.5-1.0; Ca, Ga 0.1-0.5; B, Co, Ni, V 0.01-0.05; Ba, Cu, Pb, Ta, Sn, Zn <0.01; Li, not detected.
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TABLE 2. Powder X-ray diffraction pattern of khmaralite

h k / deat (A) dons(R) Tobs Jeal
0 1 1 7.7228 7.7321 6 13
0 2 0 7.1844 7.1859 2 9
2 2 0 5.3620 5.3655 2 2
0 0 2 4.5790 4.5803 8 16
—4 1 2 4.4217 4.4217 3 1
2 3 0 4.1170 4.1150 2 3
—4 2 1 4.0351 4.0336 6 6
0 4 0 3.5922 3.5906 5 8
-4 2 3 3.2654 3.2643 13 22
-6 1 2 3.2162 3.2151 2 4
4 3 0 3.0828 3.0817 7 12
-6 2 2 2.9987 2.9974 5 6
0 1 3 2.9860 2.9852 38 59
2 2 2 2.9620 2.9615 3 6
4 2 1 2.8348 2.8341 30 27
0 4 2 2.8263 2.8260 45 57
—4 1 4 2.7607 2.7598 20 25
0 5 1 2.7419 2.7407 2 2
-6 3 2 2.7174 2.7169 5 7
6 0 0 2.6855 2.6850 5 8
-6 0 4 2.6689 2.6691 3 4
6 1 0 2.6396 2.6408 16 13
-6 1 4 2.6241 2.6240 12 8
-2 1 4 2.5993 2.5990 5 10
0 3 3 2.5743 2.5745 8 10
—4 4 3 2.5657 2.5659 36 40
6 2 0 2.5155 2.5153 8 9
-2 2 4 2.4804 2.4804 4 7
—4 5 2 2.4442 2.4446 100 100
-8 0 2 2.4385 2.4387 44 53
-6 4 2 2.4302 2.4316 2 3
—4 3 4 2.4257 2.4261 6 6
2 4 2 2.4105 24111 5 4
0 6 0 2.3948 2.3948 4 6
4 1 2 2.3757 2.3756 15 15
4 4 1 2.34041 2.3405 43 279
4 5 0 2.3394 10
-6 3 4 2.3314 2.3312 3 4
FIGURE 2. TEM lattice image and electron diffraction pattern of g g : g:gégg g:gégg g i
khmaralite viewed along the [001] zone-axis. TheaZuperstructure -8 1 1 2.2346 2.2349 7 5
is revealed by the wealbh{odd} reflections and the faint doubling of -8 2 4 2.2108 2.2110 2 2
thed, o spacing in the thicker regions of the crystal. _g ?1 2 g:iggg 2152)&13; g g
-4 2 5 2.1245] 2.1235 1 5]
. ) ) 0 6 2 2.1221 10
below) showing that the intensity of the strongest super-cellg 1 5 2.0657 2.0657 5 8
reflection (-7, 8, 6) is only 0.4% of that of the most intense8 3 1 2.0455 2.0453 3 3
b-cell reflection (16, 0, 0) 8 0 0 2.0141 2.0140 61 52
sub-ce » U, U). -4 5 4 2.0103 2.0106 85 100
0 7 1 2.0030 2.0034 2 3
Structure determination by single-crystal X-ray diffraction -8 4 4 1.9510 1.9515 2 2
. . 8 2 0 1.9393 1.9392 3 2
A small, irregular, dark-green crystal of khmaralite (320 4 6 1 189177 1.8914 29 6]
180x 80um?®) was selected from sample 2234L(3) (Grew 1981)-4 4 5 1.8910 18
0 2 1.8868 1.8874 3 1

and mounted on a Siemens diffractometer equipped with & < . !
MoKa rotating anode and a SMART area detector (SiemeNote: The pattern is indexed on the following unit cell: a=19.800(1), b =
g_ ¢ . {]4S.369(2)| c=11.254(1) A, B = 125.53(1)°. The calculated intensities are
1996). To obtain good intensity measurements of the weak sased on the single-crystal X-ray structure refinement. Note that all the
perstructure reflections, the X-ray generator was run at 15 k{ I, h odd} reflections corresponding to the 2xa superstructure have
. T calculated intensities below 1% and none of them is observed.

power and the exposure time for individual frames of the area
detector was increased to 60 s. Table 3 summarizes details of
the data collection. tetrahedral chains along which the main cation ordering oc-

The single-crystal X-ray data were indexed on a pseudasrs (see below). However, the pseudo-orthogonal unit cell it-
orthogonal monoclinic unit cell witR = 90.9 (other cell pa- self was preferred for the structure determination because it
rameters are given in Table 3) by using the SAINT prograwas found to lead to fewer inter-parameter correlations during
(Siemens 1996). The geometrical relationship between this uthie least-squares refinement cycles.
cell and the alternative one wipre 125.5 (correspondingtoa  After correction of the intensity data for absorption using
simple doubling of the sapphirin@/2unit cell; cf. Moore 1969; the SADABS program (Sheldrick 1996), the structure refine-
Higgins and Ribbe 1979b) is illustrated in Figure 3. The supgnent was carried out with the SHELXL93 software (Sheldrick
structure in khmaralite is best described in terms of the doubE93). Initially, only a sub-cell structure similar to sapphirine-

(2xa) sapphirine unit cell since tlaeaxis is the direction of the 2M was refined in order to determine average cation popula-
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FIGURE 3.Geometrical relationships between the sapphiridesit cell @@= 9.90 A,B = 125.8), the Xa super-cell of khmaralitea(=
19.80 A B = 125.5) and the pseudo-orthogonal unit celJ£ 16.11 A 8 = 90.9°) used for the structure refinement of khmaralite. All unit cells
have commor andc axes and correspond to th2,/c space group.

TABLE 3. Single-crystal X-ray data collection and structure refinement of khmaralite

Chemical formula M5 46F€2.00Al14 26B€1 46Si4.80040%

Space group P2,/c

a (A 16.115(1) t

b(A) 14.371(1)

c (A 11.254(1)

B 90.90(1)

V(A% 2605.98

Zz 4

pu (mm?) (MoKa) 2.14

26 max (°) 81.89

Himiny Amax -28, 27

Kunins Kmax 0,25

iy nax 0,19

Observed reflections 60683 (/> -3a(/)

Independent reflections 14363

Absorption correction based on equivalent reflections (SADABS software)
Toins Tmax 0.619, 0.767

R 0.042 / 0.025 (before/after SADABS correction)
Parameters refined 614 in final anisotropic cycles

Reflections used 14349 (14 omitted in final cycles)

Reflections with F, > 40 (F,) 10220

Weighting scheme [0%(F2) + w P)? It with P =(max(Fz2,0)+2F2)/3 , w = 0.057
R(F) (F, > 40 (F,)) 0.036

WR(F?) (all) 0.108

(Bp)min (e-A) -1.82

(Ap)max (€-A) 170

* Simplified chemical formula based on 28 cations. The small amounts of Ca and B in the analytical data (0.04 and 0.02 per 40 O atoms; Table 1)
have been ignored. The simplified chemical formula implies 1.88 Fe?" + 0.12 Fe®, in good agreement with the analytical formula.
T Pseudo-orthogonal unit-cell used for the structure refinement (cf. Fig. 3).

tions for the eight octahedral sites and the six tetrahedral sitést the tetrahedral sites contained a total of 0.07 Fe per forty
After convergence, the structure was expanded into the pseuDaatoms. Taking all tetrahedral Fe as*Fed to the following
orthogonal supercell, with the sarR,/c symmetry. The re- coordination formula for khmaralite!®(Mgs.s6Alse1
finement of the atomic coordinates, site occupancies (assUmFd=e3's) (Al 5 5:Sis sdB €1 4 E3%7) Os0. Based on this formula,

all sites to be fully occupied) and isotropic displacement ptire occupancies of the individual M and T sites were further
rameters of all 16 octahedral (M) sites, 12 tetrahedral (T) sitesfined with the additional constraints of equaj parameters

and 40 oxygen sites was then undertaken. The refinemenfoisall M sites on one hand and for all T sites on the other.
based on a simplified chemical formula, viz., Mg Because it was not possible to simultaneously refine more than
F&.00Al 14.28€1 4651480040, iN Which B is combined with Be and two cation occupancies on any given site, #{®lg,Al) and

the small amount of Ca is ignored. The assumed stoichiométtAl,Si) occupancies were initially taken as Al only (the ma-
of 28 cations and 40 oxygen atoms requires that Fe be pregerty cations in both types of sites). At this stage, conver-
as 1.88 F& + 0.12 Fé&" and the structure refinement indicatedjence of théFe ,“Be, and“Fe populations was obtained
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with good esd’s of 0.3% for all sites. After fixing these populamsLe 5. Atomic coordinates ( x105 ) and isotropic displacement

tions at their refined values, tli§Mg/Al) and“(Al/Si) ratios parameters (in A2, x10¢) for khmaralite
of individual sites were refined and convergence was agasife* X y z z't Ueq
achieved with reasonable esd’s of 3% for all sites. It should W& 6767(2) 15950(2) -5979(3) 787 53(1)
pointed out here that the small amount of F2-3%) deter- mg fgg?gg; 1222‘31% :iéiiggg ‘ggg gigg
mined for some of the T sites was significant in determinings  43951(2) 5696(2)  —43855(2) 96 58(1)
proper Al/Si ratios consistent with their mean <T-O> bon¥5 7223(2) 36836(2) —6464(2) 759 55(1)
lengths . In the absence of*Fehe Al/Si ratios of these sitesmg 22‘71288 %ggég; :ﬁ%ggg; _ﬁé g;&g
refined to low values inconsistent with observed <T-O> dists  43783(2) 24859(2)  -18710(3) 25073  54(1)
tances longer than 1.70 A. The final octahedral and tetrahedfg] =~ 56946(2) ~ 15861(2)  -55686(3) 1260 55(1)
. . . . . - 80404(2) 15344(2)  -82020(3)  -1616  55(1)
site populations in khmaralite are given in Tables 4a and 4b iy gg715(2) 5624(2)  —68682(3) 33 56()
further cycles of refinement, the site occupancies were fix@d2 93494(2) 5719(2)  -93847(2) -353  57(1)
and the coordinates and displacement parameters of all Mty %;ig% g;géig; :ggsg‘l‘g; oo g(l)EB
and O sites were refined, first isotropically and then anisotrais  93696(2) 25841(2)  —-93826(3) -130  54(1)
pically. The final reliability indices are given in Table 3. Thé/|16 93620(2) 24922(2)  -68757(3) 24863  53(1)
final atomic coordinates and isotropig, parameters are listed + T2 ggggg; gggggg; —134512251; igggi 32%
in Table 5, the anisotropld; parameters are listed in Tablé 6.73 25517(2) 44937(2) —5142(3) 18798  45(1)

T4 49964(2)  44408(2) —29784(3) 19965  47(1)
TABLE 4a. Octahedral site occupancies and average bond lengths 15 37776(2)  75132(2) ~ -18975(3) ~ 18814  46(1)

- - T6  25335(2)  24640(2)  -6537(3) 18734  47(1)
in khmaralite T7  62550(2)  55428(2) —42714(3) 20405  47(1)
Y%Fe %Mg %Al <M-0> (A) T8 87702(2) 55249(2) —67401(3) 20375 44(1)
M1 4 0(4) 96 (96) 1.917 T9 75273(4) 45194(5) —54963(6) 20180 49(1)
M2 2 0 (6) 98 (94) 1.920 T10 3(2) 44167(2) 19962(3) 19835 46(1)
M3 7 0 (56) 93 (44) 1.956 T11 87801(2) 75577(2) —68986(3) 20301 46(1)
M4 24 76 (100) 0 (0) 2.096 T12 75220(2) 25148(2) -56486(3) 20310 47(1)
M5 18 57 (100) 25 (0) 2.126 o1 43926(5) —25671(5) -56405(7) —12478 66(1)
M6 21 79 (100) 0 (0) 2.137 02 18532(5) —25032(5) —31536(7) -13004 67(1)
M7 3 0(0) 97 (100) 1.919 03 6258(4) 5891(5) 5554(6) 11814 54(1)
M8 3 0(12) 97 (88) 1.926 04 30918(5) 5977(5) —19645(7) 11273 76(1)
M9 7 27 (4) 66 (96) 1.928 05 18201(5) 15655(5) —7024(7) 11177 77(1)
M10 10 17 (6) 73 (94) 1.949 06 7843(4) —16963(5) —18107(6) -10264 51(1)
M11 15 61 (56) 24 (44) 2.055 o7 18993(5) —4900(5) —7531(7) 11462 71(1)
M12 17 83 (100) 0(0) 2.093 08 6767(5) 6083(5) —17604(7) -10836 61(1)
M13 28 72 (100) 0 (0) 2.161 09 44138(5) —25268(5) -31211(7) 12926 68(1)
M14 25 75 (100) 0 (0) 2.154 010 18724(5) —25433(5) —5834(7) 12890 68(1)
M15 4 0(0) 96 (100) 1.919 011  43859(5) —46189(5) —28915(7) 14943 72(1)
M16 4 0 (12) 96 (88) 1.926 012 19011(5) —-46087(5) —4654(7) 14357 75(1)
Note: The esd’s on the Fe populations are 0.3%, those on the Mg and Al 81‘3‘ 12332(5) 15396(5) -30292(7) -10892 65(1)
. h (5) —16834(5) 5750(6) 10745 46(1)
populations are 3%. The numbers in parentheses represent the M1-8
site populations in sapphirine-2M (Higgins and Ribbe 1979b) 015 32622(5) -35101(5) -18823(7) 13799 61(1)
: 016 6357(5)  —34607(5) 6499(7) 12856 57(1)

017 43946(5) -45906(5)  -58271(7) 14325  89(1)

. . 018 18583(5) -46500(5)  —33301(7) -14718  68(1)
TABLE 4b. Tetrahedral site occupancies and average bond lengths 579 20676(5) -35167(5)  —43684(7) 14009 69(1)

in khmaralite 020  6670(5) —34461(5) -18930(6) —12261  54(1)

%Al %Si %Fe  %Be <T.0> (A) 021 94132(5) -25604(5)  -5983(7) -11851  52(1)

022 68156(5) -25199(5) —80959(7) -12803  60(1)

% ;g 591))2) iZs Eg)g) - o 1'2‘3‘2 023 56476(5) 5920(5) —44776(7) 11700  67(1)
5 prin 78 (4o - % qese 024  81161(5) 5192(5) -70281(7) 10880  82(1)
o 36 (62) £a (&) - 3 Toe 025 68466(5)  16572(5) -56825(7) 11641  82(1)
e o 3700 5 3 1o 026 57580(4) -16952(5) -—68162(6) —10582  49(1)
LN %6 (73) 22 @0 3 - Tree 027 68734(5)  _5750(5) -57214(7) 11519  67(1)
o & (&2 % (&) 2 - T 028  56270(5) 6166(5) —67674(7) -11404  76(1)
o o) o5 (98) - s o 029 94415(5) -—25161(5) -81537(7) 12878  50(1)
o 20 1) 0.(49) - S 030 68465(5) -—25652(5) -56440(7) 12026  59(1)
0 %6 (62) 4@ - ! 1o 031 93602(4) -45973(5) —78993(6) 14609  63(1)
o oy 12 (0) 3 - s 032 68424(5) -46186(5) -54871(7) 13552  82(1)
L 503 o1 20 3 - Te 033 69073(5)  16136(5) -80738(7) -11665  92(1)

- 034  54805(5) -17164(5)  —44298(6) 10507 53(1)
Note: The esd’s on the Be and Fe populations are 0.3%, those onthe Al 035  82433(5) -35166(5) —68688(7) 13746 54(1)

and Si populations are 3%. The numbers in parentheses representthe 036  56172(5)  —34792(5) —43582(7) 12591 74(1)
T1-6 site populations in sapphirine-2M (Higgins and Ribbe 1979b). 037  93915(5) —45726(5) —7569(7) 13653 68(1)
038 68573(5) —46402(5) —83218(6)  —14645 65(1)
039 79933(5) -35256(5) -93602(7) -13669  67(1)
040 56128(5) —34735(5) —68979(7) -12852 64(1)
! For a copy of the table of calculated and observed structtihe M and T site labeling follows that in sapphirine-2M (Higgins and
factors, Document item AM-99-028, contact the Business (tibbe, 1979b). The unit cell contains two equivalent sub-cells (M1-8, T1-

fice of the Mineralogical Society of America (see inside frorﬁégdesiplsmﬂelzzl)wThe On and Oy sites are equivalent to the O,

cover of arecent issue) for price information. Deposit item maythe (x,y,z) coordinates refer to the unit cell with 3 = 90.9° used for the

also be available on tlhenerican Mineralogisiveb site at http:/ refinement, the (x,y,z' with 2’ = x+z) coordinates refer to the alternative
/www.minsocam.org. unit cell with B = 125.5° used for the structural description (cf. Fig. 3).
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CATION ORDERING IN KHMARALITE phirine compositions reported by Christy (1989).

Our structure determination confirms that, as first suggested The difference in tetrahedral distribution between sapphir-
by Christy (1988), khmaralite represents an ordered derivativee-2V and khmaralite is primarily due to the presence of tet-
of sapphirine-B1. The crystal structure of the latter has alreadyahedral Be in the latter, which results in distinct cation ordering
been discussed in detail by Moore (1968, 1969), Higgins ahetween the two T1-6 and T7-12 sub-cells (Table 4b). The stron-
Ribbe (1979a, 1979b), Merlino (1973, 1980), Christy and Putrgigst contribution to the superstructure comes from Al-Si-Be
(1988), Barbier and Hyde (1988), and by Christy (1989) anardering on the T2 (33-16-51%) vs. T8 (0-95-5%) and T3 (4-
therefore, the present paper describes only the cation distriB8-18%) vs. T9 (30-0-70%) sites, i.e., Be is the major constitu-
tion peculiar to khmaralite. The site occupancies are giveneént only at two of the four tetrahedral sites which share corners
Tables 4a and 4b and illustrated in Figures 4 and 5; the bowith threeother tetrahedra. These two sites—T2 and T9—are
distances are listed in Table 7 together with selected bond angiescommensurate with the sub-cell and therefore contribute to
and polyhedral edge lengths. Note that Figure 5 is, in fact, a pifee superstructure. Overall, the tetrahedral cation distribution
jection along ¢' = [103] = 27.475 A with respect tofre125.8  in khmaralite also involves significant Be/Si and Al/Si order-
axial setting, the axis perpendicular to the closest packed layieg For instance, the Be-rich T9 site shares corners with Si-rich
of the khmaralite structure. The layer separation in this 12-laye® and T12 sites and, in turn, the T8 site shares corners with the
repeat (4.ccc.) is h = ¢'/12 = 2.290 A, equal to the typical sepaférich T10 and T11 sites (Figs. 4 and 5). Such a distribution, as
tion in sapphirine, spinel, kyanite, etc. For example, in the siwell as a strong preference for Be/Al mixing over Be/Si mixing,
layer repeat (2.ccc.) of spinel, MgO,, h =V3a/6 = 2.339 A.  appear to be required to satisfy the bonding requirements of the

Much of the difference between sapphiring2nd
khmaralite is in the tetrahedral sites; the octahedral ordering in
khmaralite is similar to that in sapphirin®42nd there are only
small differences between the two M1-8 and M9-16 sub-cells L/

(Table 4a). The contrast in Fe-Mg-Al octahedral occupancies v N
is most marked for M3 (7-0-93) and M11 (15-61-24). Not sur- M1 9
prisingly, the larger Mgj and Fé* cations are concentrated in :
the octahedral sites with fewer shared edges and inherently
larger volumes, such as M5, M6, M13, and M14 (Figs. 4 and
5). This results in a pronounced?FAl** avoidance similar to
that observed in Fe-rich sapphirinA-{Merlino 1980). Pre-
sumably, the minor amount of octahedrafke khmaralite
(0.05 Fé* per 40 O atoms) is accommodated in the Al-rich
sites. The highest Fe-contents (21-28%) are found for the M4,
M6, M13, and M14 sites which are the only ones to share two
corners with the Be-rich T2 or T9 tetrahedral sites (see below
and Figs. 4 and 5). This particular Fe ordering can be under-
stood in terms of bond-valence sum requirements around the
shared oxygen atoms as follows: for a given M-O bond dis-
tance, the Fe-O bond valence is larger than the Mg-O bond
valence due to the difference in bond-valence parameters, viz.,
1.734 and 1.693 for FeO and Mg-O bonds, respectively (Brese
and O’Keeffe 1991); consequently, for an oxygen atom already
bonded to two Be-rich tetrahedral sites (with low bond-valence
contributions from the Be-O bonds), a proper bond-valence sum
is expected to require a higher Fe/Mg ratio for the octahedral
site(s) also sharing that oxygen. Therefore, the distribution of
octahedral Fe in khmaralite appears to be driven, in part at legst,
by the presence of tetrahedral Be. It differs from that in the
aenigmatite-group mineral serendibite, ~(CaM\y,Fe)
(Al,Fe),sB1sSis04, in which no significant Fe ordering was
found (Van Derveer et al. 1993). One factor contributing to this
difference is occupancy of the larger M8 and M9 sites in
serendibite by Ca and Na only. By analogy, the small amount o
Ca in khmaralite (0.04 Ca per 40 O atoms; Table 1) is presume
to %gzsgr;h;ycgﬁzzogg;:ﬂ% '\rA:[ioMpGr’(),t\)/IE;Lt’fI;/ir;ga,\tAelsLl;Ir:’?:rle _FIGURE 4 Part of the khmaralite structure projected on to Fhe (0_01)
o : . N ane showing the (M1-8, T1-6) and (M9-16, T7-12) sapphirine-like
vorable environment for Be incorporation. Khmaralite is rich€y,,,_celis alternating along theaxis (cf. Fig. 3). Be is concentrated

in Fe* than any of the 21 sapphirine compositions reviewed Rythe non-equivalent T2 and T9 sites. The numbers at the corners of
Deer et al. (1978) and than all but one of the 23 natural sa&ge polyhedra refer to the oxygen positions (cf. Table 5).

7
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FIGURE 5. Cation distribution in the khmaralite structure. The numbers refer to the octahedral and tetrahedral site labels (ol. Fiplel a
5). The dark-, medium- and light-gray tetrahedra are Be-, Si-, and Al-rich respectively (cf. Table 4b). The dark-gray betedéuzaighest
Fe-contents (and no Al), the medium-gray octahedra have high (Fe + Mg)-contents (with some Al) and the light-gray octAheidta(afe
Table 4a). A clustering of Be-rich T sites and Fe-rich M sites is apparent.

bridging O atoms by minimizing the number of Be-O-Be and To a first approximation, the sequence Al-Si-Al in sapphir-
Be-O-Al linkages. The inherent underbonding of these bridgirge is replaced by the sequence Si-Be-Si in khmaralite; i.e., Be
O atoms is expected to make such linkages less likely than Beplaces Si on two sites and Si replaces Al on four adjacent
O-Si or AI-O-Si linkages. An analogous preference for Be/Bites, resulting in an indirect replacement of Al by Be by the
mixing over Be/Si mixing became apparent in a new refinemestupled substitution Be + Si = 2Al. Electron and ion micro-
of hyalotekite, (Ba,Pb,KJCa,Y),Sis(B,Be)(Si,B),0,sF, a probe analyses show that this substitution describes the overall
tectosilicate related to scapolite (Christy et al. 1998). variation in Si, Al, and Be between Be-free sapphirine, beryllian
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TaABLE 7. Bond lengths (A) and selected polyhedral edge lengths* (A) and bond angles (°) in khmaralite

M1-05  1.849(1) M6-022  2.222(1) M12-014 2.101(1) T4-011  1.675(1)
M1-014  1.900(1) Mean 2.137 M12-06  2.116(1) T4-028  1.689(1)
M1-08  1.929(1) M12-03  2.127(1) T4-017  1.691(1)
M1-029 1.937(1) M7-034  1.861(1) M12-08 2.131(1) T4-040  1.706(1)
M1-021  1.940(1) M7-026  1.876(1) Mean 2.093 Mean 1.690
M1-03  1.945(1) M7-036  1.911(1)
Mean 1.917 M7-040  1.911(1) M13-019 2.051(1) T5-033  1.671(1)
M7-030  1.968(1) M13-011 2.084(1) T5-015  1.689(1)
014-021* 2.515(1) 81.81(4) M7-01  1.988(1) M13-017 2.117(1) T5-01  1.716(1)
014-029% 2.542(1) 82.97(4) Mean 1.919 M13-09  2.209(1) T5-09  1.731(1)
05-08* 2.576(1) 85.95(4) M13-01 2.237(1) Mean 1.702
03-08*  2.609(1) 84.65(4) M8-034  1.870(1) M13-036 2.267(1)
03-014* 2.703(1) 89.33(4) M8-026  1.874(1) Mean 2.161 T6-05  1.729(1)
08-029 2.750(1) 90.66(4) M8-022  1.924(1) T6-039  1.746(1)
021-029% 2.752(1)  90.40(4) M8-09  1.947(1) M14-015 2.039(1) T6-030  1.757(1)
05-029 2.752(1) 93.22(4) M8-036  1.959(1) M14-018 2.095(1) T6-022  1.770(1)
03-05  2.786(1) 94.46(4) M8-040  1.984(1) M14-012 2.102(1) Mean 1.751
08-014 2.800(1) 93.96(4) Mean 1.926 M14-020 2.195(1)
03-021 2.834(1) 93.67(4) M14-02  2.225(1) T7-032  1.692(1)
05-021 2.869(1) 98.39(4) M9-025  1.866(1) M14-010 2.265(1) T7-017  1.727(1)
Mean 2.707 89.95 M9-023  1.886(1) Mean 2.154 T7-04  1.733(1)
M9-034  1.903(1) T7-036  1.743(1)
03-029 3.870(1) 170.69(4)  M9-028 1.941(1) M15-06  1.872(1) Mean 1.724
08-021 3.866(1) 175.48(4)  M9-O1  1.966(1) M15-014 1.879(1)
05-014 3.747(1) 176.18(4)  M9-09  2.006(1) M15-020 1.898(1) 017-032 2.747(1) 106.89(4)
Mean 1.928 M15-016 1.903(1) 04-032  2.777(1) 108.34(4)
M2-013  1.830(1) M15-021 1.962(1) 017-036 2.782(1) 106.57(4)
M2-026  1.896(1) 01-034* 2.520(1) 81.27(4) M15-010 2.002(1) 04-017 2.838(1) 110.22(4)
M2-027  1.926(1) 09-034* 2.561(1) 81.83(4) Mean 1.919 04-036 2.865(1) 111.01(4)
M2-030  1.945(1) 023-028* 2.577(1) 84.63(4) 032-036 2.876(1) 113.71(4)
M2-022  1.956(1) 023-034* 2.713(1) 91.43(4) M16-06 1.881(1) Mean 2.814 109.46
M2-04  1.965(1) 09-025 2.723(1) 89.30(4) M16-014 1.894(1)
Mean 1.920 025-028* 2.741(1) 92.10(4) M16-029 1.928(1) T8-018  1.617(1)
09-028 2.749(1) 88.26(4) M16-016 1.944(1) T8-035  1.623(1)
M3-05  1.931(1) 028-034 2.752(1) 91.43(4) M16-020 1.949(1) T8-031  1.636(1)
M3-013  1.935(1) 023-025 2.828(1) 97.84(4) M16-02  1.959(1) T8-03  1.641(1)
M3-08  1.946(1) 01-025 2.830(1) 95.18(4) Mean 1.926 Mean 1.629
M3-07  1.953(1) 01-09*  2.835(1) 91.09(4)
M3-04  1.958(1) 01-023 2.842(1) 95.08(4) T1-037  1.726(1) T9-019  1.653(1)
M3-024  2.010(1) Mean 2.723 89.95 T1-012  1.746(1) T9-032  1.659(1)
Mean 1.956 T1-024  1.749(1) T9-07  1.670(1)
09-023 3.878(1) 170.08(4)  T1-016 1.758(1) T9-018  1.674(1)
M4-023  2.023(1) 025-034 3.755(1) 170.35(4)  Mean 1.745 Mean 1.664
M4-027  2.050(1) 01-028 3.899(1) 172.69(4)
M4-023  2.104(1) 012-037 2.776(1) 106.15(4)  T10-037 1.732(1)
M4-026  2.125(1) M10-033 1.837(1) 012-024 2.813(1) 107.15(4)  T10-031 1.758(1)
M4-034  2.131(1) M10-06  1.908(1) 016-037 2.829(1) 108.60(4)  T10-08  1.761(1)
M4-028  2.143(1) M10-07  1.910(1) 024-037 2.834(1) 109.27(4)  T10-020 1.764(1)
Mean 2.096 M10-024 1.971(1) 016-024 2.916(1) 112.49(4)  Mean 1.753
M10-010 1.999(1) 012-016 2.921(1) 112.95(4)
M5-037  2.042(1) M10-02  2.070(1) Mean 2.848 109.43 T11-013 1.741(1)
M5-039  2.082(1) Mean 1.949 T11-035 1.770(1)
M5-031  2.101(1) T2-015  1.627(1) T11-021 1.771(1)
M5-021  2.151(1) M11-028 2.012(1) T2-011  1.638(1) T11-029 1.786(1)
M5-029  2.167(1) M11-024 2.017(1) T2-023  1.642(1) Mean 1.767
M5-016  2.212(1) M11-033 2.032(1) T2-038  1.644(1)
Mean 2.126 M11-025 2.064(1) Mean 1.638 T12-019 1.642(1)
M11-027 2.083(1) T12-025 1.644(1)
M6-032  2.034(1) M11-04  2.124(1) T3-038  1.645(1) T12-010 1.685(1)
M6-038  2.083(1) Mean 2.055 T3-039  1.650(1) T12-02  1.695(1)
M6-035  2.092(1) T3-027  1.662(1) Mean 1.667
M6-030  2.191(1) M12-07  2.024(1) T3-012  1.664(1)
M6-040  2.201(1) M12-03  2.059(1) Mean 1.655

* Asterisks indicate shared octahedral edges.

sapphirine, and khmaralite (Grew 1981; Grew and Shearer 199%hmaralite; instead, the balance is made up largely by Al.
and unpublished data). An analogous situation is found fbhat Be shares sites with Al instead of Si is known to hold true
boron in the kornerupine group, in which B appears to replafe natural, highly ordered beryllian cordierite (e.g., Armbruster
Al due to a coupling of B for Si substitution on one site (T3)986) as well as for a synthetic, partially disordered cordierite-
and Si for Al substitution on an adjacent site (T2, e.g., Klaskie phase MgAl ,BeSiO,g] isostructural with beryl (Holscher
and Grew 1981). Although Be is incorporated on a site thataed Schreyer 1989).

Si-rich in sapphirine, little or no Si remains on the Be-rich sites The tetrahedral cation distribution in khmaralite shows simi-
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larities with that in the related Be-bearing mineral surinamitperstructure depend on the extent of cation order as well as
©l(MgsAl ;) (AlBeSi;) Oy In the latter, Al, Si, and Be are com-total amount of Be. Appearance of theaZuperstructure is
pletely ordered, Be-O-Al linkages are absent, and Be occupiasaoubtedly a function of Be content, but we do not know how
topologically unique site sharing corners with three other,JSiOnuch Be is necessary to evince it, nor do we know how much
tetrahedra (Moore and Araki 1983). Four topologically similaotal Be is necessary in order for one site to be predominantly
sites occur in khmaralite (T2, T3, T8, and T9) and these are splicupied by Be.
into two Be-rich sites (T2, T9) and two Si-rich sites (T3, T8) in Thus, distinguishing the two minerals using microprobe
such a way as to favor the formation of Be-O-Si linkages (Fignalyses, powder X-ray patterns, and optical properties, which
5). The different degrees of tetrahedral ordering in the surinaméie the most readily obtained data, would not give an unequivo-
and khmaralite structures are probably related to the differexall identification in most cases. The two minerals cannot be
topologies of their tetrahedral chains, with the more symmetdistinguished on the basis of their optical properties, because
cal sapphirine-like chains in khmaralite precluding a completetiye effect of Be is overshadowed by the effect of Fe substitu-
ordered distribution. Indeed, a similar difference in tetrahedn@bn for Mg and Al. Nonetheless, a crystal structure refinement
ordering has also been observed in the structures of the synthety not be necessary to establish the presence of khmaralite.
surinamite and sapphirine analogues recently characterizeddisapphirine-like mineral containing 2 wt% or more BeO,
the MgO-Ga0,;-GeQ, system (Barbier 1998). which is roughly equivalent to 1.1 or more Be per 40 oxygen
In contrast to khmaralite, a disordered Be/Si distributiomtoms, and 19-20 wt% SiO2, is most likely khmaralite. Con-
(with Al-Si-Be proportions of 10-40-50% on T1 and 0-50-50%irming the presence of the superstructure by electron diffrac-
on the adjacent T4 site) has been determined in the structuréarf, which is more sensitive than X-ray diffraction to such
“makarochkinite,” which also contains sapphirine-like tetrahdeatures and more easily carried out, would probably clinch
dral chains, but no evidence of a superstructure (Yakubovichle identification because the superstructure would be expected
al. 1990). Due to this unexpected Be distribution and becausalevelop only if Be were ordered on certain sites.
“makarochkinite” is reported to have 1.60 Be per 28 cations
(vs. 1.43 Be in khmaralite), we are now carrying out our own ACKNOWLEGMENTS
refinement of its crystal structure. An initial examination bg J.B’s fesdeérch_ WaS,SUr)Rf’Ofted bﬁ/ g fese_fla\féh Sgg"]t from theh Canadian N?tlérzl
electron diffraction has confirmed the absence of SUperStrgEs oesns ETANEerng Research Councl £5.6.5 researc tes spported by
ture in “makarochkinite,” but a preliminary single-crystal X-shearer, and M. Wiedenbeck for assistance in obtaining the ion probe data and J.
ray refinement suggests significant differences in the sfpatten (McMaster University) for the collection of the single-crystal X-ray data.
occupancies as compared to those determined previously
(YaKUbOVICh. Et.al' 1990) . . Armbruster, T. (1986) Role of Na in the structure of low-cordierite: A single-crystal
The Be distribution in khmaralite also differs markedly from" x_ay study. American Mineralogist1, 746-757.
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. . L .. Sity Press. p.
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wt% BeO suggest that there is a continuous solid solution be-nadian Mineralogist, 32, 439-448.
tween Be-free sapphirine of composition (Mg,Fe) Grew, E.S. (1980) Sapphirine + quartz association from Archean rocks in Enderby

. . Land, Antarctica. American Mineralogist, 65, 821-836.
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