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INTRODUCTION

There has been much recent work on the crystal chemistry
of tourmaline (Hawthorne 1996; Hawthorne and Henry 1999
and references therein) due to the application of new and more
accurate analytical techniques (Foit and Rossenberg 1977;
Povondra and Novák 1986; Hawthorne 1995; Hervig 1996;
McGee and Anovitz 1996; Dyar et al. 1998; Ottolini and
Hawthorne 1999; Ottolini et al. 2002) and the renewed interest
in understanding phase relations of B-bearing minerals in ig-
neous, sedimentary, and metamorphic rocks (Henry and
Guidotti 1985; Povondra and Novák 1986; London et al. 1996;
Grew 1996; Henry and Dutrow 1996; Henry et al. 1999).
Hawthorne and Henry (1999) reviewed the crystal-chemical
aspects of chemical substitutions and structural features in tour-
maline. Several substitutions in tourmaline involve light ele-
ments, and heterovalent substitutions at anion sites cannot be
identified easily without accurate analysis of H and F. There-
fore, studies addressing higher accuracy in the determination of
these elements in tourmaline are crucial to further the understand-
ing of chemical substitutions and order-disorder schemes.

METHODS

Sample description and preparation

The three samples of tourmaline are from the Harvard Min-
eralogical Museum, and were kindly provided by Carl A.
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ABSTRACT

The crystal structures of three tourmaline crystals: (Na0.49 K0.01 Ca0.48) (Mg1.35 Fe2+
0.94 Fe3+

0.49 Ti0.20)
(Al4.58 Fe3+

0.62 Mg0.80) (Si5.99 Al0.01) O18 (BO3)3.03 (OH)3.18 F0.18 O0.64, a = 16.017(2), c = 7.256(2) Å, V =
1612.2(4) Å3, R3m, Z = 3; (Na0.64 K0.01 Ca0.03) (Mn0.18 Fe2+

1.71 Al0.88 Li0.11 Zn0.03 Ti0.07) (Al5.67 Fe3+
0.28

Mg0.05) (Si5.76 Al0.24) O18 (BO3)2.99 (OH)3.96 F0.17, a = 15.983(2), c = 7.152(2) Å, V = 1582.1(4) Å3;
(Na0.81 K0.01 Ca0.01) (Mn0.02 Mg0.61 Fe2+

0.90 Al0.80 Li0.70 Zn0.01 Ti0.06) Al6.00 (Si5.97 Al0.03) O18 (BO3)2.93 (OH)3.42

F0.55 O0..03, a = 15.921(3), c = 7.137(2) Å, V = 1566.7(6) Å3, have been refined to R-indices of 1.3–
2.2% using X-ray intensity data collected with a four-circle diffractometer using MoKa X-radiation.
The crystals were analyzed by electron- and ion-microprobe techniques for all major and minor
elements in the crystals. Unit formulae were calculated on the basis of 31 anions (O, OH, F) and the
Fe3+/(Fe2+ + Fe3+) ratio was calculated for electroneutrality. The refined site-scattering values and the
observed <Y-O> and <Z-O> distances were used to assign site populations that are in accord with
the unit formulae calculated from the electron- and ion-microprobe compositions. The B contents
are equal to 3.0 apfu (atoms per formula unit) within experimental error. In two of the crystals, (OH
+ F) = 4.0 apfu. However, the third crystal has (OH + F) = 3.36 apfu and O2– is dominant at the
W(O1) site, and is an “oxy” tourmaline as defined by Hawthorne and Henry (1999). Non-spherical
electron-density was observed at the X site, suggesting that there is some positional disorder at this
site associated with occupancy of X by Ca and Na, possibly coupled with variable anion occupancy
of the O1 site.

Francis and M. Darby Dyar. Crystal 1 is a fragment from a
large crystal from Madagascar (Frondel et al. 1966). Crystal 2
is from a black nodule from the Alto Lighona pegmatite field,
Zambezia, Mozambique. Crystal 3 is from a pegmatite at Minas
Gerais, Brazil. Table 1 reports the sample names and crystal-
structure refinement information. These same samples were
analyzed by Dyar et al. (1998) (1,2,3 in their sample list), who
examined a larger group of tourmaline samples by Mössbauer
spectrometry, EMPA, SIMS, and H-line extraction. A comple-
mentary SREF study of some samples of this set (Bloodaxe et
al. 1999) did not include the samples reported here.

The crystals selected for study were glued onto glass fibres,
mounted on a Philips PW1100 4-circle diffractometer, and a
complete data collection was done for each crystal.

The mounting procedure for chemical analysis is described
in Ottolini et al. (2002).

Electron microprobe analysis (EMPA)

Electron microprobe analysis was done at the University of
Manitoba and at the Geological Survey of Canada (Ottawa) on
fully automated CAMECA SX50 instruments operating in
wavelength-dispersive mode. For elements with Z > 9, the fol-
lowing conditions were used: excitation voltage = 15 kV; speci-
men current = 20 nA; peak-count time = 20 s; and
background-count time = 10 s. The following standards for Ka
X-ray lines were used: P = VP2O7; Si = almandine; Al = kyan-
ite; Ti = titanite; Fe = fayalite; Mn = spessartine; Zn = gahnite;
Mg = forsterite; Ca = diopside; Sr = celestite; Na = albite; K =
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orthoclase; F = fluororiebeckite. Each grain was analyzed at a
minimum of 25 points to check for compositional zoning and
to obtain good counting statistics. Data were reduced using the
method of Pouchou and Pichoir (1984, 1985).

For the analysis of B, the following conditions were used:
excitation voltage = 10 kV; specimen current = 100 nA using a
~5 mm diameter beam spot; peak-count time = 200 s; and back-
ground-count time = 100 s. Dravite was used as standard for
[III]B. Data were reduced using the routine of Armstrong (1988).
Chemical compositions and unit formulae are reported in Table 2.

Secondary-ion mass spectrometry (SIMS)

SIMS measurements were done with a Cameca IMS 4f mi-
croprobe at CNR-IGG (Pavia). We used a 16O– primary-ion beam
with a current intensity of 1–1.5 nA, and a beam diameter less
than 5 mm. There were three analytical sessions. The final re-
sults for Li and B are the average of all the data (typically four
or five analytical points for each crystal) collected on the dif-
ferent runs over a period of one year; data for H and F were
collected in two analytical sessions. A detailed description of
the analytical conditions and quantification procedure is re-
ported by Ottolini et al. (2002). Results for SIMS quantifica-
tion using Si as the internal reference for the matrix are reported
in parentheses in Table 2, together with the EMPA results. Min-
eral formulae were calculated on the basis of 31 (O, OH, F).

Single-crystal structure refinement (SREF)

Data collection and refinement were done for one crystal of
each sample [crystals 1, 2, and 3, corresponding to samples
drv-18, sch-16, and elb-19, respectively, in the sample-set de-
scribed by Ottolini et al. (2002)] with an automated Philips
PW1100 4-circle diffractometer using graphite-
monochromatized MoKa X-radiation. Unit-cell parameters
were calculated from least-squares refinement of d-spacings
calculated for 60 rows of the reciprocal lattice by measuring
the reflections in the range –35 < q < 35∞. They are reported in
Table 1, together with other data-collection parameters. Re-
flection profiles were integrated following the method of
Lehmann and Larsen (1974) as modified by Blessing et al.

TABLE 1. Data collection and refinement information for tourma-
line crystals of this study

Sequence* gfj gde gen
Crystal no. drv-18† sch-16† elb-19†
Sample HS-108796 N.1 HS-112566 N.1 HS-98144 N.1
a (Å) 16.017(2) 15.983(2) 15.921(3)
c (Å) 7.256(2) 7.152(2) 7.137(2)
V (Å3) 1612.2(4) 1582.1(4) 1566.7(6)

Space group R3m R3m R3m
Z 3 3 3
Rad/Mon Mo/Gr Mo/Gr Mo/Gr
q range (∞) 2.5-42 2.5-35 2.5-42
No. unique refl. 1430 903 1383
Rsym 1.6 2.1 4.4
Rall 1.3 1.4 2.2
wRall 3.5 3.55 5.04
GOF* 1.137 1.108 1.104
* Sequence order in IGG database.
† Samples corresponds to the sample set described by Ottolini et al.
(2002).
*GOF = goodness of fit.

TABLE 2. Chemical analyses (wt%) and mineral formulae (apfu)
of the crystal studied

Crystal no. 1 2 3
SiO2 34.86 34.07 36.75
B2O3 10.30 9.80 10.80
B2O3* (10.21) (10.25) (10.45)
Al2O3 22.54 33.90 35.74
TiO2 1.57 0.55 0.51
FeOtot 14.51 14.10 6.62
FeO 6.67 14.10 6.62
Fe2O3† 8.70
MgO 8.39 0.19 2.51
MnO 0.00 1.26 0.16
ZnO 0.00 0.28 0.05
Li2O (0.0016) (0.168) (1.07)
K2O 0.06 0.05 0.03
CaO 2.58 0.14 0.08
SrO 0.00 0.00 0.00
Na2O 1.48 1.95 2.56
F 0.33 0.32 1.08
F* (0.295) (0.304) (1.07)
H2O* (2.77) (3.51) (3.16)
 Total 100.16 100.74 100.77
O=F 0.14 0.13 0.45
 Total 100.02 100.60 100.32

Si 5.99 5.76 5.97
Al 0.24 0.03
ST 5.99 6.00 6.00
B 3.03 2.99 2.93
Al 4.58 5.67 6.00
Fe3+ 0.62 0.28
Mg 0.80 0.05
S Z 6.00 6.00 6.00
Mg 1.35 0.61
Al 0.00 0.88 0.80
Ti 0.20 0.07 0.06
Fe2+ 0.94 1.71 0.90
Fe3+ 0.49
Mn3+ 0.00 0.00 0.00
Mn2+ 0.00 0.18 0.02
Zn2+ 0.00 0.03 0.01
Li 0.00 0.11 0.70
S Y 2.98 2.99 3.10
Ca 0.48 0.03 0.01
K 0.01 0.01 0.01
Na 0.49 0.64 0.81
S X 0.98 0.68 0.83
F 0.18 0.17 0.55
OH 3.18 3.96 3.42
S W+V 3.36 4.13 3.98
* Values between parentheses represent SIMS data; mineral formulae
calculated with SIMS data.
† Fe2O3 calculated with Fe3+/Fetotal taken from Dyar et al. (1998)
Mössbauer data for no. 1.
V, Cr not detected.

(1974). Intensities were corrected for Lorentz-polarization and
absorption following North et al. (1968). Weighted full-matrix
least-squared refinements were done using SHELX97
(Sheldrick 1997). Scattering factors were taken from the Inter-
national Tables for Crystallography (Wilson 1995): neutral vs.
ionized scattering-factors were used for O sites (Ungaretti et
al. 1983), F vs. O– at the V and W sites, and fully ionized scat-
tering factors for all cations, except B. For B, a neutral scatter-
ing factor was refined against vacancy at the B site, to account
for ionization effects.

Refined atom coordinates, isotropic and anisotropic-dis-
placement parameters are shown in Table 3. Selected bond
lengths are reported in Table 4. Table 5 reports the agreement
between the refined-site scattering values at the X, Y, Z, V, and W
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sites and the corresponding values calculated from the chemical
formulae. Table 61 lists observed and calculated structure factors.

RESULTS AND DISCUSSION

The chemical compositions of the three crystals were char-
acterized by three different methods, and the agreement among

the data is excellent (Tables 2 and 5). Analysis for B by EMP
can be affected by inaccuracies derived from standard calibra-
tion and crystallographic orientation of the sample. Further-
more, the presence of Cl may represent a problem for accurate
background determination, as the Cl Ll and Ln lines are very
close to the BKa lines in the X-ray spectrum, even when using
LSM detectors (McGee et al. 1991). This interference may lead
to wrong background estimation, producing spurious B2O3 val-
ues. Fortunately, Cl is not a significant component of tourmaline.

Combining the chemical information obtained by SIMS on
light and volatile elements with SREF results, we can estimate
the oxidation state of Fe. Our data disagree with the Mössbauer

TABLE 3. Atom coordinates (¥104) and equivalent isotropic and anisotropic-displacement parameters (Å2 ¥ 103) for the crystals studied

    Crystal no. x y z Ueq U11 U22 U33 U23 U13 U12

1 1898(1) 1915(1) 732(1) 6(1) 5(1) 5(1) 6(1) 0(1) 1(1) 2(1)
T 2 1900(1) 1919(1) 393(1) 5(1) 5(1) 5(1) 6(1) 0(1) 0(1) 3(1)

3 1899(1) 1919(1) 529(1) 4(1) 4(1) 4(1) 4(1) 0(1) 0(1) 2(1)

8898(1) 1102(1) 6201(2) 7(1) 6(1) 6(1) 9(1) –1(1) 1(1) 3(1)
B 8898(1) 1102(1) 5853(2) 7(1) 7(1) 7(1) 8(1) 0(1) 0(1) 3(1)

8902(1) 1098(1) 5977(2) 6(1) 6(1) 6(1) 7(1) 0(1) 0(1) 3(1)

0 0 8489(1) 18(1) 17(1) 17(1) 19(1) 0 0 8(1)
X 0 0 8186(4) 24(1) 24(1) 24(1) 24(1) 0 0 12(1)

0 0 8189(3) 22(1) 25(1) 25(1) 16(1) 0 0 12(1)

616(1) 9384(1) 4367(1) 9(1) 7(1) 7(1) 11(1) –2(1) 2(1) 2(1)
Y 617(1) 9383(1) 4102(1) 9(1) 7(1) 7(1) 12(1) –2(1) 2(1) 2(1)

622(1) 9378(1) 4242(1) 7(1) 6(1) 6(1) 8(1) –1(1) 1(1) 2(1)

2619(1) 2983(1) 4611(1) 6(1) 6(1) 6(1) 6(1) 0(1) –1(1) 3(1)
Z 2615(1) 2983(1) 4291(1) 6(1) 6(1) 6(1) 6(1) 0(1) –1(1) 3(1)

2611(1) 2978(1) 4414(1) 5(1) 6(1) 6(1) 4(1) 0(1) –1(1) 3(1)

0 0 2946(3) 16(1) 17(1) 17(1) 15(1) 0 0 9(1)
O1 0 0 2563(5) 37(1) 48(2) 48(2) 14(1) 0 0 24(1)

0 0 2714(5) 45(1) 62(2) 62(2) 10(1) 0 0 31(1)

9393(1) 607(1) 5955(1) 11(1) 11(1) 11(1) 13(1) –1(1) 1(1) 8(1)
O2 9384(1) 616(1) 5560(2) 15(1) 21(1) 21(1) 12(1) 0(1) 0(1) 18(1)

9389(1) 611(1) 5687(2) 14(1) 22(1) 22(1) 10(1) 0(1) 0(1) 20(1)

1331(1) 8669(1) 5611(1) 13(1) 14(1) 14(1) 7(1) 1(1) –1(1) 5(1)
O3 1344(1) 8657(1) 5300(2) 12(1) 12(1) 12(1) 7(1) 0(1) 0(1) 2(1)

1343(1) 8657(1) 5432(2) 10(1) 10(1) 10(1) 6(1) 0(1) 0(1) 1(1)

9078(1) 922(1) 19(1) 11(1) 8(1) 8(1) 11(1) 1(1) –1(1) 0(1)
O4 9066(1) 934(1) 9704(2) 10(1) 8(1) 8(1) 9(1) 1(1) –1(1) 1(1)

9068(1) 932(1) 9822(2) 8(1) 7(1) 7(1) 7(1) 0(1) 0(1) 0(1)

909(1) 9091(1) 9830(1) 10(1) 8(1) 8(1) 10(1) 1(1) –1(1) 0(1)
O5 935(1) 9065(1) 9482(2) 10(1) 8(1) 8(1) 9(1) 0(1) 0(1) 0(1)

932(1) 9068(1) 9603(2) 8(1) 7(1) 7(1) 7(1) 0(1) 0(1) 0(1)

1866(1) 1954(1) 2935(1) 9(1) 9(1) 11(1) 7(1) 0(1) 1(1) 5(1)
O6 1877(1) 1978(1) 2642(1) 8(1) 10(1) 9(1) 6(1) 0(1) 0(1) 4(1)

1870(1) 1971(1) 2768(1) 7(1) 9(1) 7(1) 4(1) 0(1) 0(1) 3(1)

2837(1) 2842(1) 9933(1) 9(1) 7(1) 8(1) 11(1) 2(1) 1(1) 1(1)
O7 2859(1) 2854(1) 9602(1) 8(1) 6(1) 7(1) 8(1) 1(1) 1(1) 2(1)

2857(1) 2855(1) 9727(1) 6(1) 6(1) 5(1) 6(1) 0(1) 1(1) 1(1)

2698(1) 2090(1) 6313(1) 11(1) 10(1) 6(1) 17(1) –1(1) –3(1) 4(1)
O8 2708(1) 2099(1) 5990(1) 9(1) 10(1) 6(1) 11(1) –1(1) –2(1) 4(1)

2706(1) 2099(1) 6115(1) 7(1) 10(1) 5(1) 8(1) –1(1) –3(1) 4(1)

1329(12) 8671(12) 6780(50) 17(7)
H3 1319(15) 8681(15) 6610(70) 23(10)
Note: Ueq is defined as one third of the trace of the orthogonalized Uij tensor. The anisotropic displacement factor exponent takes the form: –2
p2[h2a*2U11+ ...+2hka*b*U12 ].

1For a copy of Table 6, document item AM-01-016, contact the
Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. De-
posit items may also be available on the American Mineralo-
gist web site at http://www.minsocam.org.
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results published by Dyar et al. (1998) for crystal no. 3 (FeO =
2.37 wt%; Fe2O3 = 4.30 wt%). Applying their Fe3+/Fetotal ratio,
we obtain low contents of Li and H2O, in clear disagreement
with our SIMS values. For crystal no. 1, the reported ratio agrees
better with our data, but it is probably lower than the true value,
as we will discuss later.

Some of the crystals analyzed by Mössbauer in Dyar et al.
(1998) were re-analyzed by SmX (synchrotron micro-X ray
absorption near edge spectrometry) by Bloodaxe et al. (1999),
giving significantly different Fe3+/Fe2+ ratios. This difference
could be due to sample inhomogeneity.

Our SIMS data agree with the B determination by SIMS of
Dyar et al. (1998) within 3% relative for samples 2 and 3, and
~5% relative for sample 1. Our H2O contents (derived by SIMS)
are higher than those reported by Dyar et al. (1998) for those
samples; the agreement is £11% relative for samples 1 and 3,
and ~23% relative, for sample 2. Their H2O estimation is prob-
ably too low, as it indicates (OH + F) < 4 apfu for crystals no.
2 and no. 3, which was not indicated in the present SIMS or
SREF work. For crystal 2, our SIMS value for H2O (3.51 wt%)
is probably slightly too high. The difference between the ob-
served and stoichiometric contents (3.39 wt% H2O) is ~3% rela-

tive, within the uncertainty of our SIMS procedure in tourma-
line (for details, see Ottolini et al. 2002).

Following the classification scheme of Hawthorne and
Henry (1999), the high Fe content at the Y site and the high
site-scattering at the X site (15.7 e–) due to 0.48 apfu Ca, indi-
cates that crystal 1 is intermediate between feruvite and schorl.
Crystal 2 is schorl, and crystal 3 is fluor-elbaite.

V and W sites

As indicated by Hawthorne and Henry (1999), the V site
(O3) can be occupied by OH and O2–, and the W site (O1) can
be occupied by OH, F, and O2– with the site preference V <<
W. In accord with this behavior, the OH contents of the three
tourmaline crystals examined here have OH > 3 apfu, indicat-
ing that W = (OH)3. Crystals 2 and 3 have (OH + F) ª 4 apfu,
indicating that monovalent anions are dominant at O1, and crys-
tal 1 is an “oxy” tourmaline (Hawthorne and Henry 1999).

No evidence of a clear residual maximum was found near
the W site in two of the crystals investigated. Only a very weak
maximum near the W site was detected for crystal 1. Signifi-
cant occupancy of F is indicated at the W site for all three crys-
tals from the refined-site scattering values (Table 5).

After refining the anisotropic-displacement parameters, a
maximum at a distance of ~ 0.9 Å from the V site was found in
the difference-Fourier maps of crystals 1 and 2. This maxi-
mum was assigned to the H3 site (Grice and Robinson 1989;
Grice and Ercit 1993; Grice et al. 1993). In crystal 3, no maxi-
mum near to the V site was detected. The absence of this maxi-
mum may be due to the quality of the diffraction data for this
crystal, which is the lowest of the three crystals studied (Rsym =
4.4).

Inspection of Table 3 shows a high Ueq for O1 in crystals 2
and 3. This feature is frequent in refined tourmaline structures,
as discussed by Burns et al. (1994). Figure 1a shows an isotro-
pic distribution of density in both (001) and (100) sections of
crystal 1, corresponding to its low Ueq (0.016). Figure 1b and c
show a 3-lobed character for (001) sections in crystals 2 and 3,
similar to that reported by Burns et al. (1994) for manganiferous
elbaite, with the lobes oriented in the directions of the adjacent
Y sites. This positional disorder was interpreted by Burns et al.
(1994) as the consequence of local ordered arrangements of
Li, Mn2+, and Al due to the Y site composition; for crystal 3,
the Y site composition is (Li0.70Mg0.61Fe2+

0.90Al0.80), indicating
similar disorder and perhaps explaining the high Rsym values
for this crystal.

Difference-Fourier maps for the crystals also show similar
electron density around the O1 site in crystals 2 and 3 (ca.,
8 e–/A3), indicating F or OH occupancy, in close agreement
with the hydrogen determinations by SIMS. The electron den-

TABLE 4. Selected interatomic distances (Å) for the crystals studied

Crystal no. 1 2 3
T-O6 1.6020(7) 1.6122(10) 1.6013(10)
T-O7 1.6030(6) 1.6158(9) 1.6125(8)
T-O4 1.6327(4) 1.6264(5) 1.6246(5)
T-O5 1.6483(5) 1.6396(6) 1.6378(6)
<T-O> 1.6215 1.6235 1.6191

B-O2 1.3837(15) 1.362(2) 1.359(2)
B-O8 ¥2 1.3729(9) 1.3835(13) 1.3845(11)
<B-O> 1.3765 1.3763 1.3760

X-O2 ¥3 2.4937(12) 2.537(2) 2.455(2)
X-O4 ¥3 2.7878(11) 2.8036(17) 2.8211(16)
X-O5 ¥3 2.7038(10) 2.7494(17) 2.7605(16)
<X-O> 2.6618 2.6967 2.6789

Y-O3 2.1780(11) 2.1870(15) 2.1632(15)
Y-O1 1.9970(10) 2.0308(18) 2.0315(19)
Y-O2 ¥2 2.0518(7) 2.0001(10) 1.9877(10)
Y-O6 ¥2 2.0264(7) 2.0414(10) 2.0241(9)
<Y-O> 2.0552 2.0501 2.0364

Z-O6 1.9137(7) 1.8626(10) 1.8584(9)
Z-O8 1.9421(7) 1.9248(10) 1.9152(9)
Z-O3 1.9959(5) 1.9781(7) 1.9693(7)
Z-O7 1.9805(7) 1.9599(9) 1.9560(9)
Z-O7 1.9194(7) 1.8798(9) 1.8835(9)
Z-O8 1.9109(7) 1.8849(9) 1.8840(9)
<Z-O> 1.9438 1.9150 1.9111

O3-H3 0.85(4) 0.94(5)

TABLE 5. Agreement between scattering of assigned site-populations (epfu) and refined-site scattering values (epfu)

        X site        Y site        Z site           V site       W site
Crystal no. X-ray assigned X-ray assigned X-ray assigned X-ray assigned X-ray assigned
1 15.7(1) 15.2 19.6(1) 19.3 14.2(1) 14.2 8.0(1) 8.0     8.32(1) 8.2
2 7.9(1) 7.7 21.7(2) 21.1 13.6(1) 13.6 8.0(1) 8.0 8.65(2) 8.2
3 9.6(1) 9.3 14.9(2) 15.1 13.04(5) 13.0 8.0(1) 8.0 8.92(2) 8.6
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FIGURE 2. Difference-Fourier map for crystal 1, showing the
splitting of the X-site along the c axis. Projection down the X axis.
Contour interval = 0.1 e/Å3.

FIGURE 1. Difference-Fourier maps around the O1 site in the three
crystals studied: (a) 1, (b) 2, and (c) 3. On the left are (001) sections;
on the right are (100) sections. Contour interval = 2 e/Å3; note the
three-lobed pattern of electron density for crystals 2 and 3 in (001)
section, and the elongation in two directions in the (100) sections for
the same crystals.

sity at O1 is higher for crystal 1, in agreement with the pres-
ence of O2– as indicated by SIMS H-analysis.

T and B sites

Refined site-scattering values at the B site show [III]B to be
stoichiometric in all three specimens. <T-O> bond-lengths in-
dicate some Al substitution for Si in crystal 2. From Figure 2
of Hawthorne (1996), the T site is occupied by 5.8 Si apfu +
0.2 Al apfu, in accord with the formula unit calculated from
the EMP analysis (Table 2).

Z site

The Z site potentially can be occupied by Mg, Al, and Fe3+.
In terms of X-ray diffraction, we can potentially represent the
effective scattering species as Al* (= Al + Mg) and Fe, and the
site populations of these aggregate species can be derived di-
rectly from the refined site-scattering values. For crystal 1, the
amount of Al available to occupy the Z site (Table 2) is signifi-
cantly less than the amount of Al* at Z as indicated from the
refined site-scattering value, and hence there must be signifi-
cant Mg at Z. Consequently, we must also allow for the differ-
ence in scattering between Mg (Z = 12) and Al (Z = 13) in
crystal 1. Once this is done, we can express the Z site popula-

tions in terms of Al, Mg, and Fe* (= Fe2+ + Fe3+), although
these values for Al and Mg assume no Al-Mg disorder over the
Y and Z sites.

Next, we need to use the <Z-O> distances to resolve the
issue of possible Al/Mg disorder. Using the curve of <Z-O>
vs. <rZ> of Hawthorne et al. (1993), the Al/Mg site-popula-
tions of the Z sites were adjusted for linearity; the resulting
site populations are given in Table 2.

Y site

The Y site potentially can be occupied by Li, Mg, Fe2+, Mn2+,
Zn, Al, Fe3+, and Ti4+. In terms of X-ray diffraction, we can
represent the effective scattering species as Al* (= Al + Mg)
and Fe*(= Fe2+ + Fe3+), with Li, Zn, and Ti contents taken from
the unit-cell formula determined by microprobe analysis. The
site populations of these aggregate species can be derived di-
rectly from the refined site-scattering values. The values for
Mg, Al, Fe2+, and Fe3+ are also determined from the unit-cell
formula after subtracting the site populations assigned to the Z
site. A comparison of the assigned site populations and the re-
fined site-scattering values is given in Table 5. These results
lie close to the relation between <Y-O> and <rY> proposed by
Grice and Ercit (1993).

X site

The refined site-scattering values at the X site in all three
crystals are in close agreement with the analogous values cal-
culated from the microprobe data (Table 5). After convergence
of the final refinement cycles for crystal 1, there was a maxi-
mum at 0, 0, 0.7673, with an electron density of 0.62 e–/ Å3,
0.59 Å from X site, in the difference-Fourier map (Fig. 2). At-
tempts to refine an additional site were not successful.
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The interpretation of this residual maximum is not straight-
forward. It could be interpreted as a splitting of the X site along
the c-axis, related to occupancy of the W site by OH, F, or
O2–. Where an OH group is present at the W site, the O-H bond
points toward the X site. Thus, depending on its size and charge,
the cation at the X site could adopt different positions, depend-
ing on whether the W site was occupied by OH, F, or O2–. In-
spection of the data of Burns et al. (1994) shows that this feature
is correlated with F content in elbaite. Possibly the split X site
is associated with various locally ordered arrangements, in a
similar fashion to the A site in amphiboles (Hawthorne et al.
1996).
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