American Mineralogist, Volume 85, pages 103—107, 2000

New data on the crystal-chemistry of fluoborite by means of SREF, SIMS,
and EMP analysis
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ABSTRACT

The crystal structure of fluoborite [Mg;F;(BOs)] was refined by Dal Negro and Tadini (1974)
who provided a complete structural model. Previously, Takeuchi (1950) had refined an OH-dominant
fluoborite (OH ~70%), but the limited quantity of data (extracted from two Weissenberg-Buerger pho-
tographs) did not permit the location of H atoms. Dal Negro and Tadini (1974) also could not locate
H atoms because they used a crystal with near end-member composition. We have located the H bond
in an OH-dominant fluoborite from the Betic Cordilleras (SE Spain). Excellent quality X-ray data on
two crystals of fluoborite allowed discovery and refinement of the H position in this mineral. Electron
microprobe (EMP) and secondary-ion mass spectrometry (SIMS) analyses of the light elements H, B,
and F have resulted in the formulation of special procedures to obtain accurate, high-quality quantita-
tive data, which are presented in this paper. EMP, SIMS, and crystal structure refinement (SREF) data
are in a good agreement. Linear equations are also presented to calculate the F content directly from

cell parameters.

INTRODUCTION

Fluoborite is a rare mineral found in contact metamorphosed
marble. It was first described by Geijer (1926) from Norberg
(Sweden), where it was associated with norbergite. Following
the proposal of Hawthorne (1983) for classification of borate-
group minerals, which is based on the polymerization of high
bond-valence polyhedra (in borates, the BO; and BO, polyhedra)
or fundamental building blocks (FBB; Hawthorne et al. 1996),
fluoborite is classified as the simplest borate and consists of
homopolyhedral clusters of triangular-coordination BO; poly-
hedra. It belongs to the 3 A wallpaper structures group of Moore
and Araki (1974) and contains pairs of edge-sharing infinite
octahedral chains, forming ribbons along [001], cross-linked by
BO, triangles. These octahedral chains repeat every 3 A along
their length. The ribbons share vertices forming triangular and
hexagonal tunnels. The triangular tunnels are filled with boron
in triangular coordination with oxygen, and perpendicular to the
¢ axis, whereas the hexagonal tunnels are empty.

The structure of fluoborite was determined by Takeuchi
(1950), who described it as hexagonal with space group C6;/m.
The structure was confirmed by Dal Negro and Tadini (1974)
who also confirmed the centrosymmetric character of this struc-
ture and proposed P6;/m as the space group. Natural fluoborite
exhibits complete OH- — F~ substitution. In the past, the F-
end-member was called “nocerite” (Brisi and Eitel 1957). The
samples studied here represent a F-rich fluoborite in which the a
unit-cell parameter (= 8.861 A) falls between the values reported
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by Takeuchi (1950) and by Dal Negro and Tadini (1974) (=9.06
and 8.827 A, respectively), indicating a high F content and the
presence of some OH.

EXPERIMENTAL PROCEDURES AND RESULTS
Sample description

Fluoborite crystals were hand-picked from a crushed sample of
metamorphosed and metasomatized marble (HV-43) from Huerta
del Vinagre, a small scheelite mine that crops out in the Guadaiza
Unit of the Upper Alpujarride series, in the Betic Cordilleras,
Spain. This sample is a magnesian skarn formed by interaction
between dolomitic marbles and magmatic fluids from the sur-
rounding granites. In particular, the sample represents an exoskarn
almost entirely composed of monomineralic, metasomatic veins
of calcite and humite-group minerals, with rare fluoborite and
minor serpentine (from alteration of humite-group minerals). The
humite-group minerals in these samples have very low Fe and Ti
contents (Camara 1997; Ottolini et al. 2000).

Single-crystal structure refinement

Data collection and refinement were carried out for crystals Fbor
HV-43 n.2 and Fbor HV-43 n.3 with an automatic 4-circle Philips
PW1100 diffractometer, using graphite-monochromatized MoKa
radiation. The space group P6;/m has been confirmed. Unit-cell
parameters [a = 8.8612(12) A, ¢=3.1021(6) A for Fbor HV-43
n.2;a=8.8602(12) A, ¢ =3.1021(6) A for Fbor HV-43 n.3] were
calculated from a least-squares refinement of d calculated for
56 rows of the reciprocal lattice by measuring the reflections in
the range —35 < 0 < 35°. They are reported in Table 1 together
with R-factors. Three equivalent hexagonal reflections (hkl, hkl,
and #kl) were collected in the O range 2-35°. The profiles were
integrated following the method of Lehmann and Larsen (1974)
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TABLE 1. Unit-cell parameters and selected SREF results
Fhor HV-43 n.2 Fhor HV-43 n.3

code fwt gal
a(A) 8.8612(12) 8.8602(12)
c(A) 3.1021(6) 3.1021(6)
V (A% 210.95 210.95
z 3 3

6 range (°) 2-35 2-35
Rsym* 3.4 1.6

no. ref. per. 26 26
Rt 1.95(353) 2.09(346)
GoFt 0.9931 1.0085

Re  128@336) 00000000 133(328) @000
Note: Code = symbolic address in the CSCC data base.

* Merging agreement factor.

T Weighted refinement agreement factor and number of reflections
between parentheses.

1 Goodness of Fit

isotropic atomic displacement parameters (a.d.p.) are reported
in Table 2a, anisotropic a.d.p. in Table 2b, selected geometrical
parameters in Table 3, and observed and calculated structure
factors in Tables 4a and 4b.!

EMP analyses

The crystals were mounted in epoxy resin and polished.
Sample Fbor HV-43 n.2 was embedded with its ¢ axis paral-
lel to the polishing surface (i.e., perpendicular to the electron
beam), and Fbor HV-43 n.3 with its ¢ axis perpendicular to the
polishing surface. Both were analyzed with an ARL-SEMQ
electron microprobe equipped with four spectrometers (RAP,
PET, LiF200, and ADP crystals) at the Dipartimento di Scienze
della Terra, University of Modena (Italy). Natural minerals were
used as standards. A fluorite from Carrara Marbles was used as

TABLE 2a. Site scattering, fractional atomic coordinates and isotropic atomic displacement parameters

Atom S.8* X/A Y/B ZIC B..
Fbor HV-43 n.2 o 8.00 0.55223 (7) 0.15481 (7) 3/4 0.49 (1)
Fbor HV-43 n.3 (e} 8.00 0.55233 (7) 0.15487 (7) 3/4 0.50 (1)
F 8.80 0.29653 (8) 0.20836 (7) 1/4 0.80 (2)
F 8.80 0.29646 (8) 0.20828 (7) 1/4 0.81 (2)
B 4.89 2/3 1/3 3/4 0.35 (2)
B 4.86 2/3 1/3 3/4 0.36 (2)
Mg 12.11 0.36904 (4) 0.03123 (4) 1/4 0.51 (1)
Mg 12.03 0.36902 (4) 0.03119 (4) 1/4 0.50 (1)
H 0.19 0.168 0.113 1/4 1.02
H 0.23 0.167 0.111 1/4 4.34
* s.s. = site scattering in electrons.
TABLE 2b. Anisotropic atomic displacement parameters
B, B. Bas B, Bis B.s
Fbor HV-43n2 O 0.00201 (6) 0.00152 (7) 0.01510 (48) 0.00070 (6) 0 0
Fbor HV-43n.3 O 0.00205 (6) 0.00161 (7) 0.01477 (49) 0.00069 (6) 0 0
F 0.00545 (8) 0.00333 (8) 0.01555 (50) 0.00302 (6) 0 0
F 0.00555 (9) 0.00337 (8) 0.01582 (52) 0.00307 (6) 0 0
B 0.00158 (15) 0.00158 0.00759 (129) 0.00079 0 0
B 0.00155 (16) 0.00155 0.00930 (134) 0.00077 0 0
Mg 0.00247 (5) 0.00211 (5) 0.01244 (34) 0.00122 (3) 0 0

- Mg @ 000241(6)  000211(5)  001245(3¢) =~ 000122(4) 0 0O

as modified by Blessing et al. (1974). Intensities were corrected
for Lorentz-polarization and absorption following North et al.
(1968), and the equivalent pairs were merged giving Ry, =
3.4% and 1.6%.

Weighted, full-matrix least-square refinements were carried
out using a modified version of ORFLS (Busing et al. 1962).
Scattering factors were taken from the International Tables for
Crystallography: neutral vs. ionized scattering-factors were used
for the O site (Ungaretti et al. 1983); vacancy vs. neutral B in
the B site; F~ vs. O for the F site; vacancy vs. H* in the H site;
and Mg?* vs. Fe?* in the Mg octahedral sites.

In the refined crystal, a Fourier-difference map showed some
residual maxima at convergence. The most important maximum
(peak height of 0.46 e/A%) was identified as bonding electrons in
the middle of the B-O bond (0.67 A from B); another maximum
at 1.08 A from F, with a peak height of 0.35 e/A3, was refined
as a probable H atom due to its position (even if its electronic
density was rather low) allowing a significant decrease of the
R? factors and of the estimated standard deviations (e.s.d.) of
the refined parameters. No other peak position with peak height
greater than 0.28 e/A3 was observed.

Fractional coordinates, refined site scattering (s.s.), and

TABLE 3. Selected geometrical parameters
Fbor HV-43 n.2 Fbor HV-43 n.3

B-O x3 1.3880 (6) 1.3873 (6)
Mg-O x2 2.1124 (5) 2.1129 (5)
Mg-O 2.0867 (7) 2.0862 (7)
Mg-F 1.9711 (6) 1.9707 (7)
Mg-F x2 2.0115 (4) 2.0115 (5)
mean 2.0509 2.0510

V (A3) 11.365 11.367
OQE* 1.0088 1.0087
OAV* 28.31 28.19

H-H 2.0332 (3) 2.0266 (2)
(EQ)-H 1.0241 (6) 1.0344 (6)

Note: distances in A: OQE = octahedral quadratic elongation OAV = octa-
hedral angle variance.

* Following Robinson et al. (1971)

'For a copy of Table 4, document item AM-00-031, contact the
Business Office of the Mineralogical Society of America (see
inside front cover of recent issue) for price information. Deposit
items may also be available on the American Mineralogist web
site (http://www.minsocam.org or current web address).
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the standard for F. An accelerating voltage of 15 kV and a beam
current of 20 nA were used during analysis. Counting times were
20 seconds, with a spot size of 30 um. The ¢(pz) correction was
applied (Armstrong 1988). Fluorine was analyzed with a RAP
crystal. The FKa peak position was located on the fluoborite
crystal before its analysis. Analyzing F in fluoborite at the FKou
peak position from fluorite yields fluorine contents 7% lower
than those obtained by centering on the peak from the fluoborite
crystal. Area peak factors (APFs) were calculated and applied
(Ottolini et al. 2000).

The chemistry of this sample is quite simple, involving only
Mg, B, and F (Fe and H in minor quantities), with Mg being the
main constituent (~64 wt% MgO). The average of analyses and
normalized structural formulae are reported in Table 7 of Ottolini
et al. (2000, this issue).

Secondary Ion Mass Spectrometry

SIMS investigations were carried out using a Cameca IMS
4f ion microprobe installed at C.N.R.-CSCC, Pavia. A 'O~ pri-
mary ion beam with 2-5 nA current intensity was used. 'H, ''B,
F, 2Mg, Mg, and *Si isotopes were monitored as secondary
positive ions with medium-high emission kinetic energies in the
range ~75-125 eV. Due to the high content of fluorine, light-ele-
ment determination required highly accurate characterization of
chemical-matrix effects. This was achieved by choosing samples
with chemical composition similar to fluoborite as standards
(Ottolini et al. 2000). We present here for the first time accurate
H and B analyses in fluoborite and discuss their agreement with
SREF data.

Fluorine. We followed an empirical approach, using a
calibration curve to quantify fluorine, with Mg selected as the
matrix-reference element and F concentrations measured by
EMPA. Several crystals of humite-group minerals were used
as reference materials (Ottolini et al. 2000). In order of increas-
ing F content they are clinohumite (Chum HV-41 n.3 and n.2),
chondrodite (Chond HV-43 n.3 and n.4), and norbergite (Norb
HV-47 n.7, Norb HV-43 n.4 and Norb HV-47 n.1). A perfectly
linear working curve [regression coefficient: R*= 0.97; ion
intensity ratio F*/Mg* vs. F(at)/Mg(at), where (at) represents
the percentage of atomic concentration] was obtained for all

the samples (Fig. 2b in Ottolini et al. 2000). The ion yield for F
relative to Mg [defined as: IY (F/Mg) = F*/Mg*/F(at%)/Mg(at%)]
in fluoborite for both orientations is lower than the slope of the
working curve by <8%. In Table 5, which compares analysis
data obtained by SIMS and SREF, we note a major discrepancy
in F content (~17% relative) for Fbor HV-43 n.2, against ~11%
relative for Fbor HV-43 n.3. Such a discrepancy is higher than
that existing between SREF and EMPA data, even considering
the entire set of calibration samples. We ascribe this difference
to the existence of SIMS matrix effects in F- (and B-) enriched
samples. Furthermore, in the mutual comparison of the two
fluoborite crystals (Table 5), the discrepancy between the two
crystallographic orientations (~7% rel.) is comparable to the
uncertainty of analysis (20).

Boron. To quantify boron accurately, a different strategy
was followed due to the lack of a primary Mg-rich, B reference
sample. The boron-silicate standard glass Pyrex (80.61 wt% SiO,,
12.86 wt% B,0;, and 4.24 wt% Na,O) and the international glass
NIST-610 (72 wt% SiO,, and 0.113 wt% B,0;) (Ottolini et al.
1993) were used as primary standards to quantify the B content in
two samples of norbergite (Norb HV-43 n.4 and Norb HV-47 n.1;
Cdmara 1997). The quantification was carried out with respect
to Si, which was utilized as the internal matrix-element. Average
B,O; concentrations and (26%) relative standard deviations of the
Pyrex and NIST glasses are reported in Table 6; the agreement
for NIST-610 between the B reference content and that derived
from SIMS coincides within the reproducibility of analyses.

The two norbergite samples were then used to derive the
IY(B/Mg), which was adopted to quantify the B content in
the two crystals of fluoborite. In the sample Fbor HV-43 n.3,
SIMS data coincided with the stoichiometric value (18.47 wt%
B,0;) within the 26 uncertainty of analysis. On Fbor HV-43
n.2, SIMS yielded a lower value [17.69 +0.16 (20) wt% B,0;]
with a relative discrepancy of 3% compared with the other
fluoborite (slightly higher than 26), and of 4.4% compared
with the stoichiometric value. This discrepancy is very low, but
it could be related to the different crystallographic orientations.
In the case of B in silicates, previous results (Ottolini et al. 1993)
provided evidence for low overall matrix effects. These effects
are ascribed mainly to the different chemical compositions (in

TABLE 5. Comparison between F data obtained by SIMS and SREF in the studied fluoborite crystals

SAMPLE matrix MgO wi% F wi% F wi% rel. st. dev. d (%)
ref. (SREF) (SIMS) (20 %)
Fbor HV-43 n.3 fluoborite 65.08 24.84 22.06 3.4 11.2
Ebor HV-43 n.2 fluoborite 64.19 24.84 20.67 4.3 16.8
TABLE 6. SIMS data for B in the studied fluoborite crystals and internal standards
SAMPLE matrix ref ref (SIMS) rel. st. dev. d (%)
SIOZ wit% 8203 wt% 8203 wit% (2(5 °/o)
Pyrex glass 80.61 12.86 12.86 3.0
NIST-610 glass 72.00 0.113 0.122 6.8 7.0
Norb HV-43 n.4 norbergite 29.49 0.183 21
Norb HV-47 n.1 norbergite 29.72 0.201 14
MgO wt% B,O; wt% B,0; wt% (2(5 °/o)
Fbor HV-43 n.3 fluoborite 65.08 18.47 18.24 1.6 1.0
Fbor HV-43 n.2 fluoborite 64.19 18.47 17.69 1.0 4.4
Norb HV-43 n.4 norbergite 61.11 0.183 0.201 19 9.0
Norb HV-47 n.1 norbergite 60.22 0.201 0.221 15 9.0
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TABLE 7. SIMS data for H in the studied fluoborite crystals and internal standards

SAMPLE matrix MgO wt% H.O* wt% H.O wit% rel. st. dev. d (%)
ref. ref. (SIMS) (20 %)

Fbor HV-43 n.3 fluoborite 65.08 3.40 414 4.0 22

Fbor HV-43 n.2 fluoborite 64.19 3.59 3.96 5.8 -10

Norb HV-43 n.4 norbergite 61.11 2.21 2.01 2.8 9.0

Norb HV-47 n.1 norbergite 60.22 2.03 213 8.2 -5.0

Norb HV-47 n.7 norbergite 60.98 2.27 2.25 7.6 0.9

* Calculated by stoichiometry.

the absence of a controlled sample orientation), typically within DISCUSSION

~10% in many silicates. Accuracies on the order of 3% were
obtained in many samples (Hawthorne et al. 1995; Ottolini and
Hawthorne 1999).

Hydrogen. We followed the procedure described in Ottolini
et al. (1995) by using Mg (instead of Si) as the internal refer-
ence element for the matrix. As a reference for H,O content in
Mg-rich samples, here represented by fluoborite, we used the
stoichiometric values from three norbergites [Norb HV-47 n.7,
Norb HV-47 n.1, and Norb HV-43 n.4, as obtained combining
SREF, SIMS, and EMP data (see Table 7)]. The I'Y(H/Mg) was
derived by means of a best fit to experimental data from all
three samples. The SIMS H,O data reported in Table 7 represent
the average of three analytical sessions. The uncertainty of the
procedure was put at <10% relative. The H,O values in Fbor
HV-43 n.3, derived by SIMS, agreed with the stoichiometric
value (3.40 wt% H,0) at ~20% relative, whereas for the other
fluoborite sample, the agreement was within 10% (3.96, against
3.59 wt%). In the former case, the discrepancy is higher than
analytical uncertainty. Also in this case, there seems to be a
small difference between the two samples, possibly related to
the orientation of the crystals.

FIGURE 1. The structure of fluoborite projected on (001).

The local environment of the H atom is shown in Figure 1,
which is a projection of the fluoborite structure on (001). The H
atom points toward the center of symmetry, which occurs at the
center of a columnar cavity surrounded by F and O atoms. The
H atoms occur in groups of three at intervals of 0.25 z/c. This
environment precludes the emplacement of cations like Li*, Na*,
K+, Ca*, Mg*, Sr**, and Ba®* in these channels as proposed by
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FIGURE 2. Relationship between F atoms per formula unit (afu) and
the (a) a axis (A) and (b) ¢ axis (A). Open circles = studied samples;
3 = Dal Negro and Tadini (1974); 4 = Segnit and Lancucki (1963); 5,
6 = Brisi and Eitel (1957); 7 = Flamini (1966); 8 = Geijer (1926); 9 =
Takeuchi (1950).
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Moore and Araki (1976). These cations cannot be present con-
temporaneously with H due to charge repulsion. Alternatively,
their occurrence requires a complicated ordering scheme along
the tunnel. The refined site occupancy of the H atom is rather
low but it is complementary to that of F and fits well with the
SIMS H estimation.

The new data show some geometrical differences from the
refinement of Takeuchi (1950) in which the <Mg-O> and <Mg-
F> bond lengths are out of the range of normal values, but the
obtained results agree well with those of Dal Negro and Tadini
(1974). In particular, the individual <B-O> cation-anion distance
as of 1.388 A is nearly equivalent to their value (= 1.381 A). It
also fits well with the <B-O> distance for triangular coordination
found in other minerals (1.351-1.403 A; Hawthorne et al. 1996).
<Mg-F> distances reported by Dal Negro and Tadini (1974) are
shorter than those found in the present samples in accordance
with the higher fluorine content of their crystal. An extrapolation
from the values of those authors and from the results obtained
here gives an octahedral <Mg-O> of 2.072 A, slightly shorter
than the usual mean bond length for V'Mg in silicates (= 2.077
A). This may be ascribed to the collapse of the structure due to
the OH_,F substitution.

SIMS analyses agree well with the EMP analyses and with
the stoichiometric values. However, the refined site scattering
indicates higher quantities of F than those obtained by SIMS or
EMPA. This overestimation of F by SREF can be attributed to
local order problems with the position of F and O atoms in the
same site (Ottolini et al. 2000).

Hydrogen refined site scattering is slightly lower than that
estimated by SIMS in the case of sample Fbor HV-43 n.3. In the
other case, the H,O values coincide within the analytical repro-
ducibility of both techniques. Considering that the H occupancy
is <25%, these results indicate how accurate SREF can be for H
analysis when good-quality crystals are available and relatively
high-resolution data collection is performed.

ESTIMATION OF FLUORINE CONTENT FROM CELL
PARAMETERS OF FLUOBORITE

A linear correlation was found between F content and unit-
cell parameters, and predictive equations were calculated from
data presented here and other published results (Fig. 2). The
literature data show more scatter for the ¢ axis but because this
axis is very short, the older data probably are affected by bias
in powder standard methods of d-spacing determination. If we
do not consider the outliers, the calculated equation is ¢ A) =
3.180-0.104 [F] (R*= 0.96; 5 points). However, the data for the
a axis are much more consistent, giving a (A) = 9.160-0.378
[F] (R*=0.98; 9 points). Thus, the cell parameters for a hypo-
thetical OH end-member fluoborite would be @ = 9.16 A and ¢
=3.18 A. This result shows that the structure expands mainly
perpendicular to the ¢ axis (3.7 times more than parallel to this
axis) as the OHF_; substitution takes place. This difference is
due to the presence of H atoms in the hexagonal columns that
are coupled with longer HO-M distances. The oxygen atoms
separate from the M cation because part of their charge is bal-
anced by the H. No considerations could be made for FeMg ,
as Fe?* is only present in trace amounts in the available data.

However, because the structure is F-rich, only a small amount
of FeMg_, substitution is expected due to the F-Fe avoidance
typically found in minerals.
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