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ABSTRACT

We report the infrared and Raman spectra of nordenskirildine. Bands in the spectra of nordenskiiildine are assigned to the
corresponding vibrational modes by a calculation of normal modes within the all-valence force-field model and by a compari-
son with calculated and measured results for the isostructural dolomite. The characteristic double peaks for the out-of-plane
bg$iog mode v2 and the asymmetric stretching mode v3 of the BOI- group are attributed to fie substitution effect of Brr and
Bru in nordenskidldine. The calculated intensities in the Raman spectra for nordenskidldine and dolomite are related to the
differences in electric dipole polarizabilities and to t}re electronic structure for BO]- and CO!- groups, consistent with the first-
principles calculations.
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Sola:uans

Nous pr6sentons les spectres d'absorption bfra-rouge et de Raman de la nordenskidldine. Les spectres sont identifi6s par
comparaison avec 1) avec les modes vibrationnels correspondants par calcul des modes nonnaux i f int6rieur du champ des
forces fond6 sur la totalit6 des valences, et 2) les r6sultats calcul6s et mesur6s pour la dolomite, isostructurale. Les pics doubles
caract6ristiques qui d6crivent le mode v2 de torsion hors du plan du groupe BOI- et son mode v3 d'6tirement sont attribu6s d
feffet de I'incorporation de Br1 et Bl0 dans la strucfure. Les intensit6s calcul6es du spectre de Raman de la nordenskid'ldine et
de la dolomite r6sultent de diff6rences dans la polarisabilit6 du dipole dlectrique et dans la structure 6lectronique des groupes
BO!- et COr2-, diff6rences qui concordent avec les r6sultats de calculs d partir des principes de base.

Clraduit par la R6daction)

Mots-cl6s: nordenskidldine, dolomite, spectre d'absorption infra-rouge, spectre de Raman.

lN"rRoDUc"iloN

The crystal chemistry of borate minerals is much
more complex than that of carbonate minerals, which
have isolated CO]- groups only. The coordination
polyhedra around the boron atoms in borate minerals
are either triangles or tetrahedra, which can form
polynuclear anions by polymerizing in various ways.
The structural principles have been discussed by
Christ (1960), Bdwards & Ross (1960) and Wells
(1984). In general, borate minerals can be divided
into three classes: (1) those containing 3-coordinate

boron only (e.9., nordenskitildine), (2) those con-
taining 3- and 4-coordinate boron, such as borax, and
(3) those containing 4-coordinate boron only, say
sinhalite. On the other hand. even for the orthoborates
and carbonates of the same crystal structure, apparent
differences in spectral features are expected, mainly
owing to the difference in the bonding and crystal-
chemical properties (electronegativity, ionic radius)
ofboron and carbon.

Nordenskiiildine. a rare orthoborate mineral that
contains discrete BOI- groups, has been reported
onlv in a few locations. It was discovered in an
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alkaline pegmatite on the island of Arti, in the
Langesund fiord, southern Norway, by Brdgger in
1887, where it is associated with melinophanite,
homilite, zircon, feldspar, molybdenite, cancrinite,
and analcime (Palache et al. 1944). Subsequently,
it was recognized in an ore pipe in marble near a
granite contact at Arandis, Namibia (Ramdohr 1934),
associated with tourmaline, cassiterite, calcite,
siderite" stannite, chalcopyrite and pyrrhotite.
Occurrences of nordenskidldine in the Uchkoslkon
tin deposit, eastern Kirgizia, and in Brukelin, Alaska,
were reported by Marshukova et al. (1968) and
Burt (1978), respectively. More recentlyn norden-
skidldine has been found in the Gejiu tin deposit,
Yunnan (Wei e/ al. 1982), in the Dading tin-iron
deposit (Wang 1983), and in a fluorite deposit in
Jiangsu (Chenet al.1987), in the People's Republic of
Chin6.

Nordenskiiildine, CaSn(BO)2, was considered to
be isostructural with dolomite, CaMg(CO3)2
(Ehrenberg & Ramdohr 1935, Al6onard & Vicat
1966), a hlpothesis confirmed by a recent refinement
of the structure (Effenberger & Zemann 1986). The
spectroscopy of nordenskidldine has seldom been
reported, except for a Mdssbauer spectrum of l19sn
(Smith & Zuckerman 1967), an infrared spectrum
(Suknev & Diman 1969) and luminescence spectra
(Gaf t  et  a l .  1981,1982,  Gorobets 1988),  par t ly
because of its scarcity. In this work, the experimental
infrared and Raman spectra of nordenskidldine are
presented. Bands are assigned by a calculation of
normal modes and by a comparison with the results
for the isostructural dolomite. We propose a possible
mechanism for the splitting of the intemal vibrational
modes of nordenskitildine. and discuss differences in
the spectral properties and bonding of dolomite and
nordenskidldine.

E><psRn Dr.{TAL MsrHols

The nordenskiiildine sample studied in this work
was collected from the Gejiu tin deposit, Yunnan,
China. There" the nordenskitildine occurs in an andra-
dite - diopside skarn belt in a normal contact zone
between granite and carbonate host-rock. This skarn
belt itself constitutes a new type of tin ore deposit in
which the main Sn-bearing ore minerals are norden-
skidldine [CaSn(BO3)], schoenfl iesite [MgSn(OH)o]
and varlamoffite [(Sn,Fe)(O,OH)z]. Cassiterite is
seldom encountered. The nordenskidldine occurs as
colorless and transparent euhedral crystals with promi-
nent {0001} cleavage. The crystals are thin or thick
hexagonal tabular parallel to (0001). It is commonly
replaced by schoenfliesite. Electron-microprobe and
wet-chemical analyses are combined to determine the
chemical compositions of the nordenskidldine. The
electron-microprobe analysis was performed at a
voltage of 20 kV, a current of 0.06 trA, by point-to-

point scanning on the nordenskidldine sample. The
average composition obtained is 53.67Vo SnO.r,
1"9.83Vo CaO,0.267o MgO,0.L5Vo (total iron) FeO,
and 0.087o MnO. The content of B2O3 in this sample
was determined by the wet-chemical analysis to be
25.34Vo. The calculated chemical formula of the nor-
denskiiildine is: (Cas.ereMge.elsFeq.qs6Mno.oo:)>r.oou
Snn.ry6(B1.e6oJz.

The X-ray-diffraction pattern was measured using
CuKa radiation and Ni filter and 114.57 mm diameter
Debye-Scherrer carnera. The unit-cell parameters of
this sample, as derived by least-squares refinement
of the powder data, are: a 4.857(L), c 16.035(6) A,
v32'1.6(D 43.

The infrared spectrum of this sample of norden-
skidldine was measured using a PE-580B spectro-
photometer in the absorption mode from 200 to
2000 cm-I. The sample was prepared as KBr pellets
with a sample concentration of 2Vo by weight. The
Raman spectrum was collected using an OMARS-89
micro-Raman spectrometer in the multichannel mode
in three ranges of energy (200-840, 840-1400 and
1400-1600 cm-1). An argon ion laser beam, whose
wavelength is 457.94 nm, was used as the excitation
source, with 120 mW of power and an aperture of
200 pm at room temperature.

Car,culenoN oF NoRMAL MoDEs

A calculation of normal modes was performed,
based on the all-valence force-field model" to obtain
the theoretical frequencies, intensities and atomic dis-
placements for vibrations observable in infrared and
Raman spectra for nordenskidldine and dolomite.
Input inforrnation required by this calculation includes
the unit-cell parameters and the space group of a crys-
tal, the atomic masses, and the locations of one atom
for each equivalent set, and a set of force constants
that include conventional two-atom bonds. tlree-atom
angles and interactions of internal coordinates that
share at least one atom (Dowty 1987). The essential
procedures ofthis calculation are as follows: (l) locate
all atoms in the unit cell and compute displacement
vectors for each internal coordinate, (2) convert the
basis of the force constants from bonds and angles to
cartesian displacements, (3) construct the fuIl-matrix
irreducible representations of the factor group, using
appropriate symmetry matrices and polynomial basis-
functions, (4) derive the symmetry coordinates in
terms of cartesian displacement, using the projection-
transfer operator techniques, (5) construct secular
equations for each species with the Wilson F-G
method (Shimanouchi et al. 1961), (6) solve frequen-
cies for atomic motions, (7) use simple models of
infrared and Raman intensity to calculate spectra, and
(8) adjust the force constants by an iterative least-
square technique to fit tlte experimentally observed
spectra.
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RFSLILTS AND DlscussloN

For an isolated planar ion group Xq @.g., BOI-
and COI) having trigonal symmetry, there are four
fundamental vibration modes, the symmetric stretch-
ing mode vt, the out-of-plane bending mode v2, the
doubly degenerate asymmetric stretching mode v3,
and the doubly degenerate planar bending mode va. Of
these vibrational modes, the vr, v3 and vo modes are
infrared-active, whereas the V1, vu and v4 modes
are Raman-active. In a crystalline solid containing
such an anionic group as XO3, the selection rules for
vibrations are relaxed compared to vibrations for the
isolated anionic groups, and the interaction between
the modes may even remove degeneracies. In this
case, the factor-group and site-group correlation
analysis can reasonably explain the infrared and
Raman spectra of the solids, for example, calcite and
aragonite. For the dolomite structure, the correlation
analysis of the factor group and site groups shows:

fuiu = 4AnG) + 4Es@J + sAu(R) + s6u(lR)
in which there are four inTrared-active internal modes
2Au and 2Eo, and four Raman-active internal modes

2A, and 2En. Therefore, the infrared-inactive sym-
melric stretching mode v, and Raman-inactive out-of-
plane bending mode v, in the isolated ion XO3 are
activated symmetrically in the vibrational spectra of
the dolomite structure.

The experimental infrared and Raman spectra of
nordenskidldine are shown in Figure 1 and2, respec-
tively, along with the corresponding infrared and
Raman spectra of dolomite. The vibrational spectra of
nordenskiOldine are predicted by the factor-group and
site-group correlation mentioned above. All four
infrared-active internal modes 2Au and 2Eo, and
four Raman-active internal modes 24" and 2E", arc
observed experimentally. Furthermore,' normal foode
calculations are carried out for nordenskidldine and
dolomite. The experimental and calculated results on
the ffiared and Raman spectra of nordenskiiildine and
dolomite are summarized in Table l. For dolomite" the
calculated and measured frequencies for the lattice
modes have larger deviations, and the Raman-active
lattice mode En at 461 cm-l is not observed experi-
mentally. However, the calculated frequencies, inten-
sities and symmetric assignments for the rest of
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Ftc. 1. Infrared-absorption spectrum of nordenskiiildine,
[CaSn(BO3)2], along with the infrared spectrum of the
isostructural dolomite Garmer 1974).
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Frc. 2. Raman spectrum of nordenskidldine, [CaSn@O3)2],
along with the Raman spectrum of the isostructural
dolomite Garmer 1974).
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TA3I,E I. INT'BABID AND BAILAN SPECTBA AND AASIONMEMTS OF
NOBDENSKIOLDIM AND DOLOMTTE

Nordqskioldine

TABLE 2. FOBCE CONSTANTS OF BO3' G&OUP IN

NOBDENSKIOLDINE AND COO} CBOVP IN DOI.oUTTE

Vibrafiond
mods

362.0 1n.0
3n.0 286.1
3i4.0 265.5
263.0 5.7
157.0 205.7
162.0 95.4

modes, especially for the internal modes of COI-
group, are in a good agreement with experimentil
infrared and Raman spectra of dolomite (Farmer
1974). T\e infrared-active v, band and Raman-active
v2 band are so weak that they are not observed experi-
mentally. This comparison indicates that the normal
mode calculation is useful for the reliable assignment
of vibrational modes.

For nordenski0ldine, the experimental spectra are
reasonably assigned to the conesponding vibrational
modes as shown in Table 1, based on the normal mode
calculation for nordenskidldine and a comparison with
dolomite. The infrared and Raman spectra for norden-
ski0ldine ue characteized by its intemal modes. The
peaks below 450 cm-l are attributed to the lattice
modes, but some of these lattice modes are nol
measured in the infrared spectrum of the powder
sample. The lattice mode at 449 cm-l seems too strong
in the Raman spectrum to be correctly assigned. In
addition, the weak Raman peak at 1452.7 cm-l is
assigned to the overtone modes v, + v4, or 2vr(HulL &
Ninola 1974).

Figure 1 and Table 1 indicate that the infrared-
absorption spectrum for nordenskitjldine differs from
those of calcite-structure LuBO3, aragonite-structure
NdBO3, vaterite-structure YBO, (Weir & Lippincott
1961); the infrared and Raman spectra for norden-

Norderukioldine

Bonds (ndlA)

Ca-O 0.718
Me-o 0.688
co 5.620
o€ 1.272

Angles (md-i'/lad)

0.68 o.c-o 0.858

Ineraction (nd/A)

B{/B-O 0.51 c-o/c-o 0.566

skidldine also are different from those ofthe isostruc-
tural dolomite. It is apparent that in both infrared and
Raman spectra of nordenskidldine, the lattice vibra-
tional modes shift to higher energy compared to those
for dolomite. In contrast. the internal modes of the
BO]- group in nordenskidldine shift toward the lower
frequencies in comparison to the corresponding inter-
nal modes of the CO]- group in dolomite. The results
are consistent qualitatively with apparent differences
in bond lengths and force constants of the B-O bond
in nordenskidldine and of the C-O bond in dolomite
(Table 2). Such differences in vibrational behavior of
the B-O and C-O bonds are related to the crystal-
chemical properties and bonding ofboron and carbon.
Carbon has a smaller ionic radius and is more strongly
electronegative than boron. Hence the C-O bonds in
dolomite are more covalent and have shorter bond-
lengths than the B-O bonds in nordenskidldine. In
addition, the bonding of cations with oxygen in nor-
denskiOldine is stronger than that in dolomite. As a
result, the internal modes in the infrared and Raman
spectra of dolomite are more similar to those of the
free group CO3-, the internal modes of BOI- in
nordenskidldine shift to lower energy, and the lattice
modes shift to high energy, relative to the conespond-
ing modes for dolomite.

Lattice vibrations in both infrared and Raman
spectra of nordenskitjldine are strong. In particular, the
strong Raman scattering peak at 449 cm-r is un-
expected. Regarding the internal modes, the sym-
metric stretching mode v1 for dolomite is the strongest
Raman peak, but it is not observed in the infrared-
absorption spectrum. However, for nordenskidldine,
the v, beromes apparently observable in the infrared
spectrum, and weak in the Raman spectrum. The out-of-
plane bending mode v2, which is sfiong in the infrared
spectrum, but very weak in the Raman spectrum for
dolomite, is observed as two strong peaks in both
infrared and Raman spectra of nordenskidldine. The
asymmetrical stretching mode v3 becomes much
stronger in both infrared and Raman spectrum of
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nordenskidldine, but is split and asymmetrical in the
infrared spectrum. The in-plane bending mode v4
$eems similar for both nordenskiiildine and dolomite.
On the other hand, the calculation of normal modes
indicates that the Raman-active internal modes for
nordenskidldine have greater intensity than the corre-
sponding modes for dolomite. This is in agreement
with tlte electric dipole polarizabilities of borate and
carbonate calculated using the first-principles
quantum-mechanical method. Tossell (1990) showed
that the average polarizabilities are 4.21 for BO]- and
3.41 for COI*. On the other hand, the calculated aver-
age polarizability and polarization anisotropy for BOI-
and COI- are qualitatively related to relative energies
of the a1' , *i' nd e' symmetry unoccupied molecular
orbitals of the oxyanions. For example, the larger
change in q1 for BOI- and CO]* comes from the 1a2"
contribution, which is much larger for BOI- owing to
the much smaller ler" -) 5a1' energy difference.
Therefore, the difference in relative intensities for the
Raman internal modes of nordenskiti ldine and
dolomite is indeed related to differences in the eles-
tronic structure and bonding.

Another difference between nordenskidldine and
dolomite lies in the splitting of v, and v3 modes in
both infrared and Raman spectra of nordenskiiildine.
This is not predicted by the factor-group and site-
group correlation analysis. Actually the splitting ofv2
and v3 modes has also been observed in the infrared
spectra of many other orthoborates, for example,
PrBO3 (Laperches & Tarte 1966), LaBO, (Steele &
Decius 1956),  and Mg3(BO3)2,  Ca3(BO3)2 and
Cd3(BOr2 (Mitchell 1966). The splitting of the doubly
degenerate v, and vo in the infrared spectra of solids
containing the XO3 ions is generally due to the lower
site-group symmetry of X ions than C3, as in aragonite.
However, this interpretation is not plausible for
nordenskidldine. First, the crystallographic data indi-
cate that the site group of BO3 group in nordenskitil-
dine is C3 (Effenberger & Znmann 1986); hence, the
splitting of the doubly degenerate v3 and v4 caused by
the site group is unexpected. Second, in our measured
infrared and Raman spectra, the splitting of the vo
mode actually was not observed, whereas the nonde-
generate out-of-plane bending mode v2 was measured
as two split peaks. In addition, the coupling mecha-
nism between internal modes was proposed to explain
the characteristic infrared spectra of borates. However,
our calculation of normal modes for nordenskiOldine
showed little or no variation of the v2 and v3 modes
with the coupling interaction, which, in fact, is similar
for both dolomite and nordenskidldine. Therefore, the
splitting of each of the v, and v3 modes into two
peaks in the infrared and Raman spectra of norden-
skidldine is probably due to the substitution effect
involving both B10 and 811. First, because the natural
abundances of the two stable isotopes of boron, Bll
and 810, are 80.22Vo and 19.78Vo, respectively, the

coexistence 811 and B10 in natural borate minerals,
such as nordenskicildinen is not surprising. Second, for
LaBO3, InBO3 and ScBO3 (Steele & Decius 1956),
and Mg3@o3)2, Ca3(Bo3)2, Sr3(Bo3)2 and Baj(Bo)2
(Weir & Schroeder 1964). when Bru substitutes for
Blr, the vl and v4 modes in the infrared absorption
spectra do not show observable shifts; however,
significant shifts for the v2 and v3 modes were
observed. Our experimental results are in good agree-
ment with these observations. Third, in the infrared-
absorption spectrum of LaBO3, the frequency differ-
ences for the v, and v. modes due to the substitution
of Bl0 for B11 ;e atout Zg and 44 cm-l, respectively
(Steele & Decius 1956). The frequency differences for
the v, and V3 modes in the infrared spectrum of
nordenski<ildine are22 and 36 cm-I, respectively, also
in good agreement with the results for LaBOr.
Therefore, the splitting of the v2 and v3 modes in both
infrared and Raman spectra of nordenskidldine is
attributed to the substitution of Bl0 for Bll.

CoNctustoxs

Bands in the infrared and Raman spectra of norden-
skidldine, a rare orthoborate, are assigned to the
conesponding vibrational modes by the calculation of
normal modes with an all-valence force-field model
and by a comparison with the results for the isostruc-
tural dolomite. The shifts for the internal modes to
lower energy and the shifts to higher energy in
nordenskiiildine. relative to those of dolomite, are due
to the weak covalency of B-O bonds and stronger
cation-oxygen bonding. The larger Raman intensity
calculated for nordenskidldine is related to the larger
electric dipole polarizability of BOI-, which is turther
related to the much smaller le2" -) Sar' energy
differenceo as calculated by the lrst principles quan-
tum-mechanical method. The characteristic double
peaks for the out-of-plane bending mode v2 and the
symmetric stretching mode v3 of BO3! ion in norden-
skitjldine are attributed to the isotopic substitution
effect of Bl1 and B1o.
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