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Mossbauer and Infrared Absorption Spectroscopy of
Tourmaline Minerals
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ABSTRACT : Mossbauer and Infrared absorption spectra of the iron-bearing tourmaline
minerals show that the ferrous and ferric ions occupy the Y and Z octahedral sites. The Fe ions
are almost ferrous, predominantly partitioning into Y site and partly take in Z site. The Fe**
content of the Z sites in brownish black tourmaline minerals are higher than that in blue/green
tourmaline minerals. Therefore, 720 nm peak of brownish black samples is broader than that of
blue/green samples in optical spectra. All of the blue/green tourmaline minerals used in
experiment have only Fe’* ion

The IR spectra of tourmalines depend on the cation environments around OH groups, as also
evidenced by their chemical analyses. There appear no difference in IR spectrum between O(1)
H and O(3)H bonding characters in the heat-treated samples. But the characteristic 3565 cm '
peak appears in the ferrous hydroxyl bearing silicates, where dehydroxylation temperature for
OH coordinated to Fe® is 700~800 C.
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INTRODUCTION

Tourmaline is a borosilicate with general
formula XY,Z{BO:)SixO«(OH): and space group
R3m (Wilkins et al,, 1969). The X site is usually
occupied by large cations such as Na", K*, Ca**,
while the Y site by smaller cations such as Li, Al,
Fe¢'*, Fe'', Mg, and Mn™. The Z site is chiefly

occupied by Al, but Al can be replaced by Fe’*,
Cr'’, V' (Barton, 1969). Because of a wide
substitution in Y site, tourmaline minerals
usually have end member:dravite, schorl, and
elbaite with Mg, Fe, and (Li, Al) in the Y position,
respectively.

Absorption bands in the OH stretching region
of infrared spectra vary with the nature of the
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cations directly coordinated to OH. The OH
groups can occupy two different positions; at the
center of hexagonal rings O(1)H and the border
of the brucite-like fragments O(3)H. The OH
groups in the last position are electrostatically
perturbed by tetrahedral oxygens and are three
times more numerous than those placed in the
first position (Vedder, 1964; Strens, 1974; Rausell
et al, 1979; Gonzalez-Carreno, 1988). The present
study aims to characterize Mossbauer and in-
frared absorption spectroscopic properties of
tourmaline minerals.

MATERIALS AND METHODS

The majority of brownish black tourmaline
samples were obtained from Uncheon and Hak-
san mines in Korea and San Diego mine in
California, US.A. and blue/green tourmaline
samples from anonymous mine in Brazil.

The studied tourmaline specimens were des-
cribed by Kim and Kim (1993). Experimental
details and analysed data of these n‘nerals are
the same as those reported by them.

Mossbauer resonance spectra of tourmaline
minerals were recorded on a constant accele-
ration ASA (Austin Science Associates) S600 Mo
ssbauer spectrometer using 1024 channels of a
nuclear data multichannel analyzer with Co
source in a rhodium matrix (10 mCi) in the
Department of Physics, Yeungnam University.

The purified samples were ground with acetone
so as to prevent Fe ions from oxidizing. The
sample was mounted in a holder with a round
hole (2 cm in diameter) and run at 80 K, 300 K,
and 1070 K. Low temperature experiment was
perfformed in He gas and high temperature
experiment in air. Centroed shifts are given
relative to metallic Fe. Each spectrum was
accumulated for over 1-2 days to acquire at least
6 <10’ counts of baseline per channel for the good
statistics within the velocity range of about 7.32
mm/sec and calibrated relative to metallic Fe

foil.

The Mossbauer spectra were transferred to
computer to execute curvefitting calculations
and to plot the simulated curve. For curve fitting,
the program employed the Gauss nonlinear
regression method, assuming Lorenzian curve
shapes with various parameters.

Infrared absorption spectra were obtained on
the doubly polished plates and the polished thin
sections using a Bomen Da-3 FTIR spectro-
photometer at Inter—University Center for Na-
tural Science Research Facilities in Seoul Na-
tional University. IR absorption spectra were
recorded in 3800~3300 cm™' range and measured
at Icm ' resolution using liquidnitrogen cooled
MCT (HgCdTe) detectors. IR spectra were ob-
tained for heattreated samples in furnace.
Temperature was raised from 300 to 900 C by
increasing 100 'C per each day for the first three
days and 100 C every two days for the next eight
days.

RESULTS AND DISSCUSION
Mossbauer Spectroscopy

Maossbauer data for a few Li, Al-tourmaline
minerals show very low or undetectable Fe*
(Burns, 1972; Simon, 1973; Faye et al, 1974).
Most Mossbauer studies have focused on Fe, Mg-
tourmaline minerals and have detected much
larger and quite variable Fe’* contents (Hermon
et al, 1973; Gorelikova et al, 1976; Saegusa et al,
1979). Ferrous/ferric ratios and site occupancies
of iron cations in tourmaline minerals have been
determined from Mossbauer analysis. We could
get not only the evidence of Fe'' ions in the two
octahedral sites, but also unequal distributions of
Fe’' in both octahedra. The excited nuclear state
is shifted from zero energy due to d-electron
shielding effects on s—electron density and is split
into a quadrupole doublet due to asymmetric
electronic environments (electric field gradient)
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Table 1. Mossbauer parameters of brownish black
tourmalines at different temperatures.

Kl statistical error: 225

T(K) LS Q.S HWHM AREA(%) ASSIGNMENT

026 086 029 2002 Fe' (Y)
300 061 126 018 1920 Fe'™

08 136 023 1862 Fe*™

102 237 019 4218 Fe**(Y)

030 094 028 1622 Fe™(Y)
80 055 118 022 878 Fe'™

164 171 022 1812 Fe'™

109 254 020 5688 Fe*'(Y)

K2 statistical _error: 1.13
T(K)i 1S ,Q'S HWHM AREA(%) ASSIGNMENT

103 245 013 5416  Fe'(Y)
300 099 209 018 3026  Fe'(Z)
094 148 022 1558  Fe'™

80 134 263 014 5016 Fer*(Y)
L12 232 026 4984 Fe''(Z)

ABI statistical _error: 1.24
T(K) LS QS HWHM ARFA(%) ASSIGNMENT

104 243 0I5 6372  Fe(Y)
300 099 226 014 448  Fe'(Z)
098 170 027 318  Fe

110 260 015 6308 Fe*(Y)
80 109 226 016 2032 Fe''(Z)
106 179 023 1160 Fe'™
* 1. S:1somer shift (mm/s)
* Q. S:Quadrupole splitting (mm/s)
* HWHM : Half width at half maximum (mm/s)
*Fe’™ refers to the non-integral iron where the
extra electron is delocalized.

(Korossssvushkin, et al, 1979; Mattson, et al,, 1984).
Mossbauer effect spectra of tourmaline and its
H. annealed product were obtained at two
different temperatures of 80 and 300 K. The re-
sults from the computer fits are shown in Tables 1
and 2, and Figures 1 and 2. In the Figures, only
the high velocity components of the absorption
doublets are resolved. Annealing in hydrogen
inhibits the electron delocalization and forces the
itinerant electron to be localized in one of the two

Table 2. Mossbauer parameters of blue/green
tourmaline minerals at different temperatures.

BG2 statistical error: 142

T(K) 1S QS HWHM AREA(%) ASSIGNMENT

300 102 239 016 9198 Fe'*(Y)
105 185 017 802 Fe'*(Z)
80 112 245 020 9090 Fe**(Y)
125 215 018 9.10 Fe'*(Z)

B7 statistical _error: 212
T(K) .S Q.S HWHM AREA(%) ASSIGNMENT

300 102 237 016 889 Fe' (Y)
104 198 021 1104 Fe'(Z)
80 112 246 020 9120 Fe' (Y)
117 197 021 8.80 Fe’'(Z)

BGl statistical error: 322
L(K) LS QS HWHM ARFEA(%) ASSIGNMENT

300 136 235 019 9675 Fe'"(Y)
171 174 008 3.25 Fe''(Z)

BG4 statistical error: 1.12
TK) LS QS HWHM AREA(%) ASSIGNMENT

300 136 239 016 9108 Fe' (Y)
146 198 013 892 Fe’'(Z)

BG6 statistical _error: 1.19
T(K) 1.S Q.S HWHM AREA(%) ASSIGNMENT
300 135 238 0.16 95.36 Fe"*(Y)
158 204 008 464 Fe’'(Z)
* 1. 8 :Isomer shift (mm/s)
* Q. S:Quadrupole splitting (mm/s)
* HWHM: Half width at half maximum (mm/s)
*Fe!™ refers to the non-integral iron where the
extra electron is delocalized.

octahedral sites. This results in iron of integral
valence states (Fe’ and Fe''), while the total
oxidation ratio remains constant. This ordering
of Fe' in the Y site and Fe*' in the Z site on an
nealing in hydrogen is also observed by optical
spectroscopy (Smith, 1978).

Brownish black tourmaline
The mixed site occupancies of both Fe*' and

Fe* ions are demonstrated by the Maossbauer
spectrum of a sample K1 in Figure la. The
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Fig. 1. “Fe Mossbauer spectra of brownish black
tourmalines (samples K1, K2, and AB1) at different
temperatures. A bestfit, 2 doublets calculated
spectrum and components are shown for both spectra.
Velocity is shown relative to sodium nitroprusside. (a)
Upper diagram; Experiment carried out at 80 K. Iron
occupies several nonequivalent sites. Lower diagram;
Experiment carried out at room temperature. Iron
occupies several nonequivalent sites.

spectra obtained at 80 K and 300 K have been
fitted to four doublets. The assignments, para-
meters, and computed areas are summarized in
Table 1. The four doublets demonstrate that both
ferrous and ferric ions are distributed over two
six coordinated sites of tourmaline structure with
significant amounts of each cation in the Y sites.
The Mossbauer effect parameters (especially the
isomer shift, which is sensitive to the electron
density around the iron nuclei) for these three
doublets indicate values that are intermediate
between those of Fe*' and Fe’!, and are assigned
to iron with non-intergral oxidation state, Fe'"
(Saegusa et al, 1978). In the spectrum at 300 K
(Fig la), the broad envelope between the high

K2
80K

Absorption(arb. unit)

-6 4 -2 0 2 4 6
Velocity(mm/s)
(b)

Fig. 1 (continued). (b) Upper diagram; Experi-
ment carried out at 80K. Iron occupies two
positions:Fe’” in Y and Z sites. Lower diagram;
Experiment carried out at room temperature. Iron
occupies two positions: Fe** in Y and Z sites.

velocity Fe'" and Fe™ absorption peaks is due to
delocalized electrons around iron. The isomer
shift (I. S) and quadrupole splitting (Q. S) of both
doublets are consistent with ferric iron in an
octahedral site (Table 1). Their ranges are 025~
068 and 0.64 ~ 096, respectively (Burns, 1972;
Gorelikova et al, 1976; Ferrow et al, 1988).
Sample K1 unlike other samples has Fe’* and its
optical spectrum shows absorption peaks at 594
and 635 nm peaks. A comparison of this
spectrum with that of a typical tourmaline shows
the basic features of Fe’'-Fe™ interactions in
tourmaline (Kim and Kim, 1993).

Sample K2 shows that Fe ions are all ferrous
which is predominantly partitioned into Y site
and partly take in Z site (Table 1). The Fe*
contents of the Z sites in brownish black to-
urmaline minerals are higher than that in blue/
green tourmaline minerals. Therefore, 720 nm
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Fig. 1 (continued). (¢) Upper diagram; Experi-
ment carried out at 80K. Iron occupies nonequivalent
sites. Lower diagram; Experiment carried out at room
temperature. Iron occupies several nonequivalent sites,

peak of sample K2 is broader than that of blue/
green tourmaline samples in optical spectra (Kim
and Kim, 1993). It has been concluded that there
are related between 720 nm peak and Fe’" con-
tent of Z sites in Fe-bearing tourmaline minerals.
The result of Mossbauer analysis of brownish
black tourmaline minerals at 1070 K shows that
Fe ions are ferric in all samples (Fig, 3).

Blue/green tourmaline

The mixed site occupancies of iron cations in
the blue/green tourmalines of the elbaite—schorl
series are demonstated by the Mossbauer spectra
shown in Figure 2. Though only two peaks
appear in the spectrum there is pronounced
asymmetry on the inner shoulders of the peaks,
indicating the presence of a second ferrous
doublet with smaller quadrupole splitting. All of

4 0

1 1 1 | 1 —
-6 4 -2 0 2 4 6
Velocity(mm/s)
(a)

Fig. 2. "Fe Mossbauer spectra of blue/green
tourmalines (Samples B7, BGl, BG4, and BG6) at
different temperatures. A best -fit, 2 doublets cal-
culated spectrum and components are shown for both
spectra. Velocity is shown relative to sodium ni-
troprusside. (a) Upper diagram; Experiment carried
out at 80 K. Iron occupeis two positions: Fe’* in Y and
Z sites. Lower diagram; Experiment carried out at
room temperature.

the blue/green tourmaline minerals used in
experiment have Fe”. The outer doublet is
attributed to Fe’' ions in the Y sites and the inner
doublet to Fe** ions in the Z sites (Burns, 1972).
The computed areas indicate that the Fe’™ ions is
predominantly partitioned into Y site and below
11% of the Fe** ions enter the Z sites (Table 2).
The results of Mossbauer analysis of blue/green
tourmaline minerals at 1070 K show that Fe ions
are ferric in all samples (Fig. 3) and sample BG6
additionally shows the hyper fine effect unlike
other samples (Fig. 4) (Table 3). In its optical
spectrum, the yellowish green color changed to
light green unlike other samples (Kim and Kim,
1993). Hence, it is inferred that it has different
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Fig. 2 (continued). (b) Experiment carried out
at room temperature. Iron occupies two positions : Fe*"
inY and Z sites.

proton environment compared with other heat—
treated samples.

Infrared Absorption Spectroscopy

Absorption bands in the OH stretching region
of infrared spectra vary with the nature of the
cations directly coordinated to OH and have
been used to study different cation substritutional
schemes in minerals (Vedder, 1964; Strens, 1974;
Rausell et al, 1979). In this work, the influence of
chemical composition on the IR spectra has been
studied in order to differentiate the bands asso-
ciated with the different types of OH and to
assign the observed infrared spectra.

IR stretching band assignment

In the structure of tourmaline, the OH groups
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Fig. 3. “Fe Mossbauer spectra of blue/green and
brownish black tourmaline minerals annealed in air at
1070 K. Velocity is shown relative to sodium nitro-
prusside.
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Fig. 4. This diagram is magnified BG6 of Figure 3
and shows slightly weak hyperfine effect unlike other
samples.

Table 3. Mossbauer parameters of BG6 tourmaline
showing hyperfine effect.

Statistical error:;1.13

1070 0.80
059 1.02 040

occupy two different crystallographic positions.
The first position O(1)H is located at the center
of hexagonal rings and the OH is coordinated to
three Y octahedral cations. The second position
O(3)H is located at the border of hexagonal
pillars and the OH is coordinated to two alumin-
iums and one Y cation. The highest frequency
bands (3700~3630 cm ') in the IR spectra corres-
pond to O(1)H located in the hexagonal rings and
the bands in the region of 3600~3400 cm '
correspond to O(3)H located at the border of the
trigonal brucite-like fragments (Gonzalez—Car-
reno, 1988). The OH stretching regions (3800~
3300 cm ') of IR spectra of tourmaline minerals
cut // ¢ axis are presented in Figure 5. From this
Figure it is evident that IR spectra vary with
composition of tourmaline and that there exist
three regions of different characteristic OH
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Fig. 5. Hydroxyl stretching regions of IR spect-
rum of various mono-colored tourmaline minerals cut
// ¢ axis.

1:sample BPB, 2:sample APS, 3:sample AWB, 4:
sample AGY, 5:sample BG3, 6:sample BGl. APS,
AWB, AGY, and BPB are Elbaite. BG1 and BG3 are
Schorl.

bands: 1) 3700~3630 cm ™, where the ranges are
narrow and generally low in intensity, 2) 3600~
3400 cm ', where the bands are wide and intense,
and 3) 3400~3300 ¢cm™~, where bands are broad
but not well resolved. Gonzalez-Carreno (1988)
assigned 3583~3594 cm ' to AIAILi, 3568cm™ to
AlAIMg or AlAIMn, 3553~3558 cm ' to AlAlFe,
and 3464~3494 cm ' to AIAIAL

In the case of schorl in which the cations in Y
sites are partly occupied by Mg and Fe, the
infrared spectra in the regions of 3600~3400 cm™'
are composed of a unique absorption band at
3490 cm ' and 3570~3550 cm ™' (Fig. 5). Accor-
ding to Gonzalez-Carreno (1988), dravite or
schorl having over 10 wt% of R* (=Fe, Mg)
shows very intensive peak in near 3560 cm™' but
does not show any discerniable peak near 3490
cm . Schorl samples used in in this work (sample
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Table 4. Assignment of the observed hydroxyl
stretching bands (cm™) in the IR spectrum of mono-
colored tourmaline minerals.

Sampl O(1)H O3)H

Amples AIAILi |AJAIR>| AIAIAL

Schorl' |FeFeMg| 3681 | 3593 | 3565 | 3494
3651

Elbaite’ | AIAILI | 3687 | 3585 | — | 3474
3649

Elbaite’ | AIAILi | 3666 | 3585 | — | 3494

‘ 3649

Elbaite' |AICuLi| 3692 | 3591 | — | 349
3651 | 3580 !

Elbaite’ |AIMnLi| 3666 | 3583 | — | 3483
3650 i

Notes: *; R*™ (=Fe’*, Mg"). 1; Sample BG3. 2;
Sample BP. 3; Sample AP5, Ca (X site) rich Elbaite.
4, Sample BPB, Cu containing Elbaite. 5; Sample
AWB, Mn rich Elbaite.

BG1, BG2, BG3, and BG6) have 4~7 wt% of the
sum of R (Kim and Kim, 1993) and their
characteristic feature is shown in near 3490 cm™
in addition to near 3560 cm ' peak. Hence, it can be
deducible that near 3490 cm™' peak is much
affected by the contents of cation substituting Z site.

For the yellow elbaite, Li* and A" occupy Y
sites. Two absorption bands have been identified
at 3583 and 3483 cm™' (Fig. 5). Absorption bands
due to hydroxyl stretching vibration of analysed
tourmalines are given in Table 4.

Both sections cut parallel and perpendicular to
the ¢ axis of sample BG2 and BG6 were prepared
to illuminate difference of the stretching bands
for two orientations of them. Sample BG2 shows
absorption bands at 3495, 3551, 3572, 3651, and
3672. Absorption spectra // ¢ axis is very much
similar to L c axis showing slight different in
intensities of absorption bands. But sample BG6
shows somewhat different absorption peak pa-
ttern between // ¢ axis and L c¢ axis in the region
3700~3630 cm ™' pertaining to O(1)H (Fig. 6).

Effect of thermal treatment

Different dehydroxylation mechanisms are

Absorbance

3700 | 3800

3300 | 3400 | 3500 3600
Wavenumber(cm™')

Ll b
61 x

Absorbance
Py

2 /\ / A\

=

3300 3400 | 3500 | 3600 3700 3800
Wavenumber(cm ')

Fig. 6. Hydroxyl stretching region of IR spectrum
of blue/green tourmaline minerals taken at two
orientations. (a) Sample BG2, (b) Sample BG6.
1//caxis, 2 L caxis.

operative in silicates depending on the presence
or absence of the Fe’* in the near environment of
the OH group (Vedder and Wilking, 1969). In the
first case the recombination of electron and
protons cause the loss of OH groups and the
simultaneous oxidation of iron at temperatures
as low as 400 C, while in the second case the
dehydroxylation is produced by condensation of
two OH groups with the subsequent elimination
of water. The temperature of dehydroxylation in
this case can be higher than 1000 C (Gonzalez-
Carreno, 1988). On this basis, the study of
dehydroxylation of tourmaline minerals can be
used to identify the OH groups that are coor-
dinated to Fe’* ions.

The IR spectra of mono—colored tourmaline
minerals, elbaite and schorl, at different tem-
peratures are shown in Figure 7 and 8, respecti-
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Fig. 7. Hydroxyl stretching region of IR spectrum
of schorl samples heated in air at increasing
temperature. (a) Sample BG1, (b) Sample BG4.

vely. No changes are observed in the absorption
band except intensity below 600 ‘C. However, at
temperatures over 700 C, the dehydroxylation
produces the continuous decrease in intensity of
all the absorption bands. At 900 C the complete
dehydroxylation is achieved in all samples. In
this process the two types of OH groups are lost,
indicating that there is no considerable difference
in the energy of stabilization for OH groups in the
two structural sites. The comparison of spectra at
different temperatures shows that, in the case of
ferrous hydroxyl-bearing silicates, 3565 cm™'
peak appears, although it is not found in tou-
rmalines having OH coordinated to other cations
(Mn‘", Cu**). It is observed that this peak persists
up to 600 C, but completely disappears at 800 C
(Fig. 7). Gonzalez-Carreno, et al, (1988) reported
that the temperature of dehydroxylation of OH
coordinated to Fe*' is 700~800 C, indicating that

a

& Room temperature

Absorbance

0 ———— ——
3300 3400 3500 3600 3700 3800
e Wavenumber(cn™ ')
6
° Room
2 temperature
£ 4
] 600C
0 4
< .
5 800C

ol

3300 | 3400 3500 3600 3700 3800
Wavenumber(cm ')

Fig. 8. Hydroxy! stretching region of IR spectrum
of elbaite samples heated in air at increasing
temperature. (a) Sample AGY, (b) Sample AW.

the migration of protons and electrons is hindered
by the large distances existing between Y sites of
contiguous Y;OH. core units in tourmaline mi-
nerals.

All of the blue/green tourmaline minerals have
Fe’" according to the Mossbauer spectral study at
room temperature. But at 800 C the results of
Mossbauer analyses show that Fe ions are ferric
in all samples (Fig. 3). Therefore, it is interpreted
that when Fe* is oxidized to Fe’* upon heating,
some of dehydroxylated OH groups may contri-
bute to oxidation effects of Fe ions owing to
protonation.

CONCLUSIONS

Mbssbauer and Infrared absorption spectra of
the iron-bearing tourmaline ‘minerals show that
the ferrous and ferric ions occupy the Y and Z
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octahedral sites. The Fe ions are almost ferrous,
predominantly partitioning into Y site and partly
take in Z site. The Fe’" contents of the Z sites in
brownish black tourmaline minerals are higher
than in blue/green tourmaline minerals. There-
fore, 720 nm peak of brownish black samples is
broader than that of blue/green tourmaline
samples in optical spectra. All of the blue/green
tourmaline minerals used in experiment have
only Fe** ion.

IR spectra of mono—colored tourmaline miner-
als give information on the variation in the cation
environments around OH groups. The differences
of absorption spectra between O(1)H and O(3)H
bonding are not detected in the heat-treated
samples. But additional 3565 cm™' peak appears
in the case of ferrous hydroxyl bearing tour-
maline, although it is not found in tourmaline
having OH coordinated to other cations (Mg,
Mn’"). The temperature of dehydroxylation for
tourmaline having OH coordinated to Fe** is 700
~800 C. Any change in peak intensity with
different orientations is not found except certain
samples which show somewhat different peak
pattern 3700~3630 cm ™' pertaining to O(1)H.
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