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Infrared spectra of annite in the OH-stretching vibrational range

Boubker Boukili!, Francois Holtz?, Jean-Louis Robert?, Mohammed Joriou?,
Jean-Michel Bény® and Mohamed Naji!

Abstract

In the OH-stretching range, most of the micas studied exhibit partial dioctahedral character, which increases with
increasing {O,. At both the Ni-NiO and wiistite-magnetite oxygen buffers,our spectra of annite indicate the presence
of aluminum and Fe* in octahedral sites, which is required to articulate the octahedral layers. The decomposition of
the infrared spectra allows one to redefine the assignment of annite absorption bands. Three V-bands of
“dioctahedral-type” (in the range 3580-3520 em™) are characterized by the bulk number of charges of the two adja-
cent cations: two bands due to OH groups adjacent to an octahedral vacancy and bonded to Fe?*AP*[] or Fe**Fe3 ]
(range 3580-3540 cm™); a band due to OH groups bonded to Fe¥Fe*([] at 3530 cm™. For Al-rich annite, the band
assigned to OH-Fe*Fe*[] is replaced by a band due to OH groups adjacent to Fe**Al**[. An 8-fold charged envi-
ronment OH-Fe?*Al3*Al** does not seem likely in the micas studied. At higher wavenumbers, two I-bands of
“trioctahedral-type” (OH-Fe>Fe?+Fe?+ and Fe?*Fe?*Al*+) and one N-band corresponding to OH-Fe**Fe?*Fe?s have
been resolved. For all trioctahedral-type bands (I- and N-bands), a systematic shift is observed toward lower
wavenumbers with increasing aluminum content of the mica. When compared to N- or I-bands, V-bands show an

opposite behaviour.

Keywords: Annite, ferrous aluminous biotites, OH-stretching vibrations, 8-fold charged, OH-groups.

Introduction

Vibrational spectroscopic techniques, in particu-
lar infrared spectroscopy, are efficient tools to un-
derstand the relation between structure and local
chemistry of phyllosilicates, particularly biotites.
Annite {K}[Fe];<Si;Al>0,,(OH), is the theoreti-
cal iron end-member of the trioctahedral biotite
solid solution and one of the major components
of natural biotites. The spectroscopic characteri-
zation of this end-member composition is of par-
ticular importance. A general correlation be-
tween the frequency of modes attributed to the
OH-stretching vibrations and compositional vari-
ations of micas has been proposed by Robert and
Kodama (1988) for micas in the system K,O-
MgO-Al,O;-H,O. However, in the Fe-bearing
system there is controversy in the assignment of
OH-stretching bands. Indeed, Redhammer et al.
(2000) adopted the model proposed by Robert
and Kodama (1988) to assign OH-bands in Fe-Al-
rich biotites, leading to the possible existence of 8-
fold charged environments for OH-groups, which

is surprising and not common in micas. In addi-
tion, this model which has been established for
magnesium micas could not distinguish between
the OH-groups adjacent to vacant sites (V-bands
of dioctahedral-type). Thus, the assignment made
by Redhammer et al. (2000) needs to be reconsid-
ered, particularly for V-bands. In this study, syn-
theses of annite and ferrous-aluminous biotites
have been performed at two oxygen fugacities to
constrain and re-examine the assignments of OH-
bands in annite infrared spectra.

Starting compositions

To synthesize micas along the annite-siderphyllite
join, various gels were prepared according to the
method of Hamilton and Henderson (1968).
These gels were used as starting material for hy-
drothermal synthesis of micas. Potassium was in-
troduced as dry K,COy, silicon as tetracthylortho-
silicate (TEOS), aluminum and one part of iron
(50%) as nitrate. Finally, metallic iron Fe® (50%)
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was mechanically added to the gels to obtain the
appropriate bulk compositions.

The compositions of trioctahedral micas stud-
ied are expressed by:

{K}[Fes « Al ]<Sis (Al >0, (OH),

where x corresponds to the extent of the Tscher-
mak-type substitution. In the following text, an-
nite and siderophyllite refer to the compositions
with x equal to O and 1.

B. Boukili, E Holiz, J.-L. Robert, M. Joriou, J.-M. Bény and M. Naji

Experimental methods and
analytical procedures

The syntheses were done in Tuttle-type externally
heated pressure vessels working vertically, with
water as the pressure medium. Temperature was
measured using Ni-NiCr thermocouples calibrat-
ed against the melting points of NaCl and ZnCl,
yielding temperature uncertainty of less than £5
°C. Pressures were measured with a bourdon

Table Ia  Experimental products obtained at 600°C, NNO buffer and 1 kbar along the join annite-siderophyllite.
Interplanar distances are measured at £0.0004 A. dt is the average cation-anion distance calculated from the relation
proposed by Hazen and Burnham (1973): dt = 0.163[*](AV/Al + Si) + 1.608 A, letragonal rotation angles (o) are
calculated from the relations of Donnay et al. {1964). The lattice parameter & is calculated from (b = 6d). The
phases encountered are annite and aluminous biotite (Al-biotite), mica (mc), magnetite (mt), spinel (sp), corundum
(cor) and kalsilite (ks). [*](Al/AL + Si) is the bulk atomic aluminum fraction of the starting gels.

Starting compositions Phases obtained - b (A) WAV(AI+SD] dt (A)  « (%)
annite (x = 0)

{K)Fe,]<Si;Al>0,,(OH), me + san + mt 15534 03204 025 16487 211
{K}Fe, Al ]<Siz 0Al; >0 OH), MC + san + sp 15821, 9.3126 0275 1.6528 511
{K}[Fe, sAly5] <Sis sAl >0, ,(OH), M + san + sp 1.5517 9.3102 0.30 1.6569  6.62
{K}[Fe,y7Aly 3] <Siz 7 Al 5>04,(OH), Al-biotite 1.5495 9.2970 0.325 1.6609 832
{K}[Fe, sAly 4] <Siy sAl >0, ,(OH), Al-biotite 1.5478  9.2868 0.35 1.6650  9.60
Al-biotite (x = 0.5)

{K}Fe,sAl;5]<SiysAl; >0 0(OH), Al-biotite 1.5465 9.2808 0.375 1.6691  10.60
{K}[Fe, Al ] <Siy 4Al &>O1(OH), Al-biotite 1.5449 9.2694 0.40 1.6732 11.66
{K}[Fe, 3Aly;]<Sis5Al 7>04,(OH), Al-biotite 1.5448  9.2588 0.425 1.6772 12.61
Al-biotite (x = 0.75)

{K}Fe, 55Al575] <Siy05Al, 75> 01,(OH), Al-biotite 1.5425 9.2550 0.4375 1.6793 13.03
{K}[Fe,,Alys)]<Siz Al g>040(OH),  mc + sp + cor + ks 1.5458  9.2748 0.45 1.6813 12.79
{K}[Fe, 1 Alyo]<Siy Al >0y ,(OH), me + sp + cor + ks 1.5453 9.2718 0.475 1.6854 1347
siderophyllite (x =1)

{K}[Fe, Al |<Si;AlL>O,(OH), mc + sp + cor + ks 1.5448  9.2688 0.50 1.6895 14.11

Table 1b  Experimental products obtained at 600°C. MW bufter and 1 kbar. Parentheses (..) indicate trace amounts
1% or less of the phase present. Same remarks as for Table 1a.

starting compositions Phases obtained do(A) B (A) W[AIAL+SDH] dt (A) o« (%)
annite (x = 0)

{K}Fe;]<SizAl>0,,(OH), annite + (san) 1.5553 9.3318 0.25 1.6487 0
{K}Fe, oAly]<Si, oAl >0, OH), Al-biotite 1.5550  9.33 0.275 1.6528 372
[K) [Fes ALy ] <Sis sAl >0,(OTI), Al-biotite 15546 93276 030 16569  5.63
{K}[Fe, Al 5]<Siy Al 550, OH), Al-biotite 15436  9.3216 0.325 1.6600  7.20
1K) [Tles ALy 1] <Sis Al >01(OTI), Al-biotite 15416 93096 033 1.6650 873
Al-biotite (x = 0.5)

{K}Fe, sAlys]<SisAl >0, OH), Al-biotite 1.5489 9.2934 0.375 1.6691 1017
{K}[Fe, Al ¢]<Si; 4Al >0, (OH), Al-biotite 1.5481 9.2886 0.40 16732 11.08
{K}[Fe, ;Aly;]<Si; Al >0, OH), Al-biotite 1.5475 9.2850 0.425 1.6772  11.77
Al-biotite (x = 0.75)

[K)Fey »sAly 75]<Siy asA L 2630y OTI), Al-biotite 15454 92724 04375 16793 1247
{K}[Fe,,Alys)]<Siz Al g>014(OH),  mc +sp + cor + ks 1.5459 9.2754 0.45 1.6813  12.77
{K}[Fe, Al o] <Si> Al >0, (OH), me + sp + cor + ks 1.5457 9.2742 0.475 1.6854 1341
siderophyllite (x =1)

{K}[Fe,Al, |<Si,Al>0,(OH), mc + sp + cor + ks 1.5440  9.2640 0.50 1.6895 1423
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Table 2 Chemical compositions as weight percent oxides of selected micas along the join annite-siderophyllite

obtained from microprobe analysis.

Run $i0, ALO, TFeO KO  Total
annite (x= 0) 600°C/NNO/1 kbar P(HLO) 3444 921 4200 864 9440
annite (x= 0) 600°C/NNO/1 kbar P(ILO) 3463 899 4241 868 9471
annite (x= 0) 600°C/MW/1 kbar P(IL,O) 3520 943 4220 863 9546
Al biotite (x= 0.5) 600°C/NNO/1 kbar P(ILO) 3030 2035 3420 936 9422
Al-biotite (x= 0.5) 600°C/NNO/1 kbar P(I,0) 3072 2052 3505 947 9577
Al-biotite (x= 0.5) 600°C/MW/1 kbar P(IL,O) 3064 1088 3644 943 96.40
Al-biotite (x= 0.75) 600°C/NNO/1 kbar P(ILO) 2723 2620 3405 859  96.07
Al-biotite (x= 0.75) 600°C/MW/1 kbar P(H,0) 2736 2595 3404 870  96.05

gauge, with an uncertainty of less than £50 bars.
Experiments were performed at 600°C, 1 kbar
PIL,0, with duration of 7 days. Oxygen fugacity
was controlled by the double capsule method of
Eugster (1957), using the magnetite-wiistite
(MW) and nickel-nickel oxide (NNO) assemblag-
es as solid buffers introduced with water in an ex-
ternal Au-capsule. In the inner capsule (Ag;,Pds),
the gels were introduced with 15 wt% distilled
water. Cooling was performed by removing the
vessel from the furnace and a temperature of less
than 100 °C was reached after less than 1 hour.

Some analyses of micas were done by micro-
probe (Cameca, SX50) in order to check the stoi-
chiometry of the synthesized minerals. Analytical
conditions were: acceleration voltage of 15 KV,
initial beam current 30 nA, beam diameter 1 um
and counting time of 10 s.

The run products were examined with a petro-
graphic microscope and by scanning electron mi-
croscopy (SEM). X-ray diffraction was used to
confirm the single phase character and to charac-
terize the micas. Diffraction patterns were ob-
tained between 5° < 20 < 65°, the radiation used
was Co-Ka (A = 1.7902 A). The interplanar dis-
tances dg4, (= b/6) were systematically measured
using Si as an internal standard.

Infrared spectra (3800-3200 cm™) were re-
corded at room temperature on a Nicolet 710
spectrometer. Samples were prepared as KBr pel-
lets, with a mineral to KBr ratio of 5% by weight.
The resolution in peak positions is 2 cm!. The
spectra were fitted to the sum of lines with
Lorentzian shape using the program Peakfit.
Small deviations between raw and fitted spectra
were generally observed at the high-frequencies
side of N-bands; this is due to the Christiansen ef-
fect (1884).

For the decomposition of the infrared spectra
in the OH-stretching vibration range (3800-3200
cm ), we have adopted the nomenclature of Ved-
der (1964) and Robert et al. (1989) coupled to

that of Boukili (1995): N-bands (also defined as
Tri-6%), due to OH groups bonded to three octa-
hedrally coordinated divalent cations (3Fe?t), in
which the OH dipole is oriented parallel to the c*
axis; I-bands (Tri-7+), due to OH groups bonded
to two divalent (Fe?*) and one trivalent cation
(Fe3+ or AI*+, respectively la and Ib), in which the
OH dipole is slightly tilted away from the c* axis;
V-bands (Di-5*or 6%), due to OH groups adjacent
to one octahedral vacancy and two octahedrally
coordinated cations, in which the OH dipole is
approximately within the (001) plane. The labels
“Iri” and “Di” refer to trioctahedral and diocta-
hedral environments around the OH dipoles,
while 6 or 7t indicate the bulk number of charges
of the octahedral cations. Generally, the frequen-
cies of N-type bands are the highest, and those of
the V-type bands are the lowest (Robert and Ko-
dama, 1988). The intensity of the bands resulting
from dioctahedral environments around OH is
much higher than that resulting from trioctahe-
dral environments (Rouxet, 1970; Sanz et al,
1983, 1984). The intensity is higher for I-type
bands than for the N-band (Rousseaux et al.,
1972).

Experimental products

The products of experiments buffered by NNO
assemblage (600°C, 1 kbar) with the compositions
along the annite-siderophyllite join are listed in
Table 1a.The products consist of mica for compo-
sitions with a value of x ranging between 0.3 and
0.75. For compositions with an x-value of 0.8 to 1,
mica is found to coexist with minor amounts of spi-
nel,corundum (identified by X-rays with the char-
acteristic peaks of (012), (104) and (113) planes)
and kalsilite (this is the maximum amount of pos-
sible phases from the phase rule).

The crystal size of mica is less than 2 pmin di-
ameter. The micas display a brown color for the
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Fig. 1 Infrared absorption spectra of mica solid solutions on the join annite-siderophyllite. (a) 600°C/MW/; (b) 600
°C/NNO/ 1 kbar in the region of OH-stretching frequency range. The compositions are characterized by Alp,, and x
which corresponds to the rate of Tschermak-type substitution.

composition with an x-value between 0 and 0.2.
With increasing Al content, the mica becomes
light green. The chemical analyses demonstrate
that the Al-annite compositions are close to the
stoichiometry of their ideal counterparts (Table
2). The offsets observed are within the expected
accuracy of microprobe analyses for fine-grained
particles. There is also a decrease of the interpla-
nar distance d(060) from 1.553 to 1.542 A with in-
creasing x-value from 0.3 to 0.75. It can be noted

that our results for Fe-rich compositions as well as
those of Redhammer et al. (1993) performed at 3
and S kbar differ from previous studies (Eugster
and Wones, 1962; Wones and Eugster, 1965; Ru-
therford, 1973; Nachit, 1986). In these studies, also
performed at 600°C and 1 kbar, the run products
were described to be mica only. This difference is
probably related to the low amount of additional
phases which could not be detected with the their
analytical techniques. This suggests that the stabil-
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ity field of Fe-rich biotites determined in these
previous works needs to be reconsidered, which is
in agreement with other observations (Dachs,
1994; Rebbert et al., 1995; Cyang et al., 1996). For
Al-rich biotites, Redhammer et al. (2000) have
shown that the solubility of AI** is strongly tem-
perature dependent and is limited to about 0.78—
0.92. Our experimental products are in good
agreement with the results of Rutherford (1973)
indicating that the biotite solid solution is limited
to a mica with x = 0.75. For x > 0.75, this mecha-
nism: [#]Si*+ + [¢]Fe?* < [*]AR* + [°]Al** is not the
only reaction of substitution. Rutherford (1973)
suggests that this results from the presence of Fe**
in octahedral coordination. Another explanation
is a substitution of Fe by Al following the reaction:
3[¢|Fe? < 2[°| AL + [¢]L]

However, following Rutherford (1973), this
substitution alone cannot explain the stability
limits of biotite solid solution because the maxi-
mum solid solution between annite and musco-
vite is limited to 10% (Monier and Robert, 1986).

The products of experiments buffered by the
MW assemblage (600°C, 1 kbar) obtained from
gels along the annite-siderophyllite join are listed
in Table 1b and are in agreement with previous
studies of ferrous-aluminous biotites (Eugster
and Wones, 1962; Wones, 1963; Wones and Eug-
ster, 1965; Rutherford, 1973; Nachit, 1986). The
run products consist of mica only for composi-
tions with a value of x = 0.75. For x-values of 0.8
and above, spinel, corundum and kalsilite are ob-
served as additional solid phases. The interplanar
distances decrease with increasing x-value and
are lower than those buffered by NNO. These mi-
cas contain a low amount of Fe** as has been
shown by Mdossbauer spectroscopy (Levillain,
1982; Boukili et al., 1994; Boukili, 1995).

Infrared measurements in the OH-stretching
vibrational region

The annite and Al-annite spectra are character-
ized by a marked peak between 3670 and 3640
cm! and by several peaks in the frequency range
3600-3500 cm* (Fig. 1). The intensity of these low
frequency peaks decreases with increasing
amount of Alp,, (or with increasing x-value).

Bands in the frequency range 3670-3620 cm™!

The decomposition of spectra obtained at NNO
buffer conditions is shown in Fig. 2. The high in-
tensity peak in the frequency range 3670-3640
cm' clearly results from the contribution of two
bands. In the annite spectrum the band with the

highest frequency is observed at 3666 cm!. This
band overlaps with a second band at approxi-
mately 3650 cm!. The band at 3666 cm™ is as-
signed to a stretching mode of OH groups in the
vicinity of the three octahedrally coordinated Fe?*
(Wilkins, 1967; Farmer, 1974) and is therefore an
N-type band (1ri-67: trioctahedral environment
with the bulk charge of cations = 67). With in-
creasing Alpy, this band becomes broader
(FWHM increases from 7 to 13 cm! from annite
to siderophyllite) and vy decreases by 20 cm?
(Fig. 4). Such an evolution is the result of increas-
ing heterogeneity of the tetrahedral layer with in-
creasing substitution of Al in this layer (Robert,
1981; Robert and Kodama, 1988). It can be noted
that the intensity of the 3666 cm! band is lower in
annites synthesized at high fO, (NNO) compared
to annites synthesized at low fO, (MW, see Fig.3).
The frequency of the N-type band increases from
3666 to 3669 cm! with decreasing fO, from NNO
to MW.This may result from the presence of Fe3+
in the tetrahedral layer, which can be incorporat-
ed in the structural positions of Al** at oxidizing
conditions.

The decompositions of spectra (Fig. 2) clearly
show that the intensity of N-band (at 3666 cm™! in
annite) decreases and that of the 3650 cm™' band
increases with increasing x-value (increasing Alx,.
wa1)- For Al-rich compositions, the intensity of this
band is significantly higher than that of the N-
type band. The band at 3650 cm™ is therefore as-
signed to OH- Fe?*Fe?*Al*+, an Ib-type band ('Tti-
7%). According to Vedder (1964), the frequency
decrease resulting from a change of valency from
[eIM?+ to [SIMP* is 34 cmi ', This is not verified along
the join annite-siderophyllite, for which a varia-
tion of vopn — Vo = 15 cm ™ is observed. How-
ever, along the join annite-siderophyllite, the
change of valency is accompanied by a substitu-
tion of IFe? by [PIA1**. This substitution of the
cation and the variation of the electronegativity
of the ionic complexes associated with the hy-
droxyl groups (Allred and Rochow, 1958; Sander-
son, 1983) explain the frequency lowering change
of approximately 15 cm! between vy and vy,
n Which has been observed in several studies (e.g.,
Velde, 1979, 1983; Robert, 1981).

A second I-type band is observed at 3624 cm
(band Ia) for annite (Alp,,; = 1) and is of low in-
tensity. The frequency of this band decreases with
increasing Al content of the mica and the band is
no more detectable for micas with x-values above
0.2 (Al > 1.2). Similarly to the Ib-band, the rel-
ative intensity of this band compared to that of
the N-type band increases with increasing fO,
(i.e., with increasing Fe**/Fe?* ratio in the mica).
Thus, this band which is sensitive to both the Fe
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Fig. 2 Decomposed infrared spectra of micas along annite-siderophyllite join (600°C/NNO/1 kbar). N-band con-
cerns OH bonded to 3Fe’"; [b-band OH bonded to Fe?*Fe?*Al*"; la—represents OH bonded to Fe?*Fe? Fe*t; Va—
OH adjacent to octahedral vacancy Fe*AIP*[]; Vb—OH bonded to Fe*Fe* [, Vb’—OH-bonded to Fe* AP+
Ve—OT bonded to Fe3Fe3 .

content and the Fe3*/Fe?* ratio of the mica must
be assigned to an Ia-type band resulting from
OH-Fe**Fe?*Fe’ (Tri-’*), as proposed by Boukili
(1995) and Redhammer et al. (2000). It is empha-

sized that the two Ib and Ia bands in annite have
not been distinguished by Redhammer et al
(1993) and Rancourt et al. (1994) and that Red-
hammer et al. (1993 ) have assigned the Ia band to
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Fig.3 Decomposed infrared spectra of micas along annite-siderophyllite join (600°C/MW/1 kbar). For meaning of

bands see Fig. 2.

OH groups 1n the vicinity of two octahedrally co-
ordinated Fe?* and a vacancy (OH-Fe?"Fe?[]).

Bands in the frequency range 3600-3520 cnr™!
Four V-bands have been identitied in the low fre-

quency range (3600-3520 cm!). In contrast to N-
and I-type bands, the frequency of OH groups as-

sociated to vacancies increases with increasing x-
value (increasing Alpy,, see Fig. 4). This results
from the different orientation of OH groups and
from the compositional variation of the mica
(Robert and Kodama, 1988). Depending on the en-
vironment of the OH group, the band frequency
decreases with increasing electronegativity of cati-
ons (X) (XFe**Al*[<xFe*Fe [ l<xFe*Al*]
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<XFe**Fe3+[]). For annite, the highest frequency
of V-bands is 3575 cm'. Vedder (1964) suggested
that the frequency of OH groups such as OH-
M3*M3*[] (with M3 = Al** or Fe3*) can be as high
as 3650 cm!. In muscovite, the OH-AP*AB+[]is
observed at 3628 cm-!. Bands assigned to OH-
Fe3tFe3t[] occur at much lower frequencies than
3575 cm . Thus, the V-band at 3575 cm™ needs to
be assigned to OH groups in an environment with
Fez* AP (Di-5*: dioctahedral environment with
the bulk charge of cations 5*, Va). This assignment
is confirmed by the evolution of the band with
changing Alp,, of the mica and changing fO,: The
intensity of the 3575 cm! band increases with in-
creasing Aly,, of the mica (Fig.2) and the decom-
position of the spectrum of annite synthesized at
low fO, (Fig. 3) did not reveal the presence of a
band at 3575 cm .

B. Boukili, E Holiz, J.-L. Robert, M. Joriou, J.-M. Bény and M. Naji

The decomposition of the annite spectrum
shows that two additional V-bands are needed to
model adequately the absorption spectrum in the
range 3550-3525 cm~!. A band Vb is observed at
3545 cm™ in annite. Its frequency increases with
increasing Alp,, up to approximately Alp,, = 1.8
(Fig.4). For Fe-eastonite ( Alg,,; =2), the frequen-
cy decreases slightly and increases again with in-
creasing Alr,,; (Fig. 4). This is interpreted to re-
flect two different environments of OH groups.
The first environment (for low Alp,,) is assigned
to a Vb-type band OH-Fe?*Fe?[] (Di-5*) where-
as the second environment (for high Alp,, ) is as-
signed to a Vb’ band OH-Fe**Al**[]. Finally, a
band Vc with the lowest frequency at 3528 cm ! is
observed in the annite spectrum. This band can-
not be distinguished for micas with Alp,., > 1.4
and at low fO, (Fig. 3). Therefore, this Vc-band is

® Vb'-band ¢ Va-band
X V-band/Musc  + la-band
O Vce-band A Tb-band
O Vb-band A N-band
3680
3660 | Ad,iaa
A A AA A A
3640 | a, Al
A A
3620 L + + A % Musc
E/ 3600 | o o &
T © ©
= 3580t 0° ¢
= o °
3560 | o e
o ®
3540 o©
o)
3520 F Opo
O
3500 1 1 :
0 1 2 3
Al Total

Fig. 4 Evolution of the OH-stretching wavenumbers (in cm™) of N, I and V-bands as a function of Alp,, from
decomposed spectra of micas on the annite-siderophyllite join (600°C/NNO/1 kbar). For meaning of bands see
Fig. 2. V-band/Musc refers to OH bonded to AI**Al**[] of muscovite end-member.
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assigned to Fe*Fe*[] (Di-67). It can be noted
that the assignment of the V-bands along the an-
nite-siderophyllite join differs from previous
ones. In particular, the Va-band at 3575 cm™ has
been assigned to OH associated to Fe**Fe?rAl**
by Rancourt et al. (1994) and to OH-
Fe2*AIP*Al** by Levillain and Maurel (1980). For
Al-rich biotites, Redhammer et al. (2000) as-
signed this band at 3580-3600 cm™ to OH-
Fe?* AP+ AP+ (Tri-8+). This assignment needs to be
reconsidered because it is not in agreement with
the model of Robert and Kodama (1988, see Fig.
4), although Redhammer et al. (2000) assigned
the bands on the basis of this model. In addition,
an 8-fold charged environment is not common in
micas. Up to now such an environment has only
been recorded in Ti-rich phlogopite and Ti-rich
biotite by Robert (1973) and Cesare et al. (2003),
respectively.

Concluding remarks

The investigation of the evolution of infrared ab-
sorption bands along several compositions in-
volving annite as end-member allows us to con-
strain empirically the role of compositional varia-
tions on the frequency and the intensity of these
bands. This, coupled with the effects of the fO, on
absorption bands, electronegativity of the cations
adjacent to the hydroxyl groups, can be used to
clarify the assignment of some characteristic ab-
sorption bands of trioctahedral micas and of an-
nite in particular.

We show and argue that up to seven bands are
observed in the infrared hydroxyl stretching re-
gion in micas along the annite-siderophyllite join:
one N-type band, two I-type bands and four V-
type  bands  ([Fe*AP];  [Fe**FeX[];
[Fe** AI**[]; [Fe**Fe**[]; labeled Va, Vb, Vb’and
Ve, respectively). An 8-fold charged environment
OH-Fe?* AP+ Al*" (Tri-8") doesn’t seem likely in
these micas. At low fO,, the spectrum of annite
did not reveal the presence of a Vc-band.

The infrared spectra show that annite is a com-
plex solid-solution which can also accommodate
constituents such as ferri-muscovite and ferri-si-
derophyllite. The presence of Fe*' and the substi-
tution mechanism 3[°[Fe** < 2[°] (A, Fe*) +
[°]C] may explain the limited extent of solid-solu-
tion observed along the annite-siderophyllite join.

Aknowledgements

I am very thankful and indebted to Dr. C. Levillain for
these works on ferrous-aluminous biotites. The authors

are grateful to Dr. E. Dachs and an anonymous referee
for careful reviews of this manuscript.

References

Allred, A.L. and Rochow, E. (1958): A scale of electro-
negativity based on electrostatic force. J. Inorg. Nucl.
Chem. 5,264-265. e

Boukili, B {1995 J: Cristallochimie des biotites ferro-alu-
mineuses dans le systéme: Na,O-K,O-FeO-Te,O5—
AlL,O;-Si0,—H,O-HFE Analyse par spectrométries
vibrationnelles et Mossbauer. These, Univ. Orléans,
320 pp.

Boukili, B., Robert, J-1.. and Bény, I.-M. (1994): Charac-
terization of trioctahedral micas solid solutions in
the system: K,0-FeO-Fe,0,-Al,0,-Si0,-H,0-HF
by FTTR absorption and Méssbauer spectrometries.
Symposium of International Mineralogy Associa-
tion, Pisa, [taly, OSI-19.

Cesare, B, Cruciani, G. and Russo, U. (2003): Hydrogen
deficiency in Ti-rich biotite from anatectic me-
tapelites (El Joyazo, SE Spain): Crystal-chemical as-
pects and implications for high-temperature petro-
genesis. Am. Mineral. 88,583-595.

Christanssefl, C-{I884) Untersuchungen iiber die op-
tischen Figenschaften von fein verteilten Kopern.
Wiedemann Ann. Phys. 23,298-306.

Cyang, G.L., Chou, I.M. and Sherman, D.M. (1996): Re-
investigation of the annite = sanidine + magnetite +
H, reaction using the fH, sensor technique. Am.
Mineral 81,475-484. -

Dachs, E-{1994) Annite stability revised: 1. Hydrogen-
sensor data for the reaction annite = sanidine + mag-
netite + IL,. Contrib. Mineral. Petrol. 117,229-240.

Donnay, G., Donnay, JDH. and Takcda, H. (1964} Tri-
octahedral one-layer micas. II. Prediction of the
structure from composition and cell dimensions.
Acta Cryst. 17,1341-1381.

Eugster, H.P. (1957): Stability of annite. Carnegie Insti-
tution of Washington Yearbook, 1956-57, 161-164.

Eugster, H.P. and Wones, D.R. (1962): Stability relations
of the ferruginous biotites annite. J. Petrol. 3, 82-126.

Farmer, V.C. (1974): The layer silicat&s. In: tarmer, v.C.
(ed.): The infrared spectra of minerals. Mineral. Soc.
London, 331-363.

Hamilton, D.L. and Henderson, C.B.M. (1968): The
preparation of silicate compositions by gelling
method. Mineral. Mag. 36,632-836.

Hazen, R.M. and Burnham, C.W. (1973): The crystal
structure of one-layer phlogopite and annite. Am.
Mineral 58,889-900.

Levillain, T, {1982): Influence des substitutions cation-
iques et anioniques majeurs sur les spectres Moss-
bauer et Infrarouge des micas potassiques tri-
octaédriques. Applications cristallochimiques. Thése
d’Etat, Univ. Paris VI, 158 pp.

Levillain, C. and Maurel, P. (1980): Etude par spec-
trométrie infrarouge des fréquences d’élongation
du groupement hydroxyl dans des micas synthé-
tiques de la série annite-phlogopite et annite-si-
derophyllite. C.R. Acad. Sci. Paris 290, 1289-1292.

Monier, G. and Robert, J.-L. (1986): Muscovite solid-so-
lution in the system: K,O-MgO-FeO-Al,0:-SiO—
H,O: An experimental study at 2 kbar PH,O and
comparison with natural Li-free white micas. Miner-
al. Mag. dU, L5 7-200.

Nachit, H. (1980): Contribution a I’étude analytique et
expérimentale des biotites des granitoides - applica-
tions typologiques. Theése de 3¢m¢ cycle, Univ. Brest,

150 pp.




340 B. Boukili, I Holtz, J.-L. Robert, M. Joriou, J.-M. Bény and M. Naji

Rancourt, D.G., Christie, L. A.D., Royer, M., Kodama, H.,
Robert, I.-L,, Lalonde, A.E. and Murad, E. (1994):
Accurate [*]Fe3t [(]Fe?s and [*]Fe?* site populations

in synthetic annite by Mossbauer spectroscopy. Ant.

Mineral. 79, 51-62.

Rebbert, C.K:, Partin, E. and Hewitt, D.A. (1995): Syn-
thetic biotite oxidation under hydrothermal condi-
tions. Am. Mineral. 80, 345-354.

Redhammer, G.J., Beran, A., Dachs, E. and Amthauer,
G. (1993): A Missbauer and X-Ray diffraction study
of annites synthesized at different oxygen fugacities
and crystal chemical implications. Phys. Chem. Min-
eral. 20,382-394.

Redhammer, G.J., Beran, A., Schneider, J., Amthauver, G.
and Lottermoser, W. (2000): Spectroscopic and
structural properties of synthetic micas on the an-
nite-siderophyllite binary: Synthesis, crystal struc-
ture refinement, Mossbauer, and infrared spectro-
scopy. Am. Mineral. 85,449-465.

Robert, J.-L {1973} Etude experimentale de micas dansle
systeme K,0-MgO-TiO,-Al,0,-Si0,-H,0.These de
3éme cycle, Univ. Paris-Sud, 55 pp.

Robert, J.-L. (1981): Etudes cristallochimiques sur les
micas et les amphiboles. Applications a la pétrogra-
phie et la géochimie. Thése d’Etat, Univ. Paris XI
Orsay, 206 pp.

Robert, J.-L.. and Kodama, H. (1988): Generalization of
the correlation between hydroxyl stretching wave-
numbers and composition of micas in the system
K,O0-MgO-A1,0,-Si0,-H,0: A single model for
trioctahedral and dioctahedral micas. Am. J. Sei. 288-
A,196-212.

Robert, J-L Bény, I.-M., Bény, C. and Volfinger, M.
(1989): Characterization of lepidolites by Raman
and infrared spectrometries. Relations between
OH-stretching, wavenumbers and compositions.
Can. Mineral 27,225-235.

Rousseaux, .M., Gomez Laverde, Y., Nathan, Y. and
Rouxet, PG. (1972): Correlation between the hy-
droxyl stretching bands and the chemical composi-
tions of the trioctahedral micas. Int. Clay Conf. Ma-
drid, Preprint 1, 117-126.

Rouxet, PG. (1970): Hydroxyl stretching bands in micas:
A quantitative interpretation. Clay Minerals 8,375-
388.

Rutherford, M.J. (1973): The phase relations of alumi-
nous iron biotites in the system: KAISi;O4KAI-
Si0~ALOFe-O-H. J. Petrol 14,159-180.

Sanderson, R.T. (1983): Electronegalivily and bond en-
ergy.J. Am. Chem. Soc. 105,2259-2261.

Sanz, J. and Stone, W.EE. (1983): NMR applicd te min-
erals: VL. Local order in the octahedral sheet of mi-
cas: Fe-I' avoidance. Clay Minerals 18, 187-192.

Sanz, J.. De La Calle, C. and Stone, W.E.E. (1984} NMR
applied to minerals. V. The localization of vacancies
in the octahedral sheet of aluminous bictites. Phys.
Chem. Mineral 11, 235-240. -

Vedder, W. (1964 }): Correlation between Infrared spec-
trum and chemical composition of micas. Am. Min-
eral. 49, 1 56—7006.

Velde, B. (19/9). Cation-apical oxygen vibrations in
mica tetrahedra. Bull. Mineral 102, 33-34.

Velde, B. (1983): Infrared OH-siretch bands in potassic
micas, tales and saponites; influence of electronic
configuration and site of charge compensation. Am.
Mineral 68,1169-1173. -

Wilkins, -W.T. (1967): The hydroxyl-stretching region
of biotite mica spectrum. Mineral. Mag. 36,325-333.

Wones, D.R. (1963): Physical properties ol synthetic bi-
otites on the join phlogopite-annite. Am. Mineral. 48,
1300-1321.

Wones, DR and Eugster, H.P. (1965): Stability of bi-
otite: experimental, theory and application. Am.
Mineral 50,1228-1272. -

Received 19 January 2004
Accepted in revised form 13 April 2004
Editorial handling: T. Armbruster



	Infrared spectra of annite in the OH-stretching vibrational range

