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Infrared spectra of annite in the interlayer and
lattice vibrational range

Boubker Boukili!, Francgois Holtz?, Jean-Michel Bény?, Abdellah Abdelouafi' and Saida Niazi!

Abstract

Fe-rich trioctahedral micas hydrothermally synthesized are characterized by infrared spectroscopy, the spectra are
collected from powder suspensions. In the lattice vibrational range, the vibrations Si—O,, Si—O,, Al-O,,,, A1-O-8i, Si—
O-Si and 30H are all characterized by the presence of doublets in the annite KBr-absorption spectra. In agreement
with observations in the vibrational range of the OH-groups, this feature is interpreted to reflect the chemical hetero-
geneity of the octahedral and tetrahedral layers, imposed by crystallochemical constraints. With increasing Al con-
tent of the micas along the annite-siderophyllite join, the evolution of the bands shows that Al and Si become more
ordered in the tetrahedral layer. In the interlayer vibrational range, the OH-annite end-member shows clearly five of
the six predicted vibrations. The bands occuring at 66 cm™ and at 120130 em™ are related to vibrations involving
interlayer cation, whereas the band observed at 152 cm is assigned to basal oxygen vibrations around the interlayer
cations. The Tschermak substitution (starting from the annite end-member) increases the misfit between the octahe-
dral and tetrahedral layers. However, variations of fO, do not affect significantly the band frequencies resulting from
motions related to the interlayer cations, suggesting that the geometry of the interlayer site is not significantly dis-
turbed by variation of the Fe*/Fe?* ratio in annite.

Keywords: Annite, Fe-eastonite, siderophyllite, infrared absorption, lattice and interlayer infrared vibrations.

Introduction

Biotites are characterized by a large stability field
and are major minerals in various geological envi-
ronments. Understanding the chemical properties
of these micas is important for reconstituting
physical and chemical conditions prevailing dur-
ing their crystallization.

Vibrational spectroscopic techniques, in par-
ticular infrared spectroscopy, are efficient tools to
understand the relation between structure and
chemistry of these phyllosilicates. Biotites were
one of the first minerals to be investigated with
infrared spectroscopy (e.g., Vedder, 1964; Wilkins,
1967; Farmer et al., 1971; Tateyama et al., 1977;
Robert, 1976, 1981; Velde, 1978; Levillain and
Maurel, 1980a, b; Schroeder, 1990). However, ow-
ing to the difficulties encountered in calculation
of vibration frequencies, few studies have been
performed on lattice and interlayer vibrations of
biotites (Vedder, 1964; Ishii et al., 1967; Farmer,
1974; Tateyama et al., 1977; Velde, 1978; Robert
1976, 1981; Jenkins, 1989; Papin et al., 1997,

McKeown et al., 1999) in comparison to OH
stretching vibrations (Vedder, 1964; Wilkins, 1967;
Russell et al., 1970; Farmer et al., 1971; Gilkes et
al., 1972; Rousseaux et al., 1972; Tateyama et al.,
1977; Sanz, 1976; Sanz et al., 1977, 1978; Robert,
1976,1981; Robertetal., 1993; Levillain and Mau-
rel, 1980a; Levillain, 1982; Velde, 1983; Boukili,
1995; Redhammer et al., 2000 etc.).

Annite as K(Fe);(Si;Al)O,,(OH), is the theo-
retical Fe-rich end-member of the trioctahedral
mica and is one of the major components of natu-
ral biotites. Annite counts at least five end mem-
bers (annite, oxyannite, tetraferriannite, ferri-
muscovite and ferrisyderophyllite). The knowl-
edge of the local chemistry of this phase would
permit to understand the physico-chemical condi-
tions of its crystallization. In this study, hypoalu-
minous iron biotites, biotites along the joins an-
nite-siderophyllite, annite-tetraferriannite, an-
nite-phlogopite, phlogopite-tetraferriphlogopite
have been synthesized to allow a detailed charac-
terization and assignment of infrared bands of fer-
rous-aluminous biotites, particularly annite, in the
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lattice and interlayer vibrational range. Particular
attention is also given to the influence of redox
conditions to understand the effect of JFe’+ and
[4Fe3* on the infrared spectrum of annite.

Experimental methods and
analytical procedures

To synthesize micas along the different end-mem-
ber compositions (annite, siderophyllite, phlogo-
pite, tetraferriphlogopite, tetraferriannite) vari-
ous gels were prepared according to the method
of Hamilton and Henderson (1968). These gels
were used as starting material for hydrothermal
synthesis of micas. Potassium was mtroduced as
dried K,COs;, silicon as tetraethylorthosilicate
(TEOS), aluminum and one part of iron (50% ) as
nitrate. Finally, metallic iron Fe® (50% ) was me-
chanically added to the gels to obtain the appro-
priate bulk compositions.

The trioctahedral micas along the annite-si-
derophyllite join were mainly investigated in this
study. Their composition can be expressed by:

K(Fe;3 x Al)(Si3 Al ) O1(OH),

where x corresponds to the rate of the Tscher-
mak-type substitution. In the following text, the
terms annite, Fe-eastonite, Es, siderophyllite refer
to following compositions:

annite:
KFe;(SALO,(OH),; [x = 0]
Fe-eastonite:
B K(Fe, 5Aly5)(Siy 5AlL 5)014,(OH)y; [x = 0.5]
S:
K(Fe;55Al575)(81525A1 75)01,(OH),; [x = 0.75]
Siderophyllite:
K(Fe, Al )(SiAl) Oy OH)y; [x = 1]

Es corresponds to a composition intermediate
between Fe-eastonite (x = 0.5) and siderophyllite
(x=1).

In addition to the micas of the annite-si-
derophyllite join, synthesis with gels along the
joins annite-phlogopite, phlogopite-tetraferri-
phlogopite, annite-tetraferriannite and two addi-
tional hypoaluminous iron biotite compositions
have also been performed.

The syntheses were done in Tuttle-type exter-
nally heated pressure vessels working vertically,
with water as the pressure medium. Temperature
was measured using Ni-NiCr thermocouples cali-
brated against the melting points of NaCl and
ZnCl,. Temperature uncertainty is less than £5 °C.
Pressures were measured with a Bourdon gauge,
with an uncertainty of less than £5 MPa. Experi-
ments were performed at 600 °C, 100 MPa Py,

with a duration of 7 days. Oxygen fugacity was
controlled by the double capsule methode of Eug-
ster (1957), using the magnetite-wiistite (MW),
cobalt-cobalt oxide (CCO) and nickel-nickel ox-
ide (NNO) assemblages as solid buffers intro-
duced with water in the external Au-capsule. In
the inner capsule (Agy,Pds;), the gels were intro-
duced with 15 wt% distilled water. Cooling was
performed by removing the vessel from the fur-
nace and a temperature of less than 100 °C was
reached after less than 1 hour.

Some micas were analyzed by electronic mi-
croprobe (Cameca, SX50) to check the stoichio-
metry of the synthesized minerals. Analytical con-
ditions were: acceleration voltage of 15 kV, initial
beam current 30 nA, beam diameter 1 um and
counting time 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° < 26 < 65°, the radiation used
was Co-Ka (A = 1.7902 A). The interplanar dis-
tances dog (= b/6) were systematically measured
using Si as an internal standard.

Mid-infrared spectra (1200-350 cm!) were re-
corded at room temperature on a Nicolet 710
spectrometer with a Globar source, DTGS detec-
tor. The spectra were obtained from 34 scans with
a resolution of 4 cm. Far infrared spectra were
recorded on a Bruker IFS 113 spectrometer using
a Mylar beamsplitter of 6 and 26 um, mercury
lamp and DTGS detector. The resolution was
kept to 2 cm ! with time average signal collected
over 200 scans. For the collection of mid-infrared
spectra, samples were prepared as KBr pellets,
with a mineral to KBr ratio of 5% by weight,
whereas for far infrared spectra, samples were
composed of 30% of the run product and 70 wt%
of polyethylene. The samples are incorporated
mechanically to a matrix of KBr (or polyethyl-
ene), grounded in an agate mortar and dried for
24 t0 48 hours, and finally prepared as pellets. Pre-
vious tests of the preferential orientation have
been performed by tilting KBr pellets, the spectra
do not seem affected.

Experimental products

The products of experiments buffered by the
NNO assemblage (600 °C, 100 MPa Py,q) with
compositions along the annite-siderophyllite join
are listed in Table 1a. One synthesis of annite in
presence of D,O has also been performed at the
same conditions. The products consist of composi-
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tions mica with x ranging between 0.3 and 0.75.
For compositions with x of 0 to 0.2, sanidine and
spinel (magnetite for x =0) have been observed in
addition to mica. The proportion of mica in these
run products is always above 95%. For composi-
tions with x of 0.8 to 1, mica is found to coexist
with minor amounts of spinel, corundum [identi-
fied by X-ray diffraction; characteristic peaks:
(012), (104) and (113)] and kalsilite (this is the
maximum number of possible phases from the
phase rule).

The crystal sizes of mica are less than 2 um and
the flakes display a brown color for the composi-
tions with x between 0 and 0.2. With increasing Al
content, the mica becomes light green. The chem-
1cal analyses demonstrate that the Al-annite com-
positions are close to the stoichiometry of their
ideal counterparts (Table 2). The offsets observed
are within the expected accuracy of microprobe
analysis for fine-grained particles. There is also a
decrease of the lattice spacing d(060) from 1.5534
to 1.5425 A with increasing x from 0.75 to 1. It can
be noted that our results for Fe-rich compositions
as well as those of Redhammer et al. (1993) per-
formed at 3 and 5 kbar differ from previous stud-
ies (Eugster and Wones, 1962; Wones and Eugster,
1965; Nachit, 1986). In these studies, also per-
formed at 600 °C and 100 MPa Py, the run prod-
ucts were described to be mica only. This differ-
ence is probably related to the low amount of ad-
ditional phases which could not be detected with
the former analytical techniques. This suggests
that the stability field of Fe-rich biotites deter-
mined in these previous works needs to be recon-
sidered, which is in agreement with other obser-
vations (Dachs, 1994; Rebbert et al., 1995; Cyang
et al., 1996). For Al-rich biotites, Redhammer et
al. (2000) have shown that the solubility of At is
strongly depending on temperature and it is limit-
ed to about 0.78-0.92. Our experimental products
are in agreement with the results of Rutherford
(1973): the biotite solid solution is limited to Es
mica with x = 0.75. For x > 0.75, the substitution:

41S14+ + BlFeZ+ «s BIAR++ [B] A3+

may be not possible. Rutherford (1973) sug-
gests that this results from the presence of Fe* in
octahedral coordination. Another explanation is
that there is a substitution of Fe by Al following
the reaction:

3l6]Fe?t «» 21 AD3 + 6],

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, 100 MPa Py, ) obtained

from gels along the annite-siderophyllite join are
listed in Table 1b and are in agreement with previ-
ous studies on ferrous-aluminous biotites (Eug-
ster and Wones, 1962; Wones, 1963b; Wones and
Eugster, 1965; Rutherford, 1973; Nachit, 1986).
The run products consist of mica only for compo-
sitions with x £0.75. For x = 0.8, spinel, corundum,
and kalsilite are observed as additional solid phas-
es. The b-axis decreases with increasing x. Short b-
axes are characteristic of micas containing low
amounts of Fe** as has been shown by Mdssbauer
measurements (Levillain, 1982; Boukili et al., 1994;
Boukili, 1995).

The products of the syntheses along the joins
annite-phlogopite, annite-tetraferriannite, phlo-
gopite-tetraferriphlogopite and the two addition-
al hypoaluminous iron biotites are listed in Table
lc. In most of the products, no other phases than
mica were detected from the XRD spectra (ex-
cept for the annite composition and the two hy-
poaluminous-biotites at NNO). A detailed discus-
sion of the crystal characteristics of these triocta-
hedral micas is found in Wones (1963a, b) Anner-
sten et al. (1971) Hazen and Burnham (1973) and
in Sabatier (1974), Robert and Maury (1979) for
hypoaluminous iron biotite.

IR measurements
in the range 200-50 cm!

The calculations of Ishii et al. (1967) on idealized
structures of potassium dioctahedral and triocta-
hedral micas predict six infrared active vibrations
in this frequency range. Two are due to the lattice
vibrations, three vibrational modes are directly
related to vibrations involving the interlayer cati-
on (modes I, II, IV) and one mode involves the
motion of basal oxygen vibrations around the in-
terlayer cation (mode III). The recent calculations
made by McKeown et al. (1999) on phlogopite
find six frequency bands in this region, four are
related to potassium vibrations. However each of
the potassium vibrations is combined with those
of OH-groups and octahedral cations. Ishii et al.
(1967, 1969) reported far infrared absorption
spectra of natural and synthetic micas and as-
signed the strong bands occurring in the 120-60
cm™ region to K-O stretching vibrations. The
same assignment was given by Tateyama et al.
(1977) for bands in the range 10871 c¢cm ob-
served in potassium micas. In addition, Farmer
(1974) analyzed far infrared spectra of phlogopite
and muscovite and assigned the bands at 144 cm!
and 150 cm™ to out-of-plane K~O vibrations. The
assignments adopted in the present study are
based on the above cited studies and also on that
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of Laperche (1991), who used dichroism absorp-
tion effects on oriented crystals and polarized IR
radiation. The OH-annite end-member (x = 0)
only shows clearly five of these six vibrations (Fig.
1). One band is observed at 66 cm! in annite and
shifts to higher frequency as Al content of the
mica increases (along the annite-siderophyllite
join). The constant frequency at 90 cm™! for the
three most Al-rich compositions in Fig. 1 shows
that these micas were saturated with respect to

aluminum (the products were composed of mica
and additional phases and the composition of mi-
cas did not change significantly with increasing
bulk Al content of the charge). This band at 66
cm-! is absent in talc and pyrophyllite but occurs
at 90 and 108 cm* phlogopite and muscovite re-
spectively (Ishii et al, 1967). Tateyama et al.
(1977) and Schroeder (1990) were the first to de-
termine a linear correlation between these fre-
quencies and the K;,,..—O bond lengths. On the

Table Ia Experimental products obtained at 600 °C,NNO buffer and 100 MPa Py, along the annite-siderophyllite
join. Interplanar distances are measured with the accuracy of £0.0004 A. dt is the average cation—anion distance
calculated from the relation proposed by Hazen and Burnham (1973): dt = 0.163HI[AL/(Al + Si)] + 1.608 A. Tetra-
gonal rotation angles (o) are calculated from the relations of Donnay et al. (1964). The lattice parameter b is calcu-
lated from (b = 6 Xdy4). The phases encountered are annite and aluminous biotite (Al-biotite), mica (mc}), magnetite
(mt), spinel (sp), corundum (cor) and kalsilite (ks). FI[AlI/(Al + Si)] is the bulk atomic aluminum fraction of the

starting gels.

starting compositions Phases obtained doo (A) b (A) WAI/(AI+SD] dt(A) o« (®)
annite (x = 0)

KFe;(Si;ANO;((OH), me + san + mt 1.5534 93204 0.25 1.6487 211
K(Fe,0Aly1 )(Sis oAl 1YO0,(OH), mC + san + sp 15521 93126 0.275 1.6528 511
K(Fe, sAly,)(Siy Al »)O5,(OHY, me + san + sp 15517 93102 030 16369  6.62
K(Fe, Al 3)(SirsAl 5)05(OH), Al-biotite 15495 92070 0325  1.6609 832
K(Fe, ¢Aly 4 )(Sip ¢Aly 4)O,(OH), Al-biotite 1.5478  9.2868 0.35 1.6650  9.60
Fe-eastonite (x = 0.5)

K(Fe, sAlys)(SiysAl; s)O0,(OH), Al-biotite 1.5465  9.2808 0.375 1.6691  10.60
K(Fe, 4Aly)(Sis 4Al 4)O10(OH), Al-biotite 15449  9.2694 0.40 1.6732 11.66
K(Fe, 1Al )(Siy Al 1)O5,(OH), Al-biotite 15448 92588 0425 16772 1261
Es (x=0.75)

K(Fes 55A1 55 )(Siy a5 Al 75)Oy(OH), Al-biotite 15425 92550 04375 16793 13.03
K(Fes»Alys)(SisaAl 5)O0( O, me+sp+cor+ks 15458 92748 045 16813  12.79
K(Fe,;1Aly)(Siz Al 0)O,( OH), me + sp + cor + ks 1.5453  9.2718 0.475 1.6854 13.47
siderophyllite (x = 1)

K(Fe,Al, }(Si,Al)O,(OH), me + sp + cor + ks 1.5448  9.2688 0.50 1.6895 1411

Table 1D Experimental products obtained at 600 °C, MW buffer and 100 MPa Pyy,4. Parentheses indicate trace
amounts (1% or less) of the phase present. Same remarks as in Table 1a.

starting compositions Phases obtained dio(A) b (A) H[AI(AL+SD)] dt(A)  « (%)
annite (x = ()

KFey(SiAlOy,(OH), annite + (san) 15553 93318 025 16487 0
K(Fe, oAl )(SiyeAl 1 )O,,(OH), Al-biotite 15550 933 0275 16328 372
K(Fe, 3Aly-)(SiysAl 5)0,(OH), Al-biotite 15546 93276 0.30 1.6569  5.63
K(Fe,,Al, 3)(Si,,Al 5)O;,(OH), Al-biotite 15436 93216 0325 16609 7.0
K(Fes sAly 1 )(Sin Al )OOy Al-biotite 15416 93096 035 1.6650 873
Fe-eastonite (x = 0.5

K(Fe, sAly )(Siy sAl 5)O5,(OH), Al-biotite 15480 92934 0375  1.6691 1017
K(Fes 4Aly s )(Sin4Al ¢ YO OT)s Al-biotite 15481 92886 040 16732 11.08
K(Fe,3Aly7)(S153Al 7)0,,(0OH), Al-biotite 15475  9.2850 0.425 16772 1177
Es (x = 0.75)

K(Fe,;,5Aly75)(Si;5Al 75)0;0(OH), Al-biotite 15454 9.2724 04375  1.6793 1247
K(Fe,,Aly5)(Sis0Al 5)O0q(OH), me + sp + cor + ks 15459  9.2754 0.45 1.6813 12.77
K(Fe,;Aly o)(Siy Al o)O5,(OH), me+sp+cor+ks 13457 92742 0475 16854 1341
siderophyllite (x =1)

K(Fe,Al )(Si,AL)O,,(OH), me+sp+cor+ks L340 92640 030 1.6895 1423




Infrared spectra of annite in interlayer and lattice vibrational range 37

basis of these findings and the dichroism absorp-
tion effects on oriented crystals (Laperche, 1991),
we assign this band to the torsional mode of basal
oxygens around the interlayer cation (mode III).
At higher wavenumbers, at least two low-re-
solved bands are observed in the range 120-130
cm L. They show only little variation with increas-
ing Al content of the micas along the join annite-
siderophyllite. Similar observations were made by

Laperche (1991) for polarized radiation on bi-
otites. We assign these two bands to translational
vibrations of potassium in the (a,b)-plane (mode |
et II). The calculation made by McKeown et al
(1999) on phlogopite predicts also two transla-
tional vibration modes of potassium at 138 and
156 cm ! combined with OH and octahedral cati-
on vibrations. Finally, two additional low-intensity
bands are observed at 152 and 183 cm!. Although

Table Ic  Experimental products for additional compositions synthesized at 600 °C, 100 MPa Py, and various oxy-

gen fugacities. Same remarks as in Table 1a and 1b.

starting compositions Phases obtained Ao lAY T°C/Buftfer at
100 MPa Py,
annite
KFe;(Si;ANO,(OH), mc + san + mt 1.5534 600°C/NNO
K(Fe, Al )(Si;ALYO,(OH), biotite 1.5475 600°C/NNO
K(Fe, sAly,)(Si;AlYO,,(OH), biotite 1.5441 600°C/NNO
K(Fe, 5Aly3)(SisAlYOo(OH), biotite 1.5433 600°C/NNO
K(Fe; 2Aly4)(SizAO(OH), biotite 1.5416 600°C/NNO
K(Fe, (Al 4 )(Si;ALYO,,(OH), biotite 1.5407 600°C/NNO
Phlogopite
K(Mg3)(SizA)Oy,(OH), phlogopite 18350 600°C/NNO
annite
K(Fe )(SizADO;(OH), annite 1.5553 600°C/MW
K(Fe;)(Si;AlygFeq )01, OH), biotite - 600°C/MW
K(Fe;)(Si;Al, ;Feg 4)O4,( OH), biotite - 600°C/MW
K(Fe4)(SisAly sFeg ) O OH), biotite - 600°C/MW
K(Fe;)(SizAly,Feq )0, OH), biotite - 600°C/MW
tetraferriannite
K(Fes3)(SisFe)O,(OH), ferri-annite + (mt) 1.5683 600°C/MW
Phlogopite
K(Mg3)(Siz Al O (OH), phlogopite 1.5348 600°C/NNO
KFe;(SizAlysFeq,) 04 OH), biotite - 600°C/NNO
K(Mg3)(Si3A10_6Feo_4)O]_0(OH)2 biotite - 600°C/NNO
K(Mg;)(SizAly 4 Fey )O;,(OH), biotite - 600°C/NNO
K(Mg?))(SiSAIO.ZFGO.S)OIO(OH)Z biotite — 600°C/NNO
tetraferriphlogopite
K(Mg;)(SizFe)O,,( OH), ferri-phlogopite 1.5466 600°C/NNO
annite
KFe;(Si;ADNO, (OH), annite + (mt) 1.5540 600°C/CCO
hypoaluminous biotite
KFes(Siz 50Al5 155F€0.512) O10(OH), mc + qtz + p? 1.5679 600°C/NNO
K(FezjsDo_zs)(Si3_625A10.25F60.125)0100H2 mc + th 4+ San 15678 6000C/NNO

Table 2 Chemical composition as weight percent oxides of selected micas along the join annite-siderophyllite ob-

tained from microprobe analysis.

Run Sio, AlO, FeO K,O Total
annite 600°C/NNO/100 MPa P(11,0) 34.44 9.21 42.09 8.64 94.40
annite 600°C/NNO/100 MPa P(H,0) 34.63 8.99 241 8.68 94.71
annite 600°C/MW/100 MPa P(H,0) 35.20 9.43 4220 8.63 95.46
Fe-east 600°C/NNO/100 MPa P(H,0) 30.30 2035 3420 9.36 94.22
Fe-cast 600°C/NNO/100 MPa P(H,0) 30.72 20.52 35.05 9.47 95.77
Fe-east 600°C/MW/100 MPa P(1L,0) 30.64 19.88 36.44 9.43 96.40
Es 600°C/NNO/100 MPa P(H,0) SR 26.20 34.05 8.59 96.07
Es 600°C/MW/100 MPa P(1L,0) 27.36 25.95 34.04 8.70 96.05
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they are weakly resolved, these bands do not
seem to be affected by compositional variations.
The band at 152 cmr! may be related to the mode
IV, whereas the second at 183 cm™ may result
from lattice vibrations.

The effect of fO, on the bands between 150
and 50 cm is low and no significant variations
can be observed between the products obtained
at the MW, CCO, NNO buffers (Fig. 2). However
variations can be observed at higher frequencies
with the bands assigned to lattice vibrations. With
increasing fO,, the band at 183 cm splits into a
doublet.

Siderophyllite
(x =1, Algora1 = 3)

Fe-easlonile
(x =0.5, Alggta1 = 2)

Absorbance (arb. units)

Annite
(x =0, Al =1)

150 100 50
Wavenumbers (cm')

200

Fig. I Evolution of infrared spectra of annite composi-
tions, along the annite-siderophyllite join in the fre-
quency range of interlayer vibrations (200-50 cm™).

B. Boukili, . Holtz, J.-M. Bény, A. Abdelouafi and S. Niazi

In summary, the evolution of far infrared K-O
stretching wavenumbers (Mode III) in micas is
related to the variations of geometry of the inter-
layer site. The interlayer cavity is approximately
hexagonal in the case of annite owing to the weak
dimensional misfit between the octahedral and
tetrahedral layers. However, as Al is incorporated
into annite, the tetrahedral rotation angle « cal-
culated from the relations established by Tateya-
ma et al. (1977) or by Donnay et al. (1964) in-
creases. Thus, as for the OH « F substitution
(Boukili et al. 1993, 2001), the Tschermak substi-
tution (starting from the annite end member) in-
creases the dimensional misfit between the octa-
hedral and tetrahedral layers. However, varia-
tions of fO, do not significantly affect the band
frequencies resulting from motions related to the
interlayer cations, suggesting that the geometry of
interlayer site is not significantly disturbed by a
variation of the Fe*/Fe? ratio in annite.

IR measurements in the range 850-350 cm!

The absorption spectra in this frequency range
are complex and result from the bending, stretch-
ing and/or combinations of §i—-O and Al-O vibra-
tions, as well as from torsional motions of OH
groups (Ishii et al., 1967). Thus, it is difficult to
identify exactly the vibrational modes. However,
the effect of the concentration of the individual
cations or of the substitutions on the bands can be
understood by the analysis of the spectra along
specific joins. This, in turn, allows an empirical as-
signment of the absorption bands.

In annite (x = 0), the peak at 763 cm™! (peak
labeled 1 in Fig. 3) was assigned to a tilting motion
of the base of the SiO, tetrahedron by Redham-
mer et al. (2000). This peak is slightly asymmetric
and results from a doublet with low intensity
bands that have been assigned to an Al-Oy;, (O,
is the apical non bridging oxygen) stretching vi-
bration by Farmer (1974). The maximum intensity
of this doublets shifts toward higher frequencies
(up to 825 cm!) with increasing Mg content along
the annite-phlogopite join (Fig. 4). Following the
assignment of Farmer (1974), a decrease of the in-
tensity of the absorption band due to Al-O,, at
the expense of that due to Fe3'-O,, is expected
along the joins annite-tetraferriannite and
phlogopite-tetraferriphlogopite. By using the har-
monic-approximation of IR-active vibrations, a
shift factor of 1.13 is expected for the ratio of the
frequencies AIP*-0O,/Fe**—0,,. This results in a
calculated frequency of 730 cm™ for the Fe*'—Oy,
band in ferri-phlogopite and of 676 cm™ in ferri-
annite. The experimental data are in good agree-
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ment with this prediction. A decrease of the band
intensity at 825 cm! (Al-O,,) at the expense of a
new band at 735 cm! (Fe*-Q,) is observed
along the phlogopite-tetraferriphlogopite join
(Fig. 4). Similarly, the band intensity at 763 ¢m™!
(Al-O,,) in annite decreases at the expense of the
new band at 679 cm! (Fe3—0,, ) along the annite-
tetraferriannite (Fig. 4). Along the join annite-si-
derophyllite, the Al-O,, bands are progressively
and clearly splitted in two contributions at 789
and 744 cor! with increasing Al content (Fig. 3,
Table 3). This results from Si, Al ordering in the
tetrahedral layer which is imposed by the avoid-
ance of two adjacent " Al (Loewenstein rule), the
ratio B[Al/(Si+ Al)] (Bailey, 1983) and by the
composition of the octahedral layers with two
main octahedral environments [Fe?*Fe? Fe?* and
[lFe?*Fe?* AI** toward Al-rich compositions, in
agreement with the observations made in the vi-
brational range of OH-groups by Boukili (1995)
and Redhammer et al. (2000).

The effect of fO, on the spectra along the an-
nite-siderophyllite join is illustrated in Fig. 5. Tt
can be noted that the peak at 765 cm™* (Al-O,) in
annite becomes asymmetric with increasing fO,.
This may be related mainly to the heterogeneity

600°C. MW

600°C, CCO

20

E

Transmittance |%|

19

600°C, NNO

in the distribution of cations and vacancies in the
octahedral (mainly) and tetrahedral layers
(BIFe3+, [BA T3+, 6], [MFe3+) which is imposed by
crystallochemical constraints as proposed by
Hazen and Burnham (1973), Dyar (1987) and
Guidotti et al. (1991). In particular, annite con-
tains more vacancies, Fe’*, and intracrystalline
[bIFe3+, BFe? «» AL substitution at oxidizing
conditions (Eugster and Wones 1962; Wones,
1963b; Partin, 1984; Redhammer et al.,, 1993;
Boukili et al., 1993; Boukili, 1995; Rebbert et al.,
1995).

In annite, the peak at approximatily 660 cm!
results also from a doublet with a contribution at
657 and 640 cm! (band labeled 2 in Fig. 3) clearly
observed in Al-poor micas. This peak has been as-
signed to Si—-O-Mg stretching motion in phlo-
gopite (Jenkins, 1989). Redhammer et al. (2000)
have assigned these bands to Si—-O-Al stretching
vibrations. Along the join annite-siderophyllite,
the intensity of this band clearly decreases at the
expense of the Si—O-Al stretching band. There-
fore, we assign this doublet to two Si-O-Si
stretching vibrations probably coupled with an
Si—O stretching vibration. The band occurring at
692 in phlogopite (Fig. 4) has been assigned by

o) T T T T T T T
50 75 100 125 150 175 200 225

250 275 300 325 350 375 400 425 450

Wavenumbers (cm™)
Fig. 2 Far infrared spectra of annite synthesized at 600 °C, 100 MPa Py,o and the NNO; CCO; MW buffer.
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McKeown et al. (1999) to T-O-T bending. Al-
though their intensity is low, two bands at 707 and
620 cm! can be distinguished in the annite spec-
trum (bands labeled 3 in Fig. 3). Along the annite-
siderophyllite join, the intensities of the two
bands increase with increasing Al content of the

810

---* Siderophyllite

£,
Fe-eastonite

Absorbance (arb. units)

800

1000
Wavenumbers (cm-T)

1200

(x=1, Al =3) &

(=05, Aliga = 2),
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mica, at the expense of the Si—O-Si bands, and the
frequencies are shifted to 694 and 638 cm! for si-
derophyllite composition (Fig. 3, Table 4). The
bands are not observed in the hypoaluminous
iron micas. Along the annite-tetraferriannite and
phlogopite-tetraferriphlogopite joins a shift fac-

560 360

o
%
B

-,
Vi

820 590 360
Wavenumbers (cm-")

Fig. 3 Evolution of infrared spectra of annite compositions, along the annite-siderophyllite join and toward
hypoaluminous iron compositions, in the frequency range of lattice vibrations (1200-800 em~ and 820-360 cm™).

Hypoaluminous iron compositions are denoted with stars.
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Table 3 Infrared absorptions frequencies and structural assignments suggested in this study and reported in the
literature in the range 1200-350 cm~'. Abbreviations: A —assignment; RI—relative intensity (vs: very strong, ms:
moderately strong, s: strong, vw: very weak, w: weak); na—not assigned; (?) probable assignment. Oy, are the basal
bridging oxygens, O, is the apical non bridging oxygen.

Band Vedder (1964) Jenkins (1989) This study annite
see Fig. 3 Natural sample of phlogopite synthetic
biotite synthetic

cm! A RI gt A RI cm! A RI
(6) 1000 Si-O Vs - - - =1040 2XSi-O,, w
(7) 963 Si-O Vs 995 Si-O s =997 Si-0,, Vs
(7) 905 Si-O ms 960 Si-O s =071 Si-O, A&

- - - 915 Si-O w - - -

(1) 804 na w 822 Al-O ms 765 2XAI-O,, w

773 na w 760  AlI-O(?) VW - - -
(3) 728 na w 725 Al-O-Si w 707 Al-O-Si ww
(2) - - - - - - 657 Si-O-Si w
(2) 707 na w 690  Si-O-Mg  ms 640 Si-O-Si w
(3) 658 na w 655 Al-O w 620 Al-0O-Si w
(4) 607 na w 592 OH ms 580 80OH w
(4) 497 Si-O m 520 Si-O Vs 550 3OH (7) VW
(5) 464 Si-O \& 495 Mg-O Vs =460  O-Si-O + -

M-0O
445 Si-O \& 460 Si-O A& - - -
364 na ms 375  Si-O-Mg ms - - -
Phlogopite
K(Mg?')(Si5 ALOyo (OH),
& % 228 ‘, Telraferriannite Tetraferriphlogopite
‘ K(Fe?")(Si,Fe*)0, (OH), K(Mg?*){Si ;Fe™0,,(OH),

-- - ID586

wy
|
1
1
I
1
1
1
1
1
1
1
1
1
1
1
]
1
]
1
1

Absorbance (arb. units)

S, WP I T

Annite

K(Fc2*){Si,ADO, ,(OH),
Phlogopite
K(Mg"),(Si,AO,, (OH),

. )
Annite rxgl

\

850 730 610 490 850 730 60 49
Wavenumbers (cm™)

Fig. 4 Infrared spectra of annite and various chemical analogues along the annite—phlogopite, annite—
tetraferriannite and phlogopite—tetraterriphlogopite joins.



42 B. Boukili, F. Holtz, J.-M. Bény, A. Abdelouafi and S. Niazi

(2) 600°C, MW

(x=0.6)

(x = 0.4)

Absorbance (arb. units)

(x=02)

Annite
(x=0)

(b) 600°C, NNO

=
=S
%

oG
o
b

850 761 573 585

Wavenumbers (cm™)

500 850 761 673 585 500

Wavenumbers (cm'')

Fig. 5 Infrared spectra of micas along the annite-siderophyllite join in the range (850-500 cm™). (a) annite and Al-
biotites obtained at 600 °C/MW and 100 MPa Py,.. (b) annite and Al-biotites obtained at 600 °C/NNO and 100 MPa

PHZO‘

tor of approximatively 1.13, similar to that ob-
served from the substitution of Al for FIFe3t, can
be observed with increasing Al content. These ob-
servations are consistent with an assignment of
these two bands to Si—O-Al stretching motions.
Thus, the intensity of bands occurring at 707
and 620 cm™! (Al-O-Si) record a slight increase as
the conditions become oxidizing (Fig. 6). This may
relate to FIAl — BIFe?* substitution in agreement
with Massbauer measurements (Boukili, 1995).
The band at 580 cm™ in the annite spectrum
(labeled 4 in Fig.3) corresponds to OH librational
vibrations (80OH) which have been observed at
669 em ! in talc by Farmer (1974), at 600 cm ™ in
phlogopite (Russell et al., 1970) and at 580 cm™' in
tetrasilicic Mg-mica (Robert et al., 1993). In the
annite spectrum, a band of very low intensity at
550 cm ! may also result from a second OH libra-
tion. With increasing Al content toward the si-
derophyllite composition, these two components
corresponding to OH librations are better re-
solved at 588 and =532 cm, respectively. The
comparison of the spectra of OH- and OD-annite
(Fig. 6) confirms the assignment of the band at
585 cm 1. This band is almost absent in the spec-
trum of OD-annite. For comparison, the frequen-
cy range corresponding to vy and vop stretching
vibrations is also shown in Fig. 6 and, when com-
pared to vgy, the bands are shifted by a factor of

1.3 to 1.34 as expected. Thus, this band at 580 cm™
cannot be attribued to an AI-O vibration as pro-
posed by Redhammer et al. (2000).

It can be noted that the broad peak at approx-
imatively 450 cmin annite (band labeled 5 in Fig.
3) results at least from three contributions, as
shown in the Al-rich compositions along the an-
nite-siderophyllite join. The assignment of these
bands can only be speculative and will not be dis-
cussed. In previous studies, they were assigned to
the motions of octahedrally coordinated cations
(Farmer, 1974), to Si—O vibrations coupled with
an Mg—O vibrations (Jenkins, 1989),and to angu-
lar deformations of the silicate structure (O-Si-O
bending vibrations) combined with stretching
motions in the octahedral layer (Ishii et al., 1969).

IR measurements in the range 1200-850 cm™!

The spectrum of annite exibits the features char-
acteristic of trioctahedral micas. The spectra along
the annite-siderophyllite join and of the annite
end-member (x =0, 0r Al,,;; = 1) show that the Si—
O, and Si-O,, (are the basal bridging oxygens)
bands are weakly resolved (bands labeled 6 and 7,
Fig. 3). However, the data obtained for the two
hypoaluminous iron micas show that the spectra
of annite and of micas along annite-siderophyllite



Infrared spectra of annite in interlayer and lattice vibrational range

5.77;

4.88

3.994

Absorbance
W
=

2.214

- 2704

-2678

(b)

(a)

43

- 2607

2300

132
VoH

2660

2520 2380

(a)

N

4000 3600 3200

2400 2000 1600 1200

Wavenumbers (cm™)

2800

800

400

Iig. 6 Infrared spectrum of deuterated annite (a) in the range 4000—400 cm~ compared to OH-annite spectrum (b).

Table 4 Infrared absorptions frequencies and structural assignments suggested in this study and reported in the
literature in the lattice and interlayer vibrations range. Same abbreviations as in Table 3.

Band This study annite This study Fe— This study (OH)-Es
see Fig. 3 synthetic eastonite synthetic synthetic
cm A RI cmt A RI cm™ A RI
(6) = 1040 2XSi-0, w 1035 - w - - -
(7) 997 Si-0, Vs 995 Si-O s 997 Si-O,, -
(7) 971 Si-0O, Vs 965 Si-O s 971 Si-O, -
(6) - - w 820 Si-Op, w 8§73  2x8i-0O,, ms
- - - - - - 788 Al-O w
(1) 765 Al-Oy, w 138 Al-O w 745 Al-O w
(3) 707 Al-O-Si vw 694  Al-O-Si w 694 Al-O-8i  ms
(2) 657  Si-O-Si w - - - - - -
(2) 640  Si-O-Si w - - - - - -
(3) 620  Al-O-Si w 638  Al-O-Si w 637 Al-O-8i  ms
(4) 580 30H w 571 SOI1L VW 586 s0H w
(4) 550 BOH (?7) VW - - - 532 SOH (?7) W
(5) =460 O-Si-O + s =460 O-Si-0O + s =460  O-Si-O + s
M-0O M-O M-0O
280 na w - - - - - -
240 na w - - - - - -
184 na VW 184 na VW 185 na W
152 K-0O VW 150 K-0O ms 148 K-0O VW
(mode I'V) {mode IV) {mode I'V)
122-132  K-O ms 127-132  K-O ms 129-132 K-O ms
(mode I, IT) {mode I, IT) (mode I, 1)
66 K-O ms 80 K-0O ms 80 K-O ms
(mode IIT) {mode IIT) {mode I1T)
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need to be decomposed in four bands (Fig. 4, Ta-
ble 3 and 4). Two very low-intensive (disappear-
ing) Si—O,, bands at = 1040 cm™ and two intense
bands weakly resolved at 971 and 996 cm~ (annite
x = 0). The frequencies of Si-O,, bands decrease
with increasing Al content along the join annite-
siderophyllite. This result could be attributed both
to the FIAI-®IA] coupled substitution and to the
increased bond valence of the M-O; bond in
agreement with observations of Velde (1978,
1979), showing that the ratio B[AV(Si+ Al)] is
the main parameter controlling this frequency
shift, and with further studies of Robert (1973,
1976, 1981 ) and Liu (1989).

In contrast to the Si—O,;, bands, no significant
variation of the frequencies of the Si—Oy, bands
has been observed as a function of compositional
variations along the annite-siderophyllite join.

Concluding remarks

The investigation of the evolution of infrared ab-
sorption bands along several joins involving an-
nite as end-member allows to constrain the role of
compositional variations on the frequency and
the intensity of these bands. This, coupled with the
effects of the fO, on absorption bands, is used to
clarify the assignment of some characteristic ab-
sorption bands of trioctahedral micas and of an-
nite in particular:

—The vibrations Si-O,,, Si—O,, Al-0O,,, Al-
O-Si, Si—0O-S1 and 80OH are found to be at 1040
and 873 cm?, at 997 and 971 cm?, at around 765
cm (superposition of two bands), at 707 and 620
cm?, at 657 and at 640 cm™!, and at 580 and 550
cm !, respectively. The presence of doublets is
most probably related to the local chemical
heterogeneity of the octahedral and tetrahedral
sheets, which is imposed by crystallo-chemical
constraints, in agreement with the observations in
the vibrational range of the OH-groups. With in-
creasing Al content of the micas along the an-
nite-siderophyllite join, the evolution of the
bands in the lattice vibration range shows that Al
and Si become more ordered in the tetrahedral
layer.

— In the interlayer vibrational range, the OH-
annite end-member (x = 0) shows clearly five of
the six predicted vibrations. One may be due to
the lattice vibrations, three vibrational modes are
directly related to vibrations involving the inter-
layer cation (modes [, I, IV) and are observed at
120-130 ecm™ and at 152 cml, respectively. The
band at 66 cm', which involves the motion of ba-
sal oxygen vibrations around the interlayer cati-
on, is assigned to the mode III.

— As for the OH < F substitution, the Tscher-
mak substitution (starting from the annite end
member) increases the dimensional misfit be-
tween the octahedral and tetrahedral layers.
However, variations of fO, do not significantly
affect the band frequencies resulting from mo-
tions related to the interlayer cations, suggesting
that the geometry of the interlayer site is not sig-
nificantly disturbed by a variation of the Fe**/Fe?*
ratio in annite.
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