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Abstract A series of 21 cordierites with 0.06<Fe*"
cations pfu <1.54 from different petrogenetic environ-
ments were studied by polarized electronic absorption
single-crystal spectroscopy and >’Fe Mdssbauer spec-
troscopy (MS). The electronic spectra measured in the
range 35,000-1,000 cm ' using microscope techniques
were also obtained at different temperatures between 80
and 700 K on five different samples. The aim of this
study was to answer the still-debated question of the
location of iron in the cordierite structure. Both elec-
tronic absorption and *’Fe Md&ssbauer spectra confirm
the presence of Fe>" on two different structural posi-
tions. The major fraction, 90-99% of the total Fe? ",
occupies the octahedral site 8¢ in orthorhombic cordie-
rite. Minor amounts of Fe?>" occur in a second, non-
octahedral site. The octahedral and non-octahedral
Fe? ™ give rise to two MS doublets and to different ab-
sorption bands in the electronic absorption spectra,
namely v; and v, at about 8,300 and 10,000 cm ! both
of which are a-polarized for octahedral Fe’*, and f/y-
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polarized v; at about 10,500 cm ' for non-octahedral
Fe?". The integral intensities of the v, and v, bands in-
crease linearly with increasing total iron contents. Their
energies decrease slightly with increasing Fe? . Increas-
ing temperature causes a shift of v; to lower energies,
while the integral intensities of v; and v, increase. These
observations permit an assignment of the v; and v, bands
to transitions derived from the 5T2g%5Eg transition of
octahedral Fe?". The integral intensity of the f- and
y-polarized v; band correlates linearly with the concen-
tration of non-octahedral Fe*" . Its high molar extinc-
tion coefficient, ca. 150 ecm 2 1 mol™!, and temperature
independence are best explained by its assignment to dd
transitions of Fe?" in tetrahedral coordination. There
occurs also a broad band at 18,000 cm™' polarized pre-
dominantly along b. Its properties are typical of a metal—
metal charge transfer (CT) band involving Fe** on the
octahedra and Fe®* on the T,l-tetrahedra, the two of
which are edge-shared. All spectroscopic data, including
changes in the electronic spectra caused by heating
at 1,000 °C in air, as well as crystal-chemical consider-
ations, suggest that the ring-connecting T;1-tetrahedra
contain small amounts of Fe**.

Introduction

The structural location and valence state of the iron ions
in cordierite are of interest to mineralogists and cera-
mists. They are important because of their effect on
thermodynamic calculations, their possible influence on
the low thermal expansion of cordierite, their role in the
origin of the spectacular pleochroism of the mineral,
and, finally, because of their significance in explaining
the crystallochemical features of a variety of silicate
structures possessing infinite channels formed by the
stacking of six-membered (Si, Al) tetrahedral rings.
Cordierite is a framework aluminosilicate with the
general formula (Mg, Fe),Al4Si50,3n(H,O, CO,). It is
common in low- and medium-pressure metapelitic rocks
of amphibolite and granulite facies. The crystal structure
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(Gibbs 1966) of most natural cordierites is orthorhombic
of space group Cccm with four formula units per unit
cell. It contains distorted six-membered corner-shared
tetrahedra rings. The tetrahedra have centres at the
Wycoff position 8/ of site symmetry m, but with different
atomic coordinates giving two pairs of T,3 and Tl
Si-tetrahedra and two T,6 Al-tetrahedra (Fig. la, the
labelling of the sites follows Hochella et al. 1979). The
rings are stacked over each other along [001] and inter-
connected by T;1 Al-tetrahedra on 8k of site symmetry
2, and Si-tetrahedra T,6, on 4b of point symmetry 222
(Fig. 1a, b). The octahedral ions are on the 8g position
of point symmetry 2. The stacking of the tetrahedral
rings along [001] produces infinite channels parallel to c,
which can contain atoms and molecules. Two types of
channel positions are shown in Fig. 1, ChO at 4a of point
symmetry 222 (Fig. 1b) and Chw at 8/ of site symmetry
2 (Fig. lc).

Since Duncan and Johnston (1974) first determined in
a Mossbauer study on oriented cordierite crystals that a
minor amount of divalent iron is located on a non-oc-
tahedral site, there has been ongoing discussion re-
garding this possible site. Goldman et al. (1977)
proposed that a band at 10,500 cm ' in the f- and y-
polarized electronic spectra of cordierite originates from
non-octahedral Fe? . It is accepted that this absorption
band and the “non-octahedral” Fe>* doublet in the
Moéssbauer spectra are a result of a minor Fe?™ fraction
located on the same structural site. This conclusion is
supported by changes in the Mdssbauer and electronic
spectra observed after heating samples above 500 °C.
Both methods show a similar increase in the octahedral
to non-octahedral ferrous iron ratio after heating (Vance
and Price 1984).

Different sites have been suggested for this minor
non-octahedral Fe?* (Duncan and Johnston 1974; Po-
llak 1976; Goldman et al. 1977; Vance and Price 1984,
Geiger et al. 2000a). Two general views exist. One group
believes that this Fe®* is located in the channels (Dun-
can and Johnston 1974; Goldman et al. 1977; see Fig. 1b
and c). A second group has proposed a tetrahedral po-
sition for this non-octahedral Fe’* (Vance and Price
1984; Geiger et al. 2000a). Although these two kinds of
sites are very different crystal-chemically (e.g. Armbr-
uster 1986), the controversial interpretations of the
spectroscopic results demonstrate that the experimental
data are insufficient for unequivocal conclusions. Addi-
tional data, including results on the temperature, po-
larization and composition behaviour of the electronic
absorption bands and Md&ssbauer spectra, measured on
the same set of cordierite samples, are necessary to dif-
ferentiate between the possible structural locations of
the non-octahedral Fe?" .

Although natural cordierites display a range of
Fe-Mg substitution and the structure allows other sub-
stitutions involving ions of different charges, recent in-
vestigations show very low contents of ferric ions (e.g.
Geiger et al. 2000a, 2000b). On the other hand, Faye
et al. (1968) showed that the impressive violet-blue (f-,

y-polarizations) to orange (x-polarization) pleochroism
typical of cordierite, is caused by Fe’"Fe®" CT. Here
again, a determination of the site and the concentrations
of Fe*" are not possible by standard chemical and X-ray
diffraction methods. The main experimental tools that
can provide information on these questions are spec-
troscopic methods, especially single-crystal electronic
spectroscopy.

Fig. 1 Sections of the cordierite structure. Possible Fe? " -polyhe-
dra are shown in black, the Al-tetrahedra are shaded grey. Some
tetrahedra are omitted in the projections b and ¢ for clarity. a
Structure projection onto (001); b channel position (000) in the
centre of a six-membered ring; ¢ “wall” position in the channel
after Duncan and Johnston (1974). The optical polarization
directions o, f§ and y are parallel to ¢, b and a respectively



This study was undertaken to determine the site
locations of Fe** and Fe’" in cordierite using a com-
bination of single-crystal electronic (80 K to 700 K) and
Mossbauer spectroscopic measurements and crystal-
chemical data obtained on a well-characterized series of
natural cordierites from different petrologic environ-
ments and of different composition.

Experimental methods
Sample description and preparation

Cordierite samples from 21 different localities and rocks types,
most of which are described in the literature, were studied using
single-crystal electronic absorption and Md&ssbauer spectroscopic
methods. For some samples the PT conditions of formation, based
mostly on the garnet—cordierite equilibrium (e.g. Kurepin 1991),
are known. These data are summarized in Table 1.

Fragments of cordierite crystals were separated from the rock
samples and oriented parallel to (100), (010) and/or (001) using
their conoscopic interference figures. Then they were ground and
polished on both sides to a thickness of 0.1-0.5 mm. The platelets
obtained were used for measurements of the single-crystal polarized
electronic spectra and for electron microprobe studies. The latter
were performed on those areas on which the electronic spectra were
recorded. The compositions are presented in Table 2. The
remaining cordierite material was ground into a powder for a
measurement of the °’Fe M&ssbauer spectra.

Conditions and standards used for the electron microprobe
analyses are described in Khomenko et al. (1994) and Langer and
Khomenko (1999).

Single-crystal electronic absorption spectroscopy
The polarized spectra with E//a (y-spectra), E//b (f-spectra) and
E//c (a-spectra) were measured at room temperature in the

spectral range 35,000-1,000 cm™' by means of a single-beam
microscope spectrometer model UMSP 80 from Zeiss (35,000

Table 1 Cordierite samples studied. n.d. Not determined
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12,000 cm™') and a Bruker FTIR spectrometer IFS 66 (13,000—
1,000 cm™') with an IR-microscope attachment. For the Zeiss
spectrometer, a 10x Ultrafluars served as the objective and con-
denser. The measuring diameter was 32 pm, the spectral slit width
and step width were both 1 nm. With the FTIR-Bruker spec-
trometer, equipped with an IR-microscope and polarizer, the
polarized spectra were obtained with a measuring diameter of
90 pm and a spectral resolution of 2 cm !. Further experimental
details are given in Langer (1988).

Curve deconvolution of overlapping absorption bands was
done with the program OPUS 2.2 using the approach described in
Geiger et al. (2000a). Different deconvolutions using the same
procedure gave differences in band positions of less than 0.4%. The
crystal field parameter Dq was extracted from the spectra using the
same estimation of the ground T-level splitting as in Langer and
Khomenko (1999).

Five samples, numbers 3, 9, 14, 17 and 21 in Table 1, were
chosen for spectroscopic measurement at low (80 K) and high (500
and 700 K) temperatures. These measurements were performed on
both spectrometers with an accuracy of +10 using a Linkam
THMS 600 heating—freezing stage equipped with a TP 92 temper-
ature controller. A gold grating placed on the heating—cooling cell
served as a sample holder. Reference spectra were measured
through the Linkam stage at the same temperature. The scanning
and fitting procedures were the same as those of the room-tem-
perature measurements. The temperatures of the crystals could not
be measured directly. However, differences between the sample and
the heating—freezing cell are probably less than 10 K, which will
affect the spectra negligibly.

SFe Méssbauer spectroscopy

The Mossbauer spectra of 15 cordierites were measured at room
temperature and/or 77 K with a nominal 50 mC *’Co/Rh source
using a 512 multi-channel analyser. The low-temperature mea-
surements were made with an Oxford cryostat. Cordierite pow-
ders were pressed together with corn starch into pellets with
approximately 5 mg Fe?" per cm® The spectra were fitted to
either one or two symmetric doublets with the program MO-
SALZ, (W. Lottermoser, personal communication). Isomer shifts
are given relative to metallic iron. More details can be found in
Geiger et al. (2000a).

Number Sample label Locality Rock type PT estimate References
1 GRR90 Unknown n.d. n.d. Shannon et al. (1992)
2 Rhodesia Rhodesia Metamorphic n.d. Geiger et al. (2000a)
3 42/1A Kiranur, S. India Granulite 740+£40 °C; 7+0.4 kbar Lal et al. (1984); Geiger et al. (2000a)
4 GR338 Tzilaizina, Madagascar n.d. n.d. Goldman et al. (1977)
5 8c6b/004 Soendeled, Norway Pegmatite n.d. None
6 8c6b/006 Madagascar n.d. n.d. None
7 GR92 Madagascar n.d. n.d. Shannon et al. (1992)
8 56-81 Ivanov, Ukraine Granite 780 °C; 7+ 1 kbar Kurepin (1991)
9 Manitouwadge Ontario, Canada Amphibolite  650+30 °C; 6 £1 kbar  Pan and Fleet (1995)
10 62-81 Ivanov, Ukraine Granite 790 °C; 7+ 1 kbar Kurepin (1991)
11 1201 Ivanov, Ukraine Granite 780 °C; 7+0.1 kbar Kurepin (1991)
12 39-83 Solomin, Ukraine Granite 730 °C; 6.3+0.2 kbar Kurepin (1991)
13 Derivo-Colico  Como, Italy Quartz vein n.d. Mottana et al. (1983)
14 VS-2 Colombo, Sri Lanka Granulite 730+ 20 °C; 5.2-5.9 kbar Raase and Schenk (1994)
15 Haddam Connecticut, USA Pegmatite n.d. Newton (1966); Selkregg and Bloss
(1980)
16 6682 Zhezhelev, Ukraine Granite 630 °C; 5.2+0.3 kbar Kurepin (1991)
17 9-81 Sofievka, Ukraine Pegmatite 600 °C Kurepin (1991)
18 P-81 Polohov, Ukraine Pegmatite n.d. Voznyak et al. (1996)
19 SN72123 Synder Bay, Canada Quartzite 665-900 °C; 2.25 kbar  Selkregg and Bloss (1980); Speer (1982)
20 SN72189 Synder Bay, Canada Quartzite 665-900 °C; 2.25 kbar Selkregg and Bloss (1980); Speer (1982)
21 Sekaninaite Dolni Bory, Czech Rep. Pegmatite n.d. Stanek and Miskovsky (1964);

Cerny et al. (1997)
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Fig. 3 Sums of the divalent Fe+Mn+ Mg cations and channel
Na+ K + Ca cations versus the sum of the tetrahedral cations

substitutions (2) and/or (3) with a constant sum of 11
lattice cations pfu (Fig. 3). The number of Na, K and Ca
channel cations shows, with the exception of two Li, Be-
rich samples, a negative correlation versus the total
charge of all the lattice cations (Fig. 4), but does not show
any correlation versus the sum of the tetrahedral ions.
The latter relationship changes its slope at the “stoi-
chiometric” point, from being negative, when there is a
tetrahedral cation deficiency, to positive in the case where
(Al+Si+Be)>9 (Fig. 3). These results allow us to de-
termine the importance of substitutions (2) and/or (3)
and, therefore, about minor amounts of divalent ions on
tetrahedral sites rather than the presence of tetrahedral
vacancies in the case where (Al+ Si+ Be)<9. From the
rough trend shown in Fig. 2, it can be concluded that
Fe’ " enters about one third of the tetrahedra that are not

0442
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2
©
O 0.2-
¥-.
]
Z O
0.1 A,
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Total charge of lattice cations

Fig. 4 Channel cation sum as a function of the total charge of the
lattice cations
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occupied by Al, Si or Be. The channel cations compensate
for the charge deficiency resulting from substitution (2),
when (Al+ Si+ Be) <9, and by the incorporation of tet-
rahedral Be and/or octahedral Li when (Al + Si+ Be) >9.

Magnesian cordierites with Xg,=Fe/(Fe+Mg) <0.3
are typically characterized by slightly lower Al contents
and there exists a slight positive correlation between X,
and Al In ferrous-rich samples, the number of Al ca-
tions is close to the stoichiometric number of 4 atoms
pfu, with only one exception (Fig. 5). This difference
between Mg-rich and more Fe-rich cordierites may re-
flect an inverse relationship that exists between the mean
T,1-O bond length and the mean radius of the octahe-
dral cation (Armbruster 1985). It could explain also why
there is more tetrahedral Fe’™ in Mg-rich cordierites
versus that in Fe-rich samples. In agreement with this,
an analysis of the literature data shows a negative cor-
relation between the mean octahedral Me—-O distance
and the mean T-O distances in the ring-connecting tet-
rahedra in the structure of double-ring silicates (Bakakin
et al. 1975; Cerny et al. 1980; Szymanski et al. 1982;
Abraham et al. 1983; Alietti et al. 1994; Armbruster and
Oberhinsli 1988a, 1988b; Hawthorne et al. 1991). This
reflects a tendency to achieve mutual size compensation
between the edge-shared polyhedra.

The presence of small amounts of tetrahedral Fe? ",
even in samples which have enough (Al+ Si+ Be) to fill
all tetrahedral sites (Table 2, Fig. 2), demonstrates a
slight disorder of Al and (Fe, Mg) between tetrahedral
and octahedral sites. Such disorder is common in struc-
turally similar silicates such as osumilite (e.g. Armbruster
and Oberhansli 1988a).

Room-temperature single-crystal electronic absorp-
tion spectra: absorption bands caused by octahedral and
non-octahedral Fe?* ions.

Typical polarized electronic absorption spectra of
cordierite are shown in Fig. 6. The Fe* " ions give rise to
a doublet consisting of two overlapping bands, v; and v,,
located between 11,000 and 8,000 cm ™" in the a-polarized

410 u}
4.05 1
=
[t [u} [m} [m} u]
% 4.00‘ """"" - 'n"'_:g""': """""""""""""""" ﬁ -------------- D- ----------
E
0 pa Hof
3.954 o
3.90 — T " | - T . T
0.0 0.2 0.4 0.6 0.8
Fe/(Fe+Mg)

Fig. 5 Plot of the number of aluminium cations versus the Fe/
(Fe +Mg) ratio
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Fig. 6 Room-temperature polarized electronic absorption spectra
of cordierites 8c6b/004 (no. 5), dash lines; 9-81 (no. 17), dash—dot
lines; and sekaninaite (no. 21), solid lines. a, b, and ¢ are the
crystallographic directions

Table 3 Energies (v, cm '), half-widths (hw, cm™') and integral
intensities (4, cm ) of electronic absorption bands in the polarized
spectra of the cordierite samples measured at room temperature.
Errors are estimated to be less than 1% for the energies, and less

spectra (E//c), and a strong, single v; band near
10,500 cm ' in the y- and f-polarized spectra. In the
f- and y-polarized spectra of ferrous-rich cordierites a
shoulder at 8,000 cm ' is observed on the low-energy
wing of the 10,500-cm '-centred band (Fig. 6, sekanin-
aite spectra). Its position and correlation with the in-
tensity of the doublet in the a-polarized spectra support
the proposal of Goldman et al. (1977) that it represents a
component of a non-fully polarized low-energy v, band
of the doublet, which is most intense in the o-spectra.
The energies of all three bands decrease with increasing
total iron content. The bands shift by =300 (v;), =500 (v,)
and —900 cm™' (v3) over the compositional range 0.06—
1.54 Fe** pfu (Table 3, Fig. 7a). The integral intensities
of the doublet (4, + 4,), and each of its two bands, are
proportional to the total Fe content, while the intensity
of the v3 band shows no such correlation (Fig. 7b).

Results of the spectra deconvolution give a constant
ratio of 4,:4,~2 between the integral intensities of the
two components of the a-polarized doublet over differ-
ent Fe/Fe + Mg ratios. The half-widths of the v; and v,
bands are 2,000+400 cm™' and they show no relation-
ship to composition. The v, band at 8,000 cm ! is nar-
rower than the v, and v; bands centred near 10,000 cm .
These results are consistent with the assignment of the
a-polarized doublet to the spin-allowed transitions of
octahedrally coordinated Fe’" derived from the
Sng—>5Eg transition in an O-symmetry field (Goldman
et al. 1977).

X-ray diffraction results define a point symmetry 2 for
the octahedral 8g site with a twofold axis parallel to a
(Fig. la). This symmetry completely removes the de-

than 10% for their half-widths and integral intensities. n.m. denotes
no spectra were measured. Dash indicates that no CT bands were
observed

Sample E//c (a-polarization)

E//b (p-polarization)

E//a (y-polarization)

no.
Vi A 1 th Vo Az l’le V3 th; ver ACT hWCT V3 A3 hW3
1 8,480 1,000 1,090 10,160 2,250 1,870 10,840 4,540 2,240 — - - 10,820 9,440 2,210
2 8,490 4,510 1,830 10,290 6,700 2,210 10,730 21,120 2,260  — - - 10,760 60,260 2,270
3 8,340 3,150 1,460 10,160 7,280 2,190 10,740 24,500 2,450 17,350 17,420 7,320 n.m. n.m. n.m.
4 8,400 5,340 1,560 10,110 10,760 2,270 10,580 31,450 2,280 — - - n.m. n.m. n.m.
5 8,450 5,020 1,280 10,280 9,720 2,610 10,830 33,260 2,680 17,480 26,600 8,210 10,990 64,490 2,450
6 8,340 3,590 1,140 10,050 7,430 1,960 10,690 15,260 2,020 17,200 27,260 6,610 10,750 36,090 2,060
7 8,430 5,000 1,440 10,190 9,440 2,300 10,680 15,080 2,380 17,430 37,610 7,320 10,770 30,060 2,470
8 8,330 5,050 1,400 10,030 8,220 2,060 10,030 3,570 1,800 — - - 10,110 7,380 1,920
9 8,250 10,160 1,740 10,180 18,570 2,310 10,570 28,280 2,440 — - - 10,640 55,570 2,410
10 8,340 8,290 1,420 10,050 14,220 2,170 10,070 7,850 2,590 15,870 20,230 5,950 10,130 15,390 2,460
11 nm. nm. nm. nm nm nm 10,420 4,600 2,200 17,310 26,910 6,280 10,480 5,540 1,950
12 8,300 8,670 1,170 10,000 18,850 1,980 10,120 4,030 2,330 — - - n.m. n.m. n.m.
13 8290 9,900 1,450 10,070 15,860 1,940 10,420 15930 2,250 — - - 10,560 48,480 2,320
14 8,370 10,800 1,480 10,070 13,080 1,790 10,460 6,230 2,160 17,250 10,9,730 6,430  n.m. n.m. n.m.
15 8,130 13,800 1,230 9,910 31,170 1,740 10,510 28,140 2,090 — - - 10,500 51,480 2,070
16 8230 11,620 1,120 9,940 30,110 2,120 10,300 5,350 1,740 — - - n.m. n.m. n.m.
17 8,200 17,090 1,510 10,040 31,780 2,330 10,270 14,120 2,310 17,680 54,960 7,060 10,360 29,060 2,470
18 8,020 17,060 1,530 9,900 43,150 2,290 10,000 8,420 2,130 17,470 29,540 7,840 9,860 19,190 2,300
19 8,200 32,940 1,310 9,940 33,000 1,460 n.m. nm. nm n.m. n.m. n.m. 10,220 15,170 1,680
20 8,200 25870 1,350 9,920 42,830 2,070 10,230 5960 1,670 17,420 15,2,830 7,040 10,290 9,300 1,760
21 8,020 28,760 1,550 10,010 49,930 2,370 10,020 15,100 2,080 16,620 54,500 8,910 10,010 26,220 2,190
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equal to or smaller than the symbol size. b Integral band intensities
versus Fe?" pfu

generacy of the E and T electronic states. As a result, two
bands should appear in the electronic absorption spectra
due to transitions between the split ground Sng and the
upper SEg-level, both of which are polarized either par-
allel or perpendicular to the twofold axis (e.g. Marfunin
1979). In cordierite spectra, however, the doublet is only
present in a-polarization (Fig. 6). This could be a result
of a pseudo-symmetry higher than 2, e.g. 3, with the main
trigonal axis parallel to ¢. The higher effective point
symmetry gives rise to selection rules and a correspond-
ing polarization of the electronic transitions consistent
with the main geometrical distortion of the octahedra,
which are strongly compressed along the pseudo-triad
axis parallel to ¢ (e.g. Gibbs 1966).

A very broad band centred at about 18,000 cm L,
with a f:y intensity ratio of 2.6-2.9, is often present in
the - and y-polarized spectra of cordierite (Fig. 6). Its
intensity differs strongly between the samples, showing
no correlation with the total Fe content, nor with the
intensities of the Fe?’" bands between 11,000 and
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8,000 cm'. Because it shows all the characteristics of a
CT absorption band, i.e. a large half band width of
6,000-8,000 cm !, energy, thermal behaviour and po-
larization, it was assigned to Fe*"Fe®" CT (Faye et al.
1968; Smith and Strens 1976; Goldman et al. 1977).
However, there is no consensus concerning where the
corresponding iron ions reside. Several weak and narrow
absorption peaks are superimposed upon the CT band;
the most prominent of them are located at about 20,300,
22,700, 23,800 and 25,000 cm ™' (Figs. 6, 8). Their ener-
gies, intensities and widths are typical of quintet—triplet
spin-forbidden Fe?" bands as observed in the spectra
of other silicates (e.g. Langer and Abu-Eid 1977; Kho-
menko and Platonov 1987).

The electronic absorption spectroscopic results are
summarized in Table 3. The accuracy of the band pa-
rameters depends on the curve-fitting procedures
adopted, especially on the background used in the fitting.
In the case here (Geiger et al. 2000a), errors are estimated
to be less than 1% for the band positions and less than
10% for their half-widths and integral intensities.

Sharp, intense bands, related to internal vibrations of
molecular H,O, are observed between 3,000 and
4,000 cm . They are superimposed on a weak and broad
absorption feature located between 4,000 and 6,000 cm
which is a single band or a band envelope, whose posi-
tion and polarization cannot be precisely defined due to
the strong deformation caused by the intense H,O
stretching bands. Its energy, its correlation in intensity
with the f/y-polarized v; band at 10,500 cm ™' and its
polarization were given as evidence for minor channel
Fe?" (Goldman et al. 1977). This feature was analysed
after the H,O bands were subtracted from the spectra.
However, no reasonable quantitative information on
band energy, half-width and intensity could be obtained.
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Fig. 8 «- and f-polarized electronic absorption spectra of the
Kiranur (no. 3) cordierite before and after heating in air at 1,000 °C
for 10 h
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In contrast to the data of Goldman et al. (1977), most
spectra show the presence of two weak bands in this
region: a v band at 4,500-5,000 cm ', predominantly
a-polarized, and a vs band at 6,000 cm ', predominantly
p-polarized. The more intense v4 band occurs at higher
energies in iron-rich samples, whereas the vs band does
not show any change in its spectral position. The
intensities of both resolved bands correlate neither with
those of the vy band at 10,500 cm !, nor with the
a-polarized vy, v» doublet.

To get more information on this weak absorption
feature, one crystal of the Kiranur cordierite (no. 3 in
Table 1) was heated in air at 1,000 °C for 10 h and then
quenched, and its electronic spectra were measured. Its
spectra before and after heating are compared in Fig. 8.
Because dehydration occurs at 800 °C (e.g. Goldman
et al. 1977, Vance and Price 1984), the spectra of the
heated sample do not show any H,O bands and the two-
band structure of the envelope at 5,000 cm ™' is observed
more clearly. The intensity of the vy band decreases by a
factor of about three upon heating, while no changes can
be observed in the intensities of the a-polarized doublet
at 10,000 cm ! or the two bands near 5,000 cm ! (Fig. 8).
Since Fe? ™" is the only transition metal ion which can be
responsible for absorption in the infrared region, and the
energies of both bands near 5,000 cm ' are too high for
transitions between the levels derived from the split
lower T-state of Fe>" in octahedra (e.g. Langer and
Khomenko 1999), a possible explanation for their origin
is through the presence of a minor Fe*" fraction in a
non-octahedral position.

The existence of the v; band after complete dehydra-
tion is at odds with the proposal of non-octahedral
channel Fe?" that has the oxygen of the water molecule as
a ligand. The fivefold channel site (Duncan and Johnston
1974) or the site that includes the six oxygen atoms in the
tetrahedral rings, plus one or two overlying and/or un-
derlying oxygens of channel water (Fig. 1b, c), would be
destroyed during dehydration. In both of these cases, any
corresponding non-octahedral Fe?" would experience a
change in its coordination. Therefore, the v;3 absorption
band should disappear and new bands at other energies
and with other polarizations should arise in the spectra
after heating. This, however, does not occur (Fig. 8). The
same arguments lead to the conclusion that the weak vy
and vs bands also originate from Fe? * ions which have no
water in their first coordination sphere. Because of their
weakness and an uncertainty of their intensities, it is
difficult to determine their relationship with the non-
octahedral Fe? " which gives rise to the strong v band.

Electronic absorption spectra measured at low
and high temperatures: local structural
characterization of the sites occupied by Fe?*

The electronic absorption bands behave differently upon
heating from 80 to 700 K depending upon the nature
and the local symmetry of the corresponding structural

sites. Generally, with increasing temperature all three
bands in the 10,000 cm ' region show changes that are
typical of Fe? ™ dd bands: that is a broadening, shifts to
lower energies and, in the case of the v; and v, bands, an
increase of integral intensities (Fig. 9, Table 4). The bands
of octahedral Fe>" shift to lower energies, with the v,
band showing a larger T-dependence (ca. —1 cm ' grad ™)
than the v, band (Fig. 10a). This can be related to changes
in the structure following heating, since the energies of
the v; and v, bands are determined by the crystal field
parameter Dq and the E-state splitting values (Fig. 10b);
both the latter are related to the geometry of the struc-
tural site containing Fe’ " (e.g. Burns 1993). A decrease
in Dq, which is related to an increase in the Fe**—O
distances, causes a shift to lower energies of both bands
that are derived from the E-state, while an increase of
the *E-state split causes the similar effect on the lower
level, but moves the upper level to the higher energies.
Together, both effects lead to a strong negative temper-
ature dependence of the v; band and only minor changes
of the v, band position (Fig. 10).

The spectra show that Dq decreases with increasing
temperature by the same amount —0.05 cm ' grad! in
ferrous and Mg-rich cordierites (Fig. 10b). We calculate
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Fig. 9 Polarized electronic absorption spectra of Kiranur (no. 3)
cordierite measured at different temperatures
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Fig. 10 Temperature change of the absorption doublet consisting
of the v; and v, bands that are related to Fe’*' ions in the
octahedral site: a band energies; b crystal field parameter Dq and
the 5Eg—level splitting given as Av. Sample numbers correspond to
the numbers in the tables

a mean local Fe¥'-O thermal expansion of 12.8x10°°
grad ' using the local Me-O distance obtained from
10Dq values (e.g. Langer 2001) and the results obtained
from the ferrous-rich sekaninaite (sample no. 21) as a
reference. This value is larger than the average octahe-
dral thermal expansion of 9.3x10°° grad™' determined
from a high-temperature X-ray structure refinement on
sekaninaite and it corresponds better to that of a
magnesian-rich cordierite (12.6x10°¢ grad™") (Hochella
et al. 1979). The same local Fe¥'-O thermal expansion
value was determined for all cordierites regardless of
their Fe/(Fe+ Mg) ratios.

The temperature dependence of the v; absorption
band is similar to that of the v, band showing a slight
shift to lower energies with increasing temperature. This
is probably related to an increase in the tetrahedral
Fe2*—O bond lengths. The possible lower energy v, and
vs components of the exited T electronic state of tetra-
hedral Fe’* were not resolved in the high- and low-
temperature spectra.

The integral intensities of the v; and v, bands increase
linearly and nearly double upon heating from 80 to
700 K (Fig. 11a). This behaviour is typical for spin-
allowed dd bands in centrosymmetric crystal fields (e.g.
Taran et al. 1994), but can also occur in fields which are
slightly distorted from centrosymmetry. It is caused by a
weakening of the Laporte selection rules due to a dy-
namic loss of the symmetry centre 1 at the 3¢"-ion site at
elevated temperatures. On the other hand, the intensity
of the v3 band is nearly independent of temperature
(Fig. 11b). This is evidence that the related Fe>" ions are
located in a non-centrosymmetric crystal field. This is
contradictory to the assignment of the vy band to Fe?"
in a centrosymmetric channel position (Goldman et al.
1977) and strengthens the arguments given by Vance and
Price (1984) and Geiger et al. (2000a) for tetrahedrally
coordinated Fe?" jons.

An increase in temperature generates increased ther-
mal motion of an atom that is recorded in the isotropic
temperature factor B., of a diffraction experiment. In
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Fig. 11 The temperature dependence of the integral intensity of the
Fe?™ absorption bands. a The v, and v, bands that are related to
octahedrally coordinated Fe?": b the v; band related to non-
octahedral Fe?™ (f-polarization)



electronic spectra, increased thermal motion is reflected
by an increase in the widths of the dd bands related to
the 3d“-ions. Indeed, the half-width of the vy band
shows a good positive correlation with the B4 values of
the tetrahedral T;1 site (Fig. 12). This behaviour is
similar to that of the half-widths of the v, band and the
By values of the octahedral site. The octahedron in
cordierite shares two edges with T1-tetrahedra (Fig. 1).
The good correlation between the half-widths of the v3
bands and the B, values for the T,1 site over a range of
cordierite compositions is a strong argument in favour
of Fe** on T,l. This is, moreover, consistent with a
strongly bonded lattice position for the non-octahedral
Fe?" determined on the basis of its Debye temperatures
(Vance and Price 1984).

The Fe? " Fe?* CT band at 18,000 cm ™', unlike the dd
bands, shows a pronounced decrease in its integral in-
tensity and only slight changes in energy upon heating
(Fig. 13, Table 4). This is typical for CT bands (e.g.
Smith 1977; Taran and Langer 1998). Spectra obtained
on three samples show that the CT band intensity de-
creases by about one third over the temperature interval
80-700 K. This is in agreement with the data reported
for cordierite by Taran and Langer (1998).

>"Fe Méssbauer results and their correlation
with the electronic absorption spectra: concentrations
of the non-octahedral Fe2+

The °’Fe M&ssbauer spectra of many natural cordierites
display a single Fe’" doublet with an isomer shift of
1.31+£0.01 mm s ' at 77 K. This doublet can be assigned
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Fig. 12 Half-widths of the Fe>" absorption bands as a function of
the isotropic temperature factors, Bq, of the cations in the T,1-
tetrahedral and M octahedral positions. The sample numbers
correspond to numbers in the tables. Os osumilite (Armbruster
and Oberhdnsli 1988a), 21 T sekaninaite (no. 21) at 650 K
(Hochella et al. 1979). Other structural data were taken from
Geiger et al. 2000a (nos. 2, 3) and Hochella et al. 1979 (no. 21)
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to octahedrally coordinated Fe’" ions (Duncan and
Johnston 1974; Goldman et al. 1977, Geiger et al.
2000a). However, in the spectra of some Mg-rich cor-
dierites, with Xpg. below 0.3, two distinct absorption
doublets can be observed, thus showing that Fe2* is
located on two different structural sites. Similar results
were reported before and the assignment of the second
smaller doublet has been debated (Duncan and Johnston
1974; Pollak 1976; Goldman et al. 1977; Vance and Price
1984; Geiger et al. 2000a). No measurable ferric iron
doublets were detected in the Mssbauer spectra herein.
Therefore, the Fe®* content in these cordierites cannot
be more than about 2-3% of the total iron.

The hyperfine parameters from the MS spectra are
listed in Table 5. The effect of temperature, 298 vs. 77 K,
is very slight: generally, the area of the smaller doublet
increases by only a couple of percentage points at 77 K.
Typical spectra are shown in Geiger et al. (2000a). From
the known total iron contents and the results of the
Mossbauer spectra, the octahedral and non-octahedral
Fe? " fractions were calculated (Table 6). Figure 14 shows
that a linear correlation exists between the amount
of non-octahedral Fe’" as determined from the M&ss-
bauer spectra and the integral intensity of the v; band at
10,500 cm'. This indicates that both originate from
Fe’ " jons occupying the same structural site. This re-
lationship is used for estimating the non-octahedral
Fe?* amounts for all the cordierites studied here. They
vary from 0.2 to 10% of the total iron (Table 6). It
should be stated that the electronic absorption spectra of
all cordierite samples show bands related to non-octa-
hedral Fe?", but only some of them show a corre-
sponding Méssbauer doublet. For those samples which
show a single Mossbauer doublet, the amounts of non-
octahedral Fe>" are less than 3%, which would not be
detectable by standard Mossbauer methods.

The amount of non-octahedral ferrous iron decreases
exponentially with increasing bulk iron (Fig. 15). This is
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Table 5 Measured >'Fe

Méssbauer parameters of Sample XFe Temperature L.s.20 | Half—wildthb Qs.r | Absorption
cordierites studied no. (K) (mm s7) (mm s7) (mm s7) (7o)
2 0.09 77 1.30 0.13 2.59 90.2
0.99 0.11 2.25 9.8 3 0.10 77
1.32 0.12 2.64 87.7 0.99 0.13 2.32
12.3 4 0.11 77 1.30 0.13 2.61
93.3 0.98 0.12 2.28 6.7 5 0.11
77 1.31 0.12 2.64 89.7 0.99 0.12
2.33 10.3 6 0.12 293 1.19 0.13
2.33 94.4 0.87 0.13 2.26 5.6 9
0.21 77 1.30 0.15 2.61 95.9 0.92
0.10 2.38 4.1 11 0.22 77 1.31
0.13 2.65 100 12 0.25 293 1.19
0.13 2.33 100 14 0.28 293 1.19
0.14 2.30 100 15 0.30 77 1.32
0.13 2.67 97.0 0.99 0.08 2.38 3.0
16 0.34 293 1.19 0.14 2.31 100
17 0.43 293 1.19 0.14 2.30 100
19 0.56 77 1.31 0.14 2.56 100
20 0.74 77 1.31 0.14 2.55 100
21 0.81 77 1.32 0.14 2.56 100
“Relative to Fe metal
®Uncertainty +0.01
11;2? !re e?n(f i:téglf tzfnilt&rgznd Sample Ferotal Fenfm-oct Fe?* tetr . Fe'™ tetrb . Fe?* oct
their location no. (Mossbauer) (recalculated) (recalculated)
1 0.06 - 0.003 0.003 0.054
2 0.19 0.018 0.018 0.003 -
3 0.21 0.021 0.021 0.006 0.183
4 0.22 0.014 0.014 0.003 -
5 0.22 0.023 0.023 0.010 -
6 0.24 0.013 0.013 0.010 -
7 0.30 - 0.010 0.014 0.276
8 0.39 - 0.002 0.003 -
9 0.41 0.017 0.017 0.003 0.390
10 0.42 - 0.005 0.007 -
11 0.45 - 0.002 0.010 -
12 0.50 - 0.003 0.003 -
13 0.54 - 0.016 0.003 0.521
14 0.56 - 0.004 0.039 -
15 0.57 0.017 0.017 0.003 0.550
16 0.69 - 0.003 0.003 -
17 0.87 - 0.009 0.020 -
18 0.89 - 0.006 0.011 -
19 1.15 - 0.005 0.003 1.142
20 1.48 - 0.003 0.052 1.425
21 1.54 - 0.009 0.010 1.521

IClarify section “Results and discussion”
"Maximal values calculated for ordered distribution

c 2+
As FeoarFe™ " eir

consistent with cordierite’s crystal-chemical properties
(cf. Fig. 5) and explains why a non-octahedral Fe?"
doublet is observed in magnesium-rich cordierites only
(Geiger et al. 2000a).

Ferric iron in cordierite: its location
and an estimation of Fe** /Fe’" ratios

The more recent published data on cordierite show that
the Fe>* amounts are very small (e.g. Schreyer 1985;

Geiger et al. 2000b). Earlier studies by Pollak (1976) and
Parkin et al. (1977) reported the presence of a weak
doublet with an isomer shift of about 0.37+0.02 mm s
in Mdssbauer spectra, which they assigned to Fe* " in
tetrahedral coordination.

The variability in the intensity of the Fe? " Fe®" CT
band in the electronic spectra obtained herein, even be-
tween samples with similar total Fe contents (compare
Tables 2 and 3), indicates major differences in the Fe* "/
Fe? ™ ratios of natural cordierites. It is difficult to estimate
the Fe* " amounts directly, because the molar absorption
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coefficient of the CT band is not known. However, one
can make a cautious estimation based on the results of the
heating experiments. The CT band near 18,000 cm ' after
heating in air increases in intensity, while the v3 band at
10,500 cm ' decreases and other Fe? " absorption bands
remain unchanged (Fig. 8). Similar observations were
interpreted earlier as indicating the oxidation of the non-
octahedral Fe’™ to Fe’ " that then participates in the
Fe?"Fe’* CT interaction (Goldman et al. 1977; Vance
and Price 1984). Therefore, it is important to note here
that the CT band neither changes its energy, nor polar-
ization after heating. This suggests that the Fe’ " ions
occupy the same structural position before and after
heating. Thus, one can estimate the F e’ contents, if the
initial amounts of the non-octahedral Fe>* and the in-
tensities of both the CT and v; bands before and after
heating are known. This was done using the M&ssbauer
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data and the electronic spectra obtained on the Kiranur
cordierite. It was assumed in a first calculation that all
Fe*™ ions occupy only sites edge-shared with Fe? " -cen-
tred octahedra and, therefore, are involved in the inter-
valence CT process. In a second calculation, a random
distribution of the ferric ions between the same sites,
edge-shared with Mg- or Fe? " -centred octahedral, was
assumed. The first calculation yields a maximum Fe'™"
content of 0.006 atoms pfu, whereas the second, more
reliable one yields 0.001 atoms pfu. The integral intensi-
ties of the CT band were normalized to one Fe* " ion pfu
using both models and the Fe* " contents of all the cor-
dierites were determined based on the CT band intensities
in their f-polarized spectra. The results give between
0.006 and 0.052 Fe** pfu for the first model (Table 6) and
between 0.001 and 0.01 Fe*" pfu for the second one.
These values correspond to 0.5-7% of the total iron in the
case of an ordered model or to 0.1-1.5% with a random
distribution. In about half of the cordierites studied, the
CT band is too weak to be resolved accurately. In these
cases its intensity and, therefore, the amount of Fe® * was
assumed to be less than half of that in the unheated
Kiranur sample. In both cases, the calculated Fe®™
amounts in most cordierites are far below the Mossbauer
detection limits. No relationship between the Fe*" con-
tents and the bulk chemical composition or geological
environment was found. This may be related to
low-temperature re-equilibration effects that change the
Fe*" /Fe’ " ratios.

The polarization of the CT band, which is about
Acrp:Acyy=2.7, 1s the same in all the cordierite spectra.
It agrees with the theoretically calculated intensity ratio
for a CT band caused by an intervalence transition be-
tween iron ions located on T;1 and the octahedral site
(e.g. Smith and Strens 1976; Goldman et al. 1977). No
other pair of edge-shared polyhedra can give this
polarization of the CT band. Taking into account that
most of the Fe?>" is located on the octahedral site, the
Fe’ " ions must occur on the edge-sharing T,1-tetra-
hedra. The location of Fe** on Tl is supported by
single-crystal EPR measurements (Hedgecock and
Chakravartty 1966; Geiger et al. 2000D).

Final notes

The number and energy of electronic Fe>" absorption
bands in low-symmetry non-octahedral fields

We have shown that neither the temperature behaviour
of the v; band, nor its decrease in intensity upon heating
connected with the corresponding increase in intensity of
the Fe? T T1Fe2*-Vl CT band, are consistent with an
assignment of Fe?" to a channel position. This invali-
dates the proposal of a six-membered ring channel
position (Goldman et al. 1977). If Fe>" occupied such a
site, it would have a nearly planar coordination in (001)
with possible weaker bonds to H,O molecules above and
below (Fig. 1b). In this case, the number and energy of
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absorption bands should be compared to the spectro-
scopic parameters of Fe’" in a regular planar coor-
dination rather than to those of the distorted
non-centrosymmetric M2 position in pyroxene (see
Goldman et al. 1977 for the latter).

All the spectroscopic and crystal-chemical results
presented here provide evidence supporting the alloca-
tion of a minor fraction of Fe?™, as well as a small
amount of Fe’", to the Tl site. Crystal-chemical
arguments and the results of the heating experiments
support the proposal that the largest T;1 tetrahedron is
the most probable site for most of the non-octahedral
Fe’". This assignment should be consistent with the
number, energy and polarization of the observed elec-
tronic absorption bands. Therefore, the second and third
electronic absorption bands, which must result from the
upper split T-level of tetrahedrally coordinated Fe? ™, as
well as the unusually high energy of the v; band, require
consideration.

With regards to the number of Fe* ™'Y bands, two
possibilities should be considered, namely: either the
weak v, and vs bands near 5,000 cm ! are these wanted
bands, or they occur between 2,000 and 1,000 cm ',
where they are superimposed by the high-energy wing of
the strong lattice vibration bands. In the first case, the
corresponding Dq value will be 6,700 cm ', in the second
about 4,000-4,500 cm '. The latter is typical for tetra-
hedrally coordinated Fe> " (e. g. Burns 1993), whereas the

Fig. 16 Compositional variations in cordierite as a function of the
temperature determined by garnet—cordierite thermometry a and
pressure via geobarometry b. For sources of the PT data see Table 1

larger Dq value of 6,700 cm ! is consistent with the T;1—
O distances, smaller than in typical ferrous sites. As for
the high energy of the T-level splitting, up to 9,000 cm '
in the second case, this is known for Fe* ™!V in other
silicates. Gillespite, BaFeSi4O,,, for example, contains
Fe’" in square-planar coordination, and it shows an
energy separation between the two upper levels of about
12,000 cm ' (Abu-Eid et al. 1973). The polarization of
the v; band in cordierite requires one principal axis of the
local crystal field to be parallel to the c-axis, which is the
case for the T,1 site. Thus, the presence of Fe’™ in
the large flattened T;1 tetrahedron is consistent with the
measured spectroscopic parameters of the v; band. An
exact interpretation of the two weak bands near
5,000 cm ' remains unclear due to a lack of reliable ex-
perimental data. It is likely that the v4 and vs bands are
also related to the non-octahedral Fe*" on T,1 site.

Generally, just the number of bands in electronic
spectra of different minerals, “‘typically”” three for
tetrahedrally coordinated Fe*" or two for Fe*" in oc-
tahedral coordination, is not sufficient to assign the
absorption bands in the case of low-symmetry non-
octahedral fields. There are no straightforward guide-
lines relating the energy gaps between bands to the site
geometry in such cases. For example, the order and
energy of electronic levels characteristic of Fe’" in
square-planar coordination (Burns 1993) can be re-
garded as an extreme case of an elongated octahedral or
flattened tetrahedral field. In such cases, the polarization
dependence of the dd and CT bands, their molar ab-
sorptivity and thermal behaviour are the most reliable
properties related to the site geometry.
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contents in cordierite from different geological environments

Fe?" partitioning in cordierite: petrological relevance?

The amount of Fe>" on the Tl site depends on the
cordierite composition, particularly on the total Fe
content (Fig. 15). When coexisting with other ferro-
magnesian paragenetic minerals such as garnet or bio-
tite, the Fe/Fe + Mg ratio of cordierite is sensitive to the
temperature of equilibration (e.g. Aranovich and Po-
dlesskii 1983). The equilibration temperatures for some
of the cordierite samples studied here are known from
the literature (Table 1), which permit us to investigate
the role of Fe* ™!V, Linear correlations are observed
between the temperature of equilibration and the num-
ber of tetrahedral cations (positive) or the sum of the
divalent octahedral cations (negative) (Fig. 16a). The
amount of Fe? ™!V and the sum of the non-octahedral
ferrous and ferric ions, Fe? "V + Fe3 1V, show a neg-
ative correlation versus temperature (Fig. 16a). Scatter is
introduced by experimental errors, as well as by the
neglecting the effect of Mg'Y, which could also occupy
some of the T;l-tetrahedra.

The molar volume of cordierite depends mainly on
the mole fraction of octahedral Fe*" (e.g. Hochella et al.
1979; Wallace and Wenk 1980). This relationship results
in a negative linear correlation between pressure of
equilibration and Fe? V! content (Fig. 16b). A decrease
in the total iron content is accompanied by a slight
decrease in Al and an increase in Fe?" on T,1 (Fig. 16b).
This leads to Fe'Y enrichment in cordierites from low-
temperature, medium-pressure environments. In plots of
Xr. versus Fe'Y, the different cordierites can be defined
based on a magmatic, metamorphic or pegmatitic origin
(Fig. 17). This plot shows that a decrease in tetrahedral
Fe’" is related to a temperature increase going from
pegmatitic and metamorphic rocks to anatectic grani-
toids. It can also be seen that Fe**!V decreases with
increasing total iron content (Fig. 15).
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The presence of non-octahedral iron affects the Mg—
Fe partitioning relationship between coexisting minerals
and should be taken into consideration in geother-
mometry studies. This effect is illustrated for a magne-
sian-rich cordierite with a Fe* 'Y content of 0.02 atoms
pfu on the basis of Eq. (5) in Kurepin (1991), which
produces a change in the calculated temperature of
+50°.
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