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ABSTRAcT

Tho absorption spectra of biotite, chlorite, anda-
lusite, cordierite, and a green and a brown tourma-
line, taken from room temp€nature to helium tem-
perature, enable the temperature-dependences of
assigned F€P + +Ti4+ -rFea+ +l'i3 + and Fee+ $Fes +->

Fo8+ +F€l+ meta,l-metal charge-transfer (M.M.C.T.)
bands to be ascertained. In the 20,000-27,000 cmr
region of the absorption spectra of the andalusite
and the two tourmalines, Fe2+1Tia+*""4+.uTis*
bands increase by approximately 2OVo on cooling
tho sample trom 293 to 5.5K. This increase is at-
tributed to thermal expansion effects. The intensiff
of the bands attributed to Fes++Fe3+ -; fe8+{Fezi
charge transfer in the 14,000-18,000 cma region of
tho spectra of tbe biotite, cblorite, and cordierite is
nearly doubled when tie sample tempenature drops
from room to helium temperature. This increase is
explained in terms of therrnal depopulation of one,
or more than one electronic level, close to the elound
state of the Fe2++Fe3++Fe8++Fe2+ transition.

SorvruernB

I€s spectres d'absorption de la biotite, de la chlo-
rite, de fandalousite, de la cordi€rite et de deux
vari6t6s de tourmaline, I'une verte et l',autre brune,
pris ir diverses tempdratures entre la temp6rature
ambiante et celle de I'h6lium liquide, permettent
d'6tablir comment varient en fonction de la temp€ra-
ture les bandes de transfert de charge metal-metal
Fe2++Ti4+ + Fe3++Ti3+ et Fe2+fFe3+ + Fes+f
Fe2+. Les bandes Fe2+{Tia+ + pss+-rt-fi8+ des
spectres dlabsorption de I'andalousite et des deux
tourmalines, situ6es entre 20,000 et 27,000 c;m'l,
augmentent d'enviton 2OVo qluarid on refroidit 1'6-
chantillon de 293 i 5.5K; ceci est dt aux effets
d'expansion ttrermique. I-es bandes attribu6es au
transfert de charge Fez++Fe3+ -> Fes+*Fe'+,
6chelom6es entre 14,000 et 18,000 cm{ des spec-
tres de la biotite, de la chlorite et de la cordi6rite
ont leur intensit€ presque doubl6e au refroidissement
de la temp€rature .ambiante i celle de I'h6lium.
Cette augmentation s'explique par la d6population
thermique d'un niveau 6lectronique, ou de plusieurs
de ces niveaux, prbs de l'6tat fondamental de la
transition Fe2++Fe8+ + Fes+*Fe2+.

Cfraduit par la R6daction)
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INrr,opucrloN

Assignments of metal-metal charge-transfer
M.M.C.T.) transitions in the optical spectra of
minerals have chiefly involved the two transi-
tion-metal ions, iron and titanium" These ions
give rise to two main types of transfer, one of a
homovalent nature (Allen & Hush 1967) involv-
ing the transfer of an electron between two Ya-
lence states of the same kind of cations (viz.
Fer**Feu+ + Fss+fFe2+ and Ti"+*Ti4+ +Ti4+
+Ti3+), and the other is heterovalent in char-
acter (Allen & Hush 1.967) and involves the va-
lence states of two different kinds of cations
(viz. Fez* 1Tia++ps3+fTit* and Fe2++Ti"*'->
Fe"+*Ti'*). For both types of charge transfer
in minerals the cations involved are usually, but
not always, situated in edge-sharing octahedral
sites. Exceptions include cordierite, in which
charge transfer occurs between Fet* and Fet+
in octahedral and tetrahedral sites respectively
(Faye et al. 1968), these sites sharing a single
edge with each other. In the optical spectra of
somo minerals (e.g. tour'maline and andalusite)
previously assiped Tis++Ti4+ -+ Ti4++Tis+
transitions [Faye & Harris 1969 (andalusite);
Manning 1968 (brown tourmaline); Faye et al.
1968 (geen tourmaline)l have been re-assigned
to Fe'*+Ti4* + Fe3*+Tit+ transitions lDowty
& Clark 1973 (andalusite); Faye et al. 1974
(brown and green tourmalines)1, due to the ab-
sence of Tia* in these minerals, and to the
author's knowledge no conclusive Fet+*Ti3+ ->

Fes++Ti2+ assignment has been made in min-
erals.

Optical bands attributed to Fe'*+Fe'* -+

Fes+*Fe!+ transitions in minerals have been
found mainly in the 12,000 to 18,000 cm-' re-
gron, whereas Fe"++Ti4* '+ Fe3++Tis+ and
Ti"*+Tin* + Ti4++Ti8+ transitions have gen-
erally been assigned in the 16,ffiO to 25,00O cm-r
region. In some minerals (e.g. sapphire) M.M.-
C.T. transitions involving the above ions have
been found outside these regions (Ferguson &
Fielding I97l);Loeffler et al. (1975) have given
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Specimens

The andalusite and green tourmaline samples
were obtained from Minex Lapidary, Mel-
bourne. The biotite and brown tourmaline snm-
ples were kindly provided by Mr. D. McColl,
muser rn curator of the Bureau of Mineral Re-
sources, Canberra. Dr. R. G. J. Strens provided
the cblorite and cordierite specimens. The min-
erals came from the following localities: anda-
Iusite from Brazil; biotite from Dinkum No. 1
mine, Plenty River, Northern Territory, Aus-
tralia; brown tourmaline from Yinnetharr4
Western Australia; chlorite from Zillerthal, Aus-
hia; cordierite (sekaninaite) from Dolni Bay,
Czechoslovakia. The source of the green tour-
maline is unknown.

Analyses of the chlorite and cordierite speci-
mens were known from previous studies (Smith
& Strens 7976), The other minerals were anal-
yzed with an electron microprobe fitted with a
lithiu'mdrifted silicon detector, as described in
Reed & Ware (1973). Titanium was not detected
in the green tourmaline and andalusite semples
with this method of analysis, and it was neces-
sary to re-exarnine the andalusite specimen by
emission spectroscopy and the green tourmaline
by standard electron microprobe techniques.
Partial analyses of tle minslals are shown in
Table 1.
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a comprehensive list of charge-transfer assign-
ments in minerals.

Previous studies of the temperaturedepen-
dence of M.M.C.T. bands in minlrals have been
confined largely to measurements of spectra at
room and liquid-nitrogen or helium temper-
atures. In one such study, Ferguson & Fielding
(1971) showed that the Fe2+-ppe"+ + Fe"+*
Fe!+ band at 11,500 cm{ in the Elc spectrum
of blue sapphire increased in intensity on cooling
the sample from 293 to 10K, whereas the Fee+*
Tiu+ -) Fe3++Ti8+ band at 17,800 cm-r (also in
the E Lc spectrum) showed little variation over
the same temperafure range. This was confirmed
by Smith & Strens (1976), who also found that
the Fd++Fe8+ + Fe8+*Feo* bands assigned at
74,1W, 14,300 and 17,600 cm-l in tle spectra of
biotite (Faye 1968), chlorire (Faye 1t68) and
cordierite @aye et al. 1968) respectively in-
creased in intensity on decreasing the sample
temperature trom 293 to -1,00K. Previous opti-
cal measurements of chlorite at 293 and 77K
(White & Keester 1966) showed simi141 results.

The present work extends these low-temper-
ature studies of mineral spectra, presents the
1;rs1 dstailsd results on the temperature-depen-
denco of Fe'+apss+ + Fes+*Fe2+ and Fer+*
Ti.* -+ Fe3++Tis+ M.M.C.T. transitions in min_
erals, and discusses possible physical processes
which may give rise to these results.

Mineral rrmsition l::iig;tt' 
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Measurements and resolution of spectra.

Sections cut parallel to the c axis were ob-
tained from large single crystals of andalusite,
and from the green and brown tournlalines. The
c axis was readily identifiable from the external
morphology of the crystals and from examina-
tion with a polarizing rnicroscope. The sections
were thinngd for spectral measurements and
polished in the standard manner.

Utilizing the distinctive pleochroism of cor-
dierite, a b< section was obtained from the same
single crystal as other cordierite specimens sfu-
died by Smith & Strens (1976). The correct
orientation of the section used here was con-
firmed by measurements of polarized spectra.

Basal sections were cleaved from a book of
biotite and a sample of uniform color and ap-
propriate thickness was chosen for measurement.
The basal section of chlorite used in this study
is the one previously measured by Smith & Strens
(1976). The sample was thinned slighfly and
repolished.

Absorption spectra were measured with a Cary
17 spectrophotometer. With the exceptions of
biotite and chlorite, sample measurements were
made with polarized light obtained from matched
Glan-Tho,mpson prisms inserted in the reference
and sample beams of the spectrophotometer.
Tho room-temperature spectrum of each mineral
section v/as compared with the corresponding
spectrum of a similar sample measured pre-
viously by Faye (1968) [biotite and chlorite],
Faye et al. (1968) [cordierite], Faye & Harris
(1969) landalusite] and Faye et al. (1974) ftrown
and green tourmalinesl. No noticeable differ-
ences in spectral features were detected in these
comparisons.

Variation of sample temperature was achieved
using a helium flow-tube technique in which a
variable flow of helium gas was passed over the
sample, glaUing it to be cooled from room
temperature to as low as 5.5K. The gas flow
was controlled by varying the voltage on a car-
bon resistor inserted in a helium dewar. Tem-
peratures could be stabilized to within a5K.
The sample was mounted on a stainless-steel
holder inserted in the flow tube. Temperafures
from 293 to 70K rilere measured using a copper-
constantan thermocouple with an ice-junction;
from 7O to 5.5K, a carbon resistor calibrated
from 100 to 4.2K was employed. Both temper-
ature probes were near the sample to ensure
that measured temperatures closely approximated
sample temperatures. The use of two temper-
ature probes made it necessary to employ two
sarnple holders, one in conjunction with the
thermocouple, and the other with the resistor.

Care was taken to ensure that sample position
and orientation were preserved in changing the
sample from one holder to the other. Spectra
measured at -7OK using the thermocouple and
the resistor were identical, and little error was
innolved in remounting the sample. Care was
also taken to ensure that the sample/sample
beam geometry was the same at all measured
temperatures with the sample beam always
central to the specimen. Where thermal con-
traction of the holder resulted in slight changes
of sample position, the appropriate adjustments
were rnade.

The measured spectra were converted to the
linear energy scale using a Hewlett Packard
9825A calculator in conjunction with H.P.
9862A plotter and H.P. 98@,A dig^tizer attach-
ments. A simple program was used for this
conversion. The calculator was then repro-
grammed to generate a number of Gaussian
waveforms which were superimposed on each re-
drawn spectrum. Ey varying the number, heights'
widths, and positions of these Gaussian curves,
a fit to each spectrum was obtained. For all
spectra, a Gaussian background was assumed
but was chosen to be fairly similar to a visually-
judged background. For a set of resolved spec-
tra, that is, the sPectrum of the same sample
measured at various temperatures, the areas of
the band of interest (e.g. the 22,700 cm-l band in
brown tourmaline) were determined and nor-
malized to the area of the band resolved from
the corresponding 5.5K spectrum. By means of
a simple program, areas were measured using
the H.P. calculator and digitizer.

At all measured temperatures, reasonable
one-band fits were obtained for the 20,800'
17,6W and 22,70O om-' bands in the polar-
ized spectra of andalusite, cordierite and brown
lsurrnaline, respectively (Figs. 1a, 3c and 5c),
there being no necessity to generate extra
components which would have a marked effect
on measurements of areas of these bands. For
chlorite and biotite, it was necessary to fit four
bands to the spectra in the 5,0OO to 21,0O0 cm-'
region (Figs. 5a,b). Although, without curve re-
solving, bands at 9,000, l1,0OO and 14,000 cm-l
are apparent in biotite and chlorite spectra (Figs.
3a and 3b), the bands in the 16'300 to 17,@0
cm-t region of the spectra are not so readily ob-
servable. Smith & Strens (1976) also detected
bands at 16,300 to 17,000 cm-' in biotite and
chlorite with a Dupont 310 curve resolver and
tentatively assigned them to Feo*+Fe"* + Fet**
Fe'+ charge transfer involving the higher lying
/en orbitals of the Fes* acceptor ion. Ilowever,
vlhether these bands are real or result from
methods of curve resolution is uncertain. We
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note that, in both chlorite and biotite, the re.
solved 16,300 to 17,000 cm-l bands appear to
increase in intensity on cooling. Resolution of
the green tourmaline spectra (Fig. 5d) resulted
in the generation of a band at 17,60O cm-r which,
to a minor degree, affected measuref,nents of in-
tensity of. the 24,600 cm-' band. Although this
band (previously resolved and attributed to
Fe'*aFg'+ + pss+1p.2+ charge transfer by
Faye et al. 1974) is not obvious at room tem-
perature, it becomes clearly visible on cooling
to 5.5K (Fig. 1c).

At temperatures lower than 50K, a minor
band was detected at -26,00O cm-' in the Elc
brown tourmaline spectra. The origin of this
band is unknown and its intensitv was so small
that it is visible only on experimental charts and
not on the smaller scale of Figure 5c. Because of
the low intensity of the band, it was difficult to
resolve and had Iittle or no effect on the results
obtained for brown tourmaline.

As might be expected, it was found that re-

Wqvenumber (10 a cm-1 )

Frc. 1. (a) Ellc polarized spectrum of andalusite,
specimen thickness 0.88 mm; b) ELc polarized
spectnrm of brown tourmaline, specimen thick-
ness 0.38 mm; (c) E 1c plartzed specrum of
greetr tounnallne, specimen thickness 0.57 mm.
The backgroirnd and resolution of the andalusite
spectrum measured at 5.5K are indicated bv
dotted lines (top diagram).

solution of a spectrum was extremely dependent
on the Gaussian background assumed for the
spectrum. AIso, for aDy set of spectra, read;just-
ment of the background was made at each meas-
ured temperature since the spectral absorption
edge retreated to higher energies on cooling of
ttre sample. In this study, it is both the choice
of background and movement of background
with temperature which are regarded as the ma-
jor sources of error in measuring band intensi-
ties. On this basis, the error bars in Figures 2a,
b, c and 44 b, c have been es imated.

Resurts AND DrscussroN

Figure la shows the 20,800 cmr band in the
Ellc polarued spectrum of an andalusite meas-
ured at 293 and 5.5K. The temperature-depen-
dence of the integrated intensity of the 20,800
cm-l band (reassigned from a Ti3++T'i4+ + Til*
*Ti3" to a Fe'+*Tia++Feo++Ti8+ transition-
Dofiy & Clark 1973; Smith & Strens 1976) is
displayed in Figure 2a and it is seen that the
band increases in intensity by approximately
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Frc. 2. The temperature variation of the integrated
intensity of: (a) 20,800 cma band in the Elfc spec-
trum of andalusite; (b) 22,700 cm{ band in the
E1c spectrum of brown tourmaline; (c) 24,600
cm-l band tn the E 1c spectrum of green tourma-
line. In all cases, the integrated band intensity Q)
is norrralized to the integrated band intensity
measured at 5.5K (Iro). The full curves repre-
sent experimental fits to the results obtained.
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20Vo on cooling from 293 to 5.5K. Similar re-
sults (Figs. 2b,c) were obtained for the intensity/
temperature variations of the 22,7W and 24,600
cm-l bands in the E-Lc spectra of a brown and
geen tourmaline, respectively. As with the 2O,-
800 cm-l andalusite band, both the 22,7@ and
24,600 om'l tourmaline bands have been reas-
signed t o Fe!++Ti4+ -r Fe3++Ti8+ charge-
transfer transitions (Faye et al, L974\. Figure
l.b shows measurements at 293 and 55K of the
Elc spectrum of the brown tourmaline, whereas
similar measurements for the Elc spectr.um of
the green tourmaline are in Figure lc.

Measurements, at room and heliun temper-
atures, of the unpolarized spectrum of a basal
section of chlorite'(FiS. 3a) show ttrat declease
in temperature has a more pronounced effect on
the band at 14,300 cm{ previously assiped to
the Feq++F"s+ - psa+.t-fe!+ charge-transfer
trancition (Faye 1968). In facl the integrated
intensity of the band increased by a factor of ap-
proximately two in cooling to heliu,m temper-
atures (Fig. 4a). Similar results (Figs. 4b,c) were

\rlhvenumber (104 cm-l )

F'rc. 3. (a) Unpolarized spectrum of basal section
of cblorite, sDesimcn thickness 0.16 mm; O) un-
polarized spectrum of basal section of biotitg spe-
cimerr &ickness 0.09 -m; (c) nllb(i polarized
spectrum of cordierite, specimen thickness 0.96
mm. The background and resolution of the cor-
dierito spectrum mea$rred at 5.5K are indicated
by dottedline+ (botlom. diagram).

obtained for the bands at 14,100 and 17,600 cm-'
in the unpolarized and EllD polarized sp€stra of
biotite an dcordierite, respectively. Again, both
bands have been previously assigned to the
Fd++Fe3+ + Fee+*Fez+ charge-transfer tran-
sition (Faye 1958-biotite; Faye et cl. 1968-cor-
dierite). Fieue 3c shows the Ellb spectnrm of
the cordierite measured at 293 and 5.5 K and
Figure 3b displays sitniler measurements made
for the rrnFolarized spectrum of the basal sec-
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Frc. 4. Tho tem,I,€rature variation of: (a) integrated
intensity of 143fi) c,n{ band (open squares) and
sun of integrated intensities of 14300 and 17,000
c,ma bands (full circles) in the unpolarized spec-
trum of chlorite; (b) inteerated intensity of 14,'
100 cm{ band (open squares) and sum of inte-
grated intensities of 14100 and 16,300 cm{ bands
(full circles) in the unpolarized spectrum of bio'
tite; (c) inteerated intensity of 17,600 cm-r band
in tho EllD spectnrm of cordierite. In all cases the
integrated band intenslty or snm of integrated
band intensities (l) is normalized to the intensity
measurements made at 5.5trC The full and dashed
lines show plots of the equation l/(l+€L/br)
with the values of A indicated in the figures. The
dotted line (middle diaeram) shows the plot of
the equation l/(L+€At/br+eLu/hr) with fu
and 4,, equal to 45 and 300 cm{ respectively. For
clarity, only one error bar of typical magnitude is
shown in the top and middle diagrams.
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tion of the biotite. A surnmary of experimental
results is in Table 1.

As pointed out by Ferguson & Fieldin g (L972),
it seems unreasonable to attempt to explain
M.M.C.T. band-intensity/temperature variation
simply in terms of increased orbital overlap due
to thermal contraction of the crystal. If this were
so, then sirnilarly polarized Fe'**Tio+ + Fet+*
Tit+ and Fe'**Fet* -+ Fes++Fe2+ transitions in
tho spectrum q1 s minerat would be expected to
display a similar temperature variation, and re-
sults obtained with sapphire (Ferguson & Field-
ne l97l) and toumaline (Smith, unpubl. data)
show that this is not the case,

ft is suggested here that thermal contraction/
increased overlap,(i.e. increased transition prob-
ability) is the main reason for the rather small
increase on cooling of the intensities of the
Fe2++Ti4+ + Fe3+*Ti"+ bands, but is only a
minor factor in the large intensity increases of

""2+-;Fe8+ 
-v ps8+{Fez+ bands on cooling fron

room to helium temperatures. In agreement urith
Ferguson & Fielding (1972), it is thought that
the intensity/temperature variation of Fe2+*
Fe"+ + Fet++Fe2+ bands might be better ex-
plained in terms of the thermal depopulation of

the ground statq because of the presence of
nearby levels.

6ss r.ming the existence of one level close to
the ground state and a single excited state in the
12,000 to 18,&)0 cm{ rangg with the transition
from the ground state to the excited state al-
lowed and the transition from the level close to
the ground state to the excited state forbidden,
then the intensity/temperature variation of the
14,3q) cm{ Fez+*Fe8+ -+ Fe"+*Fd+ band in
chlorite miebt be fitted to the thermal popula-
tion of the ground state obtained ftom Boltz-
sann statistics. This surve is of the form 1/
(l*eu\ and in Figure 4a is shown for two
values of A, where A is the difference in energy
between the ground state and the level close to
the ground state. For A=37 cm-t, the curve is
fitted to the temperafire variation of the sum
of the integrated intensities of the chlorite bands
resolved at 14,3W and 17,000 cna (Fig. 5a).
This assumes that the resolved 17,000 sm' band
is not real, but arises from our,method of curve
resolving. Ilowever, if a band is in fact present
at 17,000 cm-t, then a two-level Boltzmann fit
to the temperatlre variation of the 14,300 cm't
band alone requires A to be equivalent to -50
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cm4 (Fig. 4a). Similar curves involving the
above equation can also be drawn for biotite and
cordierito and are shown in Figures 4b and 4c
respectively. From Figure 4c it is seen that A=
110 cm-l gives a reasonable fit to the temper-
ature-dependence of the intensity of the 17,600
cm-' Fez+*Fe"+ + Fe8+*Fe2+ band in cordie-
rite. For biotite, as with chlorite, we again have
the problem of deciding on the feasibility of a
real band in the -16,30O to 17,000 cm-' region
(Fig. 5b). A fit to the temperature variation of
the biotite Fe'+*Fea+ -+ Fe"+*Fe,+ 14,100 cm-l
band alone gives A to be approximately 45 cm-l,
whereas A:60 cm-' is obtained in fitting the
temperature variation of the sum of the intensi-
ties of the bands at 14,100 and 16,300 cm-' (Fig.
4b). For both values of A, the theoretical fit is
poo,r at high temperatures. Tbis may imply a
thormal expansion contribution to the temper-
ature variation of the bands(s), or the existence
of more than one energy level close to the ground
state. Figure 4b also shows a curve of the form
L/(7+e-otnr I e'o"k*) where Ar and A, are equal
to 45 and 300 cm{ respectively. fq1 this Boltz-
manq thermal population curve to be a valid fit
to the temperature variation of the biotite 14,100
cm-1 band, it has to be assumed that only the
transition from the ground to the excited state
is allowed, whereas transitions from the levels
lying close to the ground state to the excited
state are forbidden.

Both visual inspection and resolution of the
.E_f c spectrum of blue sapphire measured at 293
and 10K by Ferguson & Fielding (1971) show
that the band at 17,800 om-10 assigned by those
authors to the Fe'+*Ti4+ + Fe8++Ti"+ charge-
transfer transition, has a smaller intensity in-
crease on cooling compared with the minerals
measured here (fable 1). This may simply be due
to the smaller thermal expansion of sapphire.
Alternatively, the low intensity increase of the
17,800 cm' band on cooling may be due to the
smaller cation - cation distance in ^sapphire
(2.794 in sapphire compared with -3.1A in bio-
tite) which has resulted in smaller spectral ef-
fects being observed for the thennal expansion
of the mineral. The band at 11,500 cm{ in the
E_l_c spectrum of sapphire (attributed to Fe2+r
Fe"* -> Fe8++Fe2+ charge transfer by Ferguson
& Fielding 1971) has aZAVo increase on cooling
Cfable 1). This increase could be accounted for
by assr',ming an energy-level scheme, with the
closest level to the ground state lying -335 cm-l
higher in energy. The value of 335 cm-l was de-
rived using the equation 1./ (lleakr), and assum-
ing the energy-level scheme and selection rules
as previously described for biotite, cordierite,
and chlorite.

whether or not Fe2++Fe3+ + Fe3**Fe'r
M,M.C.T. band intensity/temperature variation
can be explained in the above manner is, as yet,
uncertain, since the problems involved in cal-
culating charge-transfer energy levels are ex-
tremely complex (Loeffler et al. 7975; Hush
1967; Robin & Day 1967). The situation is com-
plicated further in that a thermal population ex-
planation makes it necessary to decide on a
mechanism which would generate a system of
energy levels with the appropriate selection rules.
Since the temperature-dependence of some pair-
type transitions (Ferguson et aI. 1967) is similar
to that of Fe'+*Fe'* -+ Fe8++Fe2+ transitions,
and since the temperature variation of the
forrrer type of transition is explained by the
thermal population of levels which arise from
superexchange coupling between pairs of ca-
tions, then it is possible that a similar magnetic
coupling may be responsible for generating levels
which affect Fe2++Fe3+ -+ Fe3++Fe2+ charge
transfer-type transitions. Here, an explanation
involving magnetic coupling would be in keep-
ing with the previous suggestion that Fez++
Tin* -+ Fes++Tis+ transitions are subject only
to thermal expansion effects. With this hetero-
valent transition there would be no magnetic
coupling between Fe'+ and diamagnetic Tia+
(d) cations, and the Fe'*a1++ + Fe'++Tis'
transition could arise only from one ground-state
level with no nearby levels subject to thermal
population. Alternatively, thg temperature va-
riation of heterovalent and homovalent charge-
transfer processes may be the result of the tem-
perature effect on electron-phonon interactions,
the nature of these interactions being somewhat
vague at present.

Finally, a comment about the temperature
variation of bands in the cordierite, biotite, chlo-
rite, and brown and green tourmaline spectra
assigned to Fez+ d-d nansitions. Inspection of
Figure 3c shows that the bands at -8,00O and
-10,fiX) cm-1 in the cordierite spectra, pre-
viously assiped to components of tle Fe'+BT"+
uE transition (Faye et al. 1968), shows a large
loss in intensity on cooling as might be expected
from vibronically-coupled electric dipole d-d
transitions. However, the brown and green tour-
maline spectra show that the bands at -9,00O
and -14,00O cm-' @igs. lb,c), which have been
similally assigned to the Fe'+5Ts+ uE transition
(Wifkins et al, 1969; Faye et al. 1974) increase
in intensity on cooling to helium temperatures.
This temperature variation is not that expected
from bands due to either forced electric dipole
transitions (as shown for cordierite - Fig. 3c) or
formally allowed transitions. Spectral bands
arising from the latter type of transition would
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be temperature-independent (Figgs 1,966), zl-
though possibly losing a certain amount of in-
tensity on cooling due to vibronic contributions.
In previous studies Smith & Strens (1970 at-
tempted to explain the temperature variation of
the 9,000 and 14,0tX) cm{ tourmaline bands by
zuggesting that intensity increases on cooling
were due to thermal population of the electronic
ground-state component of the non-degenerate
oTa level. Whether or not this explanation is
correct is uncertain. Ilowever, close inspection
of the biotite and chlorite spectra (Figs. 3a,b)
revealed that the bands assignd. to Fez+ d-d
transitions (Faye 1968) at -9,(X)0 and -11,000
cm-t also appeared to show an increase in in-
tensity as the temperature of the samples was
decreased. In fact, curve analyses of the spectra
revealed that resolved 9,00O and 11,00O cm-x
bands in both the biotite and chlorite spectra
measured at 5.5K were -ZOVo greater in in-
tensity than resolved bands at similar energies
in the corresponding room-temPerature spectra.
Although the errors in curve analysis are large,
these resolved intensity increases of the 9,000
and 11,000 cm-1 bands in biotite and chlorite
on cooling may well be consistent with the re-
sults obtained for the temperature-dependence
of the tourmaline near-infrared bands and re-
quire a similar physical explanation.
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