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^ A spectral study is reported of the origin of colour and pleochroism of a titanaugite
from .Kaiserstuhl, Germany. Polarised spectra of o-D seciions of titanaugite show a
pleochroic band at -L4000 cm-l that has been assigned to Fe2+ + Fes+ chaige-transfer.
Intra-cationic d,4 bands of octahedrally-bonded ps2+, psa+ and Ti8+ have been ob-
served at 10000 cm-r, 22000 cm-1 and 19000 cm-I, respectively. Polarised spectra of a-c
sections of riebeckite from St. Peter's Dome, El Paso County, Colorado, show a pleo-
chroic band at 15700 cm-r that is polarised along metal-metal directions, and is assigned
!o Fer+ + Fe8+ charge-transfer. The field-independent transition 6Ar + 4Ar4E(G) inFes+
is observed at 23000 cm-r. Intra-catior il,.-d, bands of Fe2+ appear as weak shoulders on
the limb of the 15700 cm-l band.

INrnonucuor.[

That optical absorption spectrophotometry is a facile means of
providing information on the structures of transition metal-bearing
minerals is now well established. Optical spectra have been used to
determine the local symmetry of the anionic environment around the
cation (Burns, 1965; Burns and Strens, 1967). Other workers have
studied minerals whose absorption spectra are complicated by the
simultaneous presence of two or more transition metal ions. but in which
site distortions from cubic symmetry are relatively unimportant in the
spectral interpretations (Faye, 1968a, b; Manning, LgGZa, b). In the
latter type of study, information has been obtained on the location and
valence states of transition metals in a variety of minerals, the analytical
implications of which are worthy of further study.

In an electrostatic crystal field, the cation 3d orbitals are split, and
this splitting gives rise to a number of electronic energy levels. Electronic
transitions from the ground state to higher energy levels occur by way
of absorption of radiation in and around the visible region of the electro-
magnetic spectrum. EnergyJevel diagrams for transition metal ions in
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cubic fields have been calculated by Tanabe and Sugano (1954)' and the
comparison of the observed absorption bands with these energy-level
diagrams permits the assignment of the bands. It should be stressed that
these transitions, which form the basis of the work described in the
previous paragraph, occur between energy levels within a given transi-
tion-metal ion.

A recent development in the study of the absorption spectra of
minerals has been the assignment of pleochroic bands, in the energy
range 13500-L7000 cm-l (750-600 mp), to Fe2* --> Fe3+ electron transfer.
In 1965, Littler and Williams assigned a strong absorption in the spectrum
of crocidolite to Fe2+-Fe# interaction, and confirmed their assignment
with electrical-conductivity measurements. Faye (1968o, b), Robbins
and Strens (1968) and Faye, Manning and Nickel (1968) have identified
Fez+ -+ Fes+ charge-transfer bands in tourmaline, sheet silicates, cor-
dierite, kyanite and vivianite. Faye, Manning and Nickel (1968) esti-
mated the extinction coefficients of the bands to be ) 100, while Robbins
and Strens (1968) calculated extinction coefficients to be in the range
1,50-1000, depending on the mineral. In these minerals, the Fe atoms
share octahedral-octahedral or octahedral-tetrahedral edges, and electron
exchange occurs by way of direct cation d,-orbital overlap or by indirect
overlap by way of oxygen pzr orbitals.

However, comparatively little is known of the spectra of Ti-bearing
minerals. Titanium has two main valence states, Ti3+ and fia+, and the
ions have different ionic radii (0.76 and 0.67 A). Both are known to
occur in silicate minerals, although, in general, one valence state will
predominate in a given mineral. 11a+, being a 3il0 ion, does not exhibit
intra-cationic d,-d, bands, and for this reason TiOz is a colourless pigment.
However, Ti3+, a 3d1 ion, when in octahedral coordination, absorbs in the
blue-green part of the spectrum; the absorption is relatively broad and
marks the only spin-allowed transition tzq -+ as. The ion Ti8+ absorbs at
19000cm-r in andradite (Manning, 1967a), 17200cm-l in chloritoid
(Faye, Manning and Nickel, 1968) and at 20300 cm-l in Ti(OHz)o*
(Hartmann and Schlafer, J,951). Apparently, therefore, a broad absorp-
tion band in the blue-green region of the spectrum of a Ti-bearing
mineral identifies Ti3+, while the additional presence of Tia+ may in
some instances be inferred from the extinction coefficient of the band
(spin-allowed intra-cationic d,-d, bands generally have extinction co-
efficients of F-50).

Manning has assigned absorption bands at 2200V23000 cm-l in the
spectra of astrophyllite (19680), brown clintonite (1968a) and brown
tourmaline (1968b) to Tis+ -> Ti+ charge transfer. The band in each
mineral is pleochroic, and is polarized along the Ti-Ti directions, which
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lie in the 001 planes of clintonite and tourmaline but are perpendicular
to the 001 plane of astrophytlite. This accounts for the different pleo-
chroic schemes of clintonite and astrophyllite, the former showing
maximum absorption in Eli(001) specrra and the latter in E a (001)
spectra.

In the current paper, the absorption spectra of a titanaugite from
Kaiserstuhl are examined. The colour of titanaugite has earlier been
assigned to Ti'+ (Burns and Fyfe, Lg67), presumably because of the
similarity of the spectrum to that of Ti(OHr)ua+.

Polarized absorption spectra of a riebeckite from st. peter's Dome,
El Paso county, colorado, are also reported in this work. Although the
Prussian-blue colour of crocidolite has earlier been assigned to Fe2+->Fea+
charge-transfer (Littler and williams, 1g6b), the polarization properties
of the band are nevertheless of interest.

ExpBnruBnrar, DBrerr,s

The titanaugite, reportedly from Limberg, Kaiserstuhl, Germany, was
provided by R. schaffiath, a private collector in Frankfurt, Germany.
The sample consisted of black grains of titanaugite in limburgite. The
riebeckite is from St. Peter's Dome, El Paso County, Colorado, and was
provided by H. R. Steacy, curator of the Reference series of the National
Mineral Collection, Ottawa.

oriented thin sections of both minerals were prepared by orienting
single crystals by their external morphology, and cutting l-mm thick
slabs by means of a wire saw, polishing one side, and mounting it on a
glass slide. The other side of the slab was ground and polished to the
desired thickness. orientations were confirmed by optical interference
figures obtained by means of a petrographic microscope.

Because of the cleavage properties of riebeckite, it was not possible to
prepare o-& sections thin enough to permit resolution of the 15200-cm-1
band in Ellb spectra. Accordingly, a-c and b-c sections were prepared,
and E l- c and Eflc spectra of an a-c section are presented in this paper.

Spectra were measured with Cary-L| or Beckman DK-2A double-
beam spectrophotometers. Nicol prisms were used with the former
instrument and Polaroid film with the latter, as polarizers.

Extinction coefficients are calculated from

A
, :  

C X l l i t re /mole.cm

where -4 is the band absorbance, c is the cation concentration in
moles/litre and I is the thickness (in cm) of the sample.
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Frc. 1. Structure of diopside projected on 001 (from warren and Bragg, 1928); this
can be taken as an approximation of the titanaugite structure.

DrscussroN

Structur es of t'itanau.gi'te and' r'iebeck'ite
The structure of titanaugite, Ca(Mg, Fe, Ti)(SiOa)r, is generally

regarded as being similar to that of diopside, CalVIg(SiOs)2, which is
presented in idealized fashion in Fig. 1. It is evident from Fig. 1" that, in
an a-b section. metal-metal interaction can occur by way of orbital
overlap parallel to b, because of the sharing of octahedral edges in this

direction. However. there will be no metal-metal charge transfer perpen-

dicular to b. Therefore, polarized spectra oI a-b sections of titanaugite
will allow the identification of metal-metal charge-transfer bands: such
bands will be observed in Ellb(Y) spectra but not in trlla(X f Z) spectra'
(E represents the vibration direction of the electric vector of incident
light.)

Considerations of ionic radii (Day and Selbin, 1962) alone suggest

that the cations Fer+ (0.76A;, F"r+ (0.64A), 1ia+ (0.764) and tia+
(0.68 A) will occupy the Mg (0.65 A) sites (M) predominantly, rather
than the larger Ca (0.99 A) sites (Mz). This reasoning is supported by
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Frc. 2. Structure of tremolite projected on 001 (from Bragg, 1gB7); this can be taken
as an approximation of the riebeckite structure.

the fact that a continuous range of compositions exists between the
extremes of diopside, CaMg(SiO)2, and hedenbergite, CaFe(SiOa)2.

The structure of riebeckite, Na2Fe3z+Feza+(SiaOzz) (OH, F)2, is similar to
that of tremolite, which is presented diagrammatically in Fig. 2. Here,
also, metal-metal charge transfer can occur when the vibration direction
(E) of the electric vector of incident light is paraller to b, but not when
Ello because E is then perpendicular to all metal-metal directions.

A' 5 0 d -

;*x.;
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There are two Fe-I.e distances in riebeckite, S.2 A for Mz-N{r and 3.1 A

for Mr-Mz (Whittaker, 1949). It can be deduced from Fig' 2 thal

metal-metal charge-transfer bands will be observed in Ellc spectra

because the projection of the Fe-Fe distance onto the c-axis is large.

Accordingto whittaker (1949) and Burns and Prentice (1968), the

Fe2+ and Fes+ ions are non-randomly distributed over the Mr, Ms and Mg

sites in crocidolite. Most of the Fes+ is located in the Mz sites, while

Fez+ ions predominate in the Mr and M3 positions with a preference for

the former. A similar distribution can be assumed in riebeckite'

Spectr a of ri,eb eck'i,te
The E I c and Ellc spectra of an a-c section of riebeckite are shown in

Fig. 3, from which it is evident why riebeckite is brown in the former

orientation and Prussian blue in the latter. The Ello' (o' is tJre direction

normal to b and c) spectrum of. an a'-b section (-Lc) is similar to the

E I c spectrum of the o-c section (Fig. 3), while Ellc and Ellb spectra

are also qualitatively similar to each other.
The Fe concentrations in our sample of riebeckite are approximately

l\/s lower than the Fe values determined by Kunitz (1930) on a rie-

beckite from Pike's Peak. Our riebeckite, therefore, has 1'7 Fe3+ and

2.4 Fe+ ions per unit formula, compared with 2 and 3 ideally' The

pleochroic properties of the 15700 cm-1 band in Ella and E[lc spectra

ipig. S) show, in conjunction with the chemical analyses, that the band

is an Fe2+ --+ F'ea+ charge-transfer band, confirming the conclusion of

Littler and williams (1965) for crocidolite. The energy of the band is in

the middle of the range observed for Fez+ -> F"e3+ charge-transfer bands

in other minerals (Robbins and Strens, 1968; Faye, Manning and

Nickel, 1968). The e-value of the band is -150, based on the Fez+

concentration and on the number of Fes+ neighbours Per Fez+ ion, and

the thickness of the section.
The sharp absorption at 23000 cm-1 in Ellc spectra of riebeckite

(trig. 3) very likely marks the first field-independent -transition
6Ax --+ 4A14E(G) in Fe3+. The band is sharp and prominent in E[lb spectra

also, but is weaker and less evident in Ello' spectra. In general, the

intensity of the 23000 cm-r band follows the intensity of the 15700 cm-l

charge-transfer band, and is probably a manifestation of Engleman
(1960) mixing. The e-value of the 23000 cm-r band in Ellc spectra is 10,

confirming that, because spin-forbidden transitions have generally much

lower values of e (Manning, 1967a), the band is "borrowing" intensity

from the 15700 cm-1 band.
The presence of only one sharp absorption band in the spectrum of

riebeckite is consistent with earlier suggestions (Whittaker, 1949;
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Frc. 3. Absorption spectra of an a-c (0r.0) section of riebeckite, 0.02 mm thick.
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Burns and Prentice, 1968) that Fe3+ ions are located mainly in one site.

The Fez+ intra-cation d'-d, bands (not included in Fig' 3) occur as

shoulders on the limb of the L5700 cm-1 band. This, together with the

fact that Fez+ is distributed over M1, Mz and Ma sites makes interpreta-

tion of the bands difficult. The Fe2+ d,-d bands do not make important

contributions to the colour and pleochroism of riebeckite, and so they

will not be considered further here.

Spectr a of ti'tanaugi,te
Polarized spectra of an a-b (001) section of titanaugite are shown in

Fig. 4, while Fig. 5 shows the spectrum of a cleavage section in un-

polarized light.
The interpretation of a spectrum depends, of course, on the clear-cut

resolution of the bands that make up the absorption envelope. The

spectra of titanaugite in Figs. 4 and 5 quite obviously have at least three

components, two readily identifiable bands at 10000 cm-1 and 22000 cm-l

and also a very broad absorption that sweeps through most of the

visible region. That this latter broad band is a composite of at least two

other broad bands can be deduced in the following manner: firstly, the

band, if centred around 17000 cm-l, would have a half-width of at least

6500 cm-l, which is too large for transitions of the type we are considering

here; and secondly, in the 600mp region, the Ella and Ellb spectra are

concave and convex respectively, strongly suggesting that a broad

band centred at approximately 14100-15000 cm-r is present in Ellb

spectra but not in Ello spectra. Intuitively, there has to be another

broad absorption at -19000 cm-1. This interpretation is confirmed by

the resolution of the spectra into their composites using a Dupont

curve analyser. The number of composites derived from the envelopes

depends on how the background charge-transfer band, centred in the

uliraviolet region, sweeps into the visible region. The best fit was ob-

tained assuming a skewed Gaussian shape for the absorption edge,

resulting in the dashed curve in Fig. 5. The spectra in Fig. 4 were analysed

using a similar background, which almost coincided with the spectral

curve at approximately 650 mp in Ello spectra.

The unpolarized light spectra in Figs. 4 and 5 were resolved into four

component bands, the bands having similar energies and shapes in both

spectra. Judging by eye, as done above, the presence of four bands

seems very reasonable. The component bands are shown in Fig. 5. The

14000-cm-1 band in Fig. 4 is obviously pleochroic and accounts mainly

for the pleochroism of the titanaugite. The 10000 cm-1 and 220c0 cm-r

bands are only weakly pleochroic, and are likely therefore to be intra-

cation d,-d' bands.
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ENERGY CM-rr lOl

Frc. 5. Absorption spectrum of cleavage section of titanaugite (top), 0.02-cm thick;
the dashed curvl repreients the assumed absorption edge, and the intermediate curves
represent the resolved peaks obtained with the Dupont curve analyzer.

A chemical analysis of a titanaugite from Sasbach in the Kaiserstuhl

is reported in Dana (1911). The principal transition-metal ions present

are Fez+ (37d, Fe* (3.5%) and Ti (2.5%). Chemical analyses of

titanaugites listed in Deer, Howie and Zussman (1962) show that high

concentrations of Fez+, Fe3+ and Ti are invariably present. Our sample
of titanaugite, the identity of which was confirmed by r-ray diffraction,
contained 6/o total Fe and 2.870 Ti, in agreement with the published

analysis.
With these cations in mind, and based on the conclusions of earlier

papers (Robbins and Strens, 1968; Faye, Manning and Nickel, 1968;
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Manning, 1968 a, b), the following electronic transitions could con-
ceivably be observed in the titanaugite:

(i) uTr+6E(D) in octahedrally-bonded Fd+; absorption bands ex-
pected in the near infrared region at -10000 cm-r, with e - 5_10.

(ii) Fe2+ -+ Fe'+ charge-transfer; pleochroic absorption band expected
in 1350G-17000-cm-1 range, with maximum intensity in Ellb
spectra.

(iii) '?T, +'2E(D) in Ti8+; absorption band expected in 12000-
20000 cm-r range (see also Manning,lg67 a).

(iv) 6Ar --+aA1aE(G) transition in Fe+; probably in the range 21g00_
23000 cm-l (see also Manning, !967 a, b) ; band expected to be
sharper than others in spectrum because this transition is field-
independent.

(v) tit+ -+ Tia charge-transfer; pleochroic band expected at 2200a-
23000 cm-l, with maximum intensity in Elle spectra and minimum
in Elfa.

Therefore, there seems ample justification in assigning the 10000 cm-1
band with e- 10 to Fe2+ (z), the -14000cm-1 band to Fe2+->Fee
charge-transfer (iz), the 1g000 cm-l band to Tie (i,ifi, andthe 22000-cm-r
band to p"a+ (iz). Because the parent cations in augite and diopside are,
for the most part, divalent, most of the Ti will likely be Tisl and the
low Tia+ content is probably reflected in the absence of a pleochroic
band at 22000 cm-l in titanaugite. The e-value of the 22000 cm-l band,
based on an Fe3+ concentration of -B.sVa is in the range s-10 litres/
mole'cm, indicating that, as in riebeckite, the band gains intensity from
its proximity to intense charge-transfer bands.

The pleochroism of titanaugite would seem to be due mainly to
Fe2+ -> Fe3+ charge-transfer, while the colour is due to transitions
(i'i,)-(in), above, superimposed on the limb of the ultra-violet absorption
edge.

CoNct usroNs

Absorption bands in the spectrum of a titanaugite from Kaiserstuhl,
Germany, have been assigned to d,-d electronic transitions in Fe2+, Fes+
and ri'+, and also to Fe2+ -+ Fes+ charge-transfer. The pleochroism of
titanaugite is due in the main to the last-mentioned process. All these
electronic transitions, except those in Fe2+, are observed in the visible
region, and together with the limb of absorption edge, account for the
colour of titanaugite.

A pleochroic absorption band, polarized along Fe2+ -> Fea+ directions,
is the obvious main contributor to the colour and pleochroism of a
riebeckite from st. Peter's Dome, El paso county, colorado. The band
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marks Fez+ -> Fes+ charge-transfer, and is observed at 15700 cm-l. A

relatively weak, sharp peak at 23000cm-1 is assigned to the 6Ar->4AlE(G)

transition in Fe3+. The latter band borrows intensity from the intense

Fe2+ --+ Fe3+ charge-transfer band.

The presence of the Fes+ d,-d, band at 23000 cm-1 in riebeckite spectra

shows ih"t the d-electron is localized on the Fe2+ ion, 'i,e., Fe2+ and Fe3+

exist as discrete ions in riebeckite. In the riebeckite specimen, each Fel+

ion has on average a Fd+ neighbour.
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