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THE POLARIZED OPTICAL ABSORPTION SPECTRA OF
TOURMALINE. CORDIERITE. CHLORITOID AND

\TIVIANITE: FERROUS-FERRIC ELECTRONIC
INTERACTION AS A SOURCE OF

PLEOCHROISM'

G. H. F.tvn, P. G. M,rxNrNG AND E. H. NrcrBr, Department
oJ Energy, Mines and Resources, Ottawa 4, Ontario.

ABSTRACT

The polarized optical absorption spectra of tourmaline (blue-green), cordierite, chlori-

toid and vivianite have been measured in the 7,000-30,000 cm-r (1430-330 nm) region.

In the near-infrared region each spectrum exhibits a d d.band system assignable to the
5T:+5E transition of l-e2+ in pseudo-octahedral sites. This system is split into t\\,o com-
ponents by the dynamic Jahn-Te11er mechanism in the spectra of vivianite and chloritoid.

AII spectra show a number of minor features in the visible region that are probably due

to spin-forbidden transitions of octahedrally-bonded Fe2+.
The marked visible pleochroism of cordierite, vivianite and to a lesser extent of the

tourmalines, is due to a strongly pleochroic band that is considered to be due to the electronic

interaction of adjacent Fe2+ and Fe3+ ions so located in the crystal lattice that certatn of

their d-orbital lobes overlap, in many cases, along specific crystallographic directions.

It is suggested that the Fe2+-Fe3+ interaction is among the more important and u,-ide-

spread causes of pleochroism in ferromagnesian silicates.

INrnooucuoN

The pleochroism of various ferromagnesian sil icates (e.g., orthop-vrox-
ene) has been considered by Burns (1966) to be due, at least in part, to
polarized absorption bands in the ultraviolet region of the spectrum that
represent Fe2*---+NI>z+ electron transfer processes (where M>2+ represents
cations such as AI3+, FeB+, Ti8+, Ti4+ etc.). Such pleochroism is mani-
fested by the differing degree to which the low-energy limb of ultraviolet-
centered absorption band(s) penetrates the visible region of the spectrum
as the orientation of the mineral is changed in polarized l ight.

According to Burns (1965), visible pleochroism in ferromagnesian
silicates is also caused by the polarized "d-d," bands which arise from
Fe2+ in distorted six-corodinate sites. Recently Newnham and Farrell
(1967) explained the pleochroism of cordierite on such a basis.

In a recent study of the polarized absorption spectra of certain sheet
sii icates exhibit ing normal pleochroism (Fay'e, 1968), evidence was found
for the Fe2+-)(Al3+, Ti3+, T'i4+) type of interaction such as that proposed
by Burns. However, the pleochroism of transverse ( -1001) sections of
chlorite and biotite, for example, was also found to be markedly in-
fluenced by a polarized absorption band centered at 14,000 cm-t(-799
nm). It was proposed that this band is due to the electronic interaction
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ABSORPTION SPECTRA OF SILICATES 1 1 7 5

(1.e., electron transfer) between Fe2+ and Fe3+ ions lying in the infinite
planes of octahedrally coordinated cations in the sheet sil icates. Such an
explanation necessarily involves the concept of overlapping d-orbitals of
adjacent ions as the path for electron transfer.

In this laboratory recent studies of the polarized absorption spectra of
a number of iron-bearing minerals (mostly silicates) suggest that the
electronic interaction of Fe2+ and Fe3+ might be among the more impor-
tant and widespread causes of pleochroism. A principal purpose of this
paper is to substantiate this thesis by a detailed consideration of the
crystal structures and polarized spectra of selected specimens of tourma-
line. cordierite. chloritoid and vivianite.

This work also presents an interpretation of the non-polarized features
of the spectra of each of the four minerals and shows how most of these
can be assigned to either spin-allowed or spin-forbidden transitions of
Fe2+ in approximately octahedral sites.

ExpnnrlmNrar

Mineral samples.

The specimens of cordierite, vivianite, chloritoid and tourmaline
T-Bl-1 were obtained from Mr. H. R. Steacl-, curator of the reference
series of the National Mineral Collection, Geological Survey of Canada.
Tourmaline T-Gr-l was obtained from Mr. L. Moyd, curator of the
display series of the National Mineral Collection, National Museum
of Canada. The locality of occurrence and partial analyses of these speci-
mens are given in Table 1.

The tourmaline and cordierite specimens were analyzed for Fe2+ by a
modification of the method of Groves (1951). The remaining analytical
data were obtained by methods similar to those previously outl ined by
Faye (1968,  1968a).

A p par otus ond erperimento) teclmique.

The relatively large single crystals of the tourmalines, being uniaxial, were simply cut

parallel or perpendicular to the c-axis with a wire saw. The resulting sections were ground to

a thickness suitable for the measurement of the desired spectra.

In preparing vivianite for spectral measurements, sheets of suitable thickness were

cleaved from large single crystals, which permitted measurements to be made parallel to

the two principal optical directions lying in the basal plane. For measurements along the

third principal optical direction, sections perpendicular to the basal plane were obtained by

embedding the crystals in a mounting resin, and cutting sections normal to the cleavage

plane with a wire sau-. The sections were then rnounted on glass slides and ground to a

thickness suitable for optical measurements.

Sections of chloritoid parallel to (010), which corresponds to the optic plane, rvere ob-

tained by first identifying the optic plane in a thick cleavage fragment by means of its

optical interference figure, embedding the fragment in resin, and then cutting a section

parallel to the optic plane, and reducing the section to a suitable thickness. This section
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enabled absorption measurements to be made parallel and perpendicular to the a direction,

which corresponds to the trace of the 001 plane in the section.
Because the cordierite did not have easily identifiable cleavage or external morphology,

a thin section was cut at random, and the principal optical directions were determined using
a universal stage. This technique enabled the crystal to be oriented in such a u'ay that

sections containing principal optical directions could be cut. These were subsequently cut

by the wire san' and ground to a suitable thickness. The correct optical orientations of the

completed sections were confirmed by optical interference figures obtained lvith a petro-
graphic microscope.

M easur em ent oJ s p ectr o.

All spectra were measured at room temperature lvith a Beckman DK-2A recording

spectrophotometer equipped with a sample holder having variable apertures for sample and
reference beams

Polarized spectra were obtained using either a pair of matched Nicol prisms or sheets
of Polaroid film in the sample and reference beams. Experiment shorved that the Polaroid
fi1m was inefiective as a polarizer at wavelengths longer than 800 mm.r Therefore, except

lvhere otherwise noted, the spectra in the infrared region'were measured using Nicol prisms

as polarizers.
The vibration direction, symbolized by/i or ZI to a specific crystallographic or optical

direction, is marked on the appropriate spectra in the figures of this paper. Similarly UN
refers to unpolarized spectra. Approximate extinction coelficients u,ere calculatecl from the

expression e:A/CXl where,4 is the absorbance at bancl maximum, C is the cation con-

centration in moles/liter and / is the thickness in cm Net absorbance values rvere deter-

mined visually by assuming a gaussian distribution under each spectral feature, ancl, by

taking into account the background absorption and possible overlapping of neighboring

bands.
Minor vibrational bands in the infrareC region of certain spectra have been deleted for

clarity.

Tounu.q.rrNB

S I r u cl ure of lo ur mal i ne.

Tourmaline, Na(Mg, Fe, Mn)3A168aSioOzz(OH, F)+, has a verv complex
structure (Donnay and Buerger, 1950), but for the purpose of explaining
its absorption spectra it is necessary to consider only the disposition of
the two kinds of sites containing octahedrall l, coordinated atoms, i.e. the
(Mg, Fe, Mn)-site and the Al site.

As shown in Figure 1, the (Mg, Fe, Mn) ions l ie in trigonal planes that
are perpendicular to the c-axis. Each of these ions is surrounded by a
nearly regular octahedron of four oxygen ions and two hydroxl-l groups
(omitted from Fig. 1 for reasons of clarity). These octahedra each share
two edges with the adjoining octahedra in the trigonal plane, and two

I In the original experimental work the authors unwittingly assumed that Polaroid film

was efiective in the infrared region. Hor-ever, as pointed out by the referee of the present

paper, this assumption lvas invalid As a consequence most of the spectra v.ere remeasured

using Nicol prisms and certain corrections (mainly in intensities) l.ere made. It is to be

emphasized that these changes do not influence significantly the basic interpretations of the

tlresent work.
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Frc 1. A (001) projection of (Mg, Fe, Mn) ions (black circles) and Al ions (open circles)
in tourmaline. Figures indicate fractional distances above the zero plane Short metal-

metal distances, representing directions across shared octahedril edges shown as solid

lines betr,veen (X{g, Fe)-(Mg, Fe), and as dashed Iines betrveen (MS, Fe)-Al.

edges rvith distorted AI-centered octahedra. These Al ions are displaced by
0.01-0.02 A above the trigonal planes.

Each Al-centered octahedron also shares two edges with adjoining AI-
centered octahedra, forming, in effect, spiral chains in the c-direction.

The absorptioix spectra oJ bl,ue a.nd, green tourmalines.

Figures 2 and 3 show the polarized and unpolarized spectra of a dark-
blue (T-Bl-1) and a medium-green (T-Gr-l) tourmaline, respectively.
Except for spectrum LrN-2 in Figure 2, which is that of a basal (001) sec-
tion of a blue tourmaline, the spectra are those of sections cut parallel to
the c crvstallographic axis (optic axis).

The spectra of green and blue tourmalines in the visible region are
dominated b)'a pleochroic absorption band at -14,000 cm-l, while blue
tourmalines also show a pleochroic band in the near-infrared at 9,000
cm-1. Certain green tourmalines, on the other hand, show two pleochroic
bands in the near-infrared, at 9,000 cm-1 in E Lc spectra and at 7,900 cm-l
in Ellc spectra. Other green tourmalines, however, show only one impor-
tant band in the near-infrared, at 9,000 cm-t in.E Ic spectra. Only the un-
polarized spectra of the infrared region are shown in Figure 3.

The spectra are dominated by pleochroic absorption bands at -14,000

cm-1 and -9,000 cm-l. These two features are typical of the spectra of

--ol7 a'.so b 50
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cnir r lCl5

Frc. 2. Absorption spectra of tourmaline T-BI-1. Ellc, ELc and UN-1 are spectra of

section cut paraliel to c-axis, thickness 0.029 cm; UN-2 is unpolarized spectrum of a basal

(001) section, thickness 0.012 cm.

all green-blue tourmalines examined in this laboratory. It is to be noted

that the spectra of pink tourmalines differ greatly from those of Figures

2 and 3. However, this wil l be the subject of a future paper'

Because the high-energy l imb of the -14,000 cm-1 band extends into

the visible region (25,000- 14,000 cm-l) its variation in intensity with

changes in orientation of the mineral section in poiarized light is an ob-

vious cause of visible pleochroism. Such pleochroism also results from

the pleochroic properties of the intense background (charge-transfer)

absorbance sweeping into the visible from the ultraviolet region of the

energy spectrum. This feature is much more pronounced in the spectra of

T-Gr-1 than in those of T-Bl-1.
Figure 4 shows the low-intensity features that appear in the unpolar-

ized spectrum of a relatively thick section oI T-Bt-1. These are similar in

intensity, energy and number to those of vivianite, and other minerals

of the present study containing appreciable amounts of ferrous iron. For

comparison purposes the energy of the minor bands of tourmaline are
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Frc. 3. Absorption spectra of tourmaline T-Gr-1. Ellc, ELc and UN-I are the spectra of
a section cut parallel to the c-axis, thickness 0.05 cm. (certain spectra shifted along absor-
bance scale for convenience of presentation.)

I isted in Table 2 together with those of the other minerals; these wil l be
discussed later in this paper.

Inter pretotion oJ spectra.

The or ig in of  p leochroism.
The polarized spectra of Figure 2 and 3 are similar in several important

respects to those of transverse (i.e., L00l) sections of chlorite, biotite and
phlogopite (Fave 1968). The spectrum of chlorite, for example, shows a
highil '  pleochroic band at 14,300 cm-1 as well as pleochroic background
absorbance originating in the ultraviolet region of the spectrum these
two leatures were shown to account for the intense visible pleochroism of
the transverse sections of the minerals.

It was proposed (Fai'e 1968) that the pleochroic band at -14,000
cm-l in the sheet sil icate spectra is due to "electron hopping" between
Fe2+ and Fe3+ ions lying in the infinite planes of octahedrally coordinated
cations. Such interaction was shown to be induced when the electric vec-



t 8

ABSORPTION SPECTRA OF SILICATES 1181

475 5m 550 600 .,

' " f f i " o z J z z 4 , " 1 9 t e

t 7

@o
z
@

oq
o

t 4

m-lr lo-5

I.to. 4. Unpolar.ized spectrum of tourmaline T-Bl-1 showing low-intensity features due

mainly to spin forbidden transitions of Fe2+, thickness of section (llc-axis) 0.11 cm.

sil icates.

cated in adjacent AI and/or (Fe, Mg) sites. Consideration of the orienta-

tion of the octahedral sites indicates that such a process could take place

through overlapping d orbitals of the t2, set of adjacent Fe2+ and Fe3+

ions. of the t2 lobes of the d,.o, dr" and d",1 orbitals on each iron ion, a

maximum of four are suitabl.v oriented to participate in orbital overlap

1 Here r, y, z, refer to the cartesian axes commonly used to denote the orientation of

atomic orbitals antl are not to be confused with the crystallographic axes.
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with neighbors. The remaining l2s orbital lobes are not directed "end-on"

at corresponding lobes on adjacent ions and consequently play no part in

the pleochroism of tourmalines.
TLe -14,000 cm-r band is not present in the E I001 spectrum of chlo-

rite, for example (Faye, 1968), because theelectric vector of the incident

lines (Fig. 2) is obviously much higher than the ratio for green tourma-

lines. To account for this it seems necessary to assume that, where va-

of the mineral section.
In general, extinction coefficients (e) for ligand--+metal charge-transfer

processes are greater than 103 liters/mole-cm (Drago, 1965, p' 151)' As-

iuming that each Fe3+ ion can interact with a neighboring Fe2+, then

e*u* for the 13,700-13,900 cm-l bands in the ELc spectra of the two tour-

malines are 100 liters/mole-cm (based on Fe3+ concentrations). If the

Fe3+ or Fe2+ ions are clustered, however, the number of interacting Fez+-

Fe3+ pairs is reduced, and the above e-value of 100 will therefore be a

minimum.

5Tr--+5E band of pseudo-octahedral Fe2+.
Fe2+, a d6 ion, in an octahedral field gives rise to an absorption envelope

due to the 5T2 (uD)-rtE (5D) transition. In certain spectra this envelope

is split bv the dynamic Jahn-Teller mechanism for effect (Jahn and

Teller 1937). It is well established that the 5Tz-+5E band appears near

10,000 cm-r in the spectra of Fe2+ in an octahedral environment of oxy-

gens (Low and Weger, 1960; Cotton and Meyers, 1960; Burns, 1965;
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Jones, 1967). Although the energy of the 8,800-9,100 cm-1 band in the
spectra of tourmaline T-Bl-1 for example (Fig. 2) seems somewhat low,
it is necessary to assign it to the 5Tz-bE transition, if for no other reason
than because it is the only ion present in sufficient concentration (2-3 M)
in the tourmaline to account for the band.

It is noteworthy that the 8,800-9,100 cm-1 band in T-Bl-1does not ap-
pear to be split by the Jahn-Teller mechanism in the manner of the sheet
sil icates and vivianite (Faye 1968). This suggests that the relatively rigid
Iattice of tourmaline does not permit the necessary vibrational distortions
for the Jahn-Teller effect to be observed.

As mentioned earlier, certain green tourmalines exhibit two bands in
the near infrared, at 9,000 cm-t in E Ic spectra and at 7,900 cm-r in Ellc
spectra. Because the (Mg, Fe2+) sites in green and blue tourmalines are
unlikely to be different, it seems reasonable to assign the 9,000 cm-l band
to Fe2+ in the trigonal units. The 7,900 cm-1 band, with maximum inten-
sity in Ellc spectra, can therefore be assigned to Fe2+ locatecl in the AIB+
positions in the spirai chain. The presence of two bands in the near-in-
frared spectra of qreen tourmaline is consistent with the ve'y appreciabre
intensity of the 13,900 cm-1 band in Ellc spectra.

The pieochroism of the 8,800 cm-1-9,100 cm-1 band in the blue tourma-
Iine (Fig. 2) may be due to preferential electron occupation of the t2"
orbital lobes lying in the plane of the trigonal units. Alternatively, the
pleochroism may be a manifestation of dif iering degrees of vibronic
coupling of electronic and vibrational states in the El]c and Erc direc-
tions. rt wil l be seen that such a mechanism is invokecl to explain the
pleochroism of a corresponding band in the spectra of corclierite.

During the preliminary examinations of a number of tourmaline sec-
tions that were cut parallel to the c-axis, it was observed that the maxi-
mum of the 5Tr--+sB band shifted to higher energies as the sections were
thinned. This suggests that the strength of the crystal f ield increases as
the thickness of the tourmaline section is decreased. Although the reason
for the increasing strength of the ligand field is not known, an increase
could occur if the Fer+-(O, OH) bond distances become shorter due to
Iattice contraction.

Origin of the 24,000 cm-1 band in gr-een tourmalines ancl the coior of
T-Bl-1 and T-Gr-l.

The spectra of green tourmalines (Fig. 3) show a pleochroic absorption
band (shoulder) at 24,000 cm-1, with maximum intensity in ELc
spectra. This band is not observed in the spectra of blue tourmalines
(Fig. 2), and it is apparent that the band largely accounts for the differ-
ence in color between green and blue tourmalines. The -24,000 cm-l
band is not resolved in the EIc spectrum in Figure 3, but its presence is
obvious from UN-1 and Ellc spectra.
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The 24,000 cm-1 band could be due to Ti3+-Ti4+ interaction in the 001

plane. A pleochroic band, at 23,000 cm-r in E J-001 spectra of the sheet-

silicute astrophyllite coincides with the orientation of the linear Ti-O-Ti

units (unpublished work in these laboratories) in which Ti is a major

constituent. Faye (1968) has also associated a band at -24,000 cm-r in

biotite spectra with the presence of Ti. Assigning the -24,000 cm-r band

in green tourmalines to Ti would therefore seem reasonable'

ihe spectra of tourmaline T-Gr-l (Fig. 3) clearly show that the low

energy limb of the 24,000 cm-l band sweeps into the visible portion of the

,p..ti..,- and absorbs violet and blue light. The Fe2+-Fe3+ band centered

ul tS,qOO cm-t absorbs red light, and the combined effect, therefore, is to

give specime n T-Gr-1a green color' The spectra oI T-BI-1 (Figs' 2 and 4)

16o* i6ut red light is absorbed by the high-energy limb of the 13,700

cm-1 band and yellow-green light by the minor features between 425 and

550 nm. The net effect is to give a specimen of modest thickness (e'S' 0'1

cm) a d.ark-blue color. It will be seen later, under vivianite, that most of

the low-intensity bands and shoulders are considered to be due to spin-

forbidden transitions in six-coordinate Fe2+.

It is to be emphasized that the processes involved above for the colora-

tion of the blue and green tourmaline do not apply to pink tourmalines'

Conornnrrn

The strwcture oJ cord'ierite.

Figure 5 shows the structure of cordierite, MgzAldlSirOls, projected on

001 (-Bystrtim t942).Later structural analyses have resulted in relatively

minor modifications of this structure, but the essential structural ele-

ments have been shown to be correct (Gibbs 1966). In the unit cell there

are two layers, 3.74 L apart, of oxygen-linked, four- and six-coordinate

cations parallel to 001 and separated by a layer of (Si, AD04 tetrahedra'

It is accepted that Fe2+ and, Mn2+ may substitute for Mg2+ in the octa-

hedral sites and that Fe3+ may proxy for Al3+ in certain of the tetrahedral

sites ( Deer, Howie and Zussman , t962).

Although the six Mg-o bond lengths of the Mg site are practically

equal (2.i1-2.12 A), the bond angles vary from 71" tolo2" (Gibbs, t966);

therefore the true site symmetry must be lower than on. Ilowever, as we

will see later, the spectra indicate that the (Mg, Fe) coordination poly-

hedron may be treated as a nearly regular octahedron.

There are five kinds of (Si, Al)o+ tetrahedra in cordierite but, accord-

ing to Gibbs, only the larger two of these are preferentially occupied by

AI3+. In one of these tetrahedra (T1), Al3+ ions lie in the same planes as the

Mgr+ ions. Each Mg2+ octahed.ron shares an edge with each of two of the

Tr tetrahedra, as well as an edge with one of the small tetrahedra (T) in

which the Al3+ occupancy is considered to be Iow (see Fig. 5).

t  185
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Frc. 5. Structure of cordierite viewed down the c-axis (after Bystrom, 1942). The direc-
tions in which orbital overlap is considered to occur between octahedrally coordinated

};*:* 
and tetrahedrallv coordinated Fe3+ ions (Tr and rr) is indicated by heavy dashed

Polar'ized absorption spectra of oriented sections of cord.ierite.

The polarized spectra of a-b, a-c and D-c sections of Madagascar
cordierite are shown in Figure 6. The direction of vibration of the electric
vector of l ight (E) is indicated in each spectrum.

A common feature of the spectra of Figure 6 is a pleochroic band sys-

From Figure 6 it is apparent that there is a broad pleochroic absorp-
tion envelope centered at approximately 17,500 cm-r (570 nm) in the
spectra of all three crystallographic sections. This band has its maximum
intensity in the Eijo spectra of the a-c and. a-b sections and has no inten-
sity in the Ellc spectra of a-c and,6-c sections. Because the 17,500 cm-1
band is located in the visible region of the spectrum, it is obvious that its
polarization properties largely account for the visible pleochroism of
cordierite.

A number of minor features, indicated by arrows, are superimposed on
the broad polarized band in the ElJa spectrum of Figure 6(c). They are
also present, but less obvious, in all the other spectra of Figure 6. Because
of their low intensity they do not contribute significantly to the color of
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Frc' 6' (a) Polarized spectra of an a(:y1-61:Z) section of cordierite;

thickness 0.20 cm.

the cordierite. The energy of these minor bands is listed in Table 2, where

they are compared with similar features in the spectra of vivianite,

tourmaline and chloritoid.

Interpretah.on of s Pectra.
5Tz--+5E band oi pseudo-octahedral Fe2+.

Although the Madagascar cordierite was alalyzed only for pszr' Fe3+
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cm-lx lO-3

Frc. 6. (b) Polarized spectra of a b(Z)-c(X) section of cordierite;
thickness 0.26 cm.

and total Mn (Table 1), it can be assumed that other transition-metal

pseudo-octahedral (Mg'*) sites. Such an assignment is consistent with
that made previously in this paper for tourmarines and for other silicate
minerals (e.g. Burns 1965; White and Keester,1966; Faye, 196g).

Unlike the Ello and Allb spectra which show only a single band at
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Frc. 6. (c) Polarized spectra of an o(Y)-c(X) section of cordierite;

thickness 0.19 cm

10,750 cm-1, the Ellc spectrum has two prominent bands at 10,200 and
g,800 cm-l. This splitting may be due to the dynamic Jahn-Teller mech-

anism as in the sheet sil icates and vivianite (Faye 1968a) or, to a

modest static distortion of the Fe2+ site from Or, symmetry' However, in

the latter case it is difficult to explain why the splitting should be appre-

anism.

Pleochroism and Fe2+o",--+Fetr,",' interaction'

Fe3+ ions through d-orbital lobes that lie in planes parallel to 001' How-

ever, in contrast to the octahedral-octahedral interaction in tourmaline
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and the sheet sil icates, it is necessary to propose that, in cordierite, orbital
overlap may occur between favorably oriented d-orbital lobes (a maxi-
mum of three of twelve) oI the t2n set of octahedralir. coordinated Fe2+,
and a maximum of two of six lobes oI the en set (d,._,rand d.,) of tetra-
hedrally coordinated Fe3+. The directions in which this overlap is ex-
pected to occur all l ie in the001 plane, and are shown in Figures 5 and 7.

Since l ight polarized parallel to o coincides with the direction of over-
lap in several places in Figure 5, it can readily be appreciated that the
-17,500 cm-1 band should have maximum intensity in the El]a spectra.
Figure 6 shows that this is the case. The intensity of this band in the
El]D spectra is lower, as expected, because there are no overlap direc-
tions coinciding with D; nevertheless, this band is perceptible in these

Frc. 7. A highly diagrammatic representation of the overlapping of an eq orbital lobe
of a tetrahedrally coordinated Fe3+ ion with a 12n orbital lobe of an octaheclrally coordinated
Fe2+ ion in cordierite.

directions probably because the angle between some of the overlap direc-
tions and the b-direction is not large. On the other hand, the -17,500
cm-1 band has no measurabie intensity when E]lc; this is to be expected
from the fact that there are no overlapping orbitals in the c-direction.

Although a satisfactory explanation cannot be given at this time, it is
significant to note that Fe2+,",---+Fer*,",, interaction in cordierite results
in a broader band of higher energy (-17,500 cm-1) than does Fe2+,"1
-+Fe3*,"r interaction (-14,000 cm-1) in green-blue tourmalines and cer-
tain sheet sil icates (Faye 1968).

The apparent extinction coefficient for the 17,500 cm 1 band, calculated
on the basis of every Fe3+ ion interacting with an Fe2* ion, is approxi-
mately 20 l iter/mole-cm. This value is significantlv Iower than that calcu-
Iated (-166 liter/mole-cm) for the corresponding Fe2+-psr+ interaction
bands of certain sheet sil icates (Faye 1968) and the tourmalines. However
the total iron concentration of the cordierite is appreciablv Iower than the
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other minerals and thus the concentration of interacting species is also
Iower.

The polarized absorption spectra of cordierite have been examined re-
cently by Newnham and Farrell (1967), but their interpretation is not
consistent with that proposed in this paper. Newnham and Farrell argued
that the bands at -17,000 and -10,000 cm-l in their spectra were both
due to d-d transitions of Fe2+ in a distorted octahedron having orthorhom-
bic symmetry. While a highly distorted site could resuit, theoretically, in
the spectral appearance of two or more bands separated by 6,000 7,000
cm-1, such an explanation would not seem to be valid for the spectra of
cordierite. It is significant that the "center of gravity" of the visible and
infrared band systems is approximately 14,000 cm-1, a value unusuaily
high for six-coordinate Fe2+ in an oxygen environment.

VrvreNrrB

The structure of ai,r'ian,ite.

Figure 8 (after Mori and Ito, 1950) shows the orientation oi the Fe-
bearing coordination polyhedra in vivianite (Fe3(POa)r.SHIO) as viewed
from approximately the 6-direction. Since vivianite has perfect 010 cleav-
age, this representation corresponds to that of a cleavage plate. Accord-
ing to Mori and Ito (1950) there are two kinds of nearly regular octa-
hedral sites in the lattice. In one site (Fey) the Fe2+ ion is coordinated by

Frc. 8. Diagrammatic representation of an a-c cleavage tablet of vivianite
shorring the Fer and Ferr sites (after Mori and Ito, 1950).



1192 FAYh:, MANNING AND NICKEL

four HzO's in a plane and by two trans-oxygen atoms (from POas- units);
in the other site (Fe11) two HzO's are coordinated in a cis arrangement and
the remaining sites are occupied by oxygens. Two Fe11 octahedra sharing
a common O-O edge straddle the o-crystallographic axis.

Polarized. absorption spectra of oriented, sections oJ aivianite.

Figure 9(a) shows the spectra of a section cut to contain the optical
directions X and Z , while Figure 9(b) shows the spectra of a section cut to
contain the X and I directions. Because the spectra of Figure 9 were

measured with Polaroid film they are essentially unpolarized at wave-
lengths higher than 800 nm. Fisure 10 shows the unpolarized spectrum of
an a-c (010) cleavage tablet of vivianite.

In most of the spectra of Figures 9 and 10, two bands (shoulders) ap-
pear in the 8,200-12,000 cm-1 region. In the spectra of Figure 9(b) espe-
cially, these features are very similar to corresponding bands in the spec-

tra of certain sheet sil icates (Faye, 1968, 1968a). Because the high-energy
wing of the 10,900-12,000 cm-1 band does not reach into the visible re-
gion (25,000-14,000 cm-l) except in thick sections, it does not contribute
to the color of vivianite.

The most remarkable feature of the spectra of Figure 9 is unquestiorr-
ably the very intense and incompletely resolved band that has its maxi-

mum (by inference) between -15,000-16,000 cm-1. This band has its

maximum intensity in the Al]O(Xl spectra of sections that have been
partially oxidized in the thinning processes and does not have measurable

intensity in the EID(IZ or Z) spectra of such sections. There is no doubt

that the polarization properties of the band at 15,000-16,000 cm-r are re-

sponsible for the intense pleochroism of vivianite that has been partially

oxidized.
The minor features appearing in the visible region of the spectrum are

clearl.v resolved in Figure 10. The energies of these bands and shoulders
are listed in Table 2 where they are compared with similar ones found in

the spectra of tourmalines, cordierite and chloritoid.

Interpretation oJ the spectra of rivianite.

The unpolarized spectrum (7,000-30,000 cm-1) of an a-c cleavage tab-

let of vivianite (Fig. 10) has been interpreted previously (Faye 1968). It

was proposed that the double-band system in the 8,000-12,000 cm-r re-

gion was the result of the dynamic Jahn-Teller mechanism (Cotton and

Meyers, 1960;Jones 1967) acting on Fe2+ in a nearly regular octahedral

crystal field. Obviously the same interpretation must apply to the corre-

sponding bands in the spectra of Figure 9.
With respect to the spectra of Figure 9 and 10, it is interesting fo note
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that the band splitting due to the dynamic Jahn-Teller mechanism is

greatest in that oI ani-c cleavage tablet' This suggests that the vibra-

Iional modes inducing the distortions of the Fe2+ sites have their greatest

amplitude in the a-c Plane'

F e2+ --+ F es+ inter action in p arti ally o rid'iz ed' ur'aianile'

Freshly mined vivianite is colorless or has a superficial pale blue color

near fracture or cleavage surfaces. On grinding, however, as in the thin-

ning of the crystallographicaly oriented sections used to obtain the spec-

tra"of nig. 9, ihe mineral acquires a blue color and a correspondingly in-

tense plJochroism. Unquestionably some ferrous iron is oxidized during

,rr.h pro..rres and this establishes the condition for the Fe2+--+Fe3+ inter-

action along directions in which there is overlap of favorably oriented

Iobes of r2s orbitals of adjacent ions.

Thus the intense absorption band at 15,000-16,000 cm-1 in the

Ellb(X) spectra of Figure 9 can easily be explained on the same basis as

thl poia.ized bands at -14,000 cm-1 and 17,500 cm-l in the spectra of

tourmaline and cordierite, respectively.

In vivianite it is necessary io conclude that the Fe2+ )Fes+ interaction

occurs between ions only in ad.jacent Ferr sites (Mori and lto' 1950) along

the b-direction because distances are too great for interactions of the

Ferz+ ,u.rr* or Fer2+-+Ferrr+ type in the c and o directions, respectively.

It is of interest to note that on each interacting iron ion, only one of

twelve lz, orbital lobes can participate in overlap with a neighbour'

namely the one directed across the shared octahedral edge. Despite the

more limited orbital-overlap possibilities between Fe2+ and Fe3+ ions in

partially oxidized vivianite, the probability of interaction is much higher

ihon itt tourmalines and cordierite, for example, because iron is the prin-

cipal constituent in the former and usually a minor one in the latter min-

eruls. The.efore, it is readily understandable that for a mineral section of

a given thickness, the intensity of the absorption band due to the Fe2+

-+Fe3+ interaction in the vivianite spectra will probably be much higher

than in ferromagnesian silicates' Making the assumption that e for the

Fe2+-Fe3+ interaction band' of vivianite is as low as 100 liter/mole-cm and

using a very approximate value (-3 units) of the absorbance of the

Allt(X1r.p..t.rr- of Figure 9(a), for example, it can be calculated that

the Fe3+ concentration 1. appro*imately 3 M, some 20 percent of the

total iron. This value i, p.oiuUty unrealistically high because of the low

e-value used. Vivianite ;ontaining such a concentration of ferric iron

would. probably show a brown color because of intense background ab-

sorption due to the O2-->Fe3+ charge-transfer process'



1196 FAYE, MANNING AND NICKEL

comparison of mi,nor featwres in the visibre specrrum oJ tit:ianite zaith those
oJ towrmaline, cordi,erite and, chlorito,id..

equivocal because only Fez+ is present in sufficient concentration in
vivianite to give measurable spectral features (Table 1).

Previously- in this paper, reference was made to the minor features that
appear in the visible region of the spectra of tourmaline T_Bl_j and.
cordierite. Although these minerals contain significant concentrations of
Fe3+ and/or other transition-metal ions as well as Fe2+ (Table r), it is
reasonable to compare their spectra with that of vivianite in an attempt to
assign the bands and shoulders due to spin-forbidden transitions of
pseudo-octahedrally coordinated Fe2+. Accordingiy, Table 2 l ists the
energies of the bands and shoulders in the 15,000-30,000 cm-1 region of
the spectra of vivianite, tourmaline T-Bl-1, cordierite and chloritoid and
indicates those that are considered. to be due to such transitions and those

minerals.

Cutontroro

T he structur e oJ chloritoid, F ezAt+(O H) +S izO n.
The structure of chloritoid can be expressed in terms of two lavers of
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2 0,4(OH) --t

2Al,z[(Mgfe) --r

20,4(OH) -- '

Corundum-type
loyer

20,4(OH) --r

2A1,4(Mg,Fe) --r

2 0,4(oH) -)

O +

Frc. 11. Part of the chloritoid structure projected on (010) plane (after Brindley

and Harrison, 1952).

Interpretation ond. d,iscussion of the Ella and. ELa spectra of a transverse

section of chlorotoid'.

Figure 12 shows the El)a and ELa spectra of a transverse section of

chloritoid. The relatively minor differences between the two spectra can

be attributed to the fact that the background absorption of Ello is some-

what more intense than in -EIa.
The band.s (shoulders) at 8,300 and 11,500 cm-l correlate directly with

the two-band system in the 8,200 12,000 cm-1 region of the vivianite

spectra discussed earlier and also with that in the spectra of the sheet

sil icates muscovite (Faye 1968a), chlorite, phlogopite and biotite (Faye

1968). These two features have been attributed to the dynamic Jahn-
Teller splitting of the upper state in the s1r->5E transition of Fe2+ in

pseudo-octahedral sites.
The low-intensity shoulders in the visible portions of the spectra of

Figure 11 have previously been discussed and are tabulated in Table 2.

Most of these are probably due to spin-forbidden d-d.transitions of

octahedrally-coordinated Fe2+.
There is some uncertainty about the origin of the broad band with

its maximum at -17 ,2O0 cm-l. Because it is not pleochroic, it probably

cannot be ascribed to the same process invoked for the pleochroic band at

similar energy in the spectra of cordierite, i.e., \ron-iron interaction. It

may be a d'-d' band. of a transition-metal ion other than Fe2+, possibly

Ti3+.
Table 2 shows that the Urals chloritoid specimen contains 2.5 percent

Ti; therefore it is suggested that the prominent band at -17,200 cm-r
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(€-30 liter/mole-cm) in its spectmm may represent the 2Tz---+2E(D)

transition of pseudo-octahedrally coordinated Ti3+. This assignment is

supported by the 17 ,200 cm-r band also present in the spectrum of a

chloritoid from Rhode Island that contained 5 percent Ti. A strong ab-

sorption band at 19,000 cm-r in andradite spectra has earlier been as-

signed to octahedrally bonded 1ir+ (Manning, 1967).
Perhaps the most important aspect of the chloritoid spectra is the ab-

sence of a pleochroic band in the 14,000-18,000 cm-1 region which could

signify Fe2+-+Fe3+ interaction of the type proposed previously for other

minerals in this paper. From a structural standpoint, there should be

considerable opportunity for iron-iron interaction parallel to 010 since

there is abundant sharing of octahedral edges in this plane, both in the

brucite and in the corundum layers. That there is no spectral evidence

for such interaction, even though the concentrations of Fe2+ (-10 M)

and Fe3+ (-3M) in the chloritoid are appreciable, suggests that these di-

valent and trivalent cations are not suitably located relative to each

other for orbital overlap. Such a condition would exist if the cations were

segregated in separate layers, e.g. Fe 3+ in the corundum layer, and Fe2+,

as might be expected, in the brucite layer. Indeed, it has been suggested

that Fe3+ can replace AI3+ in chloritoid up to 10 atomic percent (Halfer-

dahl, 1957). The apparent replacement in the specimen under considera-

tion would seem to be within this limit.
Thus it is considered that the negative evidence inherent in the polar-

ized spectra of chloritoid is not inconsistent with the proposed role of

Fe2+ >Fe3+ interaction in the pleochroism of the minerals considered pre-

viously in this paper.

CoNcrusroNs

Although it has been speculated for years (Weyl' 1951; Martinet and

Martinet, 1952) that the pleochroism and color of many silicate minerals

was somehow influenced by the simultaneous presence of Fe2+ and Fe3+, a

satisfactory explanation of their roles has not been made prevously.l This

1 At the time of submission of this manuscript to the American Mineralogist the authors

were unaware of two articles that had been published in Progress i.n Inorganic Chetnistry,

Vol. 8, 1967 and which bear directly on the intervalence charge-transfer interaction ancl their

spectral effects: "Intervalence-Transfer Absorption. Part I. Qualitative Eviclence for

Intervalence-Transfer Absorption in Inorganic Systems in Solution and in the Solid

State," by G. C. Allen and N. S Hush, p. 357; and "Intervalence-Transfer Absorption.

Part 2. Theoretical Considerations and Spectroscopic Data," by N. S. Hush, p. 391.

Although the Fe2+-Fea+ interaction in vivianite and in other materials is treated by the

above authors, their approach is somewhat different to that of the present paper' The two

works complement and support each other, and emphasize the imnortance of the so-called

intervalence efiects
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is understandable because only through the use of recently developed
crystal- or l igand-field theory has it been possible to propose reasonable
mechanisms for the interaction of transition-metal ions with electromas-
netic radiation.

The present work shows that pleochroic, or polarized, absorption
bands may be present in the visible spectrum of a mineral (especially fer-
romagnesian silicates) when adjacent Fe2+ and Fe3+ ions are so located in
the iattice that certain of their d-orbital lobes may overlap in planes that
are parallel to one or more crystallographic axes. In these spectra the
polarized light lies in the same plane(s) as the overlapping d-orbitals.
Conversely, such bands wil l have no intensity when the vibration direc-
tion of the light is perpendicular to the plane(s) containing overlapping r/-
orbitals.

Of the minerals studied in the present work, it is convenient to think of
partially oxidized vivianite as one extreme in which there is maximum
probability of Fe2+--+Fe3+ interaction and chloritoid as the other extreme
in which there is l i tt le evidence of such interaction. Green-blue tour-
malines and cordierite obviously represent intermediate cases in which
their pleochroism is largely dependent on the probabil ity of the Fe2+
+Fea+ interaction, which, in turn, must depend on the concentrations of
Fe2+ and Fe3+ and the ratio of these concentrations.

Because Fe2+ and Fe3* are ubiquitous in ferromagnesian minerals, it is
reasonable to suggest that with a knowledge of the structure of a mineral
and its approximate content of Fe2+ and Fe3+, one might well be able to
predict the possibility of an Fe2+--+Fes+ interaction band influencing its
spectrum. Conversely, the results of optical absorption studies may be
able to provide information on the valence states of iron atoms in the
mineral and their distribution within the structure.

Acxxowr,rncrunNrs

The authors thank Mrs E, M. Donaldson, Mr. D J. Charette and Mr. R. R. Craig for
the chemical analyses and, Mr P O'Donovan for assistance in preparing certain of the
mineral specimens

RnlrnrNcrs

Bnlornv, J E. S., .lxo O. Bnlolrv (1953) Observations on the colouring of pink ancl green
tourmalines M inerol. M og., 30, 26-38.

BnrNor.nv, G. W., aNo F. \'V. H,tnnrsox (1952) 'fhe 
structure of chloritoid,. Acto Crystallogr ,

5,698-6q9.
BunNs, R G (1965). Electronic spectra oJ silicate minerals: Applicotion oJ crystal,f.eld.

tlteory to aspects oJ geochemistry. Ph.D. Thesis, Univ. Calif , Berkeley.
(1966) Originof opticalpleochroisminorthopyroxenes. Mineral Mag.,35,715-719.

Bvsrnon, A. ( 1942) 'fhe 
crystal structure of cor dierite. Arh. Kemi.. Mineral. Geol , 158 (12) ,

l -J.



ABSORPTION SPECTRA OF SILICATES t20L

corroN, F. A (1963) Chemicatr Appticati,ons oJ C,roup Theory.Inlerscience Publishers Inc.,

New York, p. 234.
-ANDM.D.Mrvnns(1960)Magnet icandspectra lpropert iesofspin- f ree3d6iron

(II) and cobalt (III) in cobalt (III) hexafluoride ion: probable observations of dy-

namic Jahn-Teller effect. I' Aner' Chem. Soc-,82,5023-5026'

DaBn, W. A., R. A. Howrn eNn J. Zussulx (1962) Rock Forming Minerals' Vol' 1' Long-

mans, Green and Co. Ltd., London., p. 270.

DoNsav, G., aNl M. J. Brrancnn (1950) The determination of the crystal structure of

tourmaline. Acta. Crystallogr., 3' 379-385.

Dnaco, R. S. (1965) Physical Method,s in Inorganic chemistry. Reinhold Publishing corp.'

New York,  p.  151.

Er_-HrrvNewr, 11. E., .LNo R. Hollrual[ (1966) Optical and chemical investigations of nine

tourmalines (elbaites). Neuu Jahrb. Mineral" Monatsh ,3' 80-89'

Feva, G. H. (1963) The optical absorption spectra of iron in six-coordinate sites in chlorite,

biotite, phlogopite and vivianite' Some aspects of pleochroism in the sheet silicates'

C on. M i,ner aJ., 9. 443-425.
- (t968a) The optical absorption spectra of certain transition metal ions in musco-

vite, lepidoiite and fuchsite. Can. I. Earth Sc.,5,31-38'

Grsns, G. V. (1966) The polymorphism of cordierite I: the crystal structure of low cor-

dierite. A m er. M iner al., 51, 1068-1087.

Gnows ,A .W. (1951 )S i l i ca teandys ; i s , znded .Geo rgeA I I enandUnw inL td ' ' London '
Har,rnnnaul, L. B. (1957) Chloritoid. Carnegie Inst' Wash' Year Book,56,225-228'

JauN, H. A., aNn E. Trr-r-nr (1937) Stability of degenerate electronic states in pol-vatomic

molecules. Proc. Roy. Soc. Lonilon, Ll6l,220-235'

JoNns,G.D.(1967)Jahn-Tel lerspl i t t ingsintheopt icalabsorpt ionSpect laofdivalent
iron compounds. Phys. Rea., l5S, 259-261-

Low,W.,axlM.Wrcen(1960)Paramagnet icresonanceandopt icalspectraofdivalent
iron in cubic fields. P/zys' Iln',ll8, 1130-1136.

MlnNtNc, p. G. (1967) The optical absorption spectra of some andradites and the identi-

fication of the 6Ar+aAraE(G) transition in octahedrally bonded Fe3+. Can. J. Earth

Sc. .4.  1039-1047.

Manrmrr,J. ,eNoA.Mlprrxrr(1952) 'Pleochroismandst luctuleofnaturals i l icates.
Bull. Soc. Chem. France, 19' 563-565.

Monr, H., eNo T. Iro (1950) The structure of vivianite and symplesite. Acta crystallogr.,

3 , 1  6 .

Nr:wNnau, R. tr., lNo E. F. Farru;r.r, (1967) Electronic and vibrational absorption spectra

in cordierite. Arner. MineraL, 52' 380-388.

VosrnrseNsxavA, J. E., aNo S' V. Gnuu-Gtzmu.lrr,o (1967) Colour of synthetic tourma-

line crystals containing iron. Kri'stollograf'ya, 12, 363-365 (1967) LTrunsl' Soai'et

P hy. Cr y stollo g., 12, 3ll-312.1

wrvr, w. A. (195r) Light absorption as a result of the interaction of two states of valency

of the same element. J. Phys. CoIl. Chem.,55' 507-512'

Wnnr, W. 8., eNn K. L. Knnsrrt (1966) Optical absorption spectra of iron in the rock-

f orming silicates. A m er. M i,ner oJ., Sl, 7 7 9-7 9l -

Manuscri'pt receired, Ianuary 29, 1968; accepteil Jor publ'i'cation, April 18' 1968'


