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AssrRAcr

A study is reported of the polarized optical absorption spectra of the amphiboles
riebeckite, crossite, glaucophane, holmquistite, hornblende, barkevikite and ferro-
hastingsite. The colour and pleochroism of the amphiboles are primarily the result of the
polarization properties of electronic transitions associated with FeP+ --+ psg+ and Oz- +
Fe8+ charge-transfer processes. The former process is an important feature of the spectra
of all the amphiboles; however, the latter is more important for calcic amphiboles. It is
shown how the charge-transfer processes are thought to be related to the amphibole struc-
ture and to cation distribution. .

The a-c sections of most of the monoclinic amohiboles examined show anomalous
extinction, which is attributed to the non-coincidlnce of the principal vibration and
absorption directions.

IxrnonucrroN

It is well established that the colour and pleochroism of many silicate
(and other) minerals is strongly influenced by the charge-transfer process
between adjacent Fd+ and Fe3+ ions, usually in structures where these
ions share octahedral edges and there is possible overlap of r2a orbitals
(for example, see: Hush 1967; Faye 1968; and Faye et al,.1968). Specifi-
cally, this process has been invoked to explain, in part, the pleochroism of
the alkali amphiboles, crocidolite (Littler & Williams 1965); riebeckite
(Manning & Nickel 1969), and glaucophane (Bancroft & Burns 1969).
However, the present work indicates that a somewhat more detailed study
is required to explain adequately how the Fe2+ --+ Fe8+ interaction,
together with other charge-transfer processes, influences the pleochroism
of sodic and calcic amphiboles.

TnB SrnucruRE oF AMpsrsol-Bs

The basic structure of monoclinic amphiboles is shown in Fig. 1 and
certain details are presented in Figs. 2 and 7. Bond distances given in the
latter figures are those determined by Papike & Clark (1968) and, for
our needs, are considered to be representative of the amphiboles of this
work.
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of Energy, Mines and Resources, Ottawa, Canada.
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b +

Frc. 1. Schematic (001) and (L00) projections of the
monoclinic amphibole crystal structure after Ernst (1968).

In this v/ork we are principally interested in the strips of cations that
parallel the c-axis and are sandwiched between inward-pointing bands of
silica (alumina) tetrahedra. In the strips there are three non-equivalent
six-coordinate sites, Mr, Mr, Ms, and one site, Ma, of. six-to-eight-fold
coordination (in this work rve will assume eight-fold coordination).

cations on Mrand Ma are each coordinated to four oxygens and two
hydroxyls (cis for My trans f.or M), and the cation on Mz is coordinated
to six oxygens. Cations on Mtare coordinated only to oxygens. There are
two of each of the M1, Mz and Me sites for every Ma site in the unit cell.

ExpBnruBxrAL DETATLS

Saru.pl,e preparation
For those samples consisting of sufficiently large crystals (riebeckite,

hornblende, ferrohastingsite and barkevikite), oriented sections contain-
ing the crystallographic axes were cut from the crystals with a wire saw,
using the 110 prismatic cleavages as a guide. The crystals of holmquistite,
glaucophane and crossite were too small for this procedure, and were
embedded directly in a plastic mounting medium on glass slides. The
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Frc. 2. Arrangement of cations and approximate dis-
tribution ol iron ions in monoclinic alkali amphiboles.
M-M distances are for glaucophane (Papike & Clark
1968).
O (Mtand jlls)----sites favoured by FeP+
@ (M) -site favoured bY Fsa+
O (M) -site favoured by alkali metal ions.

sections were giound down to the appropriate thickness for optical absorp-

tion measurements and polished. The crystallographic orientation was
confirmed in each case by conoscopic optical interference figures.

The thickness of the mineral sections was estimated by the Duc de
Chaulnes' method, i,e., by using the fine focusing adjustment on the
microscope.

The specimens of riebeckite, barkevikite, hornblende, and ferro-
hastingsite v/ere obtained through the courtesy of Mr. L. Moyd, and the
specimens of glaucophane, crossite and holmquistite were obtained
through the courtesy of Mr. H. R. Steacy. Messrs. Moyd and Steacy are,
respectively, curators of the display series of the National Mineral
Collection, National Museum of Canada, and the reference series of the
National Mineral Collection, Geological Survey of Canada.

Measuremmt o! spectra
All spectra were measured at room temperature with a Cary-I{

recording spectrophotometer. The standard sample compartment was
replaced by a special housing which permitted the mounting of a Unitron

M2
o

M4,
ot

I
l c
J

M4
o

M2
o

M 1
o

5
M g

o

M2
o

M4
o

M4
o



COLOUR AND PLEOCHROISM OF AMPHIBOLES 619

MPS petrographic microscope in each of the sample and reference beams
(in either the infrared or visible mode) in a manner similar to that of
Burns (1966). The mineral specimen, mounted on the stage of the sample-
beam microscope, was oriented in the polarized light beam so as to
measure the desired spectrum (i,.e., parallel to a given crystallographic
direction). Glan prisms were used in lieu of the polarizers supplied with
the microscopes. The spectra in Figs. 3, 6 and 8 were re-plotted on a
linear energy scale before curve analysis.

SpscrRA op AMpsteotes

Figs. 3, 4, 5, 6 and 8 show the polarized absorption spectra of. a-c and
b-c sections of a number of amphiboles, the partial analyses of which are
given in Table L. Except for minor shoulders in the 8,000-12,000 cm-r
range, (which we can assume to be due to internal transitions within
six-coordinate Fd+) the E//b and E//c spectra are dominated by an
asymmetric absorption envelope having a maximum between 15,000 and
17,000 crn-r. E/ /a (or a') spectra (e.g. see Fig. a) are essentially feature-
less, showing a gentle increase in absorption in the visible region and
finally rising sharply in the near UV region. The polarization properties
of the absorption envelope in the visible region of the E//b and E//c
spectra are primarily responsible for the dramatic visible pleochroism of
the alkali amphiboles selected for this study. From previous work, cited
above, it can be taken, with a fair degree of certainty, that this envelope
represents the Fe2+ -> Fe8* charge-transfer process and that its intensity
depends, in part, on the total iron concentration, the Fe2+/Fe8+ ratio of
tJre specimen and the distribution of iron among the available sites.

Figs, 3, 6 and 8 show that the principal band can be resolved into two
components separated by approximately 3,000-4,000 cm-1. In most cases
the area under the low-energy component of E//c spectra is approxi-
mately twice that under the high-energy component; f.or the E/ /b
spectra, the upper component is of comparable intensity (area) to the
lower. The intensities of the two features in the holmquistite spectra are
similar for both E/ /c and E/ /b.

An important aspect of the present study is the observation that the
direction (of the electric vector E) giving maximum intensity of the
principal absorption band in the spectra of a-c sections of riebeckite,
ferrohastingsite, barkevikite and hornblende, (e.g. Figs. 4 and 5) is not
coincident with the crystallographic c axis and varies from specimen to
specimen. The reasons for this are discussed in a subsequent section below.

A second important observation is that the lfV-centered charge-
transfer absorbance is relatively more intense in the spectra of the calcic
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amphiboles than in those of riebeckite, holmquistite and other sodic
amphiboles. This is most evident when comparing the position of the
minima of the spectra in Figs. 3-6 with those of Fig. 8. Figure8, which is
typical of the calcic amphiboles, also shows that the background absorb-
ance is more intense in the E//b spectra than in E//c.

The spectra of riebeckite shown in Figs. 4 and 5 must be described in
somewhat more detail for, as we will see, an understanding of these is
important in interpreting the spectra of other amphiboles.

One rather remarkable visual effect exhibited by o-c sections of rie-
beckite is that the colour seems to undergo a change from blue-grey to
bright blue as the section is thinned down. The spectra in Fig. 4 are those
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of a thin (-0.002--0.003 cm) blue area of the Colorado riebeckite' It is

evident that, as the angle between the electric vector (E) of polarized

light and the c-axis is varied from 0" to 10o, there is a gradual and modest

increase in intensity of both the UV-centered background absorption and

the main, two-component Fd+ --+ Fe3+ band in the visible region' At

angles between 10" and 90o the intensity of the spectra decreases until a

minimum is reached when EJ_c. Between 90o and L50o the intensity of

the spectral features increases again until a maximum is reached at 190o

when the spectrum is identical to that at 10o.
Figure 5 shows the spectral changes occurring when the orientation of a

relatively thick (-g.gg4--0.005 cm) blue-grey atea of the same a-c

section of riebeckite is varied in polarized light. Here again, the intensity
of both the UV background absorption and the main band in the visible

nm
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cnr- lx lO-3

Fig.3b

Figs. 3a and 3b: E/ /c ard Ef fb spectra, respectively, of
a-c ind b-c sections of riebeckite; thickness of sections
-.001--.002 cm.
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Frc. 4. Spectra of relatively thin (-.662--.008 cm)
o-c section of riebeckite measured with electric vector (E)
at indicated angles to c-direction.

region rise and fall in concert; however, subtle and unequal rates of
change of the intensity of the components at 18,000 cm-1 and 14,b00 cm-l
result in a rather wide display of colours, as indicated in Fig. 5.

The visible polarized spectra of both a-c and, b-c sections of specimens
of the sodic amphiboles-glaucophane and crossite-were also recorded.
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Frc. 5. Spectra of a relatively thick (-.904 -.005 cm)
o-a section of riebeckite measured with electric vector at
indicated angles to c-direction.

but are not presented here. These were found to be similar to all the
other amphibole spectra of this study in that the main feature of each is
a polarized band containing two components, witJr the one at higher
energy (-19,000 cm-r) being approximately half as intense as the one at
lower energY (-15,500cm-r). However, the glaucophane and crossite
spectra, (like those of holmquistite) differ from those of the calcic amphi-
boles and riebeckite in that the direction of E giving maximum intensity
of the absorption envelope is essentially coincident with c. Also, for a given
thickness of sample, the intensity of the lfV-centered background absorp-
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24 2? 20

Frc. 6. E/ /b and E/ /c spectra of. a b-c section of holm-
quistite; thickness of section -.008 cm.

tion (absorption edge) is less intense than in the spectra of riebeckite and
the calcic amphiboles (Figs. 5 and 8).

The spectra of all the alkali amphiboles of the present study show a
minor sharp peak or shoulder at approximately 23,000 cm-l. Such a
feature has been noted previously in the spectra of many Fe-bearing
silicates, including riebeckite (Manning & Nickel 1969) and glaucophane
(Bancroft & Burns 1969), and is most likely due to the6At--+aAfi(G)
transition of Fe8+. The band (shoulder) is not seen in the spectra of the
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Frc. 7. Bond distances between centers associated with 02- +F6+(Mz)
charge-transfer. The distances are those for glaucophane (Papike & Clark
1968). For clarity the distances between centers has been doubled. The frac-
tional lcoordinates are as follows:
O r : 0 . 0 9 ;  O z : 0 . 1 7 ;  M z : 0 . t 8 ;  S i r ( A l )  : 0 . 1 7  a n d  0 . 3 4 ;  O a : 0 . 2 5 ;
M e : 0 . 2 8 .

calcic amphiboles, no doubt because it is "obscured" by the more intense

absorption edge of these minerals.

INrsnpnBrarroN oF SpBcrna

The principal absorption band has already been ascribed to inter-

valence charge-transfer betrveen adjacent Fd+ and Fe8+ ions. This assign-
ment is strongly supported by the observation that, for the spectra of o-c

sections of all the amphiboles studied, the band has zero intensity when E
is Ic, 'i.e, the direction in which the component of the M-M vector is
zero. Because there are two components in the band, this suggests the
interaction of Fd+ and Fe3+ on two different pairs of cation sites.

Recently, much has been done in attempts to establish cation site-
occupancy for sodic amphiboles, e.g. crocidolite (Burns & Prentice 1.968)'
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^ Frcs.. 8a and 8b. E/ /b and E/ /c specta, respectively, of. a b-c section of ferrohasting-
site; thickness of section -.003 cm.
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glaucophane (Papike & Clark 1968), holmquistite (Whittaker 1969),
glaucophane, crossite and riebeckite (Bancroft & Burns 1g6g; Strens
1970). From this work it is clear that, for monoclinic amphiboles at least,
the Mtsite is occupied preferentially by alkali metal ions and that the M1
and Ms sites are enriched in Fd+ while Mz is enriched in Fea+. Assuming
that such a distribution of cations prevails for the amphiboles whose
spectra are given in Figs. 3, 4, 5,6 and 8, it is reasonable to assign the
more intense, low-energy component (14,300-16,000 cm-l) primarily to
the interaction M{Ft+) -+ M2(Fe8+) and the weaker, high-energy com-
ponent (17,500-19,000 cm-1) to M1(F€2+) + M3(FeB+) or Ms(Fd+) --+
M{Fsa+) interaction. Structural positioning of the metal ions (Fig. 2)
precludes the possibility of either component being due to charge-transfer
between ions on adjacent Ms and M2, ot Mr and Mr, sites because such a
transition would have no intensity in the D-direction; however, it is
obvious that both components are present in both the E//c and E//b
spectra.

The polarization properties of the two components have either not been
recognized by previous workers, (Chesnokov 1961 ; Manning & Nickel
1969) or have been misinterpreted, at least in part (Littler & Williams
1965; Hush 1967; Bancroft & Burns 1969).

Based on absorbance (above background) values taken from the spectra
of Figs. 3b, 6 and 8, it is apparent that both Fe2+ -+ Fes+ charge-transfer
bands of E/ /c spectra areLS-2.0 times as intense as those of E/ /b spectra
(this ratio applied as well to approximate oscillator strengths calculated
for riebeckite). such a range of values is consistent with the assignments
made above because the MrMz and MrMr vectors, when resolved into
directions parallel to c and b, have a theoretical c:b ratio of 1.78:1.

It would be expected that the Fd+ --+ Fe3+ absorption envelope should
have its maximum intensity when E//c becarrse this is the most favour-
able direction for the electric vector of the radiation field to interact with
overlapped tzs orbitals on adjacent iron ions. However, this condition is
so only for glaucophane, crossite, holmquistite and very thin sections of
riebeckite; that it does not apply to the spectra of the calcic amphiboles
and relatively thick sections of riebeckite, will be explained subsequently.

For a symmetrical electron-transfer process such as that being con-
sidered here, the energy of the Fd+ -+ Fes+ transition is dependent on
both the separation of the interacting centers and the frequency of their
lattice vibrations, (Hush 1967 p. 424). Therefore, considering interionic
distances only (Fig. 2), the 3,000-4,000c m-l energy difierence between
the proposed ML(F*, --u Mz(Fes+) and, Mrit Au transitions is rather

large; however, the coordination spheres of the Mr, Mzand Mtsites are
non-equivalent chemically and geometrically and, consequently, the
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frequency of lattice vibrations associated with each site may be appreci-
ably different.

The distance (3.2 A) between adjacent Mz and, Ma or Mrand Jllr, sites
is somewhat large; however, the interaction between Fd+ and Fe3+ on
these sites could give rise to a relatively weak band(s) in the near ultra-
violet region. Such a band would likely be "s.wamped" by the absorption
edge and be completely polarized in the b direction. As we will see, only
in the E/ /b spectra of the calcic amphiboles (Fig. 8) is there evidence for
such preferential absorption.

Recently, it has been proposed by Strens (1970) that the appearance of
the two components in the Fd+ --+ Fe8+ absorption envelope is in some
way related to the distortion of the Mz octahedron in which virtually all
the Fe8+ in the monoclinic alkali amphibole is thought to be contained.
However, because Fe8+ has a symmetrical 6Al ground state, the presence
of two acceptor levels in the Fe3+ ion with a separation of 3,000-4,000
cm-l especially for electron transfer via t2o-l2o orbital ovedap, is con-
sidered unlikely.

Having proposed a model to explain the two Fe2+ -> Fea+ electron-
transfer bands, it is necessary to account for the variation in their relative
intensities and attempt to correlate this to cation site-occupancy data
obtained by previous workers.

Cation ord,er,ing and. band, 'i,ntens,i,ties
Using Mdssbauer and infrared spectroscopic techniques, Bancroft &

Burns (1969) have established that in crocidolites and glaucophanes of
low-temperature, high-pressure origin, cations are highly ordered with the
majority of Fe3+ and Al8+ ions occurring in Mz positions. The Fd+ and
Mg'+ ions are concentrated in Mrand M3 positions. In glaucophanes (and
crossites) there is relative enrichment of these ions in Ms positions, where-
as the Fe2+ ions are enriched in Mt positions of crocidolite. However, in
high-temperature riebeckite, such as that from Colorado, Bancroft &
Burns have found that the cations are more randomly distributed.
According to Burns (private communication) it is possible that as much
as 25/s of the Fe3+ in such riebeckite may be distributed between the Mr
and Ma sites.

The intensity of the 17,600-18,000 cm-r band (Mr&M3 interaction)

of the riebeckite spectra in Fig. 3, like those of corresponding bands of
crossite and glaucophane, seems to be anomalously intense if only 25/6 or
less of the Fe3+ is distributed between Mt and Ms. The raw spectra sug-
gest that approximately one third of the Fe3+ could be present on these
sites. The spectra in Fig. 5 indicate that the intensity and shape of the
Fd+ -> Fe3+ absorption envelope of the riebeckite spectra seem to be
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strongly influenced by the intensity of the UV-centered absorption band.
Indeed, Fig. 5 indicates that the intensity of the upper component,
assigned to charge-transfer between Mr and Mz, is probably enhanced
relative to that of the lower-energy components (Mt- Mz) by some form
of "intensity borrowing". On this basis, then, the observed intensity of
the band at 17,600-18,000 cm-l can be made compatible with a combined
Mt-Ma, site-occupancy of. 125/6 of the total Fe8+.

It is important to note that, although there are twice as many Ml and
Mz sites as Ma sites per unit cell, each Fe3+ on an Mt site can interact
potentially with an Fd+ ion on four adjacent Mr sites, i.e. twice the num-
ber for Fe8+ on Mt or Mz.

Infl.umce of 02- - > Fd+ charge-transfer
The "absorption edge" is the low-energy wing of a broad, intense,

absorption band due mainly to the 02- -+ Fe3+ charge-transfer process
(e.g. Marfunin et al'. 1969). Of all the possible 02- -+ metal-ion charge-
transfer processes of importance in ferromagnesian silicates, 02- -+ Fe8+
occurs at the lowest energy (-40,000 cm-l). It is to be expected that the
absorption edge should become more intense and t'encroach" on the
visible region as the specimen thickness increases I this is indeed evident
from a comparison of the riebeckite spectra in Figs. 4 and 5. That the
18,000 cm-l-component of the spectra of the blue-grey area (Fig. 5) over-
laps with the absorption edge to a greater extent than does the lower
energy component (Mr- Mr), is undoubtedly responsible for the un-
equal rates of change in the intensity of these features as the section is
rotated in polarized light. In the spectra of the thinner blue area of the
same material (Fig.4) the extent of band mixing or overlap (as indicated
by the breadth of the "valley" in Figs. 4 and 5) is such that the intensity
of the Fd+ -+ Fe3+ bands are affected in such a way by the 02- --+ Fe8+
charge-transfer process, that only the intensity, and not the nature, of the
color changes.

Because Fes+ is predominantly on Mz, the O2- -> Fe8+ absorption
envelope in the ultraviolet is due to a composite of charge-transfer transi-
tions from Or, Oz and Oa oxygens (Figs. 1 and 7) to Fe+ on this site. (For
our present purpose we choose to ignore the weaker contributions associ-
ated with Fes+ on other sites.) Using the formal charges on the ions form-
ing the coordination sphere of Or, Oz and Oa, it can be shown by the
electrostatic valency principle of Pauling (1929) that Or carries a defi-
ciency of 0.16 electron with respect to its ideal charge of. -2, while Oz and
Oa carrY an excess of 0.04 and 0.37 electronic charges respectively. Thus
the net difierence in favour of O2a- '--> Fd+(Mz) charge-transfer is approxi-
mately 0.2 electronic units. That such a charge transfer should pre-
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dominate over others is to be expected also on the basis of the relatively

short Oa-Mz distance of 1.85 A compared with 1.94 A and 2.04 A f'or

OrMz and OrMzrespectively, (Papike & Clark 1968).
If it is assumed that all gz--pst+(Mz) bonds are identical, then the

resultant of the projections of the six bonds on a-c makes an angle of
-40o with the c-axis. However, bond distances and the formal charges on

Or, Os and Oe are not equal, therefore the direction in which the absorp-

tion due to 02- ---) Fefr charge-transfer should have its maximum
intensity cannot be calculated from simple considerations.

Comments on the spectra of holmqu'i'st'ite, cross'i'te and' gl,aucophane

On the basis of electron-density measurements, Whittaker (1969) con-

cluded that the Mz siteof his holmquistite was nearly completely occupied

by Afa+ and, that Fd+ and Fes+ were distributed between Mr and Ma

only. However, the spectra of our Swedish holmquistite (Fig. 6) are not

consistent with such a distribution of iron, since the shape of the absorp-

tion envelope implies the combination of two Gaussian curves. Using the

model proposed above for riebeckite, it is necessary to conclude that iron

occurs on Mz as well as Mt and Ms, but because the 19,000 cm-l com-

ponent @r&Ma chargetransfer) is of approximately the same intensity

as the low-energy component (Mr- Mr) it is probable that there is

proportionally more iron distributed betweet Mt and Ma than in the

bollrado riebeckite. Although they are not presented here, the spectra of

a crossite and a glaucophane specimen were found to be qualitatively

similar to those of holmquistite, i.e. with the principal pleochroic band

having maximum intensity when E/ /c, As before, such a property is to be

expecied for amphibole spectra dominated mainly by Fd+ --+ Fe3+

charge-transfer via overlap of. t2o orbit:rls having projections in the

a-direction.
In general, the Fes+ contents of holmquistite, glaucophane and crossite

are significantly lower than that of riebeckite. Therefore, it is to be ex-

pecteJ that foi a given specimen thickness, the visible regions of their

absorption spectra will be influenced less than those of riebeckite by

Ot- -+ Fe3+ charge-transfer. Thus, the kind of pleochroic effects shown in

Fig. 5 are not observed for the monoclinic amphiboles glaucophane and

crossite. It is of interest to note that, in contrast to riebeckite, extinction

parallel to c is observed in a-c sections of glaucophane and crossite. How-

ever, it is suggested that if the polarized spectra of sufficiently thick

specimens of these varieties could be measured, they would be essentially

tire same as those of riebeckite; similarly, lack of extinction would be

detected.
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It has been mentioned previously that the intensity of the upper
Fd+ -> Fe3+ band (-1g,000 cm-r) of glaucophane and crossite spectra is
somewhat higher than expected on the basis of site-occupancy studies
(Papike & clark Lg68; Bancroft & Burns 1969; stren" rgio). rhi,
apparent inconsistency with the proposals made above is somewhat
awkward but it must be concluded, tentatively at least, that the intensity-
borrowing mechanism is still strong enough to enhance the Mr$ A,
band relative to the main M{Ft+) -+ M2(Fee+) band at lower energy.

C al, c,i, c amp h,i,b o I, e s
The spectra of the barkevikite and hornblende specimens (Table 1)

were qualitatively similar to those of the ferrohastingsite shown in Fig. g.
The major difference between the spectra of the alkali and calcic amphi-
boles is that the absorption edge of the latter extends into the visible
region to a greater extent than in the former, and as a result there is
greater overlap with the Fd+ ---> Fea absorption envelope. Also, f.or a-c
sections of the calcic amphiboles, the angle between c and the direction
giving maximum absorbance was appreciably greater (14-2g") than for
the colorado riebeckite (10"). This also correlates with a correspondingly
greater deviation from parallel extinction for these specimens.

Although the Fe3+ content is known only for the hornblende of this
work (Table 1), other published analyses of calcic amphiboles (Deer,
Howie & Zussman 1963) indicate that it is generally lower than in rie-
beckites, for example. Therefore, it is necessary to account for the grearer
intensity of the 02- -> Fe,+ charge-transfer absorption of calcic amphi-
boles relative to that in the spectra of the alkali amphiboles.

It is known that there is considerable substitution of aluminum for
silicon in calcic amphiboles (Deer, Howie & Zussman Lg62). Again, using
Pauling's electrostatic valency principle, it can be calculated that such
substitution in the si* tetrahedra (Figs. 1 and 8), coupled with the re-
placement of Na+ by Caz+ on Ma, results in Oa and 02 having excess
electronic charges of 0.50 and 0.17 respectively, while 01 has a charge
close to the ideal of. -2. Thus, on the basis of such considerations, it is
understandable that the 02- --->Fd+(Mz) charge-transfer band. ls much
more intense in the spectra of the calcic amphiboles than in those of the
alkali varieties.

That the background absorption in the E/ /b spectra of carcic amphi-
boles is significantly more intense than in the E/f c spectra (Fig. g) may
represent the combined effect of Mr{tre*1 - Mr(F"*1and M1(Fd+) --+
M1'(Fe\ charge-transfer in the b-direction. Because the indicated
transitions likely occur )2b,000 cm-r their intensities are possibly
enhanced to a much greater extent than in corresponding alkaliamphi
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boles by "mixing" with the 02- --+ Fea+ charge-transfer process which is

more intense for the calcic amphiboles than for the alkali amphiboles.

The green hues of the calcic amphiboles are a direct consequence of the

absorption of violet-blue light (oz- --+ Fe3+ charge-transfer) and red-

orange light (Fez+ --+ Fe3+ charge-transfer).

Soun CouuENTs oN THE PLEocHRoIc ScHEME AND

ANouar,ous ExuNcttoN IN AMPHTBoLES

As pointed out above, the direction of maximum absorption in the

*otroili.ri" amphiboles does not coincide with the crystallographic c-axis,

as would be the case if the absorption in the visible portion of the spec-

trum .were due entirely to Fe# --+ Fd+ charge-transfer: deviation of the

direction of maximum absorption from a was attributed to the influence

of the 02- -> Feg+ charge-transfer band that extends into the visible part

of the spectrum from the UV region. The pleochroic scheme, therefore,

although determined by the structure, as predicted by de Bethune & Jans
(1966), is related to the c-crystallographic axis in a very complicated

fashion that can at present only be evaluated qualitatively. It is even

difficult to determine the direction of maximum absorption with any

precision, because the multiple bands that constitute the absorption

spectrum change in relative intensity as the section is rotated on the

microscope stage. For this reason no attempt has been made to put the

pleochroic scheme on a quantitative basis.
The work has, however, shed some light on the phenomenon of anom-

alous extinction that is commonly observed in certain amphiboles, and

which has, in certain cases, been attributed to elliptical polarization

(Shoda 1958; Nickel & Mark 1965). It now appears that the elliptical

polarization in the amphiboles, and in some other highly pleochroic

minerals, is very likely due to the non-coincidence of the principal optical

and absorption directions.
Examination of the amphiboles in this study, and the reports of previ-

ous workers, shows that there is anomalous extinction in sections close to

(010), but not in sections normal to (010), i,.e. parallel to the b crystallo-

graphic axis. This indicates that the major divergence of the vibration

and absorption directions is in the (010) plane, which is not surprising in

view of the optical properties of monoclinic crystals: One of the principal

optical direciions coincides with the b axis, and the other two principal

optical directions are in the (010) plane, but not fixed relative to the o

.rrd , u*o. It appears that the principal absorption directions are similarly

related to the crystallographic axes, but that they do not coincide with

the vibration directions in the (010) plane.

Of the monoclinic amphiboles examined in this study, the riebeckite,
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hornblende, barkevikite and ferrohastingsite showed a marked. lack of
extinction in o-c sections, which indicates a substantial difference between
the positions of the vibration directions and the principal absorption
directions in the (010) plane. The other monoclinic amphiboles-crossite
and glaucophane-appeared to exhibit normal extinction, which suggesrs
that the principal vibration and absorption directions in these minerals
are nearly, or completely coincident.

Attempts were made to measure the angle between the principal
vibration and absorption directions in the sections that showed the
anomalous extinction, but it was not possible to determine the positions
of the principal vibration directions with sufficient precision to give con-
sistent and meaningful results. Nonetheless, the relationship between the
crystal structure, optical indicatrix, and absorption indicatrix is a very
interesting one, and merits further investigation.
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