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STRUCTURAL INTERPRETATION5 OF MINERATOGICAT
SIGNIFICANCE
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AssrRAcr
The optical absorption spectr-a of the garnets almandine-pyrope, pyrope and spessartine

are reported from the near infrared to the near ultraviolet (l,oori 
"---s0,000 

cm-t).
The spectra show a three-band-system in the infrared (4,500 cm-r, 6,000 cmjr and 2,g00

"*-t; 
that has been attributed to g-coordinate Fe(II). A numbei (b-z) ot fairly sharp

bands in the visible and ultraviolet regions have been attributed to spin-iorbidden bands
of either Fe(II) or octahedrally-bonled Fe(III). some Mn(II) bands have also been
observed and assigned.

No bands characteristic of tetrahedrally-bonded transition metal ions were observed.
Absorption bands characteristic of o.trh"dtulty-bonded Fe(II) were not observed
either. A.few very weak absorption bands have not been assigned because absorptions
due to other transition metal ions, e.g., Ti(III), Mn(III) or cilttt) cannot be identified
with any certainty.

INrnooucrroN

useful information on the cation valence state and site symmetry can
be obtained from an analysis of the d,-d, spectra of minerals that contain
transition metals. The study of the d,-d, spectra of garnets is of interest
because these silicates can contain Fe, Mn and ri as a principal constituent
or as an impurity, and also because these cations can be distributed
between orthorhombic (8-coordinate), octahedral and tetrahedral sites.
This paper, therefore, reports an analysis of the optical spectra of
almandine-pyrope, pyrope and spessartine crystals.

- 
The optical absorption spectra of the garnets almandine and pyrope

have been reported by clark (lgsz). A large number of bands were
observed in the energy range 2,900-29,000 cm-l, the energies of the
principal of which are listed in Table 1. clark (1952) attributed the 2,900
cm-l band to S-coordinated Fe(II) and the 20,000 cm-1 band to Fe(III).

In an orthorhombic field the degeneracy of the Fe Bd orbitals is removed
and an absorption spectrum of three bands, corresponding to three spin-
allowed transitions is expected. Bloomfield, Lawson & Rey (1g61) used
the energies of the 2,900 cm-l, 0,000 cm-l and 7,g00 cm-l bands (Table 1)
to determine tJre charge on the oxygen atoms surrounding tlre Fe(II),

-. 
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TAsr-B 1. ENenorss or PmNcrPar-
Be.Nos tN PYnorr e-lqo Ar-uarorxB

(Clarke' 1957)

Almandine PYroPe

2,900 cm-l
6,000
7,900

12,100
14,400
17,600
20,000
21,500 (weak)
23,900
27,200

2,900 cm-t
6,000
7,900

12,100
14,300
17,600
20,000

23,900
27,200

and this charge they then related to the degree of covalency of the si-o

bond. Their calculations were only approximate, however, and the

accuracy of Clark's spectral observations was not confirmed'

Bloomfield, Lawson & Rey (1961) made no attempt at analysing the

rich absorption spectrum of the garnets in tlre visible region, altJrough

they vaguely suggested that the 12,000 cm-l and 14'000 cm-1 bands

"o,ria 
u" due to Fe(III) or Mn(II) impurities. Although it is highly

pirU"Uf" that the absorption bands in the visible region are of the d,'d,

iyp", ,ro interpretations of garnet spectra have been made in terms of

ligand fi'eld (d"d, electronic transition) theory'

Memnrer-s

Almandine, pyrope and spessartine represent t]rree end-members of

the isomorphous series of garnets, but a garnet corresponding in composi-

tion to urry on" end-member is rare. In this study, therefore, the name

has been given according to the predominant species present' The garnets

were obtained from H. R. steacy, curator of the National Mineral collec-

tion, Geological Survey of Canada, ottawa. The specimens of almandine.

pyrope canie originally from Gore \4ountain, Essex County' New York'

andfromMadagascar.ThepyropewasfromMoravia 'Czechoslovakia
and the spessartine from Parry Sound, Ontario' The spessartine was

brownish-red in colour, the almandine-pyropes deep-red and the pyrope

blood-red.
The ideal formulae for the garnets are:

almandine Fea,AlzSiaOrz
pyrope MgBAl2Si3O12
spessartine MnaAlz.SisOrz
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ExpnnrlrBxrAr, Dnrarls

Crystal slabs of dimensions 5 mm X 5 mm X 1 mm were cut from
the parent garnet by a 0.008 in. tungsten wire saw. The polished slab was
mounted in an aluminum crystal holder fitted with two variable-aperrure
windows. The holder was placed in the celr compartment of a Beckman
DK-2A double-beam spectrophotometer. when necessary, tlre crystar
was thinned down to permit resorution of the higher-energy bands. crystal
thicknesses were measured with a micrometer. Extinction coefficients
were calculated from the expression

e : A/Ctr,

where ,4 is the absorbance at peak maximum, c is the cation concentration
in moles/litre and I is the crystal thickness in cm.

The spectra w.ere run at room temperature,

Drscussror.l

The absorption spectra of the almandine-pyropes, pyrope and spes_
sartine are shown in Figures 1-4. The spectra exhitit many similar
featyres, for example, each spectrum has a set of trrree similarly-shaped
bands in the infra-red at the approximate energies of 4,500 cm-l, (i,000
cm-l and 7,800 cm-t. The spectra in the visibre region show a large
number of fairly-sharp bands, and in ail four spectra the trree rowest-
energy bands are at the approximate energies t+,bOO cm-l, 16,800 cm-l
and 17,600 cm-l. It would seem, therefore, that tJre garnets contain at
least one common transition metal ion. The energierlr trr" absorption
bands for the four garnets are tabulated in Table 2.

In garnets, tle divalent metar ions are predominantry located in the
distorted dodecahedral (orthorhombic) sites (Deer, Howie & Zussman,
1962). Because Fe is the principal divalent cation in the Gore Mountain
almandine-pyrope and because Fe(II) d,-d, transitions are spin-ailowed,
absorption bands due to 8-coordinated Fe(II) shourd be readiiy observed.
In pyrope and spessartine Fe(II) is not the principal divalenimetar, but
nevertheless considerable amounts of Fe(II) are often present (Deer,
Howie & Zussman, 1962). Therefore, a logicar point at which to begin the
assignment of the spectral bands in Figures 1-4 is the identification of tie
Fe(II) bands from a comparison of the almandine_pyrope, pyrope and
spessartine spectra. Because of the similar structures of the different
species of garnet, it is reasonable to assume tiat the extinction coefficient
of a ba'd pertaining to a cation in a given o environment is approximatery
equal for all garnets.
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Tesr.B 2. ENBncrss or. AssorpTron Betos rN cunnrxrr-v-sTr,'orpo GenNnrs

Gore Mtn. Madagascar Pyrope Spessartine

4,400
6,000
7,800

14,600
16,400
17,800
19,100

19,800

21,800

23,300
24,300 (v.w.)
24,500 (v.w.)
25,100 (w)
27,200

Very 19,500;
weak 20,300;
bands 21,300;

23,000.

4,500
6,000
7,750

14,500
16,300
17,500
19,200

19,800

21,800

23,500
24,300
2+4500
25,100
27,300
29,000
19,500;
20,300;
21,300;
23,000.

4,500
6,200
7,800

I"4,300
16,400
17,800

20,000

21,500(w)

24,L00

24,500 (w)

27,200

4,300
6,000
7,850

14,300
16,300
17,600

r le,100
l

I 19,700
| 20,800
f 22,000 (w)
j 23,500
t
24,350
24,500
25,100 (w)

-23,500

Spessartine
envelope
contains
strong Mn(II)
and Fe(II I)
bands

Chemical analyses of two Gore Mountain garnets are shown in Table 3'

The garnets correspond to a crystal with the following approximate mol.

per cent end-members: almandine 4LTo, pyrope 42/6, grossular L4/6

and andradite zTa (Deer, Howie & Zussman, 1962). Now, tre(Il) in

octahedral sites exhibits a single absorption band corresponding to tJre

transition aTzs + 6.8, although the band is sometimes split into two

broad components rvith a peak separation of -2,000 cm-l due to a

dynamic Jahn-Teller (1937) mechanism. A broad absorption band has

been observed at 10,000 cm-r for Fe(OHs)02+ (Cotton & Meyers, 1960)

and also for octahedrally-bonded Fe(II) in MgO (Low & Weger, 1960)'

Tesls 3. CsBltrcar, Ar.rer-vsps or Gons Mourrarn
Genwms

Crystal CT Crystal XH

SiOz
Tio2
AlzOr
Fe:Oa
FeO
MnO
Mgo
CaO
HzO

4r.30%
0 . 1 5

19.78
1 .80

17.80
0.49

10.60
6 .98
0 . M

39.2970
0 .05

22.L2
0.73

19 .63
0 .38

11 .48
6 .  16
0 .03

Analyses after Levin (1950).
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We observe no band in the energ-y range g,000-11,000 cm-l in any of our
spectra, which suggests that Fe(II) does not occur in octahedral sites in
garnets to any noticeable degree. Assuming that an absorbance of 0.01 is
s igni f icant ,  t ] ra t  e:1and l :0 .05 cm, t len C:O.Z moles/ l i t re  or
[Fe(II)] in crystal : 0.370. This corresponds to O.4/6 FeO. This value of
0.3/eis an upper limit for octahedrally-bonded Fe(II).

Tetrahedrally-bonded Fe(II), in an oxygen field, is characterised by
a d.-d, band al -4,50A cm-l, e.g. in Mg1_,Fe"AlzOe (Slack, 1964) and in
Fe-containingZnO (Bates, White & Roy, 1966). This absorption appears
as a single band at room-temperature. It is possible that either the 6,000
cm-l band or the 4,500 cm-t band is due to tetrahedrally-bonded Fe(II).
The relative intensities of the 4,500 cm-l, G,000 cm-1 and 2,800 cm-l for
five garnets are shown in Table 4, from which it is evident that the three

T^""" 4. R** I"*-rr-"t

Garnet 4,500 cm-l 6'000 cm-t 7,800 cm-r

Pyrope
Spessartine
Madagascar
Gore Mountain
Almandinet

1 . 0
1 . 0
1 . 0
1 . 0
1 . 0

L . 4
L . 4
L . 2
1 .25
r . 2

1 . 7
2 . L
2 . 0
1 .85
1 . 8

xof unknown origin

bands pertain to a single absorbing species. It is very unlikely tiat two or
three different absorbing species in different garnets would have such
similar distributions between tetrahedral and other sites. We would
further suggest that this three-band system characterises S-coordinate
Fe(II). Based on L8/s FeO content (L4% Fe) for tJle Gore Mountain
almandine-pyrope, the value of e7,6qs is -1.3 (Figure 2). The e value is
reasonable for a d,-d, band. Comparing the intensities of the 7,800 cm-l
band of pyrope and Gore Mountain almandine-pyrope, tJre FeO content
in pyrope is -5.27o. Deer, Howie & Zussman (1962) report 0.270 Fd.l
for tJle Moravian pyrope. This calculation would seem to confirm that
the tfiree-band system in the infrared belongs to S-coordinate Fe(II).
The Moravian garnet is70-757o pyrope (Deer, Howie & Zussman, LgO2),
andl4/s almandine.

We have examined the 2,900 cm-l region of the spectrum with a
Beckman IR-12 infrared spectrophotometer. The Gore Mountain and
Madagascar almandine-pyrope crystals showed no evidence of a strong
absorption band at this energy. Clark's (1957) observations of a 2,g00 cm-1
band would seem to be in error. The present spectral investigation also
suggests that Fe(II) does not substitute for Si in tetrahedral sites. Because
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d,-d, absorption bands for transition metal ions in tetrahedral sites are

usually 10-100 times more intense than for the same ions in octahedral

sites, we would put an upper limit for t]re Fe(II)-for-Si substitution at
-0.03To.

In general, the intensities of the major bands common to the four spectra

(Figures 1-4) in the visible region follow the intensities of tjre three

Fe(II) bands in t]1e near-infrared. This would suggest that these bands in

the visible region (at 14,500 cm-l, 16,300 cm-r and 17,800 cm-1 for

example) are spin-forbidden Fe(II) bands. If the spin-forbidden bands of

Fe(II) and Fe(III) are of similar intensity, the analytical data in Table 3

suggest that the Fe(II) bands would predominate in the almandine-

pyropes. The spectra in Figures 3 and 4 are dominated in the visible

region by strong absorptions due, as we will propose later, to Cr(III)

and Mn(II) respectively. Two possible assignment schemes are presented

for the major bands in the visible region of the almandine-pyrope spectra

(Figures I and2).

Spin-forbi.dd.enband,s of Mn( II ) and' Fe( III )
Figure 5 is an energy level diagram f'or d,6 ions in a cubic field. Because

the electronic ground state is 611 (derived from 65 term) and all higher-

energ"y stares are quadruplets are doublets, Mn(II) and Fe(III) d-d

bands are generally weak and are observed either in or flanking the visible

region. It is apparent from Figure 5 tlat, if tl1e free-ion terms retain their

original energy values, electronic transitions from the ground state 6,4.r

to the quadruplet states would be observed in the ultra-violet region.

Many workers (e.g. Wickersheim & Lefever, 1962; Ginsberg & Robin,

1963) have suggested that the free-ion terms are reduced in a ligand field.

Electronic transitions to field-independent states are often marked by

sharp absorption bands, and the band at -24,000 cm-l in tJre spectra

of octahedrally-bonded Mn(II) is an excellent example of this (Cotton &

Wilkinson, 1962; Mehra & Venkateswarlu, 1966). This characteristically

sharp peak corresponds to the electronic transition 6Ar->aAtaE(G).

Also, because the nAr(G) and a-E(G) states are not exactly degenerate, a

shoulder is observed on either the low- or high-energy limbs of the main

peak.
The absorption spectra of andradites in the visible region have been

reported by Grum-Grzhimailo and co-workers (1963) and Manning

(1967a). An impressively sharp band was observed at 22,700 cm-l, and

this was assigned to the transition 6Ar-->4At4E(G) in octahedrally-

bonded Fe(III). The corresponding absorption for Fe(III) in vesuvianite

has been observed at 21,600 cm-l (Manning, 1967b).
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The spectrum of spessartine (Figure 4) shows a very sharp d-d band

at 24,500 cm-l (with a shoulder at 24,300 cm-1) that, according to the

above description, characterizes Mn(II). The separation of peak and

shoulder is -200 cm-l, in reasonable agreement with the separation

(300 cm-l) for Mn(OHr)fi+ (Heidt, Koster & Johnson, 1958)' Assuming

that the ligand field for the dodecahedral site is similar to that of a cube,

tlre A(dodecahedral) site -8/9 A(octahedral site). The 24,500 cm-t band

could therefore be due to S-coordinate Mn(II). In spessartine, Mn(II)

occupies preferentially the S-coordinate sites. Nevertheless, the 6,4r --->

4A!E(G) iransition in octahedrally-bonded Mn(II) in bustamite, rhodo-

nite, pyiox-angite and serandite is observed at 24,500 cm-l (Manning,

1967c).
The strong absorptions in the spessartine spectrum (Figure 4) at 20'800

cm-1 and 23,500 cm-1 must also be Mn(II) bands, because these absorp-

tions are not observed in the almandine-pyrope and pyrope spectra

(Figures 1-3). The 20,800 cm-1 and 23,500 cm-l bands are analogous to

itt" tg,+OO cm-l and 22,700 cm-1 bands belonging to octahedrally-bonded

Mn(II) in KCl (Mehra & Venkateswarlu, 1966), and could mark tlle

transitions 6At--->aT{G) and 6Ar-taTr(G) respectively. The bands in

spessartine are, therefore, raised generally to higher energies' Thinner

sections of spessartine showed a strong band at 27,000 cm-1, which

compares with the band observed by Mehra & Venkateswarlu (1966) at

27,200 cm-t (6 A 1 -+ aT 2(D)).
Let us now return to the spectrum of the Madagascar almandine-

pyrope (Figure 1), which is the richer of the two almandine-pyrope

"p""t.r. 
ihe small peaks at 24,500 cm-l and 24,300 cm-r are clearly those

of nnttltl;, but these bands are not visible in the Gore Mountain spectrum

(Figure 2). The concentration of Mn in the former garnet is0.57o, giving

a value of e2a,6ss of 0.5.
The three absorption bands at the approximate energies 14,500 cm-r,

16,300 cm-l and 17,600 cm-1 appear in all four reported spectra (Figures

L-4), albeit rather weakly in the pyrope (Figure 3) and spessartine spectra

(Figure 4). The relative intensities of the bands in the four spectra indicate

that they belong to a single absorbing species, Their weakness in the

spessartine spectrum (Figure 4) suggests that they would belong toFe (III)

,.th", than Mn(II). The 19,100 cm-1, 19,800 cm-l, 23,500 cm-l and

27,200 cm-1 bands are very prominent in the almandine-pyrope spectra

(Figures 1 and 2) and these bands togetJrer with the three at 14,500 cm-r,

iO,jOO cm-l and 17,600 cm-1 can be considered a set. The two absorptions

at 17,800 cm-l and 24,100 cm-1 in the pyrope spectrum (Figure 3) clearly

belong to another cation, and they "swamp" much of the detail in the

visible region.
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- The very sharp absorption at 1g,g00 cm-1 in Figures I and2could mark
the transition 6A1-->  A(E(G), while the 22,200 cm-r absorptions mark
the second field-independent transition 611 ->aE(D). The following
assignment scheme seems reasonable for Fe(III) in octahedral sites in
pyralspites:

f  14.500cm-l
l  ro,goo.--t  

6Ar-aT{G)

{ 17,500 cm-t B ̂
t 19,200 cm-r 

aA1 + aT2(G)

13:!33:t:l ii::^,1:^3\,,
27,200 grn-t tAy --+ aE(D).

TheaAfE(G) level, therefore, would seem to be at 1g,g00 cm-l in pyral_
spites, compared to 21,600 cm-l for vesuvianite (Manning, 1g67b) and
22,7 A0 cm-l for andradite (Manning, Ig6Z a).

The splitting of the 71(e and Tz(G) levels (-1,/00 cm-r) is reasonable
for a dynamic Jahn-Teller (1932) mechanism. The configurations of the
Fe(III) excited states are tf,oel. Dynamic Jahn-Telrer mechanisms of
-2,000 cm-1 have been proposed to account for band sprittings in many
FeP+ complexes (Jones, 196Z).

Sp'in-f orb,id.d.en Fe ( I I ) band,s
Let us now consider the possibility that trre 14,500 cm-l, 16,300 cm-r,

17,500 cm-l, L9,200 cm-', 19,800 cm-l, 28,500 cm-l and,22,200 co-,
bands are spin-forbidden bands of Fe(II). As mentioned earlier, this set
of bands appears prominently in Figures I and 2 where the three spin-
allowed Fe(II) bands are strong, and only very weakly in Figures B and 4
where the spin-allowed Fe(II) bands are weak. The extinction coefficient
of the 14'500 cm-l band in the Gore-Mountain spectrum is -0.07 based
on Fe(II) concentrations, and this is reasonable for a spin-forbidden band.
Based on the Fe(III) concentration, the value of . ftr the 14,b00 cm-r
band is -1, which is rather high for a spin-forbidden band.

In thicker sections, the 2r,800 cm-l band in trre almandine-pyrope
spectra (Figures I and 2 is also sharply pointed, but on thinning the
crystals its sharpness becomes less evident. The 21,g00 cm-l band could
mark tlre transition 6At--->AA.1E(G). The 19,g00 cm-l band seems to be
at rather a low energy for the aAfE(G) level, since this level is observed
at 2L,60A cm-1 in vesuvianite (Manning, 1g67b) and 22,7A0 cm-r in
andradite (Manning, l967a). For epidote, Burns (1965) put the AA\E(G)
level at -23,000 cm-r. Based on an Fe(III) content of" L/s,tre extinction
coefficient of the 21,800 cm-l band in the Gore Mou-ntain spectrum
(Figure 2) is 0.4. The 25,200 cm-l band could also be part of the Fe(III)
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spectrum, although this weak band has no prominent features (e.g.

sharpness) that would lead to a rigorous assignment'

A few minor bands remain unassigned, e'g' at 20,300 cm-r (a weak

shoulder in Figure 1), but they are not sufficiently important to warrant

a detailed study.

GBusner, Drscussron

It is difficult to decide unequivocally which of the two assignment

schemes is correct. Attributing the 14,500 cm-l' 16,300 cm-1, 17,800 cm-l,

19,200 cm-l, 19,800 cm-1, 23,500 cm-1 and 27,200 cm-1 bands to octa-

hedrally-bonded Fe(III) leads to a reasonable assignment scheme in

which the ?^r(G) and. Tz(G) states are split by a Jahn-Teller (1937)

mechanism. The 19,800 cm-t and 27,200 cm-l absorptions are sharp and

could have been due to transitions to the field-independent states 4A148(G)

and, aE(D). Unfortunately, the extinction coefficients seem rather large

when calculated on the basis of l/o Fe(III), €.8. ers,aoo -5. Also, the

AALAE(G) level at 19,800 cm-l would seem to be at a rather low energy

"ornpur"a 
to vesuvianite (21,600 cm-t), andradite (22,700 cm-l) and

epidtte (-23,000 cm-t). The 21,800 cm-l band would seem to be of

reasonable intensity for an Fe(III) band' Dunn (1960) has pointed out

that some excited triplet states of Fe(II) are field-independent in cubic

fields, and because spin-forbidden Fe(II) are generally observed in the

visible, the sharp bands in the almandine-pyrope spectra may tre due to

Fe(II). We favour the assigning of the major bands in the almandine-

pyrope spectra (Figures L and 2) to Fe(II), the dominant ion'

AbsorPtion band's of Cr( I I I )

The 24.100 cm-] and 17,800 cm-1 bands in pyrope (Figure 3) are clearly

not of the same origin as the bands in the almandine-pyrope spectra

(Figure 5) . The pyrope contains 0.5/6 Cr and it is possible that the two

absirptions pertain to octahedrally-bonded Cr(III)' The e values are

-25, ,,,rhich compare well with the values of e(: 15) for the 17,400 cm-r

and,24,500 cm-l bands for Cr(OHz)3+ (Ballhausen, 1962). The blood-red

colour of pyrope has earlier been aitributed to Cr (Bragg, 1958)' It is

likely, therefore, that the 17,800 cm-l and 24,100 cm-l bands belong to

octahedrally-bonded Cr(I I I)'

Corcr,usroN

A three-band system in the near infrared in the optical absorption

spectra of pyralspite garnets has been assigned to S-coordinate Fe(II).

Th" *o." prominent Lands in the visible region have been assigned to
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spin-forbidden bands of Fe(II) and Fe(III). Absorption bands peculiar
to Mn(II) and Cr(III) have also been recorded.
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