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Optical spectrum, site occupancy, and oxidation state of Mn in montmorillonite
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AssrRAcr

Optical (difftrse-reflectance) spectra are used to characterize the crystal chemistry of Mn
in pegmatite-associated montmorillonite. The optical spectra indicate that Mn is in the
3* oxidation state and show Mn3+ ligand-field transitions near 10400, 18800, 20600,
and22400 cm-'. As indicated from the number and eneryies of the ligand-field absorption
bands, the Mn3* coordination site has undergone a tetragonal distortion associated with
the Jahn-Teller effect. Further distortion has eliminated even the tetragonal symmetry.
Assuming that the Mn site is approximately tetragonal, however, the ligand-field theory
parameters loDq, Ds, and Dt are estimated to be 18 800, 1934, and 533 cm '. The large
Jahn-Teller distortion of the Mn3+ coordination site may explain the limited solubility of
Mn3+ cations in montmorillonite and the absence of a manganian (Mn3+) smectite end-
member phase.

INrnouucrroN

Montmorillonites found as pocket clay in granitic peg-
matites often have relatively high Mn contents (>0. lolo
as MnO). Such pegmatite clays have a characteristic rose-
pink color that has been attributed to the presence of Mn
(e.g., Foord et al., 1986). It is generally assumed that Mn
in smectites is in the Mnr* oxidation state (e.g., Weaver
and Pollard, 1973). However, higher oxidation states of
Mn are often found in other pegmatite minerals (e.g.,
Mn3+, Mn++ in tourmaline) and the possibitity of Mn3+
or Mna+ cations in montmorillonite should be consid-
ered. Knowing the redox state of Mn in pegmatite clay
minerals may help constrain the oxygen fugacity during
cooling and subsequent alteration of primary pegmatite
minerals.

Optical spectra provide a useful means of characteiz-
ing the crystal chemistry of transition-metal cations in
minerals. For clay minerals, which do not form crystals
large enough for measuring polarized single-crystal ab-
sorption spectra, the most useful technique is difuse-re-
flectance spectroscopy. In this paper, visible to near-in-
frared diffuse-reflectance spectra are use to characterize
the crystal chemistry of Mn in pegmatite clay.

ExpBnrilmNTAL DETAILS
Materials and methods

Two of the samples analyzed in this study are from the Smith-
sonian Institution (National Museum of Natural History) col-
lection. NMNH 101836 is from Veracruz, Mexico, and NMNH
R7452 is from Greenwood, Maine. These samples were origi-
nally described by Ross and Hendricks (1945). A third sample
(K-P) is from the Katrina mine (Pala district), San Diego Coun-
ty, California, and was described by Foord et al. (1986). In each
of these localities, the montmorillonite occupies fractures and
pockets in pegmatite bodies.

Detailed characterization of the samples was done to confirm

that the Mn was not associated with some minor accessory phase.
Samples were dispersed in distilled water using an ultrasonic
probe and size separated by centrifugation to yield ttre <2-pm
size fraction. Difractometer scans of random-orientation mounts
of the <2-pm size fraction were done using Ni-filtered Cu ra-
diation. This size fraction, which contained only smectite, was
then oriented by centrifugation on a ceramic tile, following the
methods of Kinter and Diamond (1956). X-ray diffraction pat-
terns were run on untreated, glycol-saturated, K-saturated, Mg-
saturated, and heat-treated (300'C for 2 h and 550 "C for 2 h
samples. Samples were saturated with Mg and K using the pro-
cedures outlined in Jackson (1956). Glycol solvation was achieved
by direct application ofethylene glycol to the clay on the ceramic
tile.

Chemical compositions were obtained using X-ray fluores-
cence. Ball-milled samples were mixed with the lithium meta-
borate in a l:10 ratio, fired at 900'C, and molded into a 20-
mm-wide disc. Oxide abundances were determined by a ZAF
algorithm. Total HrO and CO, contents were measured using a
CHN analyzer.

Visible to near-infrared (350-2600 mm) diffuse-reflectance
spectra were obtained using a Beckman UV5240 spectropho-
tometer with a Halon-coated integrating sphere. The spectra were
first converted to a Kubulka-Munk remission function, which is
defined as,F(R) : (1 - R),/zR = k/s, where R is reflectance, k
is absorption coefficient, and s is the scattering coefrcient. To
the extent that the scattering coefficient is independent ofwave-
length, the Kubulka-Munk remission function will approximate
the absorption spectrum. Each converted spectrum was fit to a
sum of Gaussian bands on a constant baseline. The fitting pa-
rameters were entirely unconstrained.

Mineralogical and chemical results

The two Smithsonian samples consist predominantly
ofdioctahedral smectite based on (060) d spacings of 1.49-
1.50 A fiable l). NMNH R7452 conrains po[ucite (a
Cs-rich zeolite); NMNH 101836 contains only quartz as
an accessory phase. Sample K-P (Foord et a1., 1986) con-
tains about 200/o admixed cookeite.
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Fig. 2. Difuse-reflectance spectra of NMNH R7452. Bands
in the spectra are as in Fig. l.

sharp absorption features interfere with the broad band
centered near 10400 cm-'. These features are due to
overtone and combination vibrational modes of interlay-
er HrO and structural OH.

The energies, widths, and relative intensities of the
bands found in the montmorillonite spectra are charac-
teristic of Mn3* but not Mn2+. A similar set of absorption
bands is found in manganian (Mn3+ andalusite (Halenius,
1978) and in piemontite (Burns, 1970). In contrast, the
three lowest-energy absorption bands observed in the
spectra of Mn2+ silicates are found near I 9 400 cm-' (5 I 5
nm),23000 cm- ' (435 nm),  and24500 cm ' (408 nm)
(e.g., Keester and White, 1968). Those bands are due to
the 6A, - oTr,6A, ' aTz, lfLd uA, ' oE,uAr ligand-field
transitions of octahedrally coordinated Mn2+. No evi-
dence of such Mn2+ bands are present in the montmoril-
lonite spectra. It should be pointed out, however, that the
small Mn content (ca. 0. l0lo) would not show any absorp-
tion bands if the Mn is in the 2+ oxidation state inas-
much as the Mn2+ ligand-field transitions are spin-for-
bidden and have very low absorption coefficients.

The effect of Fe3+ on the spectra should also be men-

TneLe 2. Chemical compositions and structural formulas

Sample: 101836 R7452 K-P.
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Fig. l. Diffirse-reflectance spectra and model deconvolution

ofNMNH 101836. Bandsat 10400, 18800,20600, and2240O
cm-r result from electronic transitions of Mn3+ . The weak, sharp
bands near 9000 cm I are overtone and combination bands of
interlayer HrO and structural OH.

All of the samples have an interlayer thickness of about
two water layers (doo, t tS A) and expand along c* to
about 17 A when glycol saturated. Upon K saturation,
rhe (001) spacing collapses to 12.8 A NilvlNH R7452)
and 13.8 A NvtNH 101836) indicating a low negative
charge on the silicate lattice characteristic of smectite
rather than vermiculite. Heat treatment produces further
collapse to 10.16 and 9.93 A. A normal smectite heated
to 550'C for 2 h should collapse to a doo, of l0 A or less
(Brindley, 1980). A doo, spacing of 10.16 A m NvfNH
I 0 I 836 suggests the presence of minor interlayer hydrox-
ycatlon.

Structural formulae cast from chemical analyses (Table
2) indicate that the three samples are nearly pure mont-
morillonite. The layer charges range from -0.57 to -1.32

consistent with the K-saturation results. Note that, in the
structural formula representations, the number of octa-
hedral cations are forced to total no more than 2.00 with
any extra Mg assigned to the interlayer.

Rnsur,rs AND DISCUSSToN

Diffuse-reflectance spectra of the montmorillonite
samples NMNH 101836, NMNH F.7452, and K-P are
shown in Figures 1,2, and 3, respectively. From the fit-
ting procedure (Table 3), absorption bands are found near
10400, 18800, and 20600, and 22400 cm-'. Several

TreLe 1. Observed d spacings in montmorillonite sam-
ptes

Sample 060 Structural formulas
NMNH 101 836: (Cao*Nao*Koo,)(Al3sMgo55MnoolrXSi?@Aloitoro(OH)4
NMNH R7452: (Cao€Mgo rxAls$Mgo65Mno d(Si? sAlo6')O4(OH)4'xHrO
K-P: (Cao,rMgoouNao,elG lXAlssFeo,4Mgo srMnooTXSiTeAlodoro(OH)4'xHrO

' Data for sample K-P, normalized to 100%, are taken from Foord et al.
{1 986).

sio,
Al203
Fe.O"
MnO
Mgo
CaO
Naro
KrO
H,O (tot.)

I otal

55.68
20.94
0.42
0 . 1 5
2.59
251
0.33
0.05

19.5
102.2

48.24
22.39
0.50
0 . 1 6
3.76
2.26

<0.1
0.25

22.4
100.3

56.3
20.0
1 .32
1.38
2.63
0.75
0.69
0.52

16.4
100.0

HT

NMNH 101836
NMNH R7452

15.2 17 13.8
15 .0  17  12 .8

1.490
1.490

1 0 . 1 6
9.93

Note: AD : air dried; G : glycol saturated; K : K saturated;
HT : heat treated at 550 "C for 2 h.
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Fig. 3. Diffuse-reflectance spectra of sample K-P (Foord et
al., 1986). Bands in the spectra are as in Fig. l.

tioned. The energies of Fe3+ bands in montmorillonite
should be similar to those in nontronite. Octahedrally
coordinated Fe3+ in nontronite shows bands at 10600
cm-' (943 nm), l6 100 cm-' (621 nm), 22500 cm-t (444
nm) corresponding to the6A, - oTr,64r - oTz,and6At -
oE, oAr ligand-field transitions (Sherman and Vergo, in
prep.; see also, Karickhoffand Bailey, 1973; Singer, 1982).
Note that the Fe3+ ligand-field transitions, like those of
Mn2+, are nominally spin-forbidden. Bands due to small
amounts of Fe3+ would be obscured by the more intense
Mn3+ bands. Attempts to include bands due to Fe3+ li-
gand-field transitions in the fitting procedure were unsuc-
cessful.

The Mn3+ cation has four 3delectrons; in an octahedral
field, the ground state 3d orbital electronic configuration
would be t)ret. Only a single spin-allowed electronic
transition would be possible, tE, - tTr* corresponding
to the lr, - ec one-electron orbital transition. This should
occur near 20000..-t (500 nm) based on SCF-Xa-SW
molecular orbital calculations (Sherman, 1984) and the
spectra of other Mn3+ minerals. As is well-known, how-
ever, the Mn3+ cation distorts its coordination site via
the Jahn-Teller effect. The distortion decreases the sym-
metry of the coordination site from octahedral (O) to
tetragonal (Do). Under the tetragonal distortion, the trlOo)
orbital splits into e,(Doo) and br,(Do) orbitals, whereas

Tneue 3. Energies and assignments of Mn3* ligand-field bands
in montmorillonite spectra

Assignment'
NMNH NMNH
101836 R7452 K-P
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Fig. 4. Mn3* 3denergy levels in (a) tetragonal distortion with
z ligands in, (b) regular octahedron, and (c) tetragonal distortion
with zligands out. Orbitals that are unoccupied are indicated by
dashed lines. The ligand-field theory parameter llDq (the t* -

e" orbital separation in 01 symmetry) is given by the br" - bru
orbital energy separation in Doo symmetry.

the e,(O) orbital is split into a,"(Doo) and b,r(Doo) orbitals
(Fig. a). Hence, in a tetragonal site, three absorption bands
will be observed instead of one. The presence of four
bands in the montmorillonite spectra results from further
distortion of the tetragonal site to one with orthorhombic
(Cr,) or smaller symmetry. This further distortion splits
the etDo) orbital into singly degenerate a,(Cr) and b,(Cr)
orbitals.

From the band eneryies, it is possible to get an ap-
proximate estimate of the Mn-O bond lengths and the
degree of distortion of the Mn3+ coordination site. To do
this, however, we must assign the bands to the specific
electronic transitions. For a first approximation, we shall
assume that the octahedral Mn3+ site has only undergone
the tetragonal distonion. Two different possible tetrago'
nal distortions of the MnO. coordination site must be
considered, however, depending upon whether the axial
Mn-O bonds are extended or compressed relative to the
equatorial Mn-O bonds. The one-electron energy levels
for Mn3+ in both tetragonal distortion schemes are shown
in Figure 4.

ln Duo (tetragonal) symmetry, the Mn 3d orbital ener-
gies are described in terms of the parameters Ds, Dt, and
Dq (Table 4), where D4 is the cubic crystal field splitting
and DJ, Dl describe the tetragonal field (Perumareddi,
1967;Konig and Kremer, 1977).If the tetragonal distor-
tion is such that the axial Mn-O bonds are compressed
relative to the equatorial bonds (Fig. 4), then the bands

TaeLe 4. Orbital energies in the tetragonal
crystal field

Orbital Energy

2 D s - D t + 6 D q
- 2 D s - O D t + 6 D q

2 D s - D t - 4 D q
- D s + 4 D t - 4 D q

4s
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at 10400 and 22400 cm I correspond to the br, - ar,
and br" - drc transitions, and the two bands at 18 800
and 20600 cm-' correspond to the split €e - et, transi-
tion. Using the orbital energy expression in Table 4, it
follows that llDq, Ds, and Dt are 12000, -1871, and
-583 cm I. The value for llDq in this energyJevel
scheme, however, is unrealistically small for a trivalent
cation octahedrally coordinated by oxygen.

If, instead, it is assumed that the axial Mn-O bonds
are extended relative to the equatorial Mn-O bonds (Fig.
4c), the bands at 10400 and 18800 cm-'would be as-
signed to rhe arr - br" and bt, - bt, transitions, whereas
the bands aI 20 600 and 22 400 cm-' would be split com-
ponents of the e" - b," transition. This energyJevel scheme
implies that llDq, Ds, and Dt are 18 800, 1934, and 533
cm-1. The more reasonable value for llDq suggests that
this energy-level scheme is correct.

The value for l}Dq for Mn3* in AlrO, is 19470 cm-'
(McClure, 1962), whereas l1Dq for the Mn3+ aquo-com-
plex is 21 000 cm-' (Orgel, 1966). Hence, the value es-
timated for Mn3+ in montmorillonite (18800 cm-') is
quite reasonable. It should be pointed out, however, that
nearly all of the previous calculations in the mineral lit-
erature of "l\Dq" for Mn3+ cations occupying distorted
sites in minerals have been done incorrectly. A common
mistake is to assume that llDq corresponds to the av-
erage energy of the er(Oo)-derived states minus the aver-
age energy of the trr(Oo)-derived states. In the case of a
tetragonally distorted site, for example, this quantity cal-
culated from the spectra would not correspond to l}Dq
but instead would be l}Dq - 5Dt - Ds/2. For this rea-
son, "10D4" for Mn3* cations are often quoted in the
mineral literature as being between 10000 and 15000
cm- ' instead of more realistic values between I 8 000 and
22000 cm- ' .

As noted previously, the presence offour bands shows
that the symmetry of the Mn3* coordination site is not
Do, but must be Cr" or lower. The assignments of the
bands in terms of Cr" symmetry is given in Table 3. The
Cr" symmetry, all the transitions are Laporte-allowed ex-
cept the '8, - 'Br. The band at 20600 cm-l, therefore,
must correspond to that transition since it is much weak-
er than the other Mn3+ ligand-field bands.

We can now use the values of l}Dq and Dt to estimate
the degree of tetragonal distortion in the Mn3+ site. The
tetragonal field parameter Dt is a measure of the differ-
ence between the Dqparameters associated with the z-ax-
is ligands and the t/-axes or equatorial ligands (e.g.,
Douglas and Hollingsworth, 1985):

Dt: -%lDq(z) - Dq(xy)l : 533 cm-'.

If we assume that the derived Dqparameter is an average
ofthat for the two oxygen types, then

Dq: %l2Dq(z) + 4Dq(xy)l : 1880 cm-'.

Solving the two equations, we get Dq(xy): 2l9l cm-'
and Dq(z): 1258 cm-r. The significant difference be-
tween Dq(ry) and Dq(z) implies that the tetragonal dis-

tortion of the site is quite large. Using the approximation
of ligand-field theory, we have Dq a (l/r)s where r is the
M-O bond length. Hence,

r(xy)/ r(z) : lDq(z)/ Dq(xy)l'd : 0.895.

The average Mn-O bond length should be about 2.04 L
given the ionic radius of Mn3* and the observed value

for l\Dq.It follows that r(xy) x 1.96 and r(z) x 2.19.
The ionic radius of Mn3* is nearly identical to that of

Fe3+. One might expect that a manganian (Mir3+) smec-
tite (analogous to nontronite) might be stable or, at the
very least, that extensive solid solution between such a
hypothetical end member and nontronite could occur.
The absence of such Mn3+ smectites may simply reflect

the limited stability of Mn3* in most geochemical envi-
ronments. In addition, however, the large tetragonal dis-

tortion of the Mn3* coordination site may limit the extent
of the solid solution of Mn3* in montmorillonite inas-
much as the z-axis elongation should strain the octahe-
dral AI(O,OH) sheet.
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