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Structural chemistry of Mn, Fe, Co, and Ni in manganese hydrous oxides:

Part 1. Information from XANES spectroscopy
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ABSTRACT

The oxidation state and coordination number of Mn, Fe, and Co in hydrous manganese
oxides have been investigated by high resolution XANES spectroscopy. At the MnK edge,
spectral sensitivity is high enough to differentiate between Mn ions of different oxidation
states and site occupations. Application of this technique to various poorly crystallized
hydrous oxides, including samples of birnessite, vernadite, asbolane, and manganese goe-
thite, indicates that Mn atoms are generally tetravalent. If low-valence Mn ions are present,
they certainly make up less than 20 at%. In natural Fe-containing vernadite, Fe atoms are
sixfold coordinated, on the basis of a detection limit for “IFe** ions of about 10 at%. Co
has been found to be trivalent in both cobalt and cobalt nickel asbolane. MnK preedge
spectra have also been demonstrated to be sensitive to the local structure of tetravalent
manganate. Spectral intensity was found to depend on the ratio of edge- to corner-sharing
MnO, octahedra: the larger the tunnel size of the manganate, the lower the intensity of
the preedge. Application of this concept to the structure of 3-MnO, suggests that vernadite
contains as many corner-sharing octahedra as todorokite. On the basis of XANES data,
5-MnO, does not possess a layered structure and should not be considered as long-range

disordered birnessite.

INTRODUCTION

In mineral structures, Mn, Fe, and Co atoms can occur
in a number of oxidation states and sites. For instance,
Mn2*, Mn?*+, Fez+, Fe3+, and Co?* ions can be found in
both octahedral and tetrahedral coordinations, whereas
Mn*+ and low-spin Co>* are restricted to octahedral sites.
An understanding of the electronic structure of cations in
minerals can be important for constraining structural in-
terpretations from X-ray diffraction (XRD) data. This in-
formation is particularly useful for elucidating the struc-
ture of poorly crystallized hydrous oxides for which
diffraction intensity data fail to provide a unique solu-
tion. For example, several models have been proposed
for the structure of ferrihydrite. Some researchers have
found only sixfold-coordinated Fe atoms (Towe and
Bradley, 1967), whereas others have reported significant
filling of tetrahedral sites, 33% by Eggleton and Fitzpat-
rick (1988) to 50% by Harrison et al. (1967). In another
instance, Chukhrov et al. (1988) interpreted XRD data
from iron vernadite by assuming the presence of about
one-third of (Fe,Mn) atoms in fourfold coordination.
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The purpose of this work is to more accurately deter-
mine the oxidation state and site occupation of Mn, Fe,
and Co in various hydrous manganese oxides by using
X-ray absorption near-edge structure (XANES) spectros-
copy. This crystal chemical information provides con-
straints for interpreting structural data obtained for the
same materials using XRD, selected area electron dif-
fraction (SAED), energy dispersive spectrometry (EDS),
and extended X-ray absorption fine structure (EXAFS)
spectroscopy. These results are presented and discussed
in the second part of this paper (Manceau et al., 1992).

XANES spectra are usually separated into two parts:
the preedge and the main-edge regions (Brown et al.,
1988). The former is located to the lower energy side of
the steeply rising absorption edge and corresponds to s
- 3d type electronic transitions. The latter extends from
a few electron volts above the preedge to about 50 eV
higher than the absorption edge and corresponds mainly
to multiple-scattering resonances of photoelectrons eject-
ed with low kinetic energy. Apte and Mande (1982) and
Belli et al (1980) found that the energy of the main-edge
and preedge peaks of manganese oxides varied linearly
with the oxidation state of Mn atoms. This positive en-
ergy shift with increasing valence results partly from in-
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creased attraction between the nucleus and the s core
electrons and partly from the effect of final-state wave
functions. Final states of 3d character (preedge region)
are more tightly bound and hence are less sensitive to
changes in ionicity and in solid-state effects than the more
diffuse, higher energy, final states of the main absorption
K edge (multiple-scattering region). Thus, the oxidation
state is more reliably determined from the energy posi-
tion of the preedge peak than from that of the main ab-
sorption edge spectrum. Belli et al. (1980) reported that
although molecular orbital (MO) transition assignments
are qualitatively correct for interpreting main XANES
features, solid-state effects are also important. If con-
firmed, such spectral sensitivity to the manganese oxide
structure would be of particular interest; it would allow
MnK XANES to complement EXAFS spectroscopy for
the determination of the local structure of hydrous man-
ganese oxides. FeK XANES spectra of minerals have been
more extensively studied. Near-edge and main-edge ab-
sorption features from FeX XANES spectra have been
shown to reflect the site geometry and valence of Fe in
minerals (Calas and Petiau, 1983; Waychunas et al., 1983).
More recently, Manceau et al. (1990a) applied this spec-
troscopy to test the possible presence of tetrahedrally co-
ordinated Fe** in hydrous iron oxides. In this case, FeX
preedge features were shown to be particularly sensitive
to the ¥IFe*+/IFe3+ ratio with a detection limit for “IFe’+
ions at less than 10 at%. In minerals, Co can be divalent
or trivalent, tetrahedrally or octahedrally coordinated, and
in a low-spin or high-spin configuration. Facing these
contrasting electronic structures, XANES spectroscopy
should yield valuable information about the crystal
chemistry of Co in hydrous manganese oxides.

EXPERIMENTAL DETAILS
Analytical techniques

XANES spectra were obtained at the EXAFS IV sta-
tion at the LURE synchrotron radiation laboratory (Or-
say, France). The electron energy of the DCI storage ring
was 1.85 GeV, and the current was between 200 and 250
mA. The incident beam was monochromatized using pairs
of reflecting Si (511) crystals so that the Bragg angle near
the MnK edge was near 66°. At this angle, the energy
spread due to vertical divergence of the beam was 0.45
eV, and the intrinsic width of the reflection curve (Dar-
win width) equaled 0.05 eV. These widths are signifi-
cantly smaller than the Mn core-level width (1.16 eV)
that results from core hole lifetime. The overall resolu-
tion of XANES spectra was equal to the convolution of
the instrument with the core-level widths and was as small
as 1.2-1.3 eV. With this high level of resolution, exper-
imental spectral broadening was negligible. Harmonics
due to higher order reflections were filtered out with bo-
rosilicate glass mirrors (Sainctavit et al., 1988). The en-
ergy calibration of MnK XANES spectra was made taking
a maximum of the preedge peak for MnCr,0, at 6538.7
eV. The preabsorption feature in MnCr,O, was repeat-
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edly measured to monitor the stability of the energy cal-
ibration. Mn and Fe preedge spectra were recorded in
steps of 0.06 and 0.13 eV, respectively.

Corrected preedge absorption structure was obtained
by subtracting the arc-tangent—fitted interpolated tail of
the main edge from the observed spectra. The absorbance
was then normalized with respect to the absorption jump
of the main edge (Au). This jump was determined by
fitting first-order polynomials to the data 100 eV below
the preedge and from 100 to 400 eV above. The differ-
ence between these two lines (at the energy at which the
preedge starts) was used as the normalization factor for
the corrected preedge. The reliability of the experimental
measurements and our analytical treatment were con-
firmed by recording several spectra of the same sample
during different beam sessions.

Materials

A series of well-crystallized manganese, iron, and co-
balt oxides, which served as reference compounds, and
other Mn-, Fe-, and Co-bearing minerals were analyzed.
The minerals are listed in Table 1 along with their for-
mulae and selected crystallographic data.

Birnessite. A synthetic birnessite sample, Na,Mn,,0,,
9H,0, synthetized by Giovanoli (Giovanoli et al., 1969,
1970a, 1970b; Giovanoli and Stihli, 1970) was exam-
ined, in addition to two natural birnessite samples (B1,
M12) from (Fe,Mn) micronodules of the Clarion-Clip-
perton province, Pacific Ocean (Chukhrov et al., 1978a;
Shterenberg et al., 1985). Sample B1 contains Mn MnO,
= 67.66 wt%) and, in addition, Mg, K, Na, and Ca (MgO
= 8.58 wt%, K,O = 2.43 wit%, Na,O = 1.90 wt%, and
CaO = 0.52 wt%). A noticeable feature of sample M12 is
the absence of Ca, Mg, K, and Na and the presence of
small amounts of Ni, Cu, and Co (NiO = 1.65%, CuO =
0.92%, and Co,0, = 0.16%).

Vernadite. A synthetic vernadite sample (6-MnQO,) was
prepared by adding H,O, to a stirred 1 M KMnO, solu-
tion at room temperature (Chukhrov et al., 1987). The
precipitate was freeze dried, then washed with 0.1 M
HNO,, distilled H,O and finally 1 M NaCl. A large col-
lection of Fe-bearing natural vernadite samples previ-
ously studied by Chukhrov et al. (1987, 1988) and Man-
ceau and Combes (1988) were examined further. Data
from EDS indicated that the Mn/Fe ratio in these natural
particles ranged from 3/1 to 1/1.

Mn-bearing goethite. A sample of manganese goethite
from the Fe-Mn crusts of Krylov Underwater Mountain
(Atlantic Ocean) has been described by Varentsov et al.
(1989) as goethite groutite. Our EDS data showed the
mean composition of particles to be about 50% MnO,
and 50% Fe,O,, but with a variable MnO, content rang-
ing from 33 to 62%.

Asbolane. Three asbolane samples were investigated.
Two cobalt nickel asbolane samples from New Caledonia
Ni ore deposits were previously studied by Manceau et
al. (1987) using EXAFS spectroscopy. A cobalt asbolane
sample from Saalfeld (Germany) was originally charac-



TaBLE 1. Selected mineralogical and crystallographic information on samples
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Mineral name

Ideal composition

Oxidation state and site
occupation of cation

Full point group

Phyllomanganates
Buserite (2-D)
Lithiophorite (2-D)
Birnessite (2-D)
Asbolane (2-D)
Chalcophanite (2-D’)
Vernadite (2-D’)

Tectomanganates
Todorokite
Psilomelane (romanachite)
Hollandite
Ramsdellite
Pyrolusite

Other
Rhodochrosite
Manganese spinel
Hausmannite
Feitknechtite

Goethite
Akaganeite
Lepidocrocite
Feroxyhite
Ferrihydrite
Hematite
Maghemite
Iron phosphate

Erythrite
Cobalt spinel
Heterogenite

Manganese oxides

MnO, SIMne+ —(1)
(ALL)MnO,OH), M m Col2)
NaMn,,0,,-9H.0 EIMne+ Co3)
Mn(O,0H),(Ni,C0),(0,0H),- nH,0 1eIMn*+ —4)
ZnMn,0,-3H,0 EIMn*+ C(5)
5-MnO, SIMn+ —(6)
(Na,Ca,K), 5 4,{Mn,Mg);0;, 1H,O MR+ Con(7)
(Ba,H.,0),Mn;0,, ©EiMn** C:n(8)
(Ba,Na,K)Mn4(O,0H),, EIMn+ Com Cil9)
a-MnO, wiMn*+ D,,(10,
MnO, BIMn*+* D,{(11)
MnCO, CIV I D,.(12)
MnCr,O, “IMn2+ 0,(13)
Mn,0, EBIMne* + “IMn2 0,(13)
8-MnOOH BIMn3* —(14)
Iron oxides
a-FeOOH elFg3+ D,,(15)
B-FeOOH EIFg3* D,,(16)
y-FeOOH 1BIFg3* D,(17)
8-FeOOH BIFgst D,{18)
5Fe,0,-9H,0 IFg3 —(19)
a-Fe,0, 1EIF @3+ D, £20)
v-Fe,0, IFg + g o421
FePO, “IFg3* D4(22)
Co compounds
Co4(AsO,),-8H,0 BICE?" —(23)
CoAl,0, “ICo?* 0,(13)
CoOOH ©ICo D,,(24)

Note: 1 = Giovanoli (1980a); 2 = Wadsley (1952), Pauling and Kamb (1982); 3 = Post and Veblen (1990); 4 = Drits (1987); 5 = Wadsley (1 953), Post
and Appleman (1988); 6 = Chukhrov et al. (1978b), Giovanoli (1980b); 7 = Post and Bish (1988); 8 = Wadsley (1953), Turner and Post (1988);
9 = Bystrom and Bystrom (1950), Post et al. (1982), Miura (1986), Vicat et al. (1986); 10 = Bystrom (1949); 11 = Baur (1976); 12 = Effenberger et al.
(1981}); 13 = Hill et al. (1979); 14 = Bricker (1965); 15 = Szytula et al. (1968); 16 = Szytula et al. (1970); 17 = Ewing (1935); 18 = Patrat et al. (1 983);
19 = Towe and Bradiey (1967); 20 = Blake et al. (1966); 21 = Hagg (1935), Verwey (1935); 22 = Arnold (1986); 23 = Taylor and Heiding (1958);

24 = Delaplane et al. (1969), Deliens and Goethals (1973).

terized by Chukhrov et al. (1982a) by X-ray and electron
diffraction, EDS and XPS. The cation composition of the
last has Mn, Co, and Ca in the ratio 1:0.63:0.12.

REsuLTS
MnK preedge

Preedge spectra for some of the reference compounds
are presented in Figure la. A shift in the preedge toward
higher energy occurs with an increase in the oxidation
state of Mn in the mineral regardless of the coordination
number. Spectra for several manganese oxides are shown
in Figure 1b. There is a change in intensity and full-width
at half maximum (FWHM) for the preedge peaks that
directly reflects progressive changes in structure. As the
size of the tunnel of octahedra increases, the preedge in-
tensity and FWHM decrease (compare Fig. 2 with Fig.
1b). This rather unexpected relationship was verified by
recording these spectra several times at different beam
sessions. Variations were not due to a preferential ori-
entation of the powder in the polarized X-ray beam (i.e.,
texture effect) as shown by recording spectra of several
samples at the “magic angle” (Manceau et al., 1990b).
Additionally, comparison of the spectra of two pyrolu-

site, four todorokite, and two psilomelane samples from
different localities showed that the chemistry and origin
of the minerals had no influence on spectral shape. We
conclude that the intensity and shape of a preedge spec-
trum depend only on the structure of the manganese ox-
ide mineral and that this information can be used on a
phenomenologic basis to assess the local structure of un-
known structures. Preedge spectra of unknown samples
are compared to those of the reference minerals in Figure
3. The energy of the preedge peak is the same as those in
tetravalent manganates, and the intensity is always found
to lie between those of buserite and todorokite.

MnK main edge

Main-edge spectra for some of the Mn reference com-
pounds are presented in Figure 4a. The main edge shifts
toward higher energy with increasing formal oxidation
state of Mn ions. The steeply rising part of the XANES
spectra of manganates and hydrous manganese oxides ap-
proximately superimposes upon that of pyrolusite (Fig.
4b, 4c). However, the spectral shape and, more specifi-
cally, the edge-crest intensity, progressively increase from
pyrolusite to buserite. This is opposite to the trend ob-
served for the preedge spectra.
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Fig. 1. MnK preedge spectra of reference materials. (a)

MnCr,O, (YMn®**), MnCO, (“Mn?*+), 8-MnOOH (" Mn?+),
Mn,O, (#Mn** + FIMn?+), buserite (“Mn*+), pyrolusite (*/Mn*+),
(b) MnO, polymorphs. From the bottom; buserite, todorokite,
psilomelane, hollandite, ramsdellite, and pyrolusite,

FeK XANES

The FeK preedge spectra for some “Fe3*+ and 1$Fe3+
reference minerals are presented in Figure 5a. Figure 5b
and 5c show the spectra of vernadite compared to those
for reference minerals and simulated compositions “Fe?+/
(@Fe’* + WFe*) using linear combinations of goethite
and FePO, spectra.

CoK XANES

The CoK main absorption edge spectra from some
€ICo?* (erythrite), “ICo%*+ (CoAl,Q,), and ©ICo3+ (Co-
OOH) reference minerals are presented in Figure 6 along
with that of the Saalfeld cobalt asbolane. The spectrum
of asbolane is featureless and resembles those of erythrite
and CoOOH. The main-edge energy for asbolane is the
same as that of CoOOH, but it is larger than that of
erythrite.

DiscussioN

Interpretation of spectra from reference compounds

The Mn preedge spectra (Fig. 1) show a chemical shift
that relates to the oxidation state of Mn in the mineral.
A shift was previously noted by Belli et al. (1980), but

Fig. 2. Schematic structure of MnO, polymorphs. Phyllo-
manganates have no (2-D) or few (2-D’) corner linkages of Mn
octahedra. This family includes buserite (2-D), lithiophorite (2-
D), asbolane (2-D), chalcophanite (2-D’), and birnessite (2-D or
2-D). Tectomanganates have many corner linkages and 3-D O
framework. They are built of single to multiple chains of edge-
sharing Mn octahedra. These chains are cross-linked by corners,
resulting in tunnel structures. This family includes todorokite,
psilomelane (or romanachite), hollandite, ramsdellite, and py-
rolusite.

our data show a significantly larger shift. This is dem-
onstrated, for example, by the 1.5-eV difference between
Mn?*+ and Mn*+ ions in comparison with a few tenths of
an electron volt reported by Belli and coworkers. We can
speculate that lower spectral resolution in the older ex-
periments has reduced the precision of the determination
of preedge energies.

The intensity of the preedge spectrum for MnCr, O, is
four times greater than that for MnCO, (Fig. 1a). The
data agree with the general observation that in a tetra-
hedral environment preedge spectra are four to seven
times more intense (see, €.g., Lytle et al., 1988). The en-
hanced intensity can be explained by dipole selection rules,
although a weak contribution of quadrupole transitions
has been experimentally demonstrated (Driiger et al.,
1988; Poumellec et al., 1991). Allowed dipole transitions
from the 1s level must have a final wave function with p
symmetry. Therefore, a major part of the preedge is usu-
ally ascribed to electric dipole transitions to p-like states
hybridized with 3d states. The ligand-field induced p-d
mixing is symmetry dependent, and Brouder (1990) has
recently demonstrated that the transition strength is ruled
by the full-point group symmetry of the crystal: it is neg-
ligible or intense depending on the centrosymmetry of the
full point group. For example, the low preedge intensity
of sixfold coordinated Mn2* ions in MnCO, results from
the existence of an inversion center in the D,, full point
group (Table 1).

Comparison of the preedge spectra from MnCr,O,
(*Mn?*) and MnCO, ("Mn>*) shows that for a given
oxidation state, the FWHM decreases with a decrease in
coordination number. Similarly, comparison of spectra
from MnCO,, -MnOOH (®Mn?* ) and -MnO, ({]Mn*+)
indicates that for a fixed coordination number, the preedge
FWHM increases with the oxidation state. This increase
in line width as coordination changes form four- to six-
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Fig. 3. MnK preedge spectra of samples and reference materials compared with spectra of buserite and todorokite. (a) Asbolane
from Germany and manganese goethite; (b) 6-MnO,, (c) vernadite, (d) birnessite.

fold, and from Me"*+ to Met»+b+  is consistent with the
1s-3d type of assignment because the line width reflects
the ligand field splitting of the 3d orbitals. For example,
IMn3+ is a Jahn-Teller ion and the splitting of the indi-
vidual orbital states is large enough that the preedge spec-
trum of 3-MnOOH is separated into two well-resolved
absorption bands.

In lepidocrocite, goethite, and akaganeite (Fig. 5a) ls
- 3d absorption is weak, only about 3—4% of the inten-
sity of the absorption jump. The slightly increased inten-
sity of the preedge spectrum of hematite in comparison
with those of other ¥/Fe?+ reference compounds is anom-
alous, since the space point group of hematite (D,,) and
the Fe site symmetry (3m) are both centrosymmetric. In-
creased intensity may result from long-range order effects,
which are known to influence preedge characteristics
(Driger et al., 1988). In the case of FePO, (“Fe**), a lack
of inversion center at the Fe site is reflected by the five-
fold higher intensity for the preedge spectrum.

Oxidation state and site occupation of Mn

All of the preedge spectra for hydrous manganese ox-
ides (vernadite, 5-MnQO,, asbolane, birnessite) are found
at the same energy as those of manganese oxides (Fig. 3),

suggesting that the range of valences for Mn atoms is
limited. This interpretation is corroborated by main-edge
energy data (Fig. 4b, 4c). The absence of compelling ev-
idence for large amounts of Mn?+ and Mn?* in any of
these manganese oxides agrees with recent studies. In-
deed, even though it has long been assumed that Mn
atoms in manganates were divalent and tetravalent, nu-
merous XRD studies (Post et al., 1982; Giovanoli, 1985;
Tamada and Yamamoto, 1986; Vicat et al., 1986; Post
and Bish, 1988; Post and Appleman, 1988), XPS studies
(Murray and Dillard, 1979; Chukhrov et al., 1982b; Dil-
lard et al., 1982), and redox titration studies (Murray et
al., 1984) have demonstrated that they are not. The scar-
city of low-valence Mn ions is consistent with the struc-
ture of nearly all tectomanganates and phyllomanganates,
where the unit-cell parameters of the plane of the octa-
hedral chains, ribbons, and layers are similar. Indeed, if
manganese oxides contained abundant divalent or triva-
lent Mn atoms, these heterovalent cations would lead to
significant variations in the unit-cell parameters.

The proportion of Mn3*+ may vary from one structure
and one sample to another, but the studies cited above
suggest that it generally constitutes less than about 20%.
Given the relatively weak chemical shift between Mn3+
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Fig. 4. MnK main edges of manganese oxides. (a) Reference
compounds: MnCO, (“Mn?*), MnCr,0, (*IMn?*), 3-MnOOH
(“"™Mn*+), pyrolusite (¢'Mn+). (b) Evolution of the shape of the
Is — 4p transition in the tectomanganate-phyllomanganate se-
ries. (¢) Comparison of -MnO, spectrum to those of todorokite
and birnessite. Note similarity of 6-MnO, and todorokite spec-
tra.

and Mn** preedge spectra and the high variability of their
intensities among tetravalent manganates, our precision
is within this range. We successfully fitted the experi-
mental spectrum for Mn,O, spinel with a weighted sum
of two spectra: sMnCr,0, (“Mn?+) and %8-MnOOH
('Mn**) (Fig. 7c). On the basis of this result, we have
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Fig. 5. FeK preedge spectra. (a) Reference minerals. From

lowest intensity to highest: lepidocrocite, akaganeite, goethite,
hematite, maghemite (©Fe*+ + “Fe3+), and FePO, (“Fe3+). (b)
Vernadite spectrum compared with selected reference spectra.
(¢) Dotted lines represent linear combinations of goethite and
FePO, spectra. From lowest intensity to highest: 5% “IFe3+, 10%
HFe3+, 20% “IFe3+, and 30% “Fe’+.

estimated the detection limit of “'Mn2* ions by XANES
to be about 10 at%.

Mn atoms in manganese goethite are also in a tetra-
valent state (Fig. 3a). This is not surprising because Mn
minerals, associated with iron oxyhydroxides in the oxi-
dized zone of weathering profiles or on the sea floor, are
exclusively Mn** oxides. Based on an analogy with the
large site distortion of Cu?+ (Jahn-Teller ion) in copper
magnesium phyllosilicates (Decarreau, 1985; Decarreau
etal,, 1992), Mn** would be unlikely to enter the goethite
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Fig. 6. CoK main edge spectra of reference minerals. Ery-
thrite (©Co2+), CoAlLO, (¥Co?+), CoOOH (¥'Co**) compared
with the spectrum of Co in asbolane. The amplitude was cali-
brated by assuming the atomic part of the absorption jump as a
normalization value.

structure in large amounts, thus limiting the extent of the
goethite-groutite solid solution. This explanation may
equally apply to the experiments of Stiers and Schwert-
mann (1985) and Ebinger and Schulze (1989), who found
that the proportion of Mn?+ substituted for Fe in goethite
was less than 10 at% and 14-34 at%, respectively.

Local structure of hydrous manganese oxides

Within the phyllomanganate-tectomanganate series,
there is a progressive change in the intensity and the shape
of preedge and main-edge spectra (Figs. 1b, 4b). Inter-
pretation of the trend is not straightforward and will be
considered, with some details, below.

Preedge. One possibility is that an increase in peak
intensity (from buserite to pyrolusite) correlates with an
increase in the Mn‘*/Mn>+ ratio. In order to test this
hypothesis, linear combinations of pyrolusite and
B8-MnOOH spectra were computed (Fig. 7a). Although
the shape and intensity of this suite of theoretical spectra
reproduce the trends observed in the tectomanganate-
phyllomanganate series (Fig. 1), the simulations shift pro-
gressively to lower energy as Mn** increases. The oppo-
site situation is experimentally observed in reference
minerals and samples: the lower the amplitude, the high-
er the energy of the left side of the preedge of manganates
(Figs. 1b, 3). Thus, the preedge spectra of MnO, poly-
morphs cannot be fitted by a linear combination of Mn**-
Mn3+ reference spectra.

A second interpretation might be attempted using sym-
metry effects. However, all of the manganese oxides are
centrosymmetric (Table 1), which theoretically precludes
any intensity for the forbidden 1s — 3d preedge absorp-
tion. Thus, it is concluded that the preedge trend among
tetravalent manganates cannot be qualitatively interpret-
ed within a simple quantum molecular-orbital frame-
work.

A third possibility might explain the trend in terms of
changes in average Mn-O bond distances. In V com-
pounds (Wong et al., 1984) and in some transition metal
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Fig. 7. Simulations of preedge spectra. (a) Linear combina-

tions of #-MnOOH and pyrolusite. From lowest intensity to
highest: 80, 60, 40, and 20% Mn**. (b) Linear combinations of
buserite and pyrolusite. From lowest intensity to highest: 80, 60,
40, and 20% of buserite. (c) Dotted line: comparison of simu-
lated Mn,O, spectrum assuming '%HMn** (MnCr.Q,) and
Mn3+ (3-MnOOH) with selected references.

complexes (Kutzler et al., 1980), variations in the oscil-
lator strength of the preedge were attributed to a decrease
in size of the coordination polyhedron. This empirical
relationship between the size of the molecular cage, de-
fined by the nearest-neighbor ligands, and preedge inten-
sity was interpreted within a quantum-mechanical frame-
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work (Kutzler et al., 1980; Wong et al., 1984). From that,
it was deduced that the smaller the cage, the higher the
intensity of the 1s - 3d transition. Mean Mn-O bond
length is at a minimum in pyrolusite (1.89 A; Baur, 1976)
and increases progressively through chalcophanite-todo-
rokite (1.91 A; Post and Appleman, 1988; Post and Bish,
1988), hollandite (1.92 A; Vicat et al., 1986; Miura, 1986),
psilomelane (1.93 A; Wadsley, 1953), and lithiophorite
and birnessite (1.94 A; Post and Appleman, 1988: Post
and Veblen, 1990). However, in all likelihood, bond-
length variation is not large enough to account complete-
ly for the threefold increase in the intensity of the
pyrolusite spectrum relative to that of buserite. In our
opinion, it should rather be regarded as a factor that may
reinforce some other unelucidated effect.

Although we are unable 1o provide an explanation based
on physical parameters for the trends within the manga-
nate suite, we can state that peak intensity is roughly
proportional to the ratio of edge- to corner-sharing MnO,
octahedra, i.e., the larger the tunnel size (Turner and Bu-
seck, 1979), the lower the peak intensity and the smaller
its width. The lowest magnitude is observed for sodium
buserite, which has no corner-sharing octahedra (details
presented in Manceau et al., 1992), and the highest in-
tensity is obtained for pyrolusite, where each octahedron
shares eight corners and two edges. Our structural inter-
pretation is strengthened by the fact that the trend ob-
served in the phyllomanganate to tectomanganate series
can be reproduced by linear combinations of buserite and
pyrolusite spectra (Figs. 1b, 7b). Furthermore, the im-
portance of long-range order effects on preedge features
has a parallel in the case of hematite (Dréger et al., 1988).
Thus, preedge intensity offers a clue to local structure of
unknown manganates.

The preedge spectra of hydrous manganese oxides can
be divided into three groups based on their height (Fig.
3). The first group includes samples that have a weak
preedge peak, such as the asbolanes from Saalfeld and
New Caledonia and the manganese goethite. Their spec-
tra show no evidence of vertex-sharing MnO, octahedra
(Fig. 3a). The second group contains 6-MnO,. The simi-
larity of this spectrum with that of todorokite (Fig. 3b)
suggests that -MnQO, does not possess a layered structure.
This interpretation is fully consistent with main-edge
spectra and data from EXAFS and XRD and indicates a
3-D O framework structure (Manceau et al., 1992). The
third group comprises natural vernadite and birnessite.
These spectra are of intermediate height, ranging between
those of the two preceding groups of samples, which sug-
gests that vernadite and birnessite might have some cor-
ner-sharing octahedra in their structure.

Main edge. The shape and intensity of the main-edge
crest of tetravalent manganates progressively change in
the series from pyrolusite-ramsdellite to buserite (Fig. 4b).
Spectral features observed on the main absorption edge
are usually interpreted using molecular orbital theory,
sometimes in terms of density of states, or by multiple
scatterings about the atomic cage constituted by nearest
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coordination shells (see, e.g., the review of Petiau et al.,
1987). In the first of these theoretical approaches, the
main absorption maximum is identified as a dipole 1s —
4p transition to the triply degenerate 4t,, molecular or-
bital (Apte and Mande, 1980). Hence, splittings or broad-
ening in the vicinity of the edge crest is evidence of bro-
ken degeneracy in the antibonding orbitals due to
asymmetric metal-ligand bonding. The symmetry of final
states can be probed by angular measurements (Hahn and
Hodgson, 1983; Frétigny et al., 1986) using single crys-
tals, but in their absence, near main-edge spectral features
are mainly interpreted qualitatively, by comparing known
with unknown structures.

The main-edge spectrum of MnCQ, is featureless, with
a single, well-defined crest (Fig. 4a). This edge shape agrees
with the high symmetry of the Mn site (3m), with the full
point group (D,,), and with six equivalent Mn-O distanc-
es (2.19 A). The main-edge spectra of phyllomanganates
are also featureless (Fig. 4b), indicating a highly sym-
metric Mn site. This interpretation corroborates that de-
termined from their weak preedge intensity. In contrast,
several features are observed on the edge crests of pyro-
lusite (“’Mn*+) and 8-MnOOH, which, in the case of
’'Mn*+ ions, can be interpreted by the nondegeneracy of
p orbitals as a result of Jahn-Teller distortion, In pyro-
lusite, p orbitals are also nondegenerate, since the Mn
octahedron is stretched along the z axis [d(Mn-O) = 1.88
A x 4;d(Mn-0) = 1.90 A x 2, site symmetry mmm;
Baur, 1976]. Although main-edge features are sensitive
to subtle changes in site geometry (Waychunas, 1987); it
is surprising that this small variation in the Mn-O dis-
tances leads to such large crest broadening. Apparently,
a simple molecular orbital approach is not sufficient to
describe the edge features of manganese oxides; it is nec-
essary to consider a larger molecular cluster that would
include nearest cation shells.

Solid-state effects in the main-edge spectra of manga-
nese oxides were first recognized by Belli et al. (1980).
They interpreted spectral differences between MnO and
8-MnO, (pyrolusite) in terms of differences in octahedral
linkages: each octahedron shares 12 edges in the former
oxide and two edges and eight corners in the latter. Of
particular interest is the similarity of spectra for MnO
and the phyllomanganates: all are characterized by an
intense and featureless 1s — 4p transition indicating a
completely unfilled final p state. These similarities in
spectra reinforce the idea that in manganese oxides near-
est cation shells are important for the final state wave
function, as in both of these structures MnO; octahedra
are linked only by edges. However, the most convincing
support for the existence of solid-state effects in the vi-
cinity of the edge crest comes from a comparison of spec-
tra from TiO, (Waychunas, 1987) and MnQ,. Rutile and
pyrolusite, which are isostructural, possess similar spec-
tra. The same is true for phyllomanganates and anatase,
where chains of edge-shared TiO, octahedra are linked
through edges yielding a pseudolayered structure.

The edge crest increases in intensity and is less broad
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from tectomanganates to phyllomanganates (Fig. 4b). On
the basis of the preceding discussion, this trend may also
be explained with a solid-state approach. A progressive
change in local structure is manifested by an increase in
the number of edge-sharing octahedra at the expense of
corner-sharing octahedra. Thus, short-range mineral
structure can be deduced from main-edge spectra, just as
from preedge spectra. Edge-crest spectral features provide
information about the way octahedra are linked to each
other, so their analysis often reinforces evidence derived
from preedge data.

The similarity between the main-edge spectra of to-
dorokite and 6-MnQ, affords an additional clue to the
structural difference between birnessite and 5-MnO, (Fig.
4c). The MnK edges of vernadite (Fig. 4b) and birnessite
(Fig. 4c¢) are all similar to those of reference phylloman-
ganates. They have a single, well-defined, and intense edge
crest suggesting similar short-range order. This finding
appears at variance with preedge results, which suggested
a scarcity of corner-sharing octahedra in both vernadite
and birnessite. Given the evident low sensitivity of
XANES spectroscopy to short-range structure, one may
conclude that both preedge and main-edge results are
convergent, indicating that, if present, there are few Mn-
O-Mn vertex linkages, or they are at least less abundant
than in todorokite.

Site occupation of Fe

Fe3* ions, unlike Mn**, can occupy both sixfold- and
fourfold-coordinated sites in minerals. The low crystal-
linity of ferric gels results in a large distribution of Fe3+
sites that have slightly different types and arrangements
of neighboring ions. This local disorder renders classical
structural and spectroscopic methods, such as Mdssbauer
spectroscopy (Murad and Schwertmann, 1980; Cardile,
1988), essentially insensitive to the coordination envi-
ronment of Fe. Fortunately, this is not a limitation for
preedge spectroscopy: it has been successfully used to de-
termine the Fe sites in natural and synthetic hydrous fer-
ric gels (Combes et al., 1989, 1990; Manceau et al., 1990a).

Preedge spectra of all vernadite samples are similar to
that of feroxyhite (Fig. 5b), whose structure is similar to
that of hematite (Patrat et al., 1983). Thus, we do not
detect fourfold-coordinated Fe in vernadite. The ability
of preedge spectroscopy to detect the presence of “IFe3+
can be evaluated from the examination of the maghemite
(y-Fe,O,) spectrum. If we compare the full Is —» 3d in-
tensity of maghemite to a linear combination of spectra
for goethite and FePO,, a mean “Fe3+ concentration of
27% is determined (Fig. 5c). This estimate can be com-
pared with structural data from the literature to assess
the site occupancy of Fe in an unknown oxyhydroxide.
The v-Fe,O, possesses a defect spinel structure, and there
has been some controversy over the distribution of va-
cancies (see, €.g., Sinha and Sinha, 1957; Ferguson and
Hass, 1958; Annersten and Hafner, 1973). Depending on
the author and probably on the nature of the material
studied, the distribution of vacancies ranges from a sta-
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tistical distribution over all tetrahedral and octahedral
cation sites to a position exclusively at octahedral lattice
sites. The percentage of “IFe may be considered to be
between 33 and 37%, which is significantly greater than
our experimental value (27%). In the worst case, our de-
termination of the tetrahedral content derived from the
preedge spectroscopy might be underestimated by 10%.
Based on the similarity of vernadite to feroxyhite spectra
and this 10% detection limit, we conclude that there is
no evidence for fourfold-coordinated Fe?** ions in ver-
nadite.

Electronic structure of Co in asbolane

The main-edge structure and energy suggest sixfold co-
ordination and a trivalent state for Co in asbolane. This
interpretation agrees with the Co-(O,0H) distance deter-
mined from our EXAFS data. This topic will be discussed
further after presentation of more data in the second part
of this work (Manceau et al., 1992).

CONCLUSIONS

This study demonstrates the potential for XANES
spectroscopy in studies of crystal chemical properties of
Mn, Fe, and Co in minerals. Specifically, MnK preedge
spectra have been shown to reflect changes in the valence
and coordination number of Mn atoms. Sensitivity is high
enough to allow differentiation of Mn ions with different
oxidation states and site occupations as, for instance, the
two oxidation states of Mn2* and Mn?* in Mn,0O,, or the
two Mn sites ("Mn, ©'Mn) in y-Mn,0,. Such distinction
is not currently possible with other spectroscopic tech-
niques, such as X-ray photoelectron spectroscopy (XPS;
Oku et al., 1975; Murray and Dillard, 1979; Dillard et
al., 1982; Crowther et al., 1983; Murray et al., 1985),
energy electron loss spectroscopy (EELS; Rask et al.,
1987), and UV-visible reflectance spectroscopy (Strobel
et al., 1987). Preedge spectra have also been shown to be
sensitive to the local structure of tetravalent manganese
oxides because the intensity MnO, spectra depends on
the ratio of edge- to corner-sharing MnQO, octahedra. Thus
MnK XANES spectroscopy serves as a structural tool to
complement other techniques for studying short-range
structure of highly disordered manganese oxides.

The analysis of various hydrous oxides has shown that
Mn is essentially tetravalent even in natural Mn-bearing
goethite. The detection limit of low-valence Mn ions is
estimated to be about 20%. In hydrous manganese 0Ox-
ides, Fe and Co are both trivalent and octahedrally co-
ordinated. The detection limit of ®Fe**+ by FeK preedge
spectroscopy is about 10%. The preedge and main-edge
spectra of -MnQ, are similar to those of todorokite, in-
dicating that the two structures have a similar ratio of
edge- over corner-sharing octahedra. Our evidence con-
tradicts the generally accepted belief that 6-MnO, pos-
sesses a layered, birnessite-like structure. Additional proof
of the distinct structure of 6-MnQ, and birnessite will be
provided through EXAFS and XRD data presented in
the second part of this work (Manceau et al., 1992).
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