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Abstract- -The incorporation of transition metals into hematite may limit the aqueous concentration and 
bioavailabity of several important nutrients and toxic heavy metals. Before predicting how hematite 
controls metal cation solubility, we must understand the mechanisms by which metal cations are incor- 
porated into hematite. Thus, we have studied the mechanism for Ni 2+ and Mn 3+ uptake into hematite 
using extended X-ray absorption fine structures (EXAFS) spectroscopy. EXAFS measurements show that 
the coordination environment of Ni 2+ in hematite corresponds to that resulting from Ni  z§ replacing Fe 3+. 
No evidence for N i t  or Ni(OH)z was found. The infrared spectrum of Ni-substituted hematite shows an 
OH-stretch band at 3168 cm 1 and Fe-OH bending modes at 892 and 796 cm i. These vibrational bands 
are similar to those found in goethite. The results suggest that the substitution of Ni 2+ for Fe 3+ is coupled 
with the protonation of one of the hematite oxygen atoms to maintain charge balance. 

The solubility of Mn 3+ in hematite is much less extensive than that of Ni 2~ because of the strong Jahn- 
Teller distortion of Mn 3~ in six-fold coordination. Structural evidence of Mn > substituting for Fe 3+ in 
hematite was found for a composition of 3.3 mole % Mn203. However a sample with nominally 6.6 mole 
% Mn203 was found to consist of two phases: hematite and ramsdellite (MnOz). The results indicate that 
for cations, such as Mn 3- showing a strong Jahn-Teller effect, there is limited substitution in hematite. 
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12NTRODUCTION 

Hemat i te  is a c o m m o n  mineral  in many tropical and 
sub-tropical  soils, and it usually occurs in associat ion 
wi th  goethite  (Schwer tmann and Taylor, 1989). The 
prevalence  of  AI in weather ing envi ronments  results 
in the substitution of  AP-  for Fe 3- in hemati te  (a-  
Fe203), and this substi tution is well  documented  both 
for  natural and synthetic hemati te  (Schwer tmann  e t  al . ,  
1979; Bigham e t  al. ,  1978; Kosmas  e t  al . ,  1986; Singh 
and Gilkes, 1992). Samples  with ---16 mole  % A1 sub- 
stitution have been reported in synthetic and natural 
hemat i tes  (Schwer tmann  e t  al . ,  1979; Singh and Gil- 
kes, 1992). A luminum substi tution in hemati te  is usu- 
ally de te rmined  f rom the shift in X-ray  diffraction 
(XRD) lines owing to the presence  of slightloy smaller  
AI 3+ ions (0.53 ,~) replacing Fe 3+ ions (0.65 A), there- 

by contract ing the unit-cell  d imensions .  
Similar substi tutions of  other cations, such as Mn  3+, 

Ni 2+, Cr 3., and Ti 4+ are possible  in the structure of  

hemati te,  hemati te  substi tuted with these cations has 
been  synthes ized (Sidhu e t  al . ,  1980; Vandenberghe  e t  
al . ,  1986; Cornel l  e t  al . ,  1992). There are few reports  
indicating the substi tution of  trace e lements  in natural 
hemat i te  (Singh and Gilkes, 1992). The level o f  sub- 

stitution of  these e lements  is generally much smaller  
compared  to A1, and as the size of  some substituting 
cat ions is quite s imilar  to Fe s- (Shannon and Prewitt ,  

1969), there is a little or no observable  shift  in X R D  
lines. Thus, X R D  can not be used to de termine  these 
substitutions. The degree  o f  congruency  during dis-  
solution has been  used to verify the structural incor- 
porat ion of  foreign cations in the structure of  hemati te,  
but this technique is not truly specific (Singh and Gil- 
kes, 1991; Trolard e t  aL,  1995). Various spectral tech- 
niques [e.g. ,  Mrssbauer ,  Infrared (IR), and Visible-  
l ight spectroscopy] have also been  investigated,  but 
none has been shown to be both highly specific and 
sensit ive to minor  amount  of  substitution. 

In recent  years, ex tended  X-ray absorpt ion fine 
structure (EXAFS)  spect roscopy has been  successful ly  
used to refine the structure of  many  oxide minerals ,  
including Fe oxides  (Manceau and Combes ,  1988; 
Combes  e t  al . ,  1990). The technique is capable of  pro- 
viding informat ion about the local structure, such as 
nearest  neighbors  and coordinat ion numbers ,  around 
the X-ray absorbing atom. In this study we used syn- 
chrot ron-based E X A F S  spect roscopy to de termine  the 
local structure around Fe, Mn,  and Ni ions in some 
wel l -character ized synthetic hemati te  samples.  

MATERIALS AND M E T H O D S  

For the synthesis  o f  metal-subst i tuted hemati tes,  the 
appropriate quantity of  the metal  (AP +, Mn  2., and 
Ni 2-) nitrate salt was added to 1 M ferric nitrate so- 
lution and mixed  thoroughly.  Approximate ly  4 M 
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Table 1. Crystallographic properties derived from XRD analysis and N2-BET surface 
text for other abbreviations). 

Clays and Clay Minerals 

areas (S.A.) of hematite samples (see 

a c Volume MCD~ MCD, S.A. 
Sample detail '(nm) '(nm) (nrn ~) (nm) (nrn) (m2/g) 

Natural hematite (France) 
Hematite 4.6 mole % A1 
Hematite 15 mole % AI 
Hematite 3.3 mole % Mn 
Hematite 6.3 mole % Mn 
Hematite 1,1 mole % Ni 
Hematite 6.0 mole % Ni 

0.5032 (5) 1.3735 (8) 0.3012 nd nd 0.4 
0.5023 (5) 1.3732 (7) 0.3001 31.3 38.9 15.9 
0.5008 (6) 1.3692 (15) 0.2974 18.7 5.2 46.5 
0.5033 (5) 1.3751 (7) 0.3017 nd 38.6 16.3 
0.5036 (6) 1.3746 (10) 0.3019 26.0 23.1 13.8 
0.5031 (5) 1.3757 (8) 0.3016 44.3 29.4 16.6 
0.5040 (5) t.3783 (8) 0.3032 49.5 49.3 12.6 

Values in parentheses are the estimated standard deviation 

NH4OH solution was added with vigorous stirring us- 
ing a magnet ic  stirrer and plastic rod until NH4- was 
in 30% excess  of  the stoichiometric quantity to pre- 
cipitate Fe  and the associated metal  cation as a mixed  
F e - M e - h y d r o x i d e  gel  (Fisher  and Schwer tmann ,  
1975). 

The gel was col lected by centrifugation and washed 
using three lots of  200 m L  of deionized water. After  
washing,  the precipitated gel was transferred to 1000 
mL Pyrex-s toppered reagent bottles and resuspended 
with 900 mL deionized water to give a suspension 
concentrat ion of  12.4 g Fe L -a, and pH was adjusted 
be tween 7.5-8.0.  Suspensions were then placed in an 
oven at 90~ and aged for 14 d. During aging, the 
suspension was mixed  regularly by repeated inversion 
and pH was maintained between 7.5-8.0,  using either 
0.5 M HC1 or 0.2 M K O H  solution. At  the end of  the 
equil ibration period, suspensions were centrifuged, 
solids washed three t imes with deionized water fol- 
lowed by a single wash in 50 mL acetone before dry- 
ing overnight  at 50~ Samples were then gently 
crushed using an agate mortar  and pestle and stored in 
a dessicator prior to analysis. 

Ammonium-oxa la t e  treatment was used to remove  
amorphous Fe  oxides and any metals/cations that may 
be associated with them. The treatment consisted of  
two consecut ive  60-rain washes with 0.2 M ammoni-  
um oxalate (pH = 3) at 20~ in the dark (McKeague  
and Day, 1966), using a sample : so lu t ion  ratio of  1: 
200 (Parfitt, 1989). The substitution of  various ele- 
ments in the structure of  hematite was calculated f rom 
the chemical  analysis of  ammonium-oxala te  pretreated 
samples. All  other analyses, including E X A F S  spec- 
troscopy, were also done on oxalate pretreated sam- 
ples. 

The surface area of  hematite samples was deter- 
mined  by the mult ipoint  Ne-BET method using a com-  
puter-controlled Micromefi t ics  Gemini  2375 instru- 
ment  after degassing the samples overnight  at 100~ 

X R D  analysis was per formed using CuKet radiation 
with a computer-control led Philips PW 1050 vert ical  
goniometer  with 1 ~ receiving and divergence slits, and 
a graphite diffracted-beam monchromator.  For  accu- 
rate measurements  of  d values, X R D  patterns were ob- 

for the last digit for the two cell parameters. 

tained using a scan speed of  0.3 ~ min -~ and a step 
size of  0.01 ~ with 10% NaC1 added as an internal 
standard to correct for line broadening and instrumen- 
tal shifts in d value. The unit-cell dimensions of  he- 
matite were calculated f rom the 012, 104, 110, 113, 
116, 018, 214, and 300 reflections, using a crystal lo-  
graphic leas t -squares  ref inement program (Novak and 
Colvi l le ,  1989). Mean crystalli te dimensions (MCD) 
along the hematite a and c crystal lographic axes were  
determined using the Scherrer equation (Klug and Al-  
exander, 1974). 

For  IR spectroscopy, 13-mm diameter  pressed discs 
(1 mg sample + 170 mg KBr) were  used and spectra 
were recorded on a Nicolet  Magna- IR 550 Fourier- 
t ransform infrared spectrometer over  the range 4 0 0 0 -  
250 cm -~ and at 4 cm ~ resolution. The  spectrometer  
included a ces ium-iodide  beamspli t ter  and a deuterated 
tr iglycine-sulphate (DTGS)  detector. 

E X A F S  spectra for the K-edges of  Fe, Mn, and Ni  
were recorded in both transmission and fluorescence 
modes  at room temperature on Station 8.1 at the 
C C L R C  Daresbury synchrotron radiation source. The  
beam current at the C C L R C  varied from 125 to 220 
m A  at an energy of  2 GeV. A Si(220) double-crystal  
monochromator  was detuned 3 0 - 5 0 %  of  the incident 
beam to min imize  harmonic  contamination. Data were  
calibrated by recording the spectra of  the appropriate 
metal  foils, using the values of  7112, 8333, and 6539 
eV for the K-edges of  iron, nickel, and manganese,  
respectively.  The E X A F S  data were  collected in fluo- 
rescence mode  using a solid-state, 13-element Can- 
berra Ge detector. In the case of  Ni, spectra were  ob- 
tained in the f luorescence mode  and an A1 filter was 
used to reduce the Fe:Ni  f luorescence signal ratio. 

To obtain spectra of  adequate quality, it was nec- 
essary to average several data sets for each sample 
used in the study. The number  of  spectra averaged for 
each sample varied be tween four to six. X-ray absorp- 
tion spectra were first calibrated and then background 
subtracted and normal ized by fitting polynomials  to 
the pre-edge and post-edge regions. Curve  fitting was 
performed in k-cubed (k 3) weighted data using the pro- 
gram E X C U R V 9 2  which utilizes single scattering 
curved-wave  theory (Binsted et al., 1992). The pro- 
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Table 2. Structural parameters for the cationic shells of hematite samples determined by EXAFS spectroscopy of the Fe, Ni, 
and Mn absorption edges. 

First  O shell(s)  First  cat ionic  shell S e c o n d  cat ionic  shell T h i r d  cat ionic  shell  

S a m p l e  R-fac tor  C N  ~ R -~ (r 3 C N  ~ R a cP C N  ~ R 2 o4 C N  I R 2 ~r ~ 

Fe K-edge 
Natural hematite 24.5 2.9 1 . 9 3  .004 4.2 2.96 .009 2.9 3.38 .008 5.8 3.70 .016 

3.0 2.10 .012 
Hematite 4.6 mole % A1 28.4 2.8 1 . 9 5  .020 4.1 2.96 .020 3.3 3.35 .018 5.6 3.69 .018 

3.1 2.05 .021 
Hematite 15 mole % A1 24.1 2.8 1 . 9 3  .013 4.1 2.97 .019 3.2 3.36 .014 5.6 3.67 .026 

2.8 2.06 .011 
Hematite 3.3 mole % Mn 22.7 2.7 1.95 .009 4.2 2.96 .018 3.2 3.36 .015 5.7 3.69 .017 

2.7 2.07 .021 
Hematite 6.3 mole % Mn 28.7 2.6 1.96 .013 4.2 2.96 .017 3.1 3.38 .018 5.1 3.70 .016 

2.6 2.05 .016 
Hematite 1.1 mole % Ni 23.3 2.8 1.92 .014 4.0 2.95 .015 3.2 3.37 .014 4.8 3.70 .015 

2.7 2.07 .017 
Hematite 6.0 mole % Ni 31.4 3.0 1.92 .003 4.7 2.93 .015 2.7 3.38 .012 5.1 3.67 .015 

3.0 2.09 .008 

Ni K-edge 
Hematite 1.1 mole % Ni 46.1 3.0 1 . 9 7  .003 4.0 2.90 .014 3.0 3.41 .010 6.0 3.67 .012 

3.0 2.09 .001 
Hematite 60  mole % Ni 35.8 3.0 1 . 9 8  .004 4.0 2.92 .020 3.0 3.42 .017 6.0 3.66 .018 

3.0 2.10 .001 

Mn K-edge 
Hematite 3.3 mole % Mn 35.7 6.0 1 . 9 5  .022 4.0 2.94 .023 3.0 3.32 .004 6.0 3.70 .032 
Hematite 6.3 mole % Mn 24.3 5.8 1.88 .012 3.5 2.66 .001 8.3 2.88 .009 5,1 4.04 .008 

t CN = coordination number, estimated uncerta!nty -+ 
2 R = shell radius, estimated uncertainty • 0.03 A. 

cr = Debye-Waller factor. 
R-factor = residual from least-squares. 

20%. 

gram uses a non-l inear  least squares iteration. Ab-in- 
itio phase  shifts and potentials  were  calculated using 
Von Barth ground state and the Hedin-Lundqvis t  ex- 
change-corre la t ion functional  with a muffin-t in poten- 
tial. The theoretical  spectra were  then calculated using 
the rapid curved-wave  theory of  Gurman et al. (1984). 
Theoret ical  spectra were generated by defining shells 
of  backscat terers  and then iterating the dis tances (R), 
Debye-Wal ler  factors (or), and coordinat ion numbers  
(CN) to give the best  agreement  with exper imental  
spectra. 

A natural hemati te  sample  (Off  BM 1926, 518) f rom 
France,  supplied by the Natural His tory  Museum,  Lon- 
don,  was  used as a reference  material  for the E X A F S  
analysis.  

RESULTS A N D  D I S C U S S I O N  

Crystal properties 

X-ray diffraction patterns for the samples  showed  
all major  peaks o f  hemati te ,  except  for the 15 mole  % 
Al-subst i tuted hematite,  where  peaks for this sample  
were  fewer  and very broad. Crystal lographic  proper- 
ties derived f rom XRD data and surface-area values 
clearly show that increasing amounts  of  A1 substi tution 
in the hemati te  structure significantly decreased  unit- 
cell d imens ions  (Table 1). The M C D  along the two 
axes also decreased markedly for 15 mole  % Al-sub-  

stituted hemati te  compared  to other  samples,  as did the 
specific surface area. There was a small increase in the 
a and c cell d imens ions  with increasing amounts  of  
M n  and Ni substitution in hematite.  This was associ-  
ated with a decrease in the surface area of  these sam- 
ples (Table 1). Cornell  et al. (1992) also obse rved  an 
increase in the a cell d imens ion  of  hemati te  f rom 
0.540 to 0.545 nm with 7 mole  % Ni substi tution in 
hematite.  The increase in the cell d imens ion  a can be 
attributed to the slightly larger radius o f  Ni 2+ (0.070 
nm) as compared  to the Fe 3§ ion (0.065 nm) which it 
replaces (Shannon and Prewitt ,  1969). 

No other  crystal l ine phase  was identified by X R D  
in any of  the samples  except  for the hemat i te  sample  
containing 6.3 mole  % Mn, where  a very  small  peak 
at --0.71 nm was observed.  This peak may be related 
to trace amounts  of  a phyl lomanganate  phase,  which  
may  have crystal l ized during the synthesis  o f  hemati te.  
Cornell  and Giovanoli  (1987) also observed  a similar  
product  during the synthesis  o f  Fe oxides  in the pres- 
ence of  30 mole  % Mn 3+. 

E X A F S  spectroscopy 

Iron. Accord ing  to the polyhedral  concept ,  octahedra 
in hemati te  share one face [Fe-Fe distance,  d(Fe-Fe)  
= 2.89 A], three edges [d(Fe-Fe) = 2.97 .~], three 
double  corners [d(Fe-Fe) = 3.37 A], and six double  
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Figure 2. Fe K-edge Fourier transforms of natural (#1) and 
metal-substituted hematite samples: 4.6 mole % A1 (#2), 15.0 
mole % A1 (#3), 3.3 mole % Mn (#4), 6.3 mole % Mn (#5), 
1.1 mole % Ni (#6), and 6.0 mole % Ni (#7). The peaks cor- 
responding to Fe-O and Fe-Fe shells (face 2.89 A, edge 2.97 ,~, 
and double comers 3.37 and 3.70 A sharing of octahedra) are 
indicated by the arrows. Dotted lines are for experimental data 
and solid lines are for theoretical fits. 

Figure 1. (a) Structural model of hematite. The unit cell is 
shown by the outline. (b) Face~ (2.89 A), edge (2.97 A), and 
double corner (3.37 and 3.70 A) sharing of octahedra in he- 
matite according to the polyhedral concept (Manceau and 
Combes, 1988). 

corners  [d(Fe-Fe)  = 3.70 A] as s h o w n  in F igure  1 
(Manceau  and  Combes ,  1988). The  Fe  K-edge data  for  
the Fe-Fe  dis tances  for the first three  cat ionic  shel ls  
agree ve ry  wel l  wi th  the  ideal  hemat i te  s tructure (Fig- 
ure 2; Table 2). The  Fe-O dis tances  for  the first two 
oxygen  shells  for  the oc tahedra l ly  coord ina ted  Fe also 
agree wel l  wi th  the ideal  d is tances  for  the  two oxygen  
shel ls  (1 .946 and  2 .116 * )  in the hemat i t e  structure.  
Cont r ibu t ion  to E X A F S  of  other  O shel ls  is ve ry  weak  
and thei r  inc lus ion  does not  m a k e  any s ignif icant  dif- 
ference to Fe-Fe dis tances.  The  subst i tu t ion of  o ther  
cat ions,  i.e., A1, Mn,  and Ni, does  not  seem to have  
any inf luence on the local s t ructure a round Fe a toms 
in the s tructure of  hemat i te .  

Despi te  s imilar i t ies  in the local  e n v i r o n m e n t  a round  
the Fe  a tom,  var ious samples  yie lded dif ferent  Four ier  
t rans forms  (FTs) of  Fe K, as s h o w n  in F igure  2. T h e  
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Figure 3. The EXAFS data for the Ni K-edge of 6 mole % 
Ni-substituted hematite. (a) Fourier-transform (FT) and (b) k 3- 
weighted EXAFS oscillations ix(k)] analyzed in k-space, 
where k is the momentum of the photoelectron in A 1. Dotted 
lines are for the experimental data and solid lines for the 
simulated data. Parameters obtained from the fit are given in 
Table 2. 

first cationic peak on the FT corresponds  to the unre- 
solved shortest  shells for Fe at 2.89 and 2.97 A and 
has the highest  intensity in all the samples.  The second 
cat ionic peak fits to yet  another  two unresolved shells 
at 3.37 and 3.70 A, and the intensity of  this peak is at 
a m a x i m u m  for natural hematite.  The FT of  6 mole  % 
Ni-subst i tuted hemati te  shows three distinct peaks for 
cationic shells be tween  3 - 4  A, but the bes t  fit for the 
spect rum is obtained with two shells at a distance of  
3.38 and 3.67 A. The peak at --5 ,~, which  is related 
to another Fe-Fe  shell, has the weakes t  intensity in 15 
mole  % Al-subst i tuted hemati te  amongs t  all o f  the 
samples  studied, and this is consis tent  with structural 
d isorder  in the sample  as indicated by XRD.  

Nickel. Hemati tes  substi tuted with 1.1 and 6.0 mole  % 
Ni show nearest  ne ighbor  and short-range structure 
identical  to that of  Fe  in hemati te,  and this implies that 
Ni 2+ is substituting for Fe 3- (Figure 3; Table 2). More-  
over, the Ni-O bond  length is similar to that o f  the Fe- 
O bond  length,  which  is cons is tent  with the ionic radii 
o f  Ni 2§ and Fe 3+ being similar (Shannon and Prewitt,  
1969). Presumably,  the uptake o f  Ni 2+ is accompanied  
by a coupled substi tution involving H-  or vacancies  in 
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3850 33511 2850 2350 1850 1350 850 350 

W a v e n u m b e r  (cm 4) 

Figure 4. IR spectra of (A) pure hematite and (B) 15 mole 
% Ni-substituted hematite sample. The Ni-suhstituted sample 
shows an OH stretch band at 3168 cm 1 and Fe-OH bending 
modes at 892 and 796 cm -L. These bands are analogous to 
the OH bands in goethite. 

the octahedral  cation sites, which  cannot  be deter- 
mined  by EXAFS.  

Infrared spect roscopy of  15 mole  % Ni-subst i tuted 
hemat i te  exhibits  bands at 3168, 886, and 793 cm 1 
which  are analogous to OH bands  at 3168, 892, and 
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Figure 5. The EXAFS data for the Mn K-edge of 3.3 mole 
% Mn-substituted hematite. (a) Fourier-transform (FT) and 
(b) k3-weighted EXAFS oscillations [x(k)] analyzed in k- 
space, where k is the momentum of the photoelectron in ~-1. 
Dotted lines are for the experimental data and solid lines for 
the simulated data. Parameters obtained from the fit are given 
in Table 2. 
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Figure 6. The EXAFS data for the Mn K-edge of 6.3 mole 
% Mn-substituted hematite. (a) Fourier-transform (PT) and 
(b) k~-weighted EXAFS oscillations [x(k)] analyzed in k- 
space, where k is the momentum of the photoelectron in A ~. 
Dotted lines are for the experimental data and solid lines for 
the simulated data. Parameters obtained from the fit are given 
in Table 2. 

796 c m  ~ in goethi te  (Figure 4). These  bands  were 
absen t  in  the  IR spec t rum of  the pure  hemat i t e  sample  
(Figure  4A).  The  resul t  is cons i s ten t  wi th  the p resence  
of  s t ructural  O H  to compensa t e  for  Ni  2+ rep lac ing  
Fe  3§ but  it is no ted  that  such an O H -  subst i tu t ion also 
occurs  in non-subs t i tu ted  hemat i te  synthes ized  at low 
tempera tu res  (Stanjek  and  Schwer tmann ,  1992). These  
results  indicate  tha t  wi th  Ni 2- subst i tu t ion for Fe 3- 
there  is a co r respond ing  subst i tu t ion of  O H -  for 02 
in the  hemat i t e  structure.  

Manganese .  The  ionic radii  of  M n  3§ (0.645 nm)  and  
Fe  3§ (0.65 nm)  are near ly  identical ,  but  M n  3- has  one 
less e lec t ron  in the  3d  orbi ta l  than Fe 3-. The  d 4 elec- 
t ron conf igura t ion  of  M n  3- undergoes  a large static 
J a h n - T e l l e r  d i s to r t i on  in o c t a h e d r a l  c o o r d i n a t i o n  
(Burns,  1970). This  m a y  l imit  the subs t i tu t ion  of  M n  
in hemat i te .  For  3.3 mole  % Mn-subs t i t u t ed  hemat i te ,  
a r easonab le  hemat i te - l ike  shor t - range  s t ructure  is 
found  bu t  wi th  a large (0.022) Debye-Wal le r  fac tor  for 
the first coord ina t ion  shell  (Table 2; Figure  5). The  
large Debye-Wal le r  factor  may  reflect the s t rong vi- 
bronic  coupl ing  associa ted  wi th  the a u e lec t ronic  con-  
figuration.  This  is the same v ibron ic  coupl ing  which  
yields the Jahn-Tel le r  dis tor t ion of  the M n  3- coordi-  

na t ion site; however ,  in hemat i te ,  no dis tor t ion of  the  
coord ina t ion  shell  is reso lved  in the fit. 

The  sample  wi th  6.3 mole  % M n  shows a short-  
range  structure that  is ve ry  di f ferent  f rom that  of  ideal  
hemati te .  The  spec t rum fits r easonab ly  wel l  to the 
ramsdel l i te  (MnO2) s t ructure  (Figure 6; Table 2) show-  
ing M n  shel ls  at 2 .66 and  2.88 _A. In ramsdel l i te ,  the 
d is tances  for  the first three cat ionic  shel ls  are at  2.659, 
2.848, and 3.582 A. The  third cat ionic  shell  in  6.3 
mole  % Mn-subs t i t u t ed  hemat i te  at a d is tance  of  4 .09 

did  not  fit to the s t ructure  of  ramsdel l i te ,  w h i c h  m a y  
be  re la ted to the p resence  of  a mix ture  of  M n  phases .  
The  results  show that  M n  in the  6.3 mole  % sample  
is not  subst i tu t ing for Fe in the hemat i t e  structure.  Ear-  
l ier work  on  M n  subs t i tu t ion  in hemat i t e  ind ica ted  that  
--<5 mole  % M n  can  be  incorpora ted  in the hemat i t e  
s tructure and  any addi t ional  M n  is e i ther  adsorbed  or 
prec ip i ta ted  as a separate  phase  (Cornel l  and  Giovan-  
oli, 1987; Cornel l  et al., 1990). 

We tenta t ive ly  propose  that  o ther  cat ions  showing  a 
s trong Jahn-Tel le r  effect  will have  a l imi ted  solubi l i ty  
in Fe203. In particular,  Cu e+ should  be  m u c h  less sol- 
uble in Fe203 than o ther  meta ls  of  comparab le  charge  
and ionic radius.  

C O N C L U S I O N S  

E X A F S  spec t roscopy showed  that  hemat i tes  synthe-  
sized by coprecip i ta t ion  f rom an Fe-meta l  ni t ra te  so- 
lut ion at a lkal ine  pH can  be subst i tu ted  by  --<6 mole  
% Ni ~-+ for Fe 3+ in the structure.  The  subs t i tu t ion  of  
Ni z- for  Fe 3- in the hemat i te  s tructure is a ccompan ied  
by a cor responding  subs t i tu t ion  of  OH-  for  02 as in- 
d icated by IR spectroscopy.  For  M n  3+, the subst i tu t ion 
of  M n  3~ for Fe 3+ exists  only  to -<3.3 mole  %. For  
larger  amount s  of  Mn,  a separate  phase  (ramsdel l i te)  
is formed.  The  local  e n v i r o n m e n t  a round  Fe 3+ a toms  
remains  s imilar  for  a range  of  subs t i tu t ion  of  A13§ 
M n  3-, and  Ni ~-- in the hemat i te  structure.  
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