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A b s t r a c t - - A  dusky red Oxisol forming on a tholeiitic basalt is found to contain varying proportion of 
aluminous hematite (Hm) and titanoaluminous maghemite (Mh) in the different size fractions. Maghemite 
is the main iron oxide in the sand and silt fractions whereas Hm is dominant in the clay fraction, together 
with gibbsite (Gb), kaolinite (Ka), rutile (Rt) (and probably anatase, An) and Mh. Maghemite is also the 
major oxide mineral in the magnetic separates of soil fractions (sand, about 65% of the relative MiSssbauer 
spectral area; silt, 60%). Hematite (sand, 30%; silt, 15%) and ilmenite (Im) (sand, 5%; silt, 16%) are also 
significantly present in the magnetic extract. Accessory minerals are Rt and An. No magnetite (Mt) was 
detected in any soil fraction. Sand- and silt-size Mh have similar nature (a0 = 0.8319 - 0.0005 nm; about 
8 mol% of A1 substitution; saturation magnetization of 49 J T -* kg '), and certainly a common origin. 
Lattice parameters of clay-Mh are more difficult to deduce, as magnetic separation was ineffective in 
removing nonmagnetic phases. A1 content in Hm varies from 14 mol% (clay and silt) to 20 mol% (sand). 
The proposed cation distribution on the spinel sites of the sand-size Mh is" 

[Fe0.gzA1008] { Fe, .43Ti0.~8170.39 } 0 4 

([7 = vacancy, [ ] = tetrahedral sites and { } = octahedral sites), with a corresponding molar mass of 
208.8 g tool -1. The predicted magnetization based on this formula is tr ~ 68 J T ' kg ~, assuming collinear 
spin arrangement. The large discrepancy with the experimentally determined magnetization is discussed. 
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I N T R O D U C T I O N  

Tropical  soils con ta in  typical ly  large amoun t s  o f  
i ron oxides,  par t icular ly  H m  (ot-Fe203) and  M t  (Fe304) 
or M h  (~-Fe203). A l t h o u g h  goeth i te  (o~-FeOOH, Gt)  is 
a widespread  minera l  in  soils, it appears  in re la t ively  
lower  p ropor t ions  or  is unde tec ted  b y  p o w d e r  X- ray  
di f f ract ion (XRD)  in some  h ighly  wea the red  magne t i c  
Oxisols  f o rming  on  mafic  rocks  (Fontes  and  Weed  
1991). The  charac te r iza t ion  of  these  minera l s  is im-  
por tan t  for  agr icul ture  land use as soil m i c r o - e l em en t s '  
avai labi l i ty  to p lants  is s o m e h o w  rela ted to thei r  i ron  
oxide  mine ra logy  ( C u d  and  F r a n z m e i e r  1987; Ferre i ra  
et  al. 1993). Severa l  recent  s tudies  h a v e  been  repor ted  
on  Braz i l i an  magne t i c  soils. A fully oxid ized  ti tan- 
o m a g h e m i t e  f rom a basal t ic  soil  w i th  a spon taneous  
magne t i za t ion  of  36 J T ' k g - '  was  earl ier  character-  
ized (Al lan  et  al. 1989). Di f ferent  M h  compos i t ions  
were  repor ted  for  o ther  l i thologies ,  e.g., the  (A1, Ti)- 
r ich  M h  f rom a do lomi t ic  soil  (Moukar ika  et  al. 1991) 
and  the newly  charac te r ized  Mg- r i ch  M h  f rom tuffite 
(Fabris  et  al. 1995). 

t Professor Milton Francisco de Jesus Filho died on January 
2, 1996. 

$ Research Director, National Fund for Scientific Research, 
Belgium. 

Basa l t ic  bedrocks  tend to p roduce  dusky  red mag-  
net ic  Oxisols  under  t ropical  condi t ions .  A l t h o u g h  the  
minera log ica l  compos i t i on  of  soils de r ived  f rom ba- 
salt, par t icular ly  of  the clay fract ion,  is k n o w n  f rom 
several  s tudies (Resende  1976; Curi  and  F r a n z m e i e r  
1987; Fontes  and  Weed  1991), a comple te  descr ip t ion  
of  the nature  and  or ig in  of  thei r  i ron oxides  appears  
to be  not  avai lable.  The  presen t  s tudy is focused  on  
the i ron oxide  minera logy ,  par t icular ly  of  the  coarse  
fract ions,  of  a Braz i l i an  magne t i c  soil  der ived  f rom 
basal t ,  and  a more  deta i led  descr ip t ion  of  the  magne t i c  
phases  is presented.  

M E T H O D S  

The  soil sample  was co l lec ted  f rom the  B ho r i zon  
of  a dusky  red Oxisol  deve loped  f rom a tholei i t ic  ba-  
salt ,  l oca t ed  at  g e o g r a p h i c a l  c o o r d i n a t e s  lat  
18~ long  49~ in a cut t ing  nea r  the  
h i g h w a y  B R  154, 2 k m  south  of  Cachoe i r a  Dourada ,  
in  the reg ion  o f  Tri~ngulo Mine i ro ,  Minas  Gera i s  
State, Brazil .  The  chemica l  compos i t i on  o f  the paren t  
rock  and  of  the whole  mass  of  the soil  were  repor ted  
by  Pin to  (1997)  and  Ferre i ra  (1995)  as be ing  (in 
mass%) ,  respect ively:  SIO2, 46.4  (rock),  34.2 (soil);  
Fe203, 15.4, 26.8; A1203, 11.6, 15.9; T i t 2 ,  3.46, 6.89; 
C a t ,  7.79, 0.37; M g O ,  3.94, 0.91;  M n O ,  0.24, 0.39; 

Copyright �9 1998, The Clay Minerals Society 369 



370 Goulart et al. Clays and Clay Minerals 

Table 1. Chemical composition of the magnetic separates 
from the sand and silt fractions. 

Oxide Sand % Silt % 

FeOt 1.20 5.99 
Fe20~ 77.97 55.59 
AI203 5.50 4.05 
Tit2 8.35 30.62 
C a t  0.85 0.40 
MgO 0.33 0.61 
MnO 0.31 0.78 
B a t  0.01 0.01 
Ni203 0.0l 0.04 
CoO 0.02 0.05 
C u t  0.03 0.05 
ZnO 0.04 0.17 
LOI~ 5.03 4.60 

t According to Goulart et al. (1994a). 
$ Loss on ignition. 

P205, 0.58, Not Avai lab le  (NA);  NazO, 2.44, NA;  K20, 
1.65, NA;  loss on ignition, 6.71, 12.2; total, 100.2, 
97.7. The  parent rock was classified according to the 
Jensen (1976) triangular plot, which correlates FeO + 
TiOz, A1203 and M g O  contents. I lmenite (Im) (deter- 
mined lattice parameter, a = 0.5082 nm and c = 
1.4070 nm), augite and plagioclase (albite and/or an- 
orthite) were  the main mineralogical  phases identified 
by X R D  in the whole  rock sample and Mt and a ferric 
Im were characterized in the magnet ic  extract of  the 
tholeiitic basalt (de Jesus Filho et al. 1995). Kaolinite,  
Gb, Hm,  Im and Mh are the main minerals in this soil. 

Geological ly,  the sampling area is part of  the Serra 
Geral  Format ion and the basalt has its origin f rom a 
Mesozo ic  magmat i sm that occurred ca. 130-150  My  
ago, and which covers  about 1,200,000 kin 2 in central 
and southern Brazil ,  northwest  Uruguay,  northeast Ar- 
gentina and southeast Paraguay (Schobbenhans et al. 
1984). 

The soil sample was first broken up by hand, left to 
dry in air and sieved, to obtain the fine earth (mean 
diameter  o f  particles, qb < 2 mm,  saturation magneti-  
zation, cr = 3 J T -~ kg-~). The sample was dispersed 
with a solution prepared by taking 50 mL NH4OH 1:1 
into a final vo lume  of  500 mL, under stirring in a 
mixer. The suspension was then s ieved to separate the 
sand fraction (qb = 0 .05-2  mm;  6.7% of  the soil mass). 
The silt (qb = 0.002-0.05 mm;  25.3%) and the clay (qb 
< 0.002 mm;  68.0%) fractions were  separated by cen- 
tr ifuging the remainder  (Jackson 1969). The magnetic 
separates f rom sand and silt were obtained f rom a di- 
luted slurry in water, and passed through a zigzag- 
shaped tube placed in a magnetic field generated by a 
U-shape  hand magnet.  Further magnet ic  separation 
was carried out by stirring the first magnet ic  extract in 
water  in a beaker  and col lect ing the magnet ic  particles 
with a small  hand magnet.  The proportions of  mag- 
netic separate obtained were 24 mass% (sand) and 51 
mass% (silt). It was observed  that the reddish mag- 

netic separates of  the clay fraction still contained a 
considerable amount  of  Hm, even after repeating the 
above-descr ibed procedure several times. 

The chemical  analysis of  the magnet ic  separates was 
carried out by fusing the samples with 1:1 Na2CO3 + 
K2CO 3 mixture in a platinum crucible and dissolving 
the product in diluted hydrochloric  acid. The solution 
was then analyzed by the standard dichromatometr ic  
method (Jeffery and Hutchison 1981), with minor  
modifications (Neves  et al. 1985) to quantify Fe, and 
with a Spectroflame Analyt ical  Instruments plasma 
emission spectrophotometer  for the other  elements.  
The chemical  composi t ion is presented in Table 1. 

The powder  X R D  patterns were obtained with a 
Diffrac 500 Siemens diffractometer, using CuKc~ ra- 
diation. 

The M6ssbauer  spectra were  col lected in a constant 
acceleration transmission spectrometer  and a Co57/Rh 
source, in the fol lowing experimental  conditions to the 
sample: 1) at room temperature (RT) and 85 K; 2) at 
RT with an externally applied field of  0.2 T and 3) at 
275 K and 4.2 K with an externally applied magnet ic  
field of  6 T parallel to the direction of  the incident ~/- 
rays. I somer  shifts are quoted relative to metall ic iron. 

Magnet izat ion measurements  were made either in a 
convent ional  vibrating sample magnetometer  (VSM) 
or with a portable soil magnetometer  conceived  by 
Coey  et al. (1992). 

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

Petrographic Descript ion 

Optical  microscopy analysis of  the magnet ic  sepa- 
rate obtained f rom the sand fraction indicates light 
rose, isotropic euhedric-subhedric particles having 
white veins in 3 directions, forming triangles, which 
were interpreted as being Mt under an alteration pro- 
cess. It wil l  be shown later that this mineral  is actually 
Mh. Lamel lae  filled with a dark material  identified as 
Im in an exsolution process were also observed.  

X-Ray  Diffraction 

X-ray diffractograms of  magnet ic  separates f rom 
sand and silt, as well  as of  the whole  clay fractions, 
are shown in Figure 1. Reflections due to Hm,  Im, Mh 
or Mt  (see below) and Rt were  identified in the mag- 
netic separate of  the sand fraction (Figure l a). He-  
matite is more often an associated phase in clay (ac- 
cording to the definition in Guggenhe im and Martin 
1995), and normally it is not  expected to occur  as in 
sand-sized grains in the B horizon of  the soil studied. 
A reasonable explanation for its presence in the sand 
fraction could be that this Hm acts as a coating or 
cement ing agent in smaller  individual  particles, form- 
ing sand-sized aggregates. The magnet ic  separate of  
the silt fraction has additionally An and a small  quan- 
tity of  Ka (Figure lb).  Roughly,  the silt magnet ic  sep- 
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Figure 1. Powder XRD patterns (CuKc0 of (a) sand magnetic separate, (b) silt magnetic separate and (c) whole clay. An = 
anatase, Gb = gibbsite, Hm = hematite, Im = ilmenite, Ka = kaolinite, Mh = maghemite, Rt = rutile, Si = silicon (internal 
standard). 

arate and total clay fraction were  found to contain 
quali tat ively the same mineral  composi t ion as a whole,  
but  Gb, Ka and H m  appear in higher  proport ion in the 
clay fraction (Figure lc) .  Ruffle was detected in all 
fractions. 

Dit ionite-ci trate-bicarbonate (DCB) mixture is often 
used to r emove  noncrystal l ine and some crystal l ine 
iron oxides in soil samples (Mehra and Jackson 1960). 
Pedogenic  Mh  is reported to be effect ively r emoved  
by DCB treatment (Fine and Singer  1989; Singer  et 
al. 1995). In the present study, this treatment was 
found to be effect ive in preferential ly removing  Hm,  
concentrat ing Mh and Im, in the silt and sand frac- 
tions. This enr ichment  is illustrated in Figure 2 for the 
sand fraction. 

Magnet i te  has been reported to be the main ferri- 
magnet ic  constituent in some tropical soils (Curl and 
Franzmeier  1987; Dematt~ and Marconi  1991). Fur- 
thermore,  it was bel ieved to occur  more  often in the 
coarse fractions, which are more  l ikely to contain pri- 
mary  minerals (Moniz  1972). However ,  it is difficult 
to identify Mr, Mh  and their solid solutions in natural 
mixture,  either by current low resolution powder  X R D  
(Abreu and Robert  1985), the main technique used in 

those studies, or  by optical microscopy (Anand and 
Glides 1984). 

In the present case, the lattice parameter  a0 o f  the 
spinel structure in all samples (Table 2), deduced f rom 
the Nelson-Ri ley  extrapolation method (Klug and Al-  
exander  1974), using the 220, 400 and 440 reflections, 
are much  closer to that of  Mh  (a0 -- 0.8339 nm, Joint  
Commit tee  on Powder  Diffract ion Standards [JCPDS] 
card #4.755) than that of  pure Mt  (a0 = 0.8390 nm, 
JCPDS card #19.629). The lower  values for the cell  
parameters reported in Table 2 can be attributed to the 
effect  of  Al-for-Fe substitution, since replacement  of  
Fe  by t i tanium has no significant effect  on the lattice 
parameter  in a fully oxidized Fe-r ich spinel (Readman 
and O 'Re i l l y  1972). 

An  est imation of  the amount  o f  isomorphic  A1 can 
be done through the l inear relations g iven by Schwert-  
mann and Fechter  (1984), Wolska and Schwer tmann 
(1989), Gil lot  and Rousset  (1990) or  Bowen  et al 
(1994). The results are also shown in Table 2 for the 
magnet ic  separate f rom the sand, before  and after 4 
successive treatments with DCB,  and for the silt and 
clay fractions. The X-ray pattern of  Mh  in the whole  
clay fraction shows only 1 resolved 220 reflection that 
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Figure 2. Powder XRD pattern (CuK~) of the magnetic separate from the sand fraction (a) after and (b) before 4 successive 
treatments with DCB. Hm = hematite, Im = ilmenite, Mh = maghemite, Si = silicon (internal standard). 

does  not  over lap  any H m  peak,  bu t  its re la t ively  low 
intensi ty  (Figure  l c )  d id  not  a l low a good  resolut ion.  
However ,  a sa t i s fac tory  es t imat ion  could  be  done  after  
a se lect ive  a t tack wi th  5 mol  L -~ NaOH,  to r e m o v e  
G b  and  Ka. The  lat t ice pa rame te r  ao now  deduced  
f rom the be t te r - reso lved  ref lect ions of  Mh,  f rom the 
X-ray  pa t te rn  (not  shown)  of  the  chemica l ly  t reated 
sample ,  is r easonab ly  comparab l e  wi th  those  of  the 
sand  and  silt f ract ions.  Thus ,  the  M h  in all 3 f ract ions  
h a v e  a s imi la r  a m o u n t  of  i somorph ic  A1 subst i tut ion.  

The  A1 subs t i tu t ion  in the  so i l -Hm (Table 3) was  
deduced  f rom the lat t ice pa rame te r  a0, th rough  the 
equat ion:  

A1/mol% = 100(32.4995 - 64.47a0) [1] 

t aken  f rom data  of  S tan jek  and  S c h w e r t m a n n  (1992),  
for  the  sand  before  and  af ter  (4 x D C B )  4 success ive  
t rea tments  wi th  DCB,  and  for  the silt and  clay frac- 

Table 2. A1 substitution in the Mh, estimated from the lattice 
parameter (a0). 

Fraction ao/nm Al/mol% 

Sand 0.8318(5) 8 
Sand (4 X DCB) 0.8319(5) 8 
Silt 0.8319(5) 8 
Clay 0.8326(5) 6 

t ions.  The  a0-cell pa rame te r  for  H m  was  de t e rmined  
f rom the 300 reflection. The  A1 subs t i tu t ion  (14 m o l % )  
of  the clay H m  is in good  ag reemen t  wi th  the resul ts  
ob ta ined  for  o ther  soil samples  f rom the same region  
(Fontes  and  Weed  1991). 

The  m e a n  crystal l i te  d imens ion  of  the H m  in all 
f rac t ions  is 20 --- 3 nm,  as deduced  f rom the Scher re r  
fo rmula  (Klug and  A l e x a n d e r  1974), by  us ing  the val-  
ues of  l inewid th  at ha l f  he igh t  of  the  110 ref lect ion 
peak. 

M 6 s s b a u e r  Spec t roscopy 

M/Sssbauer spec t roscopy is, in pr inciple ,  a t echn ique  
capab le  of  d i s t ingu i sh ing  a m o n g  dif ferent  e lec t ronic  
states of  Fe in the oxide  structure,  a l though,  in cer ta in  
c i rcumstances ,  some  diff icult ies appear  (da Costa ,  De  

Table 3. AI substitution in the Hm from the magnetic sep- 
arate from the sand and silt fractions, and whole-clay fraction. 
The ao-cell dimension was deduced from the d(300) reflec- 
tion. 

Fraction d(300)/nm a~/nm Al/mol% 

Sand 0.1447 0.5013(4) 18(3) 
Sand (4 X DCB) 0.1446 0.5010(4) 20(3) 
Silt 0.1449 0.5019(2) 14(1) 
Clay 0.1449 0.5019(1) 14(1) 



Vol. 46, No. 4, 1998 Iron oxides in a soil developed from basalt 373 

I | I I I I | | I I I 

-B -4  0 +4 § 
VELOCITY (mm/s) 

Figure 3. M6ssbauer  spectra of  magnet ic  separates from the 
sand at (a) RT and (b) 85 K; f rom the silt at (c) RT and (d) 
85 K; and of  the whole clay fractions at (e) RT and (f) 85 K. 

Table 4. M6ssbauer  parameters at RT of  the magnet ic  sep- 
arates of  the sand and silt fractions and of  the whole clay. 

S u b s p e c -  2~Q, AE~/ 
F r a c t i o n  t r u m  ~ / m m  s -1 m m  s J B J T  A/% A2/% 

Sand Mh 0.31 0.00 48.3 65 65 
Hm 0.38 - 0 . 1 8  50.4 29 30 
Im 1.03 0.68 - -  2.8 1.4 

0.37 0.67 - -  3.5 3.6 

Silt Mh 0.33 0.00 48.0 60 57(3) 
Hm 0.37 - 0 . 1 8  50.4 16 15 
Im 1.03 0.69 - -  8.6 13 

0.28 0.35 - -  2.9 3.0 
Doublet  0.38 0.68 - -  12 11 

Clay Mh 0.32 0.00 45.7 19 25 
H m  0.38 - 0 . 1 8  49.3 51 56(3) 
Doublet  0.38 0.60 - -  29 19 

Key: g = isomer shift; AEQ = quadrnpole splitting; 2% = 
quadrupole shift; Bhf = hyperfine field, A~ = relative area of  
the subspectrnm, without externally applied magnet ic  field, 
A 2 = relative area under an external field of  0.2 T, Mh  = 
maghemite ,  Hm = hematite,  Im = ilmenite. 

o n e s .  A n o t h e r  s h o r t c o m i n g  o f  th i s  f i t t ing  p r o c e d u r e  is  

t ha t  m o s t  p r o b a b l y  all  c o m p o n e n t s  s h o w  a d i s t r i b u t i o n  

o f  h y p e r f i n e  f ie lds  a n d  q u a d r u p o l e  s p l i t t i n g s  d u e  to t h e  

i s o m o r p h i c  s u b s t i t u t i o n  b y  AI  a n d  Ti.  I n  sp i t e  o f  tha t ,  

s o m e  s e m i q u a n t i t a t i v e  c o n c l u s i o n s  c a n  b e  d r a w n  f r o m  

t h e  r e s u l t s  l i s t ed  in  T a b l e s  4 a n d  5. S o m e  r o o m - t e m -  

p e r a t u r e  M 6 s s b a u e r  p a r a m e t e r s  fo r  b u l k  M t ,  H m ,  M h  

a n d  I m  w e r e  c o m p i l e d  b y  M u r a d  a n d  J o h n s t o n  (1987) ,  

B o w e n  e t  al. ( 1 9 9 3 )  a n d  M u r a d  (1996 ) ,  a n d  are  p re -  

s e n t e d  in Tab l e  6 fo r  c o m p a r a t i v e  p u r p o s e .  

B a s e d  o n  t he  v a l u e s  o f  t he  r e l a t i ve  s u b s p e c t r a l  a reas ,  

it is  s e e n  tha t  M h  is i n d e e d  t he  m a j o r  c o m p o n e n t  in  

t he  s a n d  a n d  s i l t  f r a c t i o n s ,  w h e r e a s  H m  d o m i n a t e s  in  

t he  c l a y  f r ac t ion .  T h e  q u a d r u p o l e  sh i f t  o f  t he  l a t t e r  

r e m a i n s  u n c h a n g e d  o n  g o i n g  f r o m  R T  to 85 K ,  ind i -  

c a t i n g  tha t  t h i s  H m  is in  t he  w e a k l y  f e r r o m a g n e t i c  

s ta te ,  i .e. ,  t h e r e  w a s  n o  M o r i n  t r an s i t i on .  T h e  m o r e  

i n t e n s e  a b s o r p t i o n  in  t he  cen t r a l  pa r t  o f  t he  s p e c t r u m  

G r a v e  e t  al. 1995) .  F i g u r e  3 s h o w s  t he  M 6 s s b a u e r  

s p e c t r a  at R T  a n d  at  85 K o f  t he  m a g n e t i c  s e p a r a t e s  

o b t a i n e d  f r o m  s a n d  a n d  s i l t  f r a c t i o n s  a n d  o f  the  w h o l e  

c l a y  f r ac t ion .  T h e s e  s p e c t r a  h a v e  b e e n  f i t ted  as  a su -  

p e r p o s i t i o n  o f  2 s e x t e t s ,  r e l a t i v e  to M h  a n d  H m ,  to-  

g e t h e r  w i t h  2 q u a d r u p o l e  d o u b l e t s  to a c c o u n t  for  i l-  

m e n i t e .  T h e  R T  s p e c t r a  o f  b o t h  s i l t  a n d  c l a y  f r a c t i o n s  

r e q u i r e d  a th i rd  d o u b l e t  t ha t  c o u l d  be  r e l a t ed  to a f rac -  
t i on  o f  M h  a n d / o r  H m  u n d e r  s u p e r p a r a m a g n e t i c  r e l ax -  

a t ion .  T h e  f i t ted  s p e c t r a  a re  n o t  pe r f ec t ,  b u t  th i s  w a s  

e x p e c t e d  c o n s i d e r i n g  t he  c o m p l e x  n a t u r e  o f  t h e s e  s y s -  

t e m s .  

A s  m e n t i o n e d  a b o v e ,  o n l y  o n e  s e x t e t  w a s  i n c l u d e d  

to a c c o u n t  fo r  M h ,  b u t  in  r ea l i t y  t h e r e  a re  2 con t r i -  

b u t i o n s ,  o n e  d u e  to F e  a t o m s  o n  t h e  t e t r a h e d r a l  s i t e s  

a n d  a n o t h e r  o n e  d u e  to F e  a t o m s  o n  t he  o c t a h e d r a l  

Table 5. M6ssbauer  parameters at 85 K of  the magnet ic  sep- 
arates of  the sand and silt fractions and of  the whole clay. 

S u b s p e c -  2 % , A E ~ /  
F r a c t i o n  t r u m  ?~/mm s 1 m m  s -: B J T  A/% 

Sand Mh  0.43 0.00 51.4 60 
Hm 0.50 - 0 . 1 8  53.2 34 
Im 1.14 1.16 - -  3 

0.41 0.68 - -  3 

Silt Mh 0.42 0.00 51.0 57 
Hm 0.51 - 0 . 1 8  52.8 26 
Im 1.18 1.16 - -  11 

0.45 0.68 - -  6 

Clay Mh 0.43 0.00 49.0 18 
Hm 0.48 - 0 . 1 8  52.7 77 

0.48 0.68 - -  5 

Key: ~ = isomer  shift, AEQ = quadrupole splitting; 2% = 
quadrupole shift, Bhf = hyperfine field, A = relative area. 
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Table 6. Room temperature MOssbauer parameters for bulk 
Mt, Hm, Mh and Im (adapted Murad and Johnston (1987), 
Bowen et al. (1993) and Murad (1996)). 

2~QaEd 
M i n e r a l  F o r m u l a  8 / m r n  s J m m  s i B . d T  

Mt Fe303 0.26 -----10.021 49.2 
0.67 -<10.021 46.1 

Hm ctFe203 0.37 -0 .20  51.8 
Mh ~/FezO3 0.23 --<10.021 50.0 

0.35 -<10.021 50.0 
Im FeTiO3 1.07 0.68 - -  

at 85 K of  the  silt is a t t r ibuted to the  ferric Im 
Fe~.~sTi0.8503, desc r ibed  by  Goula r t  et  al. (1994a).  

The  A1 subs t i tu t ion  in the clay Hm,  es t imated  us ing  
the equat ion:  

Beff (RT)  = 51.7 - 7.6 A1 - 3 2 / M C D  [2] 

( M u r a d  and  S c h w e r t m a n n  1986) and  cons ider ing  
M C D  = 20 nm,  is 11 mol%.  T he  cor rec t ions  for  small-  
part ic le  effects  can  be  neglec ted  at 85 K, and  the equa-  
t ion: 

Berf = 532 - 0 .39x [3] 

(De Grave  et al. 1982) g ives  x = 13 mol%.  Bo th  re- 
suits are in r easonab le  ag reemen t  wi th  that  es t imated  
f rom XRD,  namely ,  x = 14 mo l%.  S imi la r  ca lcula t ion  
could  not  be  done  for  the silt and  sand  H m  due  to its 
smal l  cont r ibuf ion  to the overal l  spectra l  area. 

As  for  the  M h  componen t ,  no  conc lus ion  can  be  
d rawn  wi th  respec t  to the i somorph ic  subst i tut ion.  The  
hyper f ine  fields l is ted in Tables  4 and  5 mus t  be  con-  
s idered as a rough  es t imat ion ,  s ince  they only  repre-  
sent  the average  be t w een  the  A-  and  B-s i te  cont r ibu-  
t ions.  Also,  the  p resence  of  H m  in large quant i f ies  se- 
r iously  inf luences  the  fitted parameters .  In all l ikeli- 
hood,  these  m e a s u r e m e n t s  c lear ly show that  any Mt,  
i f  p resen t  in these  samples ,  represents  only  a mino r  
f rac t ion and  that  M h  is by  far  the ma in  fe r r imagne t ic  
componen t .  

It has  been  s h o w n  that  an externa l  magne t i c  field of  
0.2 T at R T  would  be  suff ic ient  to improve  the semi-  
quant i ta t ive  e s t ima t ion  of  the  re la t ive  M 6 s s b a u e r  ab- 
sorp t ion  areas o f  the 2 subspec t ra  in synthet ic  mix tures  
of  H m - M h  (Goular t  et  al. 1994b).  However ,  the resul ts  
p resen ted  in Table 4 indica te  that  the  M 6 s s b a u e r  anal-  
ysis  of  these  natural  i ron ox ide  phases  is only mod-  
era te ly  improved  under  such an external ly  modera te  
appl ied  magne t i c  field (Figure 4). 

The  inf luence  of  the 4 x D C B  t rea tment  on  the  
M 6 s s b a u e r  spectra  in an externa l  field of  0.2 T of  the 
sand  and  silt f rac t ions  are s h o w n  in F igure  4. T he  re- 
s idual  in tensi t ies  of  l ines 2 ( r ights ide l ine re la t ive  to 
the l e f tmos t  l ine  1) and  5 ( leftside l ine re la t ive  to the  
r igh tmos t  l ine  6) are ma in ly  due to Hm,  as these  ab- 
sorpt ions  would  tend  to a lmos t  van i sh  in the case of  
pure  M h  wi th  part ic le  sizes of  the order  of  those  in 

l I I I I I I I I I I 

Figure 4. M6ssbauer spectra of the sand fraction magnetic 
separate (a) before and (b) after 4 successive treatments with 
DCB (4 • DCB), of the silt fraction (c) before and (d) after 
4 x DCB and (e) of the whole clay fraction, all under an 
externally applied magnetic field of 0.2 T. 

the present  study. The  DCB- t r ea t ed  samples  show 
m u c h  lower  intensi t ies  of  l ines 2 and  5 as compared  
to the unt rea ted  samples ,  ind ica t ing  a decrease  of  the 
H m  content ,  wh ich  is cons is ten t  wi th  the X R D  results.  
As  a genera l  trend,  an increase  of  the M h / H m  rat io in 
bo th  sand  and  silt f rac t ions  is o b s e r v e d  af ter  DCB 
t reatment ,  in fer r ing  that  this  chemica l  t r ea tment  is 
preferent ia l ly  r emov ing  Hm.  A s imi lar  resul t  was  ear- 
l ier  repor ted  by  Taylor  and  S c h w e r t m a n n  (1974).  This  
preferent ia l  r emova l  of  H m  could  sugges t  tha t  t rea t ing 
the  samples  a few more  t imes  wi th  D C B  would  lead 
to a h igher  e n r i c h m e n t  in the fer r imagnef ic  compo-  
nent ,  bu t  it was  o b s e r v e d  that  some  M h  is actual ly  
a t tacked by  the  DCB.  This  is c lear ly seen f rom the 
sa tura t ion magne t i za t ion  values  for  the sand-magne t i c  
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Figure 5. M6ssbauer spectra of the sand fraction magnetic 
separate at (a) 273 K and (b) 4.2 K under an externally ap- 
plied magnetic field of 6 T. 

separate before (35 J T -~ kg -t)  and after DCB treat- 
ment  (33 J T -~ kg-~), and for the corresponding silt- 
magnet ic  separate values (16 J T ~ kg -~ and 12 J T -1 
kg -j ,  respectively).  

In a stronger external field o f  6 T, the Mh spectrum 
splits into 2 subspectra relat ive to the tetrahedral and 
octahedral  sites, because the A-si te hyperfine field 
adds to and the B-site subtracts f rom the applied ex- 
ternal field. At  4.2 K, no important  superparamagnetic 
relaxation effect  is observed,  and hence the assign- 
ment  o f  the hyperfine parameters for Mh  and H m  can 
be substantially improved.  Two example  spectra at 273 
K and 4.2 K are displayed in Figure  5 for the sand- 
fraction's  magnet ic  separate. The  presence o f  3 mag-  
netic components  is evident,  plus a central absorption, 
which is more  pronounced in the 273-K spectrum. No 
attempts were  made to fit the central absorption in the 
273-K spectrum because it lacks any fine structure. 
Probably this component  is in fact a triplet since Im 
is paramagnet ic  at that temperature.  In the 4.2 K, this 
central contribution almost  disappeared, but it was not 
found possible to include another sextet to account for 
the magnet ic  splitting of  the Im. 

As for the 3 main sextets, the fo l lowing restrictions 
were used in the fitting procedure:  pure Lorentzian- 

Table 7. M6ssbauer parameters of the magnetic separate of 
the sand fraction under an external field of 6.0 T. 

M h  
H m  

2,4 
T ( K )  ~ / m m  s -~ B J T  AI% ~ / m m  s - t  m m  s -1 B h e r F  A I %  

273 0.21 49.2 24 0.33 -0.18 51.2 23 
0.33 50.2 43 

4.2 0.31 51.2 26 0.43 -0.20 53.7 26 
0.44 53.3 45 

Key: ~ = isomer shift; 2~ o = quadrupole shift; Bar = hy- 
perfine field, A = relative area. 

shaped sextets with the isomer  shift for H m  coupled 
to that of  the B-site of  Mh;  l ine-area ratios as 3:x: 1 
for Mh and 3:3.6:1 for H m  (De Grave  et al. 1992); 
quadrupole  shifts ~Q = 0 for both sites of  Mh. Some  
numerical  parameters der ived f rom this fitting routine 
are g iven in Table 7. Taking an average value of  the 
relative spectral area for Im from all spectra measured 
without  the strong field, the ratio o f  the relat ive areas 
M h : H m : I m  is found to be 71:26:3. This  ratio is in 
disaccord with those der ived f rom the zero-field mea-  
surements (RT and 85 K), showing that the latter mea-  
surements are not  adequate to fully characterize this 
kind of  material. Furthermore,  even  the hyperfine 
fields are affected by a large uncertainty due to the 
strong overlap of  all 3 subspectra. Thus, any attempt 
to correlate the low values of  these hyperfine fields 
with isomorphic substitution would  only have a qual- 
itative meaning.  A difference of  about 0.12 m m s  -~ 
was found both at 4.2 K and 275 K, in agreement  with 
the values reported by da Costa, De Grave,  Vanden- 
berghe et al. (1994) and da Costa, De Grave,  Bryan  
and Bowen  (1994). 

Another  important observat ion is that the high in- 
tensities of  the middle  lines of  the hemati te  component  
(3:3:4:1), together with a negat ive value for the quad- 
rupole shift, indicate that this oxide  is in the weakly 
ferromagnet ic  state, even  at 4.2 K (De Grave  et al. 
1992; Bowen  and De Grave  1995). The  suppression 
o f  the Morin  transition is presumably due to the pres- 
ence of  A1 and/or Ti in the H m  structure, to which this 
transition is extremely sensitive. A 1% Ti-substi tution 
is sufficient to el iminate the antiferromagnetic state 
(Ericsson et al. 1986), while  approximately 9% of  A1 
is required to create the same effect  (Coey 1988). 

Based on the A1 content  in H m  and Mh  as deduced 
f rom XRD,  and on the proport ions o f  these 2 phases 
der ived f rom the in-field M6ssbauer  spectra, the over- 
all al location gives about 5.3 mass% A1203 in the sand 
fraction. This result is in good agreement  with the total 
5.50 mass% A1203 found in the chemica l  analysis (Ta- 
ble 1). Diagenet ic  H m  is l ikely to retain only tr ivalent 
structural cations in its structure. Di and tetravalent 
cations are expel led f rom the lattice on passing f rom 
Mh to H m  (Sidhu et al. 1980), an expected process in 
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so i l -minera l  genesis .  Thus,  d iscard ing  any  eventua l  Ti 
in the Hm,  the M h  would  conta in  7 m a s s %  TiO2, tak- 
ing into accoun t  tha t  1.3 m a s s %  TiO2 mus t  be  allo- 
ca ted  to the ferr ic  Im. The  c o m b i n e d  effect  of  bo th  A1 
and  Ti can  expla in  the absence  of  the  M o r i n  t rans i t ion 
d o w n  to 4.2 K. 

The  ques t ion  n o w  is h o w  to dis t r ibute  Fe, A1, Ti 
and  vacanc ies  b e t w e e n  the  2 sublat t ices  of  Mh.  The  
A-  to B-s i te  area rat io  as de r ived  f rom the  6 T M6ss-  
baue r  spectra  is 37:63,  but  this  rat io  m ay  be  underes -  
t imated  as H m  l ines over lap  wi th  those  o f  A-si te .  Sev-  
eral  recent  s tudies  have  s h o w n  that  AI has  no  site pref- 
erence,  its loca t ion  be ing  dependen t  on  the synthes is  
p rocedure  and  on  its concent ra t ion .  Actual ly ,  there  are 
repor ts  in wh ich  all AI are located exc lus ive ly  on  the 
A sites (da Costa ,  De Grave ,  B r y a n  and  B o w e n  1994), 
on  the B sites (de Jesus Fi lho et al. 1992; Al l an  et al. 
1989; B o w e n  et al. 1994) or  on bo th  sites (Wolska  and  
S c h w e r t m a n n  1989; da  Costa ,  Lauren t  et  al. 1995). In 
the present  case,  f rom Fe  dis t r ibut ion,  it m ay  be  oc- 
cupy ing  only  A-si tes .  O n  the o ther  hand,  it is k n o w n  
that  Ti has  a s t rong B-s i te  preference  (Waychunas  
1991). As  for  the vacancies ,  it is usual ly  a s sumed  that  
in re la t ively  wel l -c rys ta l l ized  Mh,  wh ich  is the case  
for  the p resen t  samples ,  they are located  on  B-s i tes  
(Linds ley  1976; B o w e n  et al. 1994). The  sugges ted  
s to ich iomet r ic  spinel  formula ,  based  upon  the deduced  
e l emen ta l  compos i t i on  o f  A1203 (8%) and  TiO2 (7%)  
and  FezO 3 (85%,  the c o m p l e m e n t  to 100%) for  the 
s and -Mh,  and  ass ign ing  AI on  A and  Ti and  vacanc ies  
on  the  B site is: 

[Fe092A1008] { Fel.43Ti0.t 8[~0.39 } 04 

([--] = vacancy,  [ ] = te t rahedra l  sites and  { } = oc- 
tahedra l  sites), wi th  a co r re spond ing  mola r  mass  of  
208.8  g mo1-1. 

The  sa tura t ion  magne t i za t ion  of  the sand  magne t ic  
separate  is 35 J T 1 kg- i ,  w h i c h  gives  a round  49 J T -~ 
kg  -] for  the soil Mh.  The  above  fo rmula  cor responds  
to a magne t i za t ion  of  68 J T -~ kg -1, a s suming  a mo-  
m e n t  of  5 IxB on the Fe ions and  a co l l inear  fer r imag-  
net ic  spin structure.  Several  effects  can  cont r ibu te  to 
the  d i sc repancy  b e t w e e n  the de t e rmined  magne t i za t ion  
(49 J T ] kg -1) re la t ive  to the  predic ted  va lue  f rom the 
a l located  formula ,  as for  example ,  smal l -par t ic le  sizes 
(MCrup and  Tops~e 1976), inter- and  int ra-par t ic le  in- 
te rac t ions  (M~rup  and Tronc 1994), surface  effects  
(Boudeu l l e  et  al. 1983) and  spin reduc t ion  due to co- 
va lence  (Greaves  1983). Spin  can t ing  has  an impor tan t  
inf luence  on  the  magne t i za t ion  of  r andomly  subst i tu ted  
spinel  ferr i tes (Coey  1987). In addi t ion,  the site oc- 
cupancy  and  the  a m o u n t  o f  subs t i tu t ion  are not  k n o w n  
wi th  great  precis ion,  m a k i n g  it ex t remely  difficult  to 
der ive  the true compos i t ion .  M u c h  s t ronger  externa l  
fields, of  the order  of  15 T, wou ld  be  ve ry  useful  in 
order  to comple te ly  separate  the A-  and  B-si te  contr i -  
bu t ions  o f  M h  f rom that  of  Hm.  

C O N C L U S I O N S  

The  present  s tudy on  the mine ra logy  of  a Braz i l i an  
dusky red  magne t i c  Oxiso l  was  focused  on  the char- 
ac ter iza t ion of  the Fe -bea r ing  minera l s  of  the  magne t i c  
separate  f rom the sand and  silt f ract ions.  Hemat i t e  is 
ma in ly  present  in the whole  clay fract ion,  toge ther  
wi th  Gb,  Ka, Rt  (and p robab ly  An)  and  Mh.  M a g h e -  
mite,  wh ich  cont r ibu tes  by  abou t  6% to the whole  soil 
mass ,  is the d o m i n a n t  mine ra l  in the magne t i c  separate  
(in sand,  abou t  65% of  the re la t ive  M ~ s s b a u e r  spectral  
area; silt, 60%).  Hemat i t e  (sand,  30%; silt, 15%) and  
Im (sand, 5%; silt, 16%) are also s ignif icant ly  present  
in the  silt fraction.  Acces so ry  minera ls  are Rt  and An.  
No M t  was detected in the magne t i c  extract  of  any  soil  
fract ion.  Sand-  and s i l t -Mh have  s imi lar  cell  pa rame-  
ters (a0 = 0 .8319 -+ 0.0005 nm)  and  sa tura t ion mag-  
ne t iza t ions  of  49 J T 1 kg ~. Hemat i te ,  an associa ted  
phase  in clay, was  also de tec ted  in the sand-magne t i c  
separate.  The  A1 con ten t  in H m  varies  f rom 14 m o l %  
(clay- and  s i l t -Hm) to 20 mo l% (sand).  The  proposed  
ca t ion d is t r ibut ion  a m o n g  the spinel  sites of  the soil- 
M h  leads to an  expec ted  magne t i za t ion  ~ ~- 82 J T ] 
kg  1, a s suming  col l inear  spin a r rangement .  
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