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ABSTRACT 

1979) 

A Miissbauer spectroscopic investigation of clays from the Eastern Caribbean con- 
taining montmorillonite, biotite and kaolinite and mixtures thereof is made over the 
temperature range 89-300 K to investigate the nature of the iron sites present. In several 
samples at liquid nitrogen temperature the magnetic component increases considerably at 
the cost of the paramagnetic component. This behavior is typical of superparamagnetism 
exhibited by ultrafine magnetic particles. From the values of hyperfine parameters taken 
from computer fits of the spectra, the particles are identified as a-ferric oxide and goethite. 

INTRODUCTION 

Soils and clays from almost every region in the world have been exten- 
sively studied, but no investigation has been performed on soils from the 
Eastern Caribbean. This study was consequently initiated as part of a conti- 
nuous research program to fti this gap. 

Mijssbauer investigations of clay minerals have been many and varied over 
the last few years. There have been several studies of montmorillonite and 
nontronite [l-5], most of which attempt only to fit the Fe3+ ion into one 
environment [1,4,5], although the work of Goodman et al. [2] shows that 
this ion can be fitted into two octahedral and one tetrahedral environment. 
Mijssbauer studies of kaolinites have established the presence of two Fe3+ 
and two Fe*’ environments [l--S]. Similar studies on biotites have found 
two octahedral Fe3+ and two octahedral Fe*+ sites [9-123, but there is as 
yet no strong evidence for Fe3’ in the tetrahedral sites in biotite. 
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Clay minerals are often found to be intimately associated with a-Fez& 
and goethite, and there have been some interesting Miissbauer studies on 
such mixtures [ 7,8,13,14]. 

This work on the minerals of West Indian clays is carried out to standard- 
ize the iron environment in the clays, which will then be used in other 
chemistry and physics research. The work reported here covers the tempera- 
ture range 80-300 K. 

EASPERIMENTAL 

The clays used in this work are ah chemically untreated specimens, mainly 
from the named areas of Trinidad (Table 1). No chemical analyses of the 
clays have been carried out, but detailed X-ray, DTA and TGA data have 
been collected on them. The clay minerals present have been identified by 
standard X-ray diffraction methods [15], details of which will appear else- 
where. 

Mossbauer spectra were recorded on conventional constant-acceleration 
spectrometers. Room-temperature spectra were obtained using an EIron 
MD1 spectrometer and Intertechnique SA40B multichannel analyzer, using 
a slow multiscaling interface for improved accuracy [ 161. Low-temperature 
spectra were obtained using an Elscint MD3 spectrometer and Nuclear Data 
ND2200 multichannel analyzer, with a Ricer MCH5 cryostat whose temper- 

TABLE 1 

Clay minerals; origin, composition and appearance 

Place of origin Composition Appearance 

Montmor- Kaolinite Mica 
illonite 

Montserrat (Trinidad and Tobago) 

Fitches (Antigua) 

Talpara (Trinidad and Tobago) 
Capitol (Grenada) 
Cunupia (Trinidad and Tobago) 

Princes Town (Trinidad and Tobago) 
Barataria (Trinidad and Tobago) 

St. Augustine (Trinidad and Tobago) 
River Estate (Trinidad and Tobago) 

Montreal (St. Vincent) 

* 

* 

* 
* 
* 

* 

* 
* 
* 

* 
* 

* 
* 

PC 

* 
* 

Mid-brown, 
granular 
Grey-black, 
granular 
(+shale) 
Red-brown, fine 
Red-brown, fine 
Light brown, 
very fine 
Grey, very fine 
Dark brown, 
fines + granular 
(+ fibre) 
Brown, fine 
Light brown, 
very fme 
Mid-brown, fine 
+ granular 
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ature was controlled to better than +-1 K by a Ricer TC4B controller of the 
gas-flow regulator type. The source was ca. 8 mCi cobalt-57 in copper. Velo- 
city calibrations were made using thin (10 mg cm-*) high purity iron foil, 
and isomer shifts are referred to natural iron as the zero point. 

The absorber materials were not pretreated in any way. The mineral was 
held between high purity aluminium foils, spaced apart by 1 mm thick 
aluminium rings, so that the absorber thickness was 140-150 mg cm-*, 
except in the case of the Barataria clay whose thickness was only 90 mg 
cm+_ 

Spectra were analyzed by a non-linear least-squares fitting program, run 
on the Imperial College C.D.C. computers. This program can fit quadrupole 
split sites (doublet, constrained with equal intensities and half-widths) and 
magnetic split sites (sextuplet, constrained with equal half-widths, and inten- 
sities in the ratio 3 : 2 : 1 : 1 : 2 : 3); and combined magnetic and quadru- 
pole split sites where the magnetic splitting is much greater than the qua- 
drupole splitting. 

a2.0; 

.‘Q Ci 

760; 

73 31 

I -_A . d___L_.__>__ ..-_ I___. 

_,Q 7. - 7.53 - 5.00 
.L __ 

5% -2% 0.00 2.50 

VCLOCITY (MM/SEC) 

__- -..-- 
I.50 ii 3 

Fig. 1. Massbauer spectra of Montserrat (Trinidad and Tobago) clay showing tempera- 
ture variation. 
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Considerable difficulty was experienced in fitting the spectra of St. Augus- 
tine and Montreal (St. Vincent) clays, due to the overlapping peaks of the 
Fe3’ and Fe*’ sites. In these cases, high accuracy, high resolution spectra 
were obtained, which allowed the spectra to be deconvoluted into two Fe3+ 
(A and A’) and two Fe*’ (B and B’) doublets, with a small magnetic com- 
ponent (C) in the Montreal spectrum. 

Since the B sites were not of sufficient intensity to be resolved by this 
method in the other specimens, the spectra were deconvoluted into single 
Fe3+ (A) and Fe*’ (B) sites, with magnetic (C) sites if necessary. It was not 
thought realistic to attempt to fit two A sites without including two B sites, 
especially since the relative proportions of minerals in the specimens were 
not known with any degree of accuracy, although this restricted model can 
be seen to be incomplete in all spectra. 

The low-temperature spectra were analyzed in the same manner, but with 
extra magnetic sites C’ as necessary. 

The results are given in Table 2; the magnetic fields of the C sites are given 
as the largest found, for those cases where an envelope of magnetic sites with 
decreasing magnetic fields is seen. 

rws 

50. 

96. 

v. 

92 

93. 

00. 

06 

-9 

:.IO:~TSERR&T.T(T~T) 298K. 
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II3 0 

‘7 3 

160 

-9 

-9 

-_ 
.w -300 -2.00 -1.00 0.W I.00 2.w 3.00 4.m 

VELOCITY WM/SEC) 

- :c 

Fig. 2. Room-temperature MSssbauer spectra of Montserrat (Trinidad and Tobago) and 
Fitches (Antigua) clays. 
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DISCUSSION 

The clays studied contain montmorillonite, kaolinite or biotite or mix- 
tures thereof [ 151; the mineral content and appearance is shown in Table 1. 

The Montserrat clay essentially contains montmorillonite. The spectrum 
at 80 K (Fig. 1) shows the presence of a small doublet, whose parameters 
are similar to those reported by other workers [1,9,X2] for an octahedral 
Fe3+ site in montmorillonite, and a mixture of magnetic environments. The 
intensities and magnetic fields associated with the latter gradually disappear 
with increasing temperature, and the doublet intensity increases_ 

The collapse of the six-line pattern is expected to occur when the elec- 
tronic spin relaxation frequency (and hence the reversal frequency of the 
internal hyperfine magnetic field) becomes comparable to the Larmor pre- 
cession frequency of the “Fe nucleus 1171. The magnetic site at 80 K has 
parameters similar to those of goetnite 118,191, but at 300 K this material 

96 0 

94.0 

- !O.oo -1.50 -5.00 -2.50 0.00 2.50 5.00 7.m 10.00 

VELOCITY b4M/YCl 

Fig. 3. MSssbauer spectra of Talpara (Trinidad and Tobago) clays showing temperature 
variation. 
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is anti-ferromagnetic and should show a sextuplet. We do not see this spec- 
trum at room temperature, but from the collapsed field at 200 K and the 
relatively broad and asymmetric lines, the presence of a range of sixes of 
ultrasmall particles of goethite showing superparamagnetism must be con- 
sidered. The room-temperature spectrum shows a simple doublet with para- 
meters similar to those of goethite above its N&e1 temperature, but the inter- 
nal magnetic field at the nucleus (Hint = 489 kG) at 80 K is slightly smaller 
than that measured for bulk goethite [18] (Hint = 500 + 3 kG). Similar 
small reductions of the internal field relative to that of bulk samples have 
been observed for small particles of hematite [14] and of goethite [8] ; 

the Mijssbauer evidence is therefore fully compatible with the presence of 
small supermagnetic particles of goethite. 

It is obvious from the inadequacy of the single site Fe(U) fit in Fig. 2 
that there are more than one species present under the envelope, and these 
will be from both the montmorillonite and goethite components. 

alo 

96-C 

'0O.C 

96 c 

96.’ 

9; c 

92.’ 

90.1 

CAPITCIL(GRENNJ~I 298 K 

1oD.o 

96.0 

%O 

._._-.__-L_ . . .___I. -._A 

- :o 30 _y_ =,c -5.oc -250 5 30 2 50 5 00 7 50 10 cl0 

‘JELCCITY (VM,‘SEC) 

Fig. 4. BIiissbauer spectra 01 Capitol (Grenada) clay showing temperature variation. 
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The material from Fitches (Antigua) is also montmorillonite; the spectrum 
at 298 K (Fig. 2) is fitted to one Fe3’ and one Fe” site (both octahedral), 
whose parameters are within the range found for montmorillonite [ 1,2,9- 
121. In contrast to the previous case, the magnetic component at 80 K is 
very small, but could be due to goethite of small particle-size; however, the 
errors in the parameters for such a weak site are large. 

The Talpara and Capitol (Grenada) clays show similar magnetic environ- 
ments at 80 and 200 K, and one of these persists to room temperature (Figs. 
3 and 4). The MSssbauer parameters for the C magnetic sites in both these 
clays are similar to those of goethite [18,19], although collapse of this spec- 
trum is found at a lower temperature than in the case of the Montserrat clay, 
and presumably indicates smaller particles. The second magnetic site (C’) in 
these clays has parameters similar to those of ar-Fe203 [20], with the excep- 
tion of the quadrupole splitting which is larger than that found by other 
workers [13,20,21]; however, the relatively weak intensity of this site at 

I 
qB.o; PRIKCES ~OWNl~-T) 298W. 

r 
96.0 - 

q-l.0 - 

92.0 - 

i92 0 

-4.00 -3.00 -2.00 -1 00 0.00 1.00 2.00 3.cKl 4.00 

VELOCITY (MM/SEC) 

Fig. 5. Room-temperature Mihbauer spectra of Cunupia (Trinidad and Tobago) and 
Princes Town (Trinidad and Tobago) clays. 
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room temperature, and its overlap by the broad goethite sextuplet at 80 K 
lead to considerable uncertainty in this parameter. In these clays this site C’ 
persists to room temperature but with broadened asymmetric lines and 
decreased intensity with respect to site A; obviously some particles of 
ol-Fe,O, are large enough to maintain the magnet.ic field at room tempera- 
ture. 

It seems likely that the particles of goethite and ar-Fe203 present in the 
clays are adhering (chemically bound) to the surface of the other clay 
minerals. 

The Fe3+ doublets (site A) are fitted to only one Fe3+ environment; these 
clays contain montmorillonite and kaolinite in unlmown proportions, and 
the doublets of superparamagnetic goethite and a-Fe203 will also overlap this 
structure, so a more rigorous treatment is inappropriate. 

The clays from Cunupia and Princes Town contain montmorillonite and 
kaolinite. Spectra at 80 K (Figs. 5 and 6) show small magnetic sites C (which 

-9’.3 

- 5c.o 

;so.o 

laa.0 

Fig. 6. Miissbauer spectra of Princes Town (Trinidad and Tobago) clays showing tempera- 
ture variation. 
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have nearly disappeared at 200 K for the latter clay) which are likely to be 
goethite of small, variable particle size. The Fe3’ doublet is again treated as 
one A site; in these clays, however, there is a small Fe” site (B) whose para- 
meters are typical of octahedral high spin Fe**. 

The Barataria, River Estate and St. Augustine clays all contain kaolinite 
and biotite. Spectra at room temperature (Figs. 7 and 9) show sites for Fe3’ 
and Fez’, which for the la&named clay can be fitted with two sites for each 
valency state; the other samples show insufficient resolution to permit this 
but are probably similar, as attempts to fit the St. Augustine spectrum with 

100-t 

99.t 

98.f 

97.1 

%.I 

’ F IIV~ ESTATE cT+Tl 

a- 

3- 

D- 

O- 

O- 

6- 
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Fig. 7. Room-temperature Miissbauer spectra of River Estate (Trinidad and Tobago), 
St. Augustine (Trinidad and Tobago) and Barataria (Trinidad and Tobago) clays. 
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Fig. 8. MSssbauer spectra of St. Augustine (Trinidad and Tobago) clays showing tempera- 
ture variation. 

the  pa rame te r s  of  Baratar ia  and  River  Es ta te  spec t ra  give similar  discrepan-  
cies to  t h o s e  s h o w n  b y  the  la t te r  samples.  

T h e  h igh- reso lu t ion  spect• tm o f  t he  mate r ia l  f r om St. Augus t ine  (Fig. 9) 
shows  one  f u r t he r  site wh ich  was n o t  d e t e c t e d  in any  o the r  mater ia l  (D site). 
A l t h o u g h  having very  low in tens i ty ,  a n d  h e n c e  be ing  p o o r l y  de f ined ,  it  can  
be  seen in several d i f f e r en t  spec t ra  to  be  bes t  f i t t ed  as a n a r r o w  d o u b l e t  w i th  
h igher  shif t  t han  o t h e r  sites. Ju s t  w h a t  this  site represen ts  we  d o  n o t  k n o w ,  
e x c e p t  t h a t  i t  appears  to  be  Fe  2+. 

At  low tempera t t t res ,  t he  St. Augus t ine  c lay (Fig. 8) inc ludes  a magne t i c  
C site in its spec t rum,  w h o s e  pa rame te r s  are similar  to  those  assigned to  goet- 
h i te  in o t h e r  l o w - t e m p e r a t u r e  spectra ;  a t  200 K this  c o n t r i b u t i o n  has col- 
lapsed and  a lmos t  d isappeared .  More  r igorous  f i t t ing  o f  these  spectra ,  using 
the  ex t r a  sites s h o w n  in Fig. 9 at  298 K, was  n o t  possible a t  this l ower  reso- 
l u t i on  w i t h  t h e  ex t r a  c o n t r i b u t i o n s  f r o m  the  C site i nne r  peaks.  

T h e  mate r i a l  f r om River  Es ta te  s h o w e d  similar  behaviot t r  to  t he  la t te r  at  
80 K; t he  Baratar ia  clay, by  con t ras t ,  had  on ly  a ve ry  small  magne t i c  corn- 
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Fig. 9. Room-temperature variation MSssbauer spectra of Montreal (St. Vincent) and St. 
Augustine (Trinidad and Tobago) clays. 

ponent at this temperature, showing that goethite was present only in small 
quantity, or as exceedingly fine particles. 

The Montreal, St. Vincent, clay is almost pure biotite. A low-resolution 
spectrum (Fig. 10) allowed a small magnetic site to be defined, and then the 
high-resolution spectrum (Fig. 9) was deconvoluted into two A and two B 
sites. Low-temperature spectra (Fig. 10) show magnetic sites with very wide 
lines, which probably indicate that a mixture of a-Fe,O, and goethite is 
present, the former mineral causing the magnetic site that persists at 298 K 
(compare Talpara 8 Capitol Grenada clays). Little X-ray evidence (from 
powder photography) was found for the presence of a-Fez03 or goethite in 
any of the clays. One would need about 7-10% of either of these materials 
present to show up in a powder photograph, so it is apparent that only the 
extreme sensitivity of Mijssbauer spectroscopy allows these materials to be 
identified. 



G.3 c- 

Fig. 10. Mijssbauer spectra of hlontreal (St.. Vincent) clay showing temperature variation. 

CONCLUSIONS 

The 10 clays studied have been characterized by their Miissbauer data and 
other physical properties. It is apparent that, in cases where the iron content 
of the clay is appreciable, the Mijssbauer technique is able to detect minor 
amounts of other iron minerals. 
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