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IRON SITES IN NONTRONITE AND THE EFFECT OF 
INTERLAYER CATIONS FROM MtDSSBAUER SPECTRA 
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Abstract--The 57Fe M~Sssbauer spectra of untreated, Ca- and K-saturated nontronite from Garfield, 
Washington, were measured. The spectrum of the untreated sample was computer-fitted to 8 peaks defining 
two octahedral, a tetrahedral, and an interlayer Fe3+-quadrupole-split doublets. In the Ca- and K-saturated 
samples interlayer Fe was absent. Spectra of the untreated sample were recorded at increasing increments 
of background counts from 2.8 x l0 s to 9.2 x 106. An evaluation of the initial 4- and 6-peak models 
and the acceptable 8-peak model, computer-fitted to each spectrum, shows that if  the X 2 value is used as 
a measure of the goodness of the fit, the spectra should be recorded to a background count greater than 
3 x 106. The resulting x 2 value then reflects both the validity of the model used and the extent of disorder 
within the structure. The x 2 value depends linearly on the background counts obtained. 

A comparison of the spectra of the Ca- and K-saturated samples with that of the untreated sample 
shows that the interlayer cations exert a considerable influence on the individual component resonances, 
particularly the outer octahedral doublet. Hence, it is likely that electrostatic interactions of the nearby 
tetrahedral Fe 3 + and the interlayer cations give rise to two distinct electric field gradients within neighboring 
cis-[FeO4(OH)2] sites, and hence two octahedral Fe 3+ doublets in the MiSssbauer spectrum. These results 
are consistent with earlier electron diffraction data in the literature. 
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I N T R O D U C T I O N  

E n d - m e m b e r  nont ron i te  has the ideal ized c o m p o -  
sit ion (Cao.05Na)0.66Fe43+(SiT.34Alo.66)O2o(OH)4 �9 nH20 .  
Some  At3+, however ,  usually substi tutes for Fe 3+ in 
the octahedral  sites. Mon tmor i l l on i t e  has the same ba- 
sic structure as nont ron i te  wi th  At3+, some  Mg 2+, and  
m i n o r  Fe  3+:2+ occupying the octahedral  sites. In  these 
smect i te  structures the A104(OH)2 octahedra  are ar- 
ranged in sheets wi th  2/3 o f  the sites (M2) having  a cis 

ar rangement  o f  the O H  ions  and 1/3, a trans arrange- 
men t  (M 1). The  57Fe M6ssbauer  spec t rum of  nont ron-  
ite generally shows a b roadened  ferric resonance with  
a small  quadrupole  splitting. G o o d m a n  et al. (1976), 
Rozenson  and Hel ler-Kal la i  (1977), and Hel ler-Kal la i  
and Rozenson  (1981) computer - f i t ted  this resonance 
to two Fe 3+ doublets  with approx imate ly  the same iso- 
mer-shif t  (6) values,  but  with quadrupole- in te rac t ion  
(A) values differing by a factor o f  2. Inasmuch  as a 
s imple  point-charge mode l  shows that  the quadrupole  
splitting o f  Fe  3+ in octahedral  coord ina t ion  o f  the type 
FeX4Y2 with the Y ligands in the trans posi t ions is 
twice that  when the Y ligands are cis ( G o o d m a n ,  1976), 
the outer  doublet  has been assigned to Fe  a+ in the 
FeO4(OH)2 site with the trans ar rangement  o f  the O H  
groups. Similarly,  the inner  double t  has been assigned 
to that  with the cis ar rangement  o f  O H  groups. Also,  
the cis double t  is usually about  twice as intense as the 
trans double t  which corresponds to the actual rat io o f  
these different types o f  sites in the smect i te  structure, 
suggesting that  Fe substitutes to approximately  an equal 
extent,  in each site. 
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The  exper imenta l  M/Sssbauer spect rum of  mon t -  
mor i l loni te  is a s imilar ly b roadened  Fe 3+ resonance 
but  with a larger quadrupole  interaction.  Again,  this 
resonance can be computer - f i t ted  to two over lapping  
doublets  which have  been assigned likewise to Fe in 
the cis and trans sites. G o o d m a n  et al. (1976) also 
managed  to fit a further  less intense Fe 3+ double t  with 
a smaller  value  o f  6 (Table 1) to the non t ron i te  spec- 
t rum and a t t r ibuted the double t  to Fe 3+ substi tut ing 
for (Si,Al) in the te t rahedral  layer. F r o m  electron dif- 
fract ion data, however ,  Mer ing  and Ober l in  (1967), 
and more  recently Besson et al. (1983), showed that  
nont ron i te  has a cen t rosymmet r ic  space group, where-  
as mon tmor i l lon i t e  has a non-cen t rosymmet r i c  one. 
Hence ,  these two clay minera ls  are structurally differ- 
ent. An  impor t an t  consequence  o f  this structural  dif- 
ference is that  for a smect i te  structure to be cent rosym-  
metr ic ,  the trans octahedral  sites mus t  be vacant  
(Goodman ,  1978). Hence,  in nont ron i te  the only oc- 
tahedral  sites which can be occupied by Fe 3+ ions  are 
those with  the cis ar rangement  (M2) o foc t ahed ra l  O H  
groups,  whereas  in mon tmor i l l on i t e  both  the cis (M2) 
and trans (M1) sites can be occupied.  Therefore ,  for 
mon tmor i l l on i t e  the ass ignment  o f  the outer  and  inner  
Fe  3+ doublets  in the M~Sssbauer spec t rum to the pres- 
ence o f  Fe 3+ in the trans and cis octahedral  sites ap- 
pears to be valid,  but  for non t ron i te  such an ass ignment  
cannot  be correct. 

The  quest ion which now arises is that  i f  the Fe  3+ in 
nont ron i te  is present  in cis sites only, what  gives rise 
to the two over lapping  Fe 3+ double ts  in the MOssbauer 
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spectrum which have quadrupole interactions differing 
by a factor of ~ 2. To explain these doublets, Goodman 
(1978) showed that the magnitude of A for the outer 
octahedral Fe 3§ doublet is related to the extent of 
substitution in the (Si,A1)O4 tetrahedra by Fe 3+. He 
also suggested that if ~ 15% of the tetrahedral sites are 
randomly occupied by trivalent ions, about 60% of the 
octahedral sites should have a trivalent ion in a neigh- 
boring tetrahedral site. The octahedral (M2) sites are 
thus not  equivalent, because the trivalent ion may be 
coordinated to an oxygen atom which is adjacent to 
both the hydroxyl groups, or to an oxygen atom which 
is adjacent to one hydroxyl but opposite the other. On 
the basis of a point-charge model, the former arrange- 
ment would increase the electric field gradient, whereas 
the latter would probably decrease it, thus, giving rise 
to the two octahedral Fe 3+ doublets, consistent with 
the experimental data for nontronite. 

It therefore seems that in such smectite structures 
not only next nearest neighbor atoms but also those 
slightly more distant have a significant effect on the 
electric field gradient of Fe 3+ in the octahedral sites. If  
these long-range interactions are significant, the inter- 
layer cations should similarly influence the Mrssbauer 
spectrum. Also, if the tetrahedral and octahedral sub- 
stitution by Fe is not random or there is a degree of 
disorder in the structure, perhaps arising from the ex- 
tent of interlayer substitution, the M6ssbaner spectrum 
should be influenced accordingly. 

In this paper a detailed study and computer-fitting 
of the Mrssbauer spectra of Garfield, Washington, 
nontronite in its untreated and Ca- and K-saturated 
forms are presented to elucidate the site occupancy of 
Fe in the structure and to determine what effect the 
interlayer cation has on the spectrum. Inasmuch as the 
X 2 test is usually used as a statistical measure of the 
goodness of fit, the way in which the X 2 value varies 
with the total number  of counts recorded for each spec- 
trum and with the different structural models for cation 
substitution is also presented. 

EXPERIMENTAL 

Samples of untreated and Ca- and K-saturated non- 
tronite, A.P.I. H33a, from Garfield, Washington, were 
supplied by K. Norrish, Division of Soils, C.S.I.R.O., 
Adelaide, Australia. The analysis of the Ca-saturated 
sample gives the composition: 

(Cao.zssKo.ooa)(Fe Ls27Alo.~s2Mgo.03sTio.o06) v~ 
(Si3.443A10.557)tvo lo(OH)2 

when calculated in the conventional manner,  filling the 
tetrahedral sites only with Si and At. 

57Fe Mtissbauer spectra were recorded over the range 
__+2.7 mm/sec for all samples at room temperature us- 
ing an ELSCINT AME40C Spectrometer and a ~7C0 
source in a rhodium matrix. The velocity scale was 
calibrated with reference to natural iron, with the mid- 

point of the hyperfine Fe spectrum defining zero ve- 
locity. The spectra were computer-fitted to a number  
of Lorentzian peak line-shapes using a X 2 minimizat ion 
procedure. To achieve convergence it was generally 
necessary to constrain the widths and dips of corre- 
sponding pairs of peaks in a particular doublet to be 
equal. Using the X 2 value as a criterion for the goodness 
of fit, the 1% and 99% confidence limits are 574 and 
427 for 4-peak fits, 570 and 424 for 6-peak fits, and 
566 and 420 for 8-peak fits. 

To determine how the value of X 2 obtained for a 
particular model and computer-fit depended on the 
total number  of recorded counts, the spectrum for the 
untreated sample was output at 10 different intervals 
with the background counts incremented from about 
2.8 x 105 to 9.2 x 106. The spectrum with a back- 
ground count of7.6 x 106 was initially computer-fitted 
to a 4-peak model (2 octahedral Fe 3+ sites), a 6-peak 
model (2 octahedral plus 1 tetrahedral or interlayer 
Fe 3+ sites), and an 8-peak model (2 octahedral, 1 tet- 
rahedral, and an interlayer Fe 3+ sites). Convergence 
could only be achieved with the 4- and 8-peak models, 
hence, these models were fitted to the other spectra in 
this suite. For a few spectra, however, 6-peak fits were 
attempted but were unsuccessful. A similar set of 4-, 
6-, and then 8-peak fits were also attempted for the 
Ca- and K-saturated samples. Only 6 peaks could be 
fitted satisfactorily to these spectra. 

The X-ray powder diffraction patterns were recorded 
for all samples using a Philips PW 1730 Diffractometer 
equipped with a Co tube and a post-diffraction graphite 
monochromator. 

RESULTS AND DISCUSSION 

A selection of the experimental M6ssbauer spectra, 
together with their associated 4-, 6-, and 8-peak fits, 
for the untreated nontronite collected to various in- 
creasing total background counts are presented in Fig- 
ures 1 and 3. As expected, the experimental spectra 
show a considerable scatter in the data points defining 
the experimental envelope for the low background count 
of 2.8 x 105. As the total count increased, this scatter 
was proportionally decreased, and the peak/back- 
ground ratio increased, thereby producing a more clearly 
defined experimental spectrum (e.g., see Figures la  to 
lc). 

When four peaks consistent with the two, octahedral- 
Fe 3+ doublet model used by previous workers were 
computer-fitted to the spectrum with 2.8 x 105 back- 
ground counts (Figure la), an acceptable X 2 = 542 was 
obtained (Table 1). As this 4-peak model was succes- 
sively fitted to each spectrum with an increased back- 
ground count, however, the X 2 value increased pro- 
gressively to 1625 for the spectrum with 9.2 x 106 
counts (Table 1). A close inspection showed that for 
the spectra recorded with the increased counts (Figure 
l c), the summed computer-fitted envelope deviated 
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Figure l. Experimental and computer-fitted MSssbauer 
spectra for the four-peak model defining two octahedral Fe 3+ 
doublets for untreated Garfield, Washington, nontronite re- 
corded to background counts of." (a) 2.80 x 105, (b) 2.14 x 
106, (c) 7.63 • 106 (doublets 1 = outer octabedral, 2 = inner 
octahedral). 

notably  f rom the exper imenta l  enve lope  in the region 
o f  the peak apices and also slightly at the base o f  the 
enve lope  at about  1.4 mm/sec .  Wi th  the lower  total  
counts  the exper imenta l  spec t rum was less well de- 
fined; such devia t ions  were no t  observed  (Figure la), 

and the • va lue  was statistically acceptable.  These  
results clearly indicate  that  the 4-peak mode l  is inad-  
equate  and total  counts  o f  about  2.3 x l06 or  greater 
are requi red  in order  for X 2 to measure  acceptabil i ty.  
It  is interest ing to note  that  a plot  o f x  2 vs. background  
counts  was l inear (Figure 2), and that  a regression anal- 
ysis gave r = 0.999. Al though  the X 2 va lue  became  less 
statistically acceptable wi th  increased counts,  the re- 
spective widths,  re lat ive peak areas, A, and ~ values  
did no t  change, indicat ing that  the accuracy of  the pa- 
rameters  in this 4-peak mode l  was not  i m p r o v e d  with 
the increased counts.  U p  to about  2 • 106 counts,  the 
precision was, however ,  improved .  

Because G o o d m a n  et al. (1976) were able to fit a 
further  te trahedral  Fe  3§ double t  to their  spec t rum for 
a Garfield nont ron i te  (A.P.I. H33b),  which is s imilar  
to the one used here, the next  approach was to do 
l ikewise using first the spec t rum o f  7.6 x 106 back- 
ground counts.  Even  with  wid th  and d ip  constraints  
on the appropr ia te  doublets,  however ,  it was not  pos- 
sible to achieve convergence  for such a 6-peak fit. Sim- 
i lar  results were obta ined  for the 6-peak fits to a selec- 
t ion o f  the o ther  spectra. As the small  shoulder  at about  
1.4 m m / s e c  suggests, addi t ional  Fe  mus t  be present  in 
inter layer  sites (D iaman t  et al., 1982), the next  step 
was to fit 6 peaks defining the two octahedral  and an 
inter layer  Fe 3+ double t  ra ther  than  a te t rahedral  one. 
A converged fit was ob ta ined  for the 7.6 x 106 count  
spect rum (Figure 3a), but  the high X 2 = 1708 suggested 
that  the mode l  was still incomple te .  Eight peaks defin- 
ing the two octahedral ,  an interlayer,  and a te t rahedral  
Fe 3§ double t  were successfully computer - f i t ted  to this 
spec t rum (Figure 3d). The  s u m m e d  fitted enve lope  co- 
incided with the exper imenta l  enve lope  m u c h  more  
closely, and X 2 = 982, a l though greater  than the 1% 
confidence l imit ,  was significantly i m p r o v e d  ove r  that  
for the 4- and 6-peak models .  A s imilar  set o f  8 peaks 
was fitted to the o ther  spectra in this suite. The  param-  
eters o f  these fits are presented in Table  2, and  the 
exper imenta l  and computer - f i t ted  spectra wi th  back- 
ground counts  o f  2.8 x 105, 2.1 x 106, and 7.6 x 106 
are shown in Figures 3b to 3d. As with the 4-peak  
model ,  only the x 2 values for the spectra recorded to 
about  5.3 x 105 counts  were statistically acceptable.  
Wi th  increasing counts,  X 2 increased to 1032 for the 
spec t rum with 9.3 x 106 counts.  In  all spectra, how- 
ever,  these values were less than those  for the corre- 
sponding 4-peak models  (Tables 1 and 2). 

The  plot  o f  the X 2 va lue  vs. counts  in Figure 2 is 
linear, wi th  r = 0.995. The  increasing values  o f x  2 wi th  
increasing counts  again suggested that  this 8-peak Lo-  
rentzian mode l  was no t  comple te ly  consistent  wi th  the 
exper imenta l  spec t rum and that  the inconsis tency was 
more  pronounced when the experimental  spectrum was 
more  clearly resolved  at higher  counts.  It is not  possible 
for Fe to substitute in any other  sites wi th in  the non-  
t roni te  structure, and hence, the above  inconsis tency 
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Table 1. 
ington. 
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Computer-fitted M/Sssbauer spectral data for the four-peak model for untreated nontronite from Garfield, Wash- 

Inner  octahedral  Fe ~* double t  Ou te r  oclahedral  Fe 3+ double t  

Background 6 A Wid th  Relal ive  6 A Width  Relat ive 
counts  • (mm/sec)  (rnm/sec)  (mm/sec)  area (mm/sec)  (mm/sec)  (mm/sec)  area 

2.80 • 105 542 0.362 (9) 0.244 (9) 0.36 (2) 0.62 (3) 0.361 (9) 0.662 (9) 0 .31 (1) 0.38 (3) 
5.28 x lO s 572 0.362 (7) 0.246 (7) 0.36 (1) 0.62 (1) 0.362 (7) 0.663 (7) 0 .31 (1) 0.38 (2) 
1.65 x 106 711 0.364(6) 0.245(6) 0.36 (1) 0.62 (1) 0.363(6) 0.662(6) 0 .31 (1) 0.38 (1) 
2.14 x 106 806 0.363 (4) 0.248 (4) 0.37 (l) 0.63 (1) 0.363 (4) 0.665 (4) 0 .31 (1) 0.37 (1) 
3.38 x 106 932 0.364 (4) 0.247 (4) 0.37 (l) 0.62 (1) 0.363 (4) 0.665 (4) 0 .31 (1) 0.38 (1) 
7.63 • 106 1465 0.364 (4) 0.248 (4) 0.371 (5) 0.620 (7) 0.363 (4) 0.668 (4) 0.310 (4) 0.380 (6) 
9.23 • 106 1625 0.364 (4) 0.248 (4) 0.371 (5) 0.618 (6) 0.363 (4) 0.667 (4) 0.311 (4) 0.382 (6) 

must have arisen from other factors, such as disorder 
within the structure. It is likely that some disorder 
existed and that the variable local geometry around a 
particular type of  crystallographic site within the struc- 
ture produced on average a broadening of  the M6ss- 
bauer resonance for that site. Such broadening could 
have led to lineshapes which could not be satisfactorily 
modeled by Lorentzians, as discussed next. 

If  a particular broadened peak is truly a single peak 
rather than a composite of  two or more peaks, then 
the additional width and different shape may be due 
to the smearing out of  the absorption maxima along 
the velocity (energy) axis, such that the absorption 
max imum for each resonant atom of  the same crys- 
tallographic sites do not exactly coincide (Whipple, 
1981). This slight energy shift arises from local disorder 
around the resonant atom sites caused by either struc- 
tural imperfections or differing types and arrangements 
of  the next nearest or even more distant neighboring 
atoms, even though the particular sites in question are 
crystallographically equivalent. This resulting line 
broadening is often termed "environmental  broaden- 
ing." The observed asymmetry and tailing of  the peaks 
on the high-angle side in the X R D  pattern, particularly 
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Figure 2. Dependence of the x 2 value on the background 
counts for the four- and eight-peak models computer-fitted 
to the experimental Mrssbauer spectra of untreated Garfield, 
Washington, nontronite. 

for the hk0 reflections, are evidence of  structural dis- 
order. Line broadening may also result from using a 
thick sample absorber, but this effect can be eliminated 
if  the absorbers contain less than 10 mg/cm 2 of  natural 
Fe (Bancroft, 1973), as was used here. 

Whipple (1981) showed that for such environmen- 
tally broadened spectra, the lineshape is better modeled 
by a Lorentzian-squared distribution rather than a Lo- 
rentzian distribution. When using the Lorentzian- 
squared shape, the resulting • value was 25-28% less 
than for the corresponding Lorentzian shape, as was 
demonstrated by Whipple (1981) for a clinopyroxene, 
for which the spectrum was recorded to a background 
count of  about 3.2 • 106. On this basis, i fa  Lorentzian- 
squared model were used for the Garfield nontronite, 
a similar 25% reduction in the x 2 value would yield 
x 2 = 529 and 699 for the 8- and 4-peak fits, respec- 
tively, to the spectrum with a background count of  
3.4 • 106. This makes the 8-peak model  statistically 
acceptable, but not the 4-peak one. These results add 
weight to the conclusion that the 8-peak model for this 
nontronite is correct and that the increased x 2 values 
at increased counts were due to local disorder within 
the structure. 

The computer-fitted parameters presented in Table 
2 for these 8-peak fits show that the appropriate width, 
relative areas, 6, and A values for the respective octa- 
hedral and tetrahedral doublets were essentially the 
same for each of  the spectra. Because the interlayer 
component was only about 1% of the total resonance 
and must have been close to the lower limit of  detect- 
ability of  the method, these parameters did not assume 
consistent values until a background count of  3.4 x 
106 was reached. The 6 and A values for the two oc- 
tahedral doublets (Table 2) are consistent with those 
of  Goodman et al. (1976) when account is taken of  the 
temperature dependence of  6 (Goodman et al. (1976) 
recorded their spectra at 78~ The present results 
show that the inner of  these doublets is slightly more 
intense than the outer, whereas they reported the re- 
verse. It is interesting to note that i f  only two octahedral 
doublets are considered, the width of  the outer one is 
greater than that of  the inner (Table 1), which is also 
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Figure 3. Experimental and computer-fitted M6ssbauer spectra of untreated Garfield, Washington, nontronite for the si• 
peak model defining two octahedral and an interlayer Fe 3§ doublet for the spectrum with 7.63 x 10 + counts (a); the eight- 
peak model defining two octahedral, a tetrahedral and an interlayer Fe 3§ doublets for (b) 2.80 x 105, (e) 2.14 x 10 +, and (d) 
7.63 x 106 background counts (doublets: 1 = outer octahedral, 2 = inner octahedral, 3 = tetrahedral, 4 = interlayer). 

consistent  wi th  the data  o f  G o o d m a n  et al. (1976). 
When  8 peaks are considered these widths  are similar.  
Rozenson  and Hel ler-Kal la i  (1977) noted  that  in a 
Washington nontroni te ,  a l though the parameters  for 
the two octahedral  double t  fit r esembled  those o f  
G o o d m a n  et al. (1976), no  i m p r o v e m e n t  in X 2 was 
ach ieved  by the addi t ion  o f  a further  te t rahedral  dou-  
blet. The  present  results show that  te t rahedral  Fe is 
present  and the 6, A, and width  values  essentially agree 
with those o f  G o o d m a n  et aL (1976); however ,  the 
tetrahedral  l inewidth  values o f  0.08 (4) m m / s e c  for the 
spec t rum with  only 2.8 x 105 counts  are below those 
o f  natural  l inewidth  (Table 2), and hence these peaks 
(Figure 2b) could no t  be resolved  at the low count  level. 
For  all the spectra recorded to higher  counts,  these 
l inewidths assumed acceptable values. Because Ro-  
zenson and Hel ler-Kal la i  (1977) recorded their  spectra 
to 2.4 x 106 counts,  their  inabi l i ty  to resolve this dou-  
blet was probably  due to their  using only 255 channels  

to record the spec t rum and constra ining o f  the line- 
widths  for all the Fe 3+ peaks to be equal  in their  com-  
puter-fit t ing procedure.  

Russell  and Clark (1978) showed that  for d ioctahe-  
dral smecti tes  the b-axis d imens ion  is l inearly depen-  
dent  on the extent  o f  Fe  3+ in the te t rahedral  sites. On  
this basis, the Garfield nont ron i te  contains  0.06 Fe3+/ 
O10(OH)2 in the tetrahedral  sites. I f  the M6ssbauer  peak 
areas are taken as a direct  measure  o f  the Fe  content  
o f  that  site, the results presented here give 0.10 Fe3+/ 
O20(OH)4. However ,  as m e n t i o n e d  below, because o f  
the difference in the recoilless fractions for each site, 
such an approach is not  strictly valid.  Even  so, i t  may  
be concluded that  Fe  3+ is present  in the te t rahedral  
sites o f  this mineral .  The  ~ value  o f  0.48 (4) m m / s e c  
obta ined  for the inter layer  Fe  (Table 2) shows that  this 
Fe  is in the ferric state. The  high value  o f A  = 1.94 (4) 
m m / s e c  suggests that  this inter layer  site is rather  dis- 
tor ted and is probably  ei ther  considerably compressed  
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or expanded along one of the electric field gradient axes, 
as has been observed for Fe 3+ in epidote (Bancroft et 
al., 1967). 

These results show, therefore, that for such mate- 
rials, if  the X 2 value is used as a measure of the goodness 
of the fit, the spectrum must be collected to a back- 
ground count of preferably greater than 3 x 10  6, par- 
ticularly if components amounting to only a few per- 
cent of the total resonance are to be resolved. A resulting 
value of X 2 lying above the upper confidence level sug- 
gests that either further resonances are present that 
contribute to the experimental envelope which have 
not been considered, or disorder within the structure 
has resulted in Mrssbauer absorption lineshapes which 
deviate from Lorentzian lineshape and are perhaps bet- 
ter modeled by a Lorentzian-squared lineshape. The 
existence oftetrahedral Fe 3 + from the Mrssbauer spec- 
tra shows that the usual practice in calculating the 
structural formulae ofnontronites from their elemental 
composition, by compensating any deficiency in tet- 
rahedral Si by A1, and only when this is exhausted 
inferring tetrahedral Fe 3 +, is not justified. Tetrahedral 
Fe 3+ may occur in preference to A13+ (Heller-Kallai 
and Rozenson, 1981), and, hence, from the results pre- 
sented here, the structural formula expressed earlier 
for this Garfield nontronite is not completely correct. 

The MSssbauer spectrum for the Ca- and K-satu- 
rated Garfield nontronite samples recorded to 9.4 x 
106 a n d  8.2 • 106 counts, respectively, are presented 
in Figure 4. It was only possible to fit 6 peaks defining 
the two octahedral and one tetrahedral doublets to each 
spectrum (Table 2). For each sample, when an inter- 
layer component was introduced, the computer-fitting 
procedure reduced the widths and dips of these peaks 
to zero. The X 2 = 633 for the Ca-saturated sample (Ta- 
ble 2) was significantly improved over that of X 2= 
1032 for the corresponding untreated sample (Table 
2), whilst that of X 2 = 831 for the K-saturated sample 
also showed some improvement.  These decreased x 2 
values suggest that, particularly for Ca, the saturation 
replaced the interlayer Fe 3+ and probably any other 
alkali/alkaline earth ions as well. The net result of this 
replacement was to increase the structural order within 
the interlayer and, hence, to allow the Fe 3 + substituting 
in the octahedral sites to experience a more uniform 
electric field gradient. The M6ssbauer resonances for 
these sites can therefore be better modeled by Lorentz- 
ian lineshapes. Hence, it seems that such disorder pres- 
ent in the nontronite structure was primarily a result 
of the influence of the interlayer cations. 

It is of considerable significance to note the differ- 
ences that were present particularly in the widths and 
intensities of the respective two octahedral and tetra- 
hedral doublets, between the unsaturated, Ca-, and 
K-saturated samples of this nontronite (Table 2; Fig- 
ures 3 and 4). The Fe content in these sites was not 
altered, and it is unlikely that any diffusion of ions 
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Figure 4. Experimental and computer-fitted Mrssbauer 
spectra for the six-peak model defining two octahedral and a 
tetrahedral Fe 3+ doublets to (a) Ca-saturated, (b) K-saturated 
Garfield, Washington, nontronite. 

within the octahedral or tetrahedral layer took place, 
because the saturation process involved only shaking 
the clay in the appropriate Ca- or K-containing solution 
at room temperature. Only the interlayer ions were 
affected, and the saturation process displaced the in- 
terlayer Fe. 

Little difference was noted between the spectrum of 
the Ca-saturated samples and that of the untreated 
nontronite insofar as the 6, A, and width values of the 
respective octahedral and tetrahedral doublets are con- 
cerued (Table 2, Figure 4). The area of the outer oc- 
tahedral doublet for the Ca-saturated sample, however, 
assumed a slightly greater value than for the inner one, 
whereas in the untreated sample the reverse was true. 
This trend was even more marked between the Ca- and 
K-saturated samples where the outer octahedral dou- 
blet assumed a much greater area and linewidth (Table 
2) for the latter. Also, the tetrahedral doublet for the 
K-saturated sample was reduced in both width and area 
relative to the Ca-saturated and untreated samples 
(Figures 3d and 4). 
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The d(001) basal spacing in the XRD pattern ex- 
panded slightly from 15.31/~ for the untreated sample 
to 15.54 ~ for the Ca-saturated sample (Table 2). This 
expansion was expected as Ca 2+ has a larger radius 
than Fe 3+, although the expansion will be buffered to 
some extent by its surrounding hydrat ion sphere. With  
K-saturation, the d(001) spacing decreased to 12.22 
(Table 1), suggesting a more mica-like structure with 
some interlayer water. Because the d(060) spacing (1.52 
A) was the same for all three samples (Table 2), the 
octahedral and tetrahedral layers within the structure 
were probably largely unaffected by the change in in- 
terlayer substitution (Russell and Clark, 1978). 

The M6ssbauer spectra were, however, certainly af- 
fected to a significant extent by the interlayer cations, 
confirming that atoms/ions,  other than nearest neigh- 
bor ones, yet in close proximity to the particular iron 
a tom in question, influenced the Mrssbauer  resonance 
for that site. In the nontronite structure the presence 
and bonding of  the interlayer cation to the tetrahedral 
layer was transmitted through this tetrahedral layer to 
the octahedral layer. In the mica structure interlayer 
K + ions are about 5.1 ~ away from the octahedral 
(Mg z+, Fe 3+, A13+) ions (Radoslovich, 1960). For  the 
K-saturated nontronite,  this distance should have been 
similar and was apparently close enough to influence 
the bonding of  octahedral Fe 3+. As these electrostatic 
interactions were transmitted through the tetrahedral 
layer, they necessarily influenced the Mrssbauer  res- 
onance of  Fe 3+ substituting for (Si,AI) in this layer, as 
exemplified by the changes in the computer-fit ted tet- 
rahedral Fe 3+ doublet  in the three appropriate  spectra 
(Figures 3d and 4). The value of  ~ = 0.07(2) ram/see 
for the tetrahedral doublet  in the K-saturated sample 
was significantly smaller than the 0.16-0.17 mm/sec  
value of  the Ca-saturated and untreated nontronites, 
showing that K increased the electronegativity of  the 
bonds to this tetrahedral Fe 3+. The changes in A for 
the two octahedral and tetrahedral sites for these three 
samples show that the interaction arising from the re- 
spective interlayer cations influenced the electric field 
gradient which the Fe experienced in these sites. In a 
MOssbaner study of  phlogopite, Krishnamurthy et aL 
(1981) showed that  the electric field gradient experi- 
enced by Fe 3+ in an octahedral site was influenced by 
ions as distant as 30 it .  Because the peak areas changed 
markedly, the recoilless free fraction of  the sites was 
also influenced significantly, especially with the K-sat-  
uration. The significant effect the interlayer cation has 
on the outer octahedral doublet  confirms the model  of  
two distinct octahedral sites rather than simply a con- 
t inuum of  similar sites of  slightly differing geometry, 
such as for the poorly ordered hydrous iron oxide, 
ferrihydrite (Johnston and Lewis, 1983). 

It is now possible to see how two octahedral doublets 
with approximately the same 6 but different A values 
can arise from the presence of  Fe 3+ in only the cis- 

[FeO4(OH)2 ] sites. As ment ioned above, Goodman  
(1978) suggested that these doublets could arise from 
the substitution of  Fe 3+ in the tetrahedral sites. The 
present work shows that the interlayer cation also af- 
fects these resonances. Because the interlayer cations 
exert an influence on the tetrahedral cations, the sub- 
sequent effect that tetrahedral Fe 3+ has on generating 
two electrostatically different octahedral sites, as sug- 
gested by the Goodman  (1978) model, would be even 
more pronounced by the interlayer cations. The larger 
linewidth of  the outer octahedral doublet, particularly 
for the K-saturated sample (Table 2), indicates that the 
geometry of  the cations influencing this site is more 
varied than for the inner octahedral doublet. Alter- 
natively, or in addition, the cation-site positions within 
the interlayer could be arranged such that a proport ion 
of  them are closer to one set of  the two octahedral cis- 
OH sites and the remaining proport ion closer to the 
other. Such a model, however, is difficult to verify or 
to dispute, because the actual posit ions of  the interlayer 
cations in smectite are not precisely known. Never- 
theless, it is likely that the two overlapping octahedral 
doublets can be attr ibuted to Fe 3+ in only the cis-OH 
sites and that the differing quadrupole interactions arise 
from the different electric field gradients originating 
from the substitution and arrangements of  ions in the 
tetrahedral and interlayer sites. 

Because the nature of  the interlayer cation signifi- 
cantly affects the recoilless fraction and hence the in- 
tensity of  the Mrssbauer  absorption, estimates of  the 
relative proport ion o f  Fe in octahedral and tetrahedral 
sites based upon Mrssbauer  spectral peak areas must  
be in doubt. The effect on the recoilless fraction is 
particularly noticeable for the outer doublet  in the 
K-saturated sample (Table 2), which suggests that the 
increased electrostatic interactions, arising from the 
K-substitution, influence the bonding within the layers 
and significantly increase the recoilless fraction for this 
site. Notwithstanding this proviso, i f  the recoilless frac- 
tions are assumed to be the same for the different sites, 
this untreated Garfield nontronite has 49.0(6)% of  its 
Fe 3+ in the cis-octahedral site with the smaller quad- 
rupole interaction, 44.5(5)% in the other cis-octahedral 
site, 5.7(3)% in the tetrahedral site, and 0.7(1)% in the 
interlayer. These percentages correspond to 0.895, 
0.813, 0.104, and 0.012 units of  Fe3+/O~o(OH)2, re- 
spectively. 
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Pe3wMe--H3Mep~JmCb 57Fe Mecc6ayepoBcrne cnexTp~ ~ao6pa60Tam~oro nacb~meHHoro Ca ~ K HOnTpO- 
HltTa H3 Vapdpenb~a, BaIIIHHFTOH. CneKTp Heo6pa6oTaHHoro o6paaRa 6bin npHcnoco6~en c HOMOII~BIO 
KOMIIBIOTepa 1( 8 HHKaM, oHpe~eH~IIOmHM nBa OKTa3~pHtIeCKHe, TeTpa3~0HqeCKH~I H Me)KCJIOIYIHbI ITI Fea+-~aa~- 
pyuoJib-pa3geYteHHbie ~y6JIeTbI. Me3KcJIOI~iHbII~I F e  OTCyTCTBOBa.rI B o6paaHax, HaCbIIKeHHbIX C a  H K.  CneKTpbI 
Heo6pa6OTaHHblX o6pa3I~OB p e r H c T p n p o B a n n c ~  npH yBeJIHqeHHn ~OHOBOFO CqeTa OT 2 ,8  X 10 5 ~O 9,2 x 
10 ~. OKeHKa npe~BapHTeJIbHI~lX 4 n 6 HHKOBbIX Mo~ene~ H npHeMyieMOl~ 8 HHIgOBO~I Mo~eJIH, npncnoco6- 
YleHHOfl KOMHSIOTepHo K Ka~K~OMy cnexTpy, noxa3blaaeT, rITe eCJIH ae~HqHHa X 2 HGHOHB3yeTcYl KaK Mepa 
KaqeCTBa npncnoco6neHH~, cneKTpi, i gOJDKHI,I pcrnCTpHpOBaTbC~ ~0 ~pOHOBOF0 cqeTa 60hi, recto, tleM 3 • 
10 6. B 3TOM cJIyulae pe3yYiBTHpyIoII~a~i BeYIHqHHR X 2 oTpa~KaeT If O6OCHOBflHHOCTb HcnoJIB3yeMoI~I Mo~eJIH H 
creneH~ Heynop~goqenHa BHyTpH cTpyKTypI, l. BenHqHHa X 2 nanefmo 3aBHCHT OT noYiy~aeMOFO ~pOHOBOFO 
c~IeTfl. 

CpaBHeHHe cnexTpa 06pa3I~OB, HacbII~eHH~IX Ca H K, c neo6pa6OTaHHbIMn o6pa3KaMn noKa31,iBaeT, qTO 
Me~KCJIOITIHI~Ie KaTHOHBI OKa3I~ISaIOT 3HaqnTeJibHoe B.rlHHHHe Ha pe3onaHcBi HH~IIBH~yaYlbHI~IX KOMHOHeHTOB, 
B Oc06eHHOCTH Ha BHenJHH~I OKTa3~pHqeCKHI~ ~y6HeT. CYIe~OBaTeHbHO, 3TO BcpORTHO, HTO 3HeKTpOCTaTH- 
HecKHe B3aHMO,~e~ICTBHH COCe,~HHX TeTpa3~pIIqeCKHX Fe 3+ H Me~KcJI0~IHbIX KaTHOHOB HpHBO~IT K RByM 
pa3Jn4qHbIM rpaHJ, IeHTaM 3HeKTpHHeCKHX n o n e ~  BHyTpH coceJl~InX MeCTOHOHO~eHH~I H~c-[FeO4(OH)2] H, 
cne~oaaTenSHO, x n~yM OKTa3~pHqecKHM Fe 3+ ay6neTaM B Mecc6ayepoBCXOM cnerTpe. ~Tn peaynsTaTS~ 
cornacy~oTc~ c 6onee paHHHMn ony6nHXOBanH~Ma )~aHHS~MH no ~HdppaX~HH anerTponoa. [E.G.] 

Resiimee--Es wurden die 57Fe-MOssbauerspektren von unbehandeltem sowie yon Ca- und K-ges~ttigtem 
Nontronit yon Garfield, Washington, untersucht. Das Spektrum der unbehandelten Probe wurde mittels 
Computer auf 8 Peaks normiert, die zwei oktaedrische, eine tetraedrische und eine Zwischenschicht-Fe- 
Dublette aufgrund von Quadrupol-Aufspaltung beschreiben. In den Ca- und K-ges~ittigten Proben war 
kein Zwischenschicht-Fe vorhanden. Die Spektren der unbehandelten Probe wurden bei zunehmenden 
Inkrementen der Untergrund-counts von 2,8 x 105 bis 9,2 x 106 ausgezeichnet. Eine Auswertung der 
urspriinglichen 4- und 6-Peakmodelle und des angenommenen 8-Peakmodells, die mittels Computer 
jedem Spektrum angepaBt wurde, zeigt, daB, wenn der xE-Wert als MaB f'tir die Genauigkeit verwendet 
wird, die Spektren gegen einen Untergrundcount gr61ger 3 x 106 gemessen werden sollten. Die resultie- 
renden x2-Werte geben dann die Giite des verwendeten Modells und das AusmaB der Unordnung innerhalb 
der Struktur wieder. Der • zeigt eine lineare Abh~ingigkeit yon den erhaltenen Untergrundcounts. 

Ein Vergleich der Spektren von Ca- und K-ges~ittigten Proben mit dem der unbehandelten Probe zeigt, 
dab die Zwischenschichtkationen einen beachtlichen Einflul3 aufeinzelne Komponentenresonanzen aus- 
fiben, vor allem auf die ~iuBeren Oktaederdubletten. Es ist daher wahrscheinlich, dab elektrostatische 
Wechselwirkungen zwischen nahegelegenen tetraedrischen Fe a§ und den Zwischenschichtkationen 
zwei verschiedene elektrostatische Feldgradienten innerfialb benachbarter cis-[FeO4(OH)2]-Pl~tze ver- 
ursachen und daher zu zwei oktaedrischen Fea+-Dubletten im M6ssbauer Spektrum fiihren. Diese Er- 
gebnisse stimmen mit Elektronenbeugungsdaten aus der Literatur tiberein. [U.W.] 

R6sum6--Les spectres de M6ssbauer de 57Fe de nontronite non trait6e, satur6e de Ca, et de K, de Garfield, 
Washington, ont 6t6 mesur6s. Le spectre de l'6chantillon non trait6 a 6t6 associ6 par ordinateur ~ 8 
sommets d6finissant deux doublets Fe3+-quadrupole-fendus octa6draux, un doublet Fe3+-quadrupole - 
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fendu t t t r a td ra l  et un  doublet  Fe3+-quadrupole-fendu intercouche.  Dans  les 6chanti l lons sa tu r t s  de Ca 
et de K,  le Fe intercouche t ra i t  absent.  Les spectres de l ' t chant i l lon  non  trait6 ont  6t6 enregis t r ts  h des 
6tapes accroissantes  de comptes  d 'a r r i t re -p lan  de 2,8 x 105 gl 9,2 x 106. U n e  6valuat ion des mod t l e s  
ini t iaux h 4 et 6 s o m m e t s  et le m o d t l e  acceptable h 8 sommet s ,  associ ts  ~t chaque  spectre, mon t r e  que si 
la valeur  X 2 est employ6e c o m m e  mesure  de la pr tc is ion de l 'association,  les spectres devra ient  6tre 
enregistr ts  h u n  compte  d 'arri~re-plan plus 61ev6 que 3 x 106. La valeur  X 2 r t su l tan te  r t f l t te  alors ~ la 
fois la validit6 du  m o d t l e  employ6 et l ' t t endue  du  d tsordre  e n d t a n s  la structure.  La valeur  x 2 d t p e n d  de 
m a n i t r e  l intaire  des comptes  d 'a r r i t re -p lan  obtenus .  

U n e  compara i son  des spectres des 6chanti l lons sa tur t s  de Ca et de K, et de ceux de l ' tchant i l lon  non  
trait6 mon t re  que  les cat ions intercouche excercent une  influence considt rable  sur les r t sonnances  des 
comptes  individuels ,  par t icul ibrement  du  doublet  octatdral  ext tr ieur .  Ainsi ,  il est probable que les in- 
teractions 61ectrostatiques des cat ions Fe 3+ t t t ra6draux proches  et des cat ions intercouche produisen t  
deux gradients  de c h a m p  61ectrique dist incts  e n d t a n s  les sites cis-[FeO4(OH)2 ] voisins,  et ainsi  deux 
double ts  oc ta td raux  Fe 3§ dans  le spectre de M t s sbaue r .  Ces r t su l ta ts  sont  consis tants  avec les d o n n t e s  
p r t c tden t e s  de diffraction d'61ectrons dans  la l i t t trature.  [D.J.] 


