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ROLE OF IRON REDUCTION IN THE CONVERSION OF 
SMECTITE TO ILLITE IN BENTONITES IN 

THE DISTURBED BELT, MONTANA 

ERIC ESLINGER,l PATRICK HIGHSMITH,2 DOYLE ALBERS,3 AND BENJAMIN DEMAY04 

Abstract-Cretaceous bentonites were collected in outcrop from the Sweetgrass Arch and the Disturbed 
Belt in Montana, The mixed-layer illite-smectite (liS) components of the bentonites from the Sweetgrass 
Arch have from 0 to 25% illite layers and no detectable structural Fez+, whereas the samples from the 
Disturbed Belt have from about 25 to 90% illite layers, and all contain Fez+. A positive correlation (r = 

0.89) exists between the percentage of structural iron that is Fez+ and the amount of fixed interlayer K in 
the liS. 

The higher percentage of illite layers in the samples from the Disturbed Belt is attributed to reactions 
related to elevated temperatures caused by burial beneath thrust sheets, The increase in Fez+/Fe3+ with 
increasing percentages of illite layers is tentatively attributed to a redox reaction involving the oxidation 
of organic matter. Although there is no statistical evidence for an increase in octahedral charge with an 
increase in illite layers when all the samples are considered together, iron reduction may have contributed 
as much as 10 to 30% of the increase in total structural- charge that occurred in any given sample during 
metamorphism, The remaining structural charge increase can be attributed to the substitution of AP+ for 
Si4+ in the tetrahedral sites, 

Key Words-Bentonite, Illite, Iron reduction, Mixed layer, Montana, Smectite. 

INTRODUCTION 

The conversion of mixed-layer illite/smectite (VS) 
from a structure containing a low percentage of illite 
layers into a structure containing a high percentage of 
illite layers during burial metamorphism has been doc­
umented by Denoyer de Segonzac (1964), Perry and 
Hower(1970), Weaver (1960), Weaver and Beck (1971), 
and Hower et al. (1976). This conversion takes place 
between 50° and 200°C over a depth range of thousands 
of meters in thick sedimentary sequences. The study 
of How er et al. (1976) of cuttings from a Gulf Coast well 
shows that the conversion can be approximated by 
the isochemical reaction: Smectite + K+ + AP+~Il­
lite + Si4+. The K+ and A13+ for this reaction are ap­
parently derived from the destruction of detrital K­
feldspar and micas with at least some of the released 
Si4+ going to form diagenetic quartz. 

The fixation of K+ in the interlayers of liS is related 
to an increased negative charge within the clay struc­
ture. In Gulf Coast sediments this charge is related to 
the substitution of AP+ for Si4+ in the tetrahedral sites 
(Weaver and Beck, 1971; Foscolas and Kodama, 1974; 
Hower et al., 1976). The reduction of structural Fe3+ 
to Fe2+ could also cause an increase in the structural 
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charge, as has been suggested by Perry and Hower 
(1970), but this mechanism has not been previously 
demonstrated. Muffler and White (1969) reported in­
creases in FeOlFez0 3 with depth in the Salton Sea geo­
thermal area, but their data are on bulk samples pos­
sessing several iron-bearing minerals. Weaver and 
Beck (1971, p. 52) stated that the data of Shaw (1956) 
indicate that Fe2+/Fe3+ values increase during low­
grade metamorphism. However, Shaw's data are on 
bulk analyses and compare shales plus slates, schists 
and gneisses. Weaver and Beck (1971, Table 7) listed 
FeO and Fe203 values for seven bulk samples collected 
from a Gulf Coast well. Even though the samples had 
been treated prior to analysis to remove free iron ox­
ides, they still contained variable amounts of illite, 
chlorite, a mixed-layered phase, and siderite, all of 
which contain iron. Therefore, although the authors 
hinted at an increase in FeOlFe20 3 with depth, it is not 
surprising that such a trend is ill defined. In none of the 
above studies were changes in FeOlFe20 3 within a sin­
gle phase monitored. 

The purpose of this study was to investigate with 
Mossbauer spectroscopy the valence state of iron in 11 
S from a metamorphic sequence to see if a correlation 
exists between Fe 2+/Fe 3+ and the percentage of illite 
layers. Samples used were <O.llLm (equivalent spher­
ical diameter) size fractions of Cretaceous bentonites 
collected in outcrop from the Sweetgrass Arch and the 
Disturbed Belt, Montana. Figure 1 shows the location 
of the sample sites, and Tables 1 and 2 give pertinent 
stratigraphic data. The bentonites from the Sweetgrass 
Arch are predominantly liS with 0-25% illite layers, 
The bentonites from the Disturbed Belt are predomi-
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nantly liS with 25-90% illite layers. The <O.I-lLm size 
fraction of most of these bentonites is essentially 100% 
liS; sample LTE-23 contains a trace of kaolinite or 
chlorite. 

A KlAr study of both bentonites and shales from this 
region (Hoffman et al., 1976) combined with field 
studies (Mudge, 1970, 1972a, 1972b) and theoretical 
heat-flow studies (Oxburgh and Turcotte, 1974) strong­
ly suggests that the temperatures that promoted the 
conversion of smectite into illite in this area were not 
the result of simple geosynclinal burial as in the Gulf 
Coast. Elevated temperatures were due to the accu­
mulation of heat beneath stacked thrust sheets. Hoff­
man and Hower (1979) documented on a larger scale 
the mineralogical and chemical variations in bentonites 
and shales of this region. 

ANAL YTICAL PROCEDURES 

Sample preparation 

The bentonite samples were dispersed with an ultra­
sonic generator in a buffer solution of sodium acetate 
(Jackson, 1956), heated with intermittent stirring at 
about 80°C for 30 min, and then washed several times 
by centrifuging in fresh buffer until the supernatant was 
clear. The samples were then boiled in Ni dishes for 5 
min in 2% Na2COa and centrifuged until flocculation 
occurred. The supernatant was decanted, and the floc­
culant was repeatedly centrifuged in distilled water un­
til flocculation ceased. These treatments promote dis­
persion by dissolving amorphous materials. Size 
separations at 1.0 ILm and O.llLm were made using cen­
trifugation techniques. 

X-ray powder diffraction 

Slides for X-ray powder diffraction (XRD) of the 
<O.I-lLm fraction were made by allowing aqueous sus­
pensions of the samples to evaporate on glass slides to 
produce oriented mounts. These slides were then sol­
vated with ethylene glycol and X-rayed at 2° 20lmin 
from 33° to 2° 20 with a Nore1co XRD-5 diffractometer 
equipped with a single-crystal monochrometer and us­
ing CuKa radiation. Additional XRD scans at \180 201 
min were made to determine the average percentage of 
illite layers using the technique ofReynolds and Hower 
(1970). The precision of this determination is about 
±5% illite layers. 

Chemical analyses 

Chemical analyses of the <O.l-lLm fraction were 
made by atomic absorption spectroscopy using the 
technique of Medlin et al. (1969). Replicate analyses of 
three of the samples indicated that the precision (av­
erage error) ofthe elemental concentrations was almost 
always less than 0.2%. Reproducibility data for one of 
these samples (LT-21) are given in Table 3. Total water 
in several of the samples was determined using weight 
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Figure 1. Disturbed Belt of Montana showing location of 
sample sites. 

loss by placing a separate aliquot of each sample in a 
desiccator for several days and then heating a weighed 
amount of each sample in a platinum crucible at 1000°C 
for 30 min. 

Table I. Location, stratigraphic unit, and thickness of ben­
tonite beds. 

Sample 

LT-I 
LT-4 
LT-lOB 
LT-14 
LT-21 
LT-24 
LT-42 
LT-51 
LT-69C 
LT-85 
LT-93A 
LT-96A 
LT-I09 
LT-128 
LT-139A 
LT-158 
LT-162 
LTE-1 
LTE-21 
LTE-23 

Location l 

S.A. 
D.B. 
D.B. 
D.B. 
D.B. 
D.B. 
S.A. 
D.B. 
D.B. 
D.B. 
D.B. 
D.B. 
D.B. 
D.B. 
S.A. 
D.B. 
D.B. 
S.A. 
D.B. 
D.B. 

Stratigraphic unit 

TaftHill 
Kevin Shale 
Kevin Shale 
Kevin Shale 
Vaughn 
Vaughn 
Cone Calcareous 
Kevin Shale 
Two Medicine 
Cone Calcareous 
Kevin Shale 
Kevin Shale 
Upper Cretaceous 
Kevin Shale 
Two Medicine 
Telegraph Creek 
Kevin Shale 
Colorado 
Colorado 
Colorado 

Thickness 
(cm) 

3 
15 
8 

25 
5 
8 

91 
23 
31 

213 
31 
31 
31 
31 

152 
4 
5 

13 
5 

J3 

1 S.A. = Sweetgrass Arch; D.B. = Disturbed Belt. 
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Table 2. Stratigraphy in the Disturbed Belt-Sweetgrass Arch area (after Mudge, 1972a). 

Series 

UPPER 
CRETACEOUS 

Group 

Montana 

Formation 

Two Medicine 
Virgelle Sandstone 
Telegraph Creek 

Member 

Marias River Shale 

Kevin Shale 
Ferdig Shale 
Cone Calcareous 
Floweree Shale 

Colorado 

LOWER 
CRETACEOUS Blackleaf 

Vaughn 
Taft Hill 
Flood Shale 

Kootenai 

Mossbauer spectroscopy 

Mossbauer spectroscopy scans of approximately 200 
mg of the <O.l-JA-m fraction of the samples were made 
using a conventional acceleration Mossbauer spec­
trometer having a CO,7 source imbedded in Pa. Each 
sample was bombarded for three days at room temper­
ature, and the resultant spectra were fitted by least 
squares to Lorentzian-shaped lines using a computer 
program. The Fe2+/Fe3+ ratios were determined from 
peak-area ratios taken from the spectra. The oxidation 
state of the iron was determined by comparison with 
data listed by Bowen et al. (1968) and Weaver et al. 
(1967) who showed for a variety of three-layer phyllo­
silicates that the isomer shift (I.S.) of Fe2+ is between 
1.0 and 1.3 mm/sec (relative to enriched iron foil), that 
the I.S. of Fe3+ is between 0.2 and 0.6 mm/sec, that the 
quadrupole splitting (Q.S.) of Fe2+ is between 2.2 and 
3.0 mm/sec, and that the Q.S. of Fe3+ is between 0.5 
and l.1 mm/sec. Although the "right hand" peak of the 
Fe2+ doublet is superimposed on the "right hand" peak 
of the Fe3+ doublet, the computer is programmed to 
resolve these two peaks. Since the intensities of such 
calculated "right hand" Fe2+ peaks commonly differed 
by a factor of two or more from the intensities of the 
"left hand" Fe2+ peaks, the "left hand" peak intensi­
ties for Fe2+ were multiplied by two in order to deter­
mine total area intensities for Fez+. Thus, the " right 
hand" Fe2+ peak intensities were not used in the cal­
culations. 

Structural formulae 

Structural formulae for the liS were calculated by 
normalizing cation analyses to a theoretical structure 
containing OlO(OH)z with a negative charge of 22. The 
problems in determining a formula in this manner for 
liS for which the structural details are not known have 
been discussed by Hower and Mowatt (1966). Preig­
nition structural FeO and Fe203 were calculated from 

total iron (as FeZ0 3) obtained from atomic absorption 
and from the Fe2+/Fe 3+ ratios obtained from Mossbauer 
spectroscopy. All Fe2+ and Fe3+ was assumed to be in 
the octahedral sites. The cation-exchange capacity 
(CEC) was estimated using the linear relationship be­
tween CEC and percent iIIite layers [CEC = 89 - (0.8) 
(% illite layers)] determined by Hower and Mowatt 
(1966). Since the sample preparation involved repeated 
washings with sodium acetate, the samples were effec­
tively Na-saturated. Therefore, all of the potassium as 
well as all of the magnesium was assumed to be 
"fixed." All of the sodium and calcium was assumed 
to be exchangeable. Titanium was included in the 
structural formula on the basis of a report (Dolcater et 
aI., 1970) that more than half of the Ti in two bentonites 
was structural and not in a separate phase . Manganese 
was not included in the structural formulae because the 
MnOz concentrations were insignificant. 

The assumption that all of the iron is located in the 
octahedral sites is probably good. Although Mossbauer 
spectroscopy of nontronites (Bischoff, 1972; Goodman 
et al. , 1976; Weaver et al., 1967) and glauconites (Tay­
lOT et aI. , 1968) and acid dissolution of nontronites 
(Osthaus, 1954) showed that Fe3+ can exist in the tet­
rahedral sites of these iron-rich analogues ofI/S, Moss­
bauer studies of montmorillonites (Rozenson and Hel­
ler-Kallai, 1976c; Malathi et al., 1969; Weaver et al., 
1%7) indicate no iron in the tetrahedral sites. 

RESULTS AND DISCUSSION 

Chemical analyses are given in Table 3 and Moss­
bauer spectroscopy data are given in Table 4. XRD pat­
terns and Mossbauer spectra of four representative 
samples are shown in Figures 2 and 3. The LS., Q.S., 
and single doublet of the spectra of sample LT-42 (Fig­
ure 4A) indicate that only Fe3+ is present. The other 
three spectra shown in Figure 3 are of samples that con­
tain both Fe3+ and Fe2+. The structural formulae and 
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Table 3. Chemical analyses of bentonites 1 (weight %). 

LT-42 LT· 139A LT- I LT-69C LT-158 LT-4 LT-128 

SiO. 55 .1 47 .8 44.5 46.5 54.5 46.5 53.2 
TiO. 0.32 0.185 0.19 0.23 0.23 0.185 0.19 
AI.O, 19.36 20.46 20.3 22.83 23.82 25.60 26.36 
Fe.O, 1.35 3.95 4.95 2.35 2.15 1.01 1.38 
FeO 0.00 0.00 0.00 0.24 0.39 0.30 0.37 
MgO 3.86 1.64 1.58 1.60 2.20 1.64 1.84 
K.O 0.55 0.62 0.95 1.95 2.57 3.25 3.93 
MnO 0.016 0.021 0.03 0.02 0.021 0.018 0.016 
CaO 0.71 0.71 0.95 0.74 0.71 0.75 0.72 
Na20 2.85 3.92 7.05 4.10 0.21 2.32 0.90 

TOTAL 84.1 79.3 80.5 80.6 86.8 81.6 88.9 
L.O.I.2 17.53 20.41 22.77 14.43 17.48 13.26 

TOTAL 101.6 99.7 103.4 101.2 99.1 102.2 

LT·96A LT·93A LT· 162 LT·51 LT-lOB LT-2I' f>% LT-2l ' f>% LT-l09 LT·24 

SiO. 51.7 50.6 51.0 48.5 48.0 46.8 1.0 44.5 0.0 51.8 51.0 
TiO. 0.19 0. 190 0.15 0.10 0.005 0.275 0.0 0.16 0.02 0.10 0.08 
AI,O, 24.3 24.00 28.2 27.9 27.2 25_20 0.0 25 .6 0.37 23.64 26.9 
Fe.O, 1.83 1.29 1.29 0.95 1.20 2.72 0.02 2.82 0.02 2.34 2.53 
FeO 0.36 0.55 0.20 0.65 0.13 0.82 0.02 0.84 0.02 0.59 0.89 
MgO 2.62 2.44 1.77 1.42 1.58 1.62 0.01 1.50 0.01 3.08 1.51 
K,O 4.50 4.55 4.70 4.71 4.40 4.90 0.01 5.12 0.02 5.10 5.61 
MnO 0.013 0.018 0.012 0.018 0.018 0.021 0.0 0.022 0.0 0.016 0.021 
CaO 0.18 0.74 0.21 0.75 0.65 0.84 0.0 0.30 0.0 0.79 0.17 
Na,O 0.42 2.00 0.62 1.67 2.82 0.88 0_0 1.12 0.02 1.87 1.23 ----

TOTAL 85 .9 86.4 88 .2 86.7 86.0 84.1 81.9 89.3 89.9 
L.O.I.' 13.40 15.15 16. 16 10.20 

TOTAL 99.8 101.8 100.3 99.5 

1 Listed in order of increasing percentage of illite layers. 
2 Loss on ignition (see text). 
3 Analysis by D.A., average error (D) is for two aliquots. 
• Analysis by P.H., average error (D) is for three aliquots. 

Table 4. Quadrupole splitting, isomer shift, Fe2+/Fe'+, and (Fe2+IFe2+ + Fe'+) x 100%. 

Sample' 

LT-42 
LT-139A 
LTE-I 
LT-l 
LT-69C 
LT-158 
LT-43 

LT-128 
LT-85 
LT-96A 
LT-93 A 
LT-162 
LT-51 
LT-142 
LT-lOB' 
LT-21 
LT-I09 
LT·24 
LTE-21 
LTE-23 

Quadrupole 
Shifl 

(mm/sec) 

2.73 
2.90 

2.85 
2.92 
2.87 
2.89 
2.89 
2.83 
2.87 
3.57 
2.91 
2.78 
2.87 
2.86 
2.85 

Isomer 
shift 

(mm/sec) 

1.21 
1.15 

1.11 
1.09 
l.l4 
1.18 
1.13 
1.20 
1.17 
1.47 
1.13 
l.l5 
1.14 
1.14 
1.07 

1 Listed in order of increasing percentage of illite layers. 

Quadrupole 
shift 

(mm/sec) 

0.69 
0.59 
1.09 
0.60 
0.57 
0.67 

0.73 
0.82 
0.69 
0.88 
0.84 
0.47 
0.69 
0.65 
0.60 
0.56 
0.69 
0.55 
0.72 

Fe3+ 

isomer 
shift 

(mm/sec) Feh-/Fe3+ 

0.36 0.0 
0.35 0.0 
0.37 0.0 
0.35 0.0 
0.33 0 . 10 
0.36 0.24 

0.33 
0.33 0.30 
0.27 0.21 
0.33 0.31 
0.35 0.47 
0.27 0.36 
0.43 0.54 
0.34 0.57 
0.32 0.12 
0.35 0.33 
0.38 0.29 
0.33 0.48 
0.32 0.53 
0.31 0.46 

• Chemical analyses (cf. Table 3) ofL TE-I (15% illite layers) and LT -14 (67% illite layers) were not done. 
3 ResQlution of "right-hand" Fe2+ peak too poor to determine isomer and quadrupole shifts. 
• Resolution of "Iefthand" Fe'+ peak very poor. 

LT·85 

49.0 
0.00 

24.1 
1.45 
0.27 
2.13 
4.00 
0.021 
0.18 
3.59 

84.74 

LTE·2l LTE-23 

50.5 46.3 
0.23 0.00 

27.50 28.8 
1.54 2.59 
0.75 1.09 
1.84 2.00 
5.70 5.35 
0.018 0.021 
0.71 0.17 
0.30 0.44 

88.9 86.81 
10.68 

99.7 

(FeH/FeH + Fe3+) 
x 100% 

0 
0 
0 
0 
9 

19 
25 
23 
17 
24 
32 
27 
35 
36 
II 
25 
23 
32 
35 
32 
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Figure 2. Representative X-ray powder diffraction patterns. (A) LT-42, (B) LT-69C, (C) LT-93A , and (D) LTE-23 . Samples 
were "oriented" and saturated with ethylene glycol. Samples LT-42 (5% iIIite layers) and LT-69C (28% iIIite layers) are ran­
domly mixed-layered, sample LT-93A (63% iIIite layers) is IM ordered mixed-layered, and sample LTE-23 (90% iIIite layers) 
is IMU ordered mixed-layered (Reynolds and Hower, 1970). Sample LTE-23 contains some kaolinite or chlorite. 

percent illite layers data are given in Table 5. The sum 
of the cations in the octahedral position is equal to or 
less than 2.06 per 01O(OHh for each sample except 
LTE-23 which has a sum of 2.13. Because this sample 
contains a trace of kaolinite or chlorite , the apparent 
excess octahedral occupancy may be due to cations 
that are actually in kaolinite or chlorite. 

Figure 4 shows how Kn, Aln, and Sin [where n de­
notes the number of atoms per OlO(OHhl vary with the 
percentage of illite layers . The trends indicate that liS 
in the Disturbed Belt has undergone a reaction similar 
to liS in the Gulf Coast (Hower et al. , 1976) as dis­
cussed above . Figure 5 shows how Kn increases with 
the structural charge. The other points on this graph are 
from the same type of plot for illites and liS from ar­
gillaceous sediments (Hower and Mowatt, 1966) . The 
upper line represents the relationship that would exist 
between Kn and the structural charge if all the charge 
were satisfied by fixed K; the ordinate between this line 
and a line through the points represents the amount of 

structural charge satisfied by exchangeable interlayer 
cations. The data from this study complement those in 
Hower and Mowatt (1966) particularly in the low charge 
range and allow the extrapolation of the Kn vs . struc­
tural charge trend to zero KO' This trend indicates that 
" pure" smectite (no illite layers) having no fixed K 
would h~lVe a structural charge of about -0.40 per 
Olo(OHh, all of which would be satisfied by exchange­
able interlayer cations. 

It is significant that the four samples from the Sweet­
grass Arch have no detectable Fe2+ but that all of the 
samples from the Disturbed Belt do have Fe2+ (cf. Table 
4) . Figure 6 shows that there is a positive correlation 
(r = 0.89) between Fe2+j(Fe2+ + Fe3+) and Kn. Thus, 
the data strongly suggest that prior to burial the smec­
tites contained little if any structural Fe2+, but as heat­
ing occurred during burial some of the Fe3+ was re­
duced to Fe2+. 

Rozenson and Heller-Kallai (1978) demonstrated 
that structural Fe2+ in montmorillonites can be oxidized 
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Figure 3. Mossbauer spectra of the samples whose X-ray 
powder diffraction patterns are shown in Figure 3. (A) LT-42, 
(B) LT-69C, (C) LT-93A, and (D) LTE-23. The inner doublet 
(the only doublet present in Figure 3a) is from Fe3+. The outer 
doublet is from Fe2+; the "right hand" peak ofthe Fe2+ doublet 
is superimposed onto the "right hand" peak of the Fe3+ dou­
blet. Dots are data points and the line delineates the computer­
fitted curve. 

0 0.1 0 .2 0 .3 0 .4 
0 

10 
f/) 

0:: 20 w 
>-
et 30 ....J 

W 40 t-
H 
....J 50 ....J 
H 

t- 60 
Z 
w 70 0 
0:: 
W 80 0. 

90 

100 

by mild chemical treatments. Thus, the Fe 2+/Fe3+ data 
given in Table 4 perhaps should be considered as min­
imum values. However, because the correlation of 
Fe2+/(Fe2+ + Fe3+) with Kn (cf. Figure 6) is statistically 
significant, any alteration in oxidation state of iron that 
might have occurred during laboratory treatment of the 
samples was apparently not great enough to mask the 
true nature of the iron in the lIS. 

Rozenson and Heller-Kallai (l976a, 1976b) also ex­
perimentally reduced Fe3+ to Fe2+ in montmorillonites. 
They inferred that local charge balance is maintained 
within the octahedral layer by the protonation of hy­
droxyl groups and that the required protons are derived 
from water released from the interlayers . Furthermore, 
they demonstrated that the reaction is reversible if the 
montmorillonite is reoxidized. Accordingly, an in­
crease in Fe2+/Fe3+ with Kn would be expected since 
interlayer water is released as smectite layers collapse. 
However, an intuitive argument can be made that the 
correlation of Fe2+/(Fe2+ + Fe3+) with Kn (cf. Figure 6) 
would probably not exist in these samples if the octa­
hedral charge were locally balanced by protonation be­
cause the protonation reaction is readily reversible in 
an oxidizing environment as demonstrated by Rozen­
son and Heller-Kallai (1976a) , and, all of the bentonites 
were in an oxidizing "outcrop" environment for some 
years. 

If protonation of hydroxyls has not occurred in the 
bentonites, the reduction of Fe3+ to Fe2+ would tend to 
cause an increase in the octahedral charge. The appar-

AI Total 
n 

0.5 1.6 1.8 2.0 2.2 

\ . i • 
\~ 

2.4 3.2 
Sin 

3.4 3.6 

et 
"I • , 

3.8 4.0 

• 

Figure 4 . Variation of Kn (fixed), Aln , and Sin [per 01O(OH)2] with percentage ofillite layers. Ko, r = 0.99; Aln, r = 0.76; Sin, 
r = 0.78. 
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Figure 5. Kn ["fixed" potassium per O.o(OH),J vs. total 
structural charge. Data points: • this paper; • Hower and 
Mowatt (1966). 

ent effect of iron reduction, without concomitant pro­
tonation, on the total structural charge was estimated 
by making the following assumptions: (l) The total 
structural charge of each of the liS samples was 0.40 
per 01O(OH)2 before the sample was metamorphosed. 
The value of 0.40 comes from Figure 5 and undoubtedly 
represents an average c:;harge for US having no fixed K; 
the original charge of a given liS might reasonably have 
been 0.40 ± 0.05 per 01O(OHh. (2) All iron in each of 
the liS was Fe3+ before metamorphism. This cannot be 
proven but seems to be a reasonable assumption since 
none of the samples from the Sweetgrass Arch contains 
Fe2+. (3) Total Fe, Mg2+, and TiH are immobile. Again , 
this assumption cannot be proven but is made because 
there is no correlation of any of these ions with percent 
illite layers (cf. Table 5). Thus , variations in these val­
ues between samples are attributed to premetamorphic 
differences. The results of the calculations are given in 
Table 6. Most of the values range between 10 and 30%1, 
giving the impression that iron reduction can contribute 
significantly to the total increase in charge on the struc­
ture. However, it can be argued that most of the in­
crease in structural charge is due to an increase in the 
tetrahedral charge. 

Figure 7 shows how octahedral and tetrahedral 
charge varies with percent ilIite layers. The apparent 

~ 40 
o 
o 
)( 30 
'+' 
If) 

~ 
-: 20 
'" Cl) 

u.. 
~ 10 
~ -

0.10 0.20 0.30 0 .40 0.50 

Kn 
Figure 6. Ratio of Fe2+/(Fe2+ + Fe3+) x 100% vs. Kn [fixed 
K per 01O(OH).], r = 0.89 . 

correlation of decreasing octahedral charge with per­
cent iIlite layers (r = 0.50) is probably not significant 
since elimination of samples LTE-23 and LT-42 from 
the data set drastically lowers the correlation coeffi­
cient (to r = 0.14). It is significant that there is no sta­
tistical evidence of an increase in octahedral charge 
with percent illite layers. However, there is a signifi­
cant correlation (r = 0.78 using samples LTE-23 and 
LT-42; r = 0.65 if those samples are not used) of tet­
rahedral charge with percent illite layers that is a direct 
function of the amount of substitution of Al for Si in the 
tetrahedral layers. This substitution is analagous to that 
occurring in modern Gulf Coast sediments (Hower et 
al. , 1976) as was discussed in the introduction of this 
paper. The effect of iron reduction on the increase in 
structural charge is apparently minimal possibly due to 
the small amount of total iron in these samples. Using 
an average value of 20%1 as the increase in structural 
charge due to iron reduction (cf. Table 6) , an increase 
in structure charge from -0.40 to . -0.60 (cf. Figure 5) 
would mean an increase in octahedral charge of only 
(0.20) x (-0.20) = (-0.04). Though such an increase 
may have occurred for a given sample, the scatter in 
the data precludes the conclusion that this has hap­
pened for all of the samples, and thus a significant effect 
on the octahedral charge due to iron reduction cannot 
be construed for all of the samples . 

The changes in charge distribution that accompanied 
metamorphism can be generalized (Table 7) as follows: 
As the percentage of illite layers in liS increases from 
o to 90 the tetrahedral charge increases from - 0.30 to 
- 0.50 while the octahedral charge of about -0.10 does 
not change in a systematic manner (cf. Figure 7). Thus, 
the total structure charge increases from about -0.40 
to about -0.60. This layer charge is balanced by an in­
terlayer charge comprised of exchangeable cations 
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Positions 

Tetrahedral 

Octahedral 

Interlayer 

% Blite 
layers' 

Position 

Tetrahedral 

Octahedral 

Interlayer 

% Illite layers2 

Eslinger, Highsmith, Albers, and deMayo Clays and Clay Minerals 

Table 5. Chemical formulae [cations per 01O(OH.)] and percentage of illite layers. 

Ion 

Si 
AI 
Charge 

AI 
Fe3+ 
Fe2+ 

Ti 
Mg 
Sum 
Charge 

Total 
lattice 
charge 

K 
CEC' 
Inter-

layer 
charge 

Ion 

Si 
AI 
Charge 

Al 
Fe3+ 
Fe2+ 
Ti 
Mg 
Sum 
Charge 

Total 
lattice 
charge 

K' 
CEC' 
Inter-

layer 
charge 

LT-42 LT-139A LT-I LT-69C LT-158 LT-4 LT-l28 LT-85 LT-96A LT-93A LT-162 

3.91 
0.09 

-0.09 

1.53 
0.07 
0.00 
0.02 
0.41 
2.02 

-0.33 

3.71 
0.29 

-0.29 

1.58 
0.23 
0.00 
0.01 
0.19 
2.01 

-0.16 

3.60 3.60 3.73 3.51 3.62 3.61 3.63 3.63 3.50 
0.40 0.40 0.27 0.49 0.38 0.39 0.37 0.37 0.50 

-0.40 -0.40 -0.27 -0.49 -0.38 -0.39 -0.37 -0.37 -0.50 

1.54 
0.30 
0.00 
0.01 
0.19 
2.04 

-0.06 

1.68 
0.14 
0.02 
0.01 
0.18 
2.03 

-0.10 

1.65 
0.11 
0.02 
0.01 
0.22 
2.01 

-0.20 

1.79 
0.06 
0.02 
0.01 
0.18 
2.06 

-0.01 

1.73 
0.07 
0.02 
0.01 
0.19 
2.02 

-0.14 

1.70 
0.08 
0.02 
0.00 
0.23 
2.03 

-0.17 

1.64 
0.10 
0.02 
0.00 
0.27 
2.03 

-0.20 

1.67 
0.07 
0.03 
0.01 
0.26 
2.03 

-0.21 

1.78 
0.06 
O.oz 
0.01 
0.18 
2.05 

-0.04 

-0.42 -0.45 -0.46 -0.50 -0.47 -0.50 -0.52 -0.56 -0.57 -0.58 -0.54 

0.05 0.06 0.10 0.19 0.22 0.31 0.34 0.38 0.40 0.42 0.41 
0.37 0.39 0.35 0.32 0.25 0.22 0.18 0.18 0.17 0.17 0.14 

+0.42 +0.45 +0.45 +0.51 +0.47 +0.53 +0.52 +0.56 +0.57 +0.59 +0.55 

5 7 

LT-51 

3.46 
0.54 

-0.54 

1.80 
0.05 
0.04 
0.01 
0.15 
2.05 

-0.03 

-0.58 

0.43 
0.15 

+0.58 

68 

19 

LT-lOB 

3.48 
0.52 

-0.52 

1.80 
0.Q7 
0.01 
0.00 
0.17 
2.05 

-0.03 

-0.55 

0.41 
0.14 

+0.55 

70 

28 34 

LT-21 

3.46 
0.54 

-0.54 

1.66 
0.15 
0.05 
0.02 
0.18 
2.05 

-0.05 

-0.59 

0.46 
0.13 

+0.59 

75 

52 

LT-I09 

3.62 
0.38 

-0.38 

1.57 
0.12 
0.03 
0.01 
0.32 
2.05 

-0.19 

-0.57 

0.45 
0.11 

+0.56 

78 

57 60 

LT-24 

2.51 
0.49 

-0.49 

1.69 
0.13 
0.05 
0.00 
0.16 
2.03 

-0.12 

-0.61 

0.49 
0.10 

+0.59 

81 

60 

LTE-21 

3.49 
0.51 

-0.51 

1.72 
0.08 
0.04 
0.01 
0.19 
2.05 

-0.08 

-0.60 

0.50 
0.10 

+0.60 

83 

63 67 

LTE-23 

3.30 
0.70 

-0.70 

1.72 
0.14 
0.06 
0.00 
0.21 
2.13 

+0.12 

-0.58 

0.49 
0.Q7 

+0.56 

90 

, Estimated from % illite layers (see text); meq/lOO g. 
2 The first five samples tabulated are randomly interstratified liS; the others are ordered (Reynolds and Hower, 1970). 

whose charge contribution decreases from +0.40 to 
+0.10 and fixed cations (K) whose charge contribution 
increases from 0.0 to +0.50 (cf. Figure 5 and Table 5). 
Thus, the total interlayer charge increases from about 
+0.40 to about +0.60. 

stitution of Al for Si. It follows that Fe reduction might 
become more important in those samples having high 
percentages of illite layers since access of Al to a tet­
rahedral site would be more difficult once the adjacent 
interlayer space has collapsed. Although there is some 
indication of this trend from the data in Table 6 the data 
are too few and scatter in the data is too great to suggest 
that the data actually fit the above model. 

Although the mechanism that may cause iron reduc­
tion is unknown, one possibility is that the reduction of 
iron is a half-reaction for which the oxidation of organic 
matter trapped in the sediments is the complementary 
half-reaction. The relative amounts of charge increase 
due to iron reduction versus tetrahedral substitution of 
Al for Si would be affected not only by the presence of 
oxidizable organic matter but also by the ease of sub-

Hoffman and Hower (1979) estimated the maximum 
burial temperature of those samples having fewer than 
about 25% illite layers to have been about 60°C. Since 
those samples having fewer than about 25% illite layers 
contain no Fe2+, the reduction of iron would have been 
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Table 6. Apparent percentage of structural charge increase 
due to iron reduction. 

Lattice % Due to iron 
Sample' charge Fen2+ reduction! 

LT-42 0.42 0.00 0 
LT-139A 0.45 0.00 0 
LT-l 0.46 0.00 0 
LT-69C 0.50 0.02 20 
LT-158 0.47 0.02 29 
LT-4 0.50 0.02 20 
LT-l28 0.52 0.02 17 
LT-85 0.56 0.02 13 
LT-96A 0.57 0.02 12 
LT-93A 0.58 0.03 17 
LT-162 0.54 0.02 14 
LT-51 0.58 0.05 28 
LT-lOB 0.55 0.01 7 
LT-21 0.59 0.05 26 
LT-I09 0.57 0.03 18 
LT-24 0.61 0.05 24 
LTE-23 0.58 0.06 33 

1 Samples are listed in order of increasing percentage of 
illite layers. 

2 [Fen
2+/(structure charge - 0.40)] x 100%. 

initiated at burial temperatures of about 60°C. Hoffman 
and Hower (1979) estimated the burial temperatures of 
those samples with greater than about 25% illite layers 
to have been between 100° and 200°C. 

The only other data in the literature that give both 
structural formulae and Fe2+IFe3+ determined by the 
same workers in a suite of liS samples are those of 
Hower and Mowatt (1966). Figure 8 shows how Fe2+1 
(Fe2+ + Fe3+) in the liS varies with Kn. There is a rough 
trend of increasing percentage of Fe2+ with Kn if the 
two samples of Cenozoic age (Wilcox Nos. I and 2) are 
ignored. Values of samples from the Disturbed Belt (cf. 
Figure 6) plot between the two dashed lines. Also 
shown in Figure 8 are the average percentages of Fe2+ 

(of total iron), the Kn values of 101 montmorillonites 
and beidellites (Weaver and Pollard, 1973, p. 56), and 

Table 7. Location and magnitude of structural and interlay­
er charge in illite/smectites. 

Structural 

Charge 

Interlayer 

Tetrahedral 
Octahedral 
TOTAL 

Percent 
iUite layers 

o 90 

-0.30 -0.50 
-0.10 -0.10 
-0.40 -0.60 

Exchangeable +0.40 +0.10 
Fixed +0.00 +0.50 
TOTAL +0.40 +0.60 

0.2 .---.----.-...-.....,...-.,.--.---,,--...----T--. 

w 

0.' 

0.0 

-0.' 
<.!) -0.2 
er: 
« 
:I: -0.3 
u 

-0.4 

-0.5 

-0.6 

• 

-0.7 '--....&.........L_...L-........ _L.-....&.........L_...L--L.......I 

o '0 20 30 40 50 60 70 80 90 '00 
PERCENT ILLITE LAYERS 

Figure 7. ., octahedral charge vs. percent illite layers. Solid 
line: all data used (r = 0.50); dashed line: samples LT-42 and 
LTE-23 not used (r = 0.14) . • , tetrahedral charge vs. percent 
illite layers. Solid line: all data used (r = 0.78); dashed line: 
samples LT-42 and LTE-23 not used (r = 0.65). 

15 illites (Weaver and Pollard, 1973, p. 11). The average 
percentage of Fe2+ in the illites is greater than that in 
the montmorillonites and beidellites. This is the trend 
that would be expected if most illites form from the 
metamorphism of montmorillonite-beidellites and if 
iron reduction generally occurs during that metamor­
phism. 

CONCLUSIONS 

1. None of the samples from the Sweetgrass Arch, 
but all of the samples from the Disturbed Belt, contain 
detectable structural Fe2+. 

2. There is a positive correlation (r = 0.89) between 
the percentage of iron that is Fe2+ and Kn in the liS com­
ponent of the bentonites. 

3. The lack of a statistical correlation between oc­
tahedral charge and percent illite layers precludes the 
conclusion that iron reduction plays a major role in in­
creasing the structural charge in all of the samples. 
However, the contribution of iron reduction to the in­
crease in total structural charge that has occurred in 
individual samples during metamorphism can be esti­
mated to be between 10 and 30% if it is assumed that 
all of the iron was originally Fe3+, that the original 
structural charge was -0.40 per 01O(OHh, that octa­
hedral cations are immobile, and that octahedral charge 
balance is not maintained by protonation. 

4. Although the data neither prove nor disprove that 
protonation has occurred, the reversible nature of a 
protonation reaction does not lend itself to an expla­
nation of the correlation of Fe2+IFe3+ with percent illite 
layers. 

5. The reduction of iron is possibly a redox half-re-
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Figure 8. Fe2+/(Fe2+ + Fe3+) x 100% vs. Kn in illites and liS from shales and bentonites (Hower and Mowatt, 1966). Also 
shown are the averages ofthe same parameters of 101 smectites (montmorillonites and beidellites; Weaver and Pollard, 1973, 
p. 56) and 15 illites (Weaver and Pollard, 1973, p. 11). Samples reported on in this paper plot between the two dashed lines. 

action for which the oxidation oftrapped organic matter 
is the complementary half-reaction. The mineralogy of 
the liS suggests that such a redox reaction would have 
begun at about 60°C. 

6. Data from the literature indicate that illites and 1/ 
S with a high percentage of illite layers have higher 
Fe 2+/Fe3+ values than montmorillonites and beidellites 
with a low percentage of illite layers; this supports the 
idea that iron reduction is a general phenomenon that 
accompanies and contributes to the conversion of 
smectites to illites. 
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Pe3IOMe-EeHToHHTbI MeJIODoro nepHO,[la 6bIJIH c06paHbI B 06Ha)KeHHHX CBHTrpac APK H ilHCTep6,[1 
EeJIT B MOHTaHe. CMeIIlaHHO-CJIOHHble KOMllOHeHTbI 6eHToHHTOB HJIJIHT-CMeKTHT (MIC) H3 CBHTrpaC 
APK HMelOT 0 ,[10 25% CJIOeD HJIJIHTa H D HHX He 6blJlO 06HapYlKeHO CTPYKTypHoro Fe2+, TOr,[la KaK 
IIp06bI H3 ilHcTep6,[1 EeJIT HMelOT IIpHMepHO OT 25 ,[10 90% CJIOeB HJIJIHTa, H Bce cO,[lep)KaT Fe2+. 
ITOJIO)KHTeJIbHaH KOppeJIHl\HH (r = 0,89) cYLQeCTByeT Me)K,[ly IIpOll,eHTHbIM CO,[leplKaHHeM CTPYKTypHoro 
lKe,[le3a (Fe2+) H KOJIHqeCTBOM q)HKcHpoBaHHoro MelKCJIOH K B MIC. 

EOJIblllOe npOll,eHTHOe CO,[leplKaHHe CJIOeD HJIJIHTa B IIp06ax H3 ilHCTep6,[1 EeJIT OTHOCHTCH 3a CqeT 
peaKl\HH, IIpHCXO,[lHLQHX npH nOBbIllleHHblX TeMllepaTypax, 06YCJIOBJIeHHbIX 3aneraHHeM 6eHTOHHTOB 
110,[1 Ha,[IBHrOBbIMH llJIaCTaMH. YBeJIHqeHHe Fe2+/Fe3+ c 1I0BbIIIleHHeM IIpOll,eHTHoro CO,[leplKaHHH CJIOeB 
HJIJIHTa, Ha oCHOBe OllbITa, CBH3bIBaeTCH c OKHCJIHTeJIbHO-BOCCTaHOBHTeJIbHOH peaKl\HeH, BKJIlOqalOLQeH 
OKHCJIeHHe OpraHHqeCKOrO MaTepHana. XonI IIPH pacCMOTpeHHH Bcex 06pa3l1,OB He cYLQeCTByeT 
cTaTHCTHqeCKHX ,[IOKa3aTeJIbCTB YBeJIHqeHHH OKTa3,[1pHqeCKOrO 3apH,[Ia C YBeJIHqeHHeM cO,[lep)KaHHH 
CJIOeB HJIJIHTa, BocCTaHOBJIeHHe lKeJIe3a MOrJIO 06YCJIOBHTb OT 10 ,[10 30% YBeJIHqeHHH 06LQero 
CTPYKTYPHoro 3apH,[Ia, KOTOPbIH B03HHK B Ka)K,[lOM 06pa3l1,e B TeqeHHe MeTaMopiflH3Ma. OCTalOLQeeCH 
YBeJIHqeHHe CTPYKTypHoro 3apMa MO)KeT 6bITb OTHeceHO 3a CqeT 3aMeLQeHHH AP+ KpeMHHeM SiH B 
TeTpa3,[1pHqeCKHX CJIOHX. 
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Resiimee--Kreidehaltige Bentonite wurden in Zutageliegen vom .. Sweetgrass Arch" und •• Disturbed Belt" 
in Montana gesammelt. Die Illit-Smektit (liS) Anteile der Wechselschicht der Bentonite vom "Sweetgrass 
Arch" haben von 0 bis 25% Illitschichten und kein feststellbares strukturelles Eisen2+, wohingegen die 
Proben vom "Disturbed Belt" ungefahr von 25 bis 90% illitschichten haben und alle enthalten Eisen2+. 
Eine positive Abhiingigkeit (r = 0,89) besteht zwischen dem Prozentsatz des strukturellen Eisen, welches 
als Eisen2+ vorkommt und der Menge der gehiirteten Zwischenschicht K im liS. 

Der hohere Prozentsatz von Illitschichten in den Proben vom "Disturbed Belt" wird Reaktionen zu­
geschrieben, die mit erhohten Temperaturen verbunden sind, die durch Vergrabung unter Schubschichten 
erzeugt wurden. Die Zunahme in Eisen2+/Eisen3+ mit zunehmendem Prozentsatz von Illitschichten wird 
versuchsweise einer Redoxreaktion zugeschrieben, in der Oxidation von organischem Material beteiligt 
ist. Wenn alle Proben zusammen beriicksichtigt werden, gibt es keine statistischen Beweise fiir die Zu­
nahme in oktaedrischer Ladung mit Zunahme in Illitschichten. Eisenreduktion konnte jedoch soviel wie 
10 bis 30% zu der Zunahme in gesamtstruktureller Ladung, we1che injeder gegebenen Probe vorkommt, 
beitragen. Der Rest der strukturellen Ladungszunahme kann der Substitution von SiH mit AJ3+ in den 
tetraedrischen Pliitzen zugeschrieben werden. 

Resume-Des bentonites du Cn!tace ont ete collectiones d'un affleurement de Sweetgras Arch et du Dis­
turbed Belt du Montana. Les constituants illite-smectite a couches melangees (liS) des bentonites de Sweet­
gras Arch ont de 0 a 25% de couches d'illite et pas de Fe2+ detectible, alors que les echantillons du Disturbed 
Belt ont de 25 a 90% de couches d'illite, et tous contiennent Fe2+. Une correlation positive (r = 0,89) existe 
entre le pourcentage de fer de composition qui est Fe2+ et la quantite de K fixe intercouche dans liS. 

Le pourcentage plus eleve des couches d'illite dans les echantillons du Disturbed Belt est attribue a des 
reactions liees a de hautes temperatures causees par l'enterrement sous des nappes de charriage. 
L'augmentation de Fe2+IFe3+ allant de pair avec l'augmentation des pourcentages des couches d'illite est 
tentativement attribue a une reaction redox impliquant l'oxidation de matiere organique. Bien qu'il n'y ait 
aucune evidence statistique d'une augmentation de charge octaedrique accompagnant une augmentation 
dans les couches d'illite lorsque tous les echantillons sont consideres ensemble, la reduction de fer peut 
avoir contribue de 10 a 30% a l'augmentation de la charge totale de composition qui s'est pas see pendant 
le metamorphisme de tout echantillon. Le reste de l'augmentation de charge de composition peut etre 
attribue a la substitution d' AJ3+ a SiH dans les sites tetraedriques. 
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