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Abstract The mineral in monomineralic glauconite pellets is an iron-rich mixed-layer illite-smectite 
(here called glauconite), often composed almost entirely of illite layers. The nature of the interlayering 
is closely analagous to that of aluminous illite smectite and varies with the proportions of the layer 
types: >30 per cent smectite, randomly interstratified; 15 30 per cent smectite, allevardite-like ordering; 
< 15 per cent smectite, 'IMII' ordering. 

Glauconite is analagous to aluminous illit~smectite chemically as well as structurally. A good corre- 
lation has been found between the number of potassium atoms per O~0(OH)2 in structural formulas 
calculated from the chemical analyses and the proportion of illite layers as determined by X-ray powder 
diffraction methods. This relationship indicates a remarkably systematic increase in the potassium 
content of the illite layers with an increasing proportion of illite layers. This feature and the existence 
of ordered interlayering at high proportions of illite layers can be explained by crystal-chemical effects 
of illite layers on neighboring smectite layers. Glauconite differs from aluminous illite-smectite in 
that glauconite contains significantly less potassium per illite layer than does aluminous illite-smectite 
with the same proportion of illite layers except near the pure illite composition. The strength with 
which the interlayer potassium is held and the ease of conversion of smectite to illite layers in glauconite 
may be attributed to its 1M structure and, perhaps, to its high octahedral iron content, which lead 
to stronger bonding of potassium by allowing a higher tilt angle of the O-H axis of hydroxyls adjacent 
to the potassium ion. 

The apparent octahedral cation occupancy in excess of two-thirds of the octahedral positions in 
many glauconites appears largely attributable to the presence of significant amounts of interlayer hyd- 
roxy-iron, aluminum and magnesium complexes in the smectite layers. 

INTRODUCTION 

Since yon Humboldt  in 1823 (Schneider, 1927) ori- 
ginally described glauconite pellets in sedimentary 
rocks, many workers have studied its mineralogy and 
petrology (the literature has been reviewed by McRae, 
1972).* Using modern analytical techniques such as 
X-ray powder diffraction, Warshaw (1957) and Burst 
(1958 a, b) made the first detailed studies of the miner- 
alogy of glauconite pellets and observed that all green 
pellets found in sedimentary rocks are not mineralogi- 
cally alike and in some cases single pellets consist 
of heterogeneous mineral mixtures. These observa- 
tions were subsequently corroborated by a number 
of workers, e.g. Hower (1961), Prat t  (1962), Ehlmann 
et al. (196:2), Triplehorn (1966), Barackman (1964) and 
Bell and Goodell  (1967). Warshaw (1957), Burst 

* Terminolog~As pointed out by McRae (1972), the 
terminology associated with glauconite is quite confusing. 
It would be convenient to have a distinct name, (e.g. 
George) for the iron-rich illite-smectite of all proportions 
of interlayering that is the dominant or exclusive mineral 
in most glauconite pellets. However, we do not, In this 
paper we will call it glauconite and use it in a mineralogi- 
cal sense. When referring to samples in morphological or 
occurrence sense we will use the term 'glauconite pellets'. 
This does not seem to us to be the most convenient way, 
but is the best solution without inventing new terminology, 
which we abhor. 

('.('.M. 23/4 ( 

(1958a) and Hower (1961), in addition, noted that 
most glauconite pellets are monomineralic and con- 
sist of a mineral structurally similar to mixed-layer 
illite-smectite, and that there is considerable variation 
from sample to sample in the proportions of illite 
and smectite layers. 

The purpose of this study was to investigate the 
mineralogy of glauconite (i.e. the iron-rich illite-smec- 
tite which is most commonly the predominant or 
exclusive mineral in glauconite pellets). Over 100 sam- 
ples of glauconite pellets were examined. Of  these 
samples, 20 were selected for further study. 

These were chosen for their monomineralic nature 
and the homogeneity of their mixed-layering. They 
were chemically analyzed for the major elements and 
examined by X-ray powder diffraction and other tech- 
niques. Sample occurrence data are given in Table 1. 

THE STRUCTURE OF GLAUCONITE 
The sections that follow contain our interpretation 

of the mineralogy of glauconite, based on X-ray 
powder diffraction, acid dissolution, thermogravi- 
metric and chemical analysis. 

X-ray powder diffraction methods 

Glauconite pellets were gently broken with an 
agate mortar and pestle and further disaggregated 
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Table 1. Catalog of glauconite samples 
Re=pl.e. Collecting Data 

GT8-66 

G294 

G3585 

FGSIx 

G1392 

GT4-66a 

GT4-66b 

GT6-69 

JE63-3 

Moody a & b 

W89-I 

GTZ-69 

W89-6 

W46 

W89-2 

W87 

C68A 

6471 

6433 

Cambrla~: Gros Ventre fm., Wind River Canyon, Wyo. 
18" above lowest glauconite unit in canyon; 4' 
below lenticular pebble cong. 

Ordoviclan, Basal Arenlglan Stage: Store brottet, 
Latorp, Sweden. 15' below surface (J. Obradovlch*). 

Misslsslppian: Basal Barnett fro., Marble Palls, 
Texas. 

Pennsylvanlan: Canadian Arctlc Loc. #3 (T.G. Stehli). 

Jurassic, Lower Oxfordian Stage: core from well near 
Weilheim, Germany. Outer portion of pellet removed 
by ultrasonic treatment (J. Obradovlch). 

Same as GT4-66b. Inner Core of pellet only. 

Jurasslc: Stmdanee fro., Thermopolis, Wyo. 30 t 
below Morrlson fm. contact. Outer rind of pellet 
only. 

Cretaceous, Cenomanlan Stage (UK-LK bo~dary): 
Bornholm Island, (R. Douglas). 

Cretaceous: Taft Hlll fm., Manchester Freeway 
Exit, Great Falls, Mont. Lowest glauconlte zone 
in Taft H111 fm. 

Eocene: Moody's Branch fm., Riverside City Park, 
Jackson, Hiss. 4 t above the top of Middle Eocene 
(C. Rainwater). A: outer part of pellets; b :  core 
of pellets. 

Eocene, Clalborne Stage: Wlnona fro. Northwestern 
Attala Co., Miss. (g. G. Wermund). 

Eocene: Cayat fm., Lower Potreo Hills, Calif. 
(R. Douglas). 

Eocene, Claiborne Stage: gllpha fm., Northwestern 
Attala Co., Miss. (E. G. Wermund). 

Eocene, Sabine Stage~ Basal Nanafalla fm., Marengo 
Co., Ale. (E.G. Wermund). 

Same as W89-I, 3 "beds" higher in section (E.G. 
Wermu~d ). 

Eocene, Clalborne Stage: Winona fro., Yalobusha 
Co., ~[Iss. 3' above Tallahatta contact (E.G. 
We~und ). 

Eocene, Claiborne Stage: Hurricane lentil in Landrum 
fm., Leon Co., Texas (E.G. Werm~d). 

Recent: Let. N36 ~ 40' 56". Long. W122 ~ 00' OO" 
(W. Pratt). 

Recent: Lat. N35 ~ 41' 32", Long, WIEI e 53' 25" 
(w, P r a t t ) ,  

ultrasonically. The clay suspensions were then 
mounted on unglazed ceramic tiles by the method 
of Kinter and Diamond (1956). Air-dried and ethyl- 
ene-glycol solvated samples were run on a General 
Electric XRD-6 using CuKe radiation and scan 
speeds of 2 ~ and 0"4 ~ 20 rain. 

Reynolds and Hower (1970) have developed an 
analog computer program to synthesize X-ray powder 
diffraction patterns for mixed-layer illite-smectite of 
varying expandabilities and types of interlayering. 
Their published patterns show excellent correspon- 
dence to X-ray diffraction patterns of naturally occur- 
ring illite-smectite. To test the idea that glauconite 
is structurally similar to illitesmectite, this program 
has been used to calculate patterns for iron-rich illite- 
smectite of varying proportions of interlayering, types 
of ordering and crystallite thickness. Calculations 
were made using an iron content in the octahedral 
layer of 0-9 Fe atoms/010(OH)2 which is typical of 
glauconite; other conditions were the same as those 
used by Reynolds and Hower. 

Representative calculated X-ray powder diffraction 
patterns and representative X-ray powder diffraction 
patterns from samples of naturally occurring glau- 
conite are shown in Fig. 1. 
Interpretations of the X-ray patterns 

As can be seen in Fig. 1. the correspondence 
between the calculated patterns and the patterns from 

representative glauconite samples is excellent. The 
fact that the program, used to interpret the structure 
of illitesmectite, produces patterns matching those 
of natural glauconite, leads us to conclude that glau- 
conite is structurally analogous to illite-smectite and 
that it is valid to draw detailed structural interpre- 
tations from comparison of the X-ray powder diffrac- 
tion patterns of glauconite with the calculated diffrac- 
tion profiles. 

It is more difficult to make an accurate determina- 
tion of the proportions of layers in glauconite than 
in illite-smectite because of the low intensity of the 
reflection that occurs between 15.6 ~ and 17.7 ~ 20 
(CuK~). This reflection (the combined (002)]0A/(003)17A 
for random interstratification) is the most useful in 
the quantitative interpretation of patterns of illite 
smectite, but is weak in those of glauconite because 
of the presence of large amounts of iron in the octa- 
hedral layer (see Grim et al., 1951) for the effect of 
octahedral iron on (OOl) intensities of dioctahedral 
micas}. The difference in relative peak intensity does 
not. of course, alter the structural interpretations; 
however, in the diffraction patterns of some glau- 
conites the intensity of the (002)IoA/(003)I7A reflection 
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Fig. 1. Comparison of X-ray powder diffraction patterns 
of oriented, glycol solvated, glauconite, with computer cal- 
culated diffraction profiles after the method of Reynolds 
and Hower (1970J. The tracings labeled G294. G1392. 
G3585. JH63-3, W89-6. and G68A are actual patterns from 
glauconite samples: the profile immediately below each 
glauconite pattern is a calculated pattern. N ~ the range 
in number of layers per crystallite used in calculating the 
patterns. Interlayering type is either random (RAN). alle- 
vardite--ordered (IM}, or ordered with an IMII superlat- 

tice. Sample G68A contains some 7/~ material. 
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is so low that its spacing cannot be determined with 
precision. In these cases one must rely on the shape 
and position of the low angle peaks, and the precision 
of estimating the proportions of layers is poorer. We 
estimate precision to be + 5 per cent at low expanda- 
bilities, and + 10 per cent at high expandabilities. The 
proportion of layers and the manner of interstratifica- 
tion of the glauconites examined in detail in this study 
are presented in Table 2. Figure 1 shows diffraction 
patterns of samples covering a large range of inter- 
layering. 

Based on the interpretations shown in Table 2, sup- 
plemented by an examination of diffraction patterns 
of a large number of additional samples during the 
sample selection procedure, the following general 
observations regarding the nature of mixed-layering 
in glauconite can be made; 

(1) glauconite structures range from those with 
fewer than 5 to more than 65 per cent smectite layers. 
Pratt  (1962) has reported some recent glauconites 
which are composed of more than 65 per cent smec- 
tite layers, 

(2) glauconites with more than 25-30 per cent 
smectite layers are randomly interstratified (Fig. 1; 
G89-6, G68A), 

(3) most glauconites with 10 to 25 per cent smectite 
layers show allevardite-like ordering (i.e. smectite 
layers are separated by at least one illite layer) (Fig. 
1; JH-63-3), 

(4) glauconites with less than 10 per cent (and a 
few with 15 per cent) smectite layers exhibit the type 
of ordering which Reynolds and Hower (1970) de- 
scribe as the IMII  type (Fig. 1; G294 and G3585) 
and 

(5) even samples of glauconite pellets which, upon 
cursory examination, appear monomineralic often 
show minor mineral impurities on detailed analysis. 
This is particularly true of the more expandable sam- 
ples, although a mixture of a small amount of 10A 
impurity in samples of low expandability would be 
undetectable in the X-ray diffraction patterns. 

CHEMICAL COMPOSITION OF GLAUCONITE 

Analytical techniques 
The elements silicon, aluminum, iron, titanium, cal- 

cium and potassium were quantitatively determined 
in 21 samples by vacuum X-ray emission spectro- 
metry. Matrix corrections were made using a com- 
puter program modified from that of Hower et al. 
(1965). Prior to analysis the samples were heated at 
1000~ for three hr to remove absorbed and structural 
water, diluted 2:1, 4:1, or 9:1 (depending upon abun- 
dance of sample) with Li2B407 and fused to minimize 
matrix effects; the fused samples were ground and 
pressed into pellets for analysis. A standard, which 
approximated the composition of glauconite, was 
made from oxides of the metals. Standard deviation, 
in terms of per cent of the amount present, are; iron 
+ 1"02 per cent, titanium + 2-74 per cent, potassium 
_+ 1-30 per cent, calcium + 3'69 per cent, silicon 

Table 2. Structural characteristics of glauconite samples 

Sample PePcent Type of 
Smect l te  OPdeplng Remarks 

G29~ 
GT8-66 
FGSIx 
G1392 
GT6-69 
G3585 
GT4-66b 

GTq-66a 
Ji.:53-3 
wq6 
GT2--69 
W89-2 
W89-6 
6r 
W87 
6~.71 
Moody a 
G68A 

5 
5-10 

i0 
I0 
I0 
15 
15 
15-20 

20-25 
20 
30-35 
35 
35-~0 
~0 
40 
~0-45 
45 
50 
65 

IMII 
IMII 
IMII 
IMII 
IMII 
IMII 
IMII 
IH 

IN 
IM 
Random 
Rm~dom 
Random 
Random 
Random 
Random 
P~ndom 
Random 
Random 

her emogeneous expand- 
ability between 15% 
and 20% 

contains some 7g and 
some dlscrsete 10~ 

+ 1.01 per cent, and aluminum + 2.89 per cent. 
Seven A mineral impurities were removed prior to 
chemical analysis by heat treatment and base dissolu- 
tion as described by Brown (1961). Samples with more 
than very minor amounts of other impurities were 
not chemically analyzed. Sodium content was deter- 
mined using a flame photometer. Ferrous: ferric ratios 
were determined by the method of Reichen and Fahey 
(1962). Sodium contents and ferrous: ferric ratios were 
not determined on a few samples for which there was 
insufficient material. The chemical analyses are 
reported in Table 3. 

S T R U C T U R E - - C O M P O S F F I O N  RELATIONSHIPS IN 
GLAUCONITE 

The chemical composition of glauconite varies over 
a wide range. This range, as determined from this 
study and analyses punished by other workers (Hen- 
dricks and Ross, 1941; Burst, 1958), is summarized 
in Table 4. 
Compositional variations in the mixed-layer series 

The chemical analyses in Table 3 have been re-cast 
into structural formulas based on a cell with an anion 
content of O~o(OH)2 and are shown in Table 5. The 
structural formulas were calculated by ignoring the 
sodium and calcium and assuming that the cation 
exchange capacity is 8m-equiv./100g/10 per cent 
smectite layers (Manghnani and Hower, 1963). This 
approach was taken because a few samples were 
slightly contaminated with calcite and, for some sam- 
pies, insufficient material was available for a sodium 
analysis. In this way the formulas are calculated on 
a uniform basis. Pure samples with sodium analyses 
yielded identical structural formulas when the for- 
mulas were calculated either assuming a cation 
exchange capacity or by including sodium in the cal- 
culations. 

As with normal illite-smectites (Hower and Mow- 
att, 1966), it would be expected that in glauconite 
the number of potassium atoms (K,) per Olo(OH)2 
would increase with the proportion of illite layers (cf. 
Table 2). The relationship is excellent (Fig. 2) but can- 
not be interpreted simply, because the curve increases 
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Table 3. Chemical analyses of glauconite specimens in weight per 
cent of oxide (water-free) 

' GT8-66 GT6-69 G1392 ~ FGSIx, G3585 , Moody b 
Bi02 53.13 54.94 53.91 [ ] 57.49 59.31 53.51 

i 
0.17 

10.35 

21.70 

1.74 

3.43 

0.15 

0.20 

8.50 

! 99.56 

G294 
56.98 

0.08 

13.33 

8.78 

7.05 

5.35 

0.05 

0.23 

8.21 

100.84 

0.08 

9.53 

17.86 

1.97 

4.77 

0.72 

0.18 

7.82 

98.09 

r102 

~.1203 

Fe203 

Fe0 

~g0 

2a0 

ga20 

120 

t o t a l  
Percentag  

Percent  
5mectlte 
Layers 

0.18 0.20 0.36 0.97 

13.34 9.37 14.40 

21.08 17.46 [ 12.05 

0.61 4.62 1.38 

3.61 1.79 6.93 

0.07 0.08 0.19 

0.39 0.13 0.19 

7.62 7.16 6.68 

100.18 98.81 101.64 

i0 i0 15 

13.61 

16.67 

3.17 

5.56 

0.31 

0.13 

5.60 

99.88 

15-20 

GT4-66b 

SiO 2 58.26 

Ti02 0.52 

A1203 14.31 

Fe203 18.29 

FeO 2.30 

~0 1.91 

Ca0 0.18 

Na20 0.28 

~0 5.02 

Total 
Percentage 98.33 

Percent 
Smectite 
Layers 

JN63-3 

57.63 

0.33 

16.22 

10.66 

2.02 

3.66 

i.i0 

0.24 

4.99 

97.07 

GT4-66a 

55.16 

0.66 

16.71 

17.24 

4.07 

0.05 

4.75 

98.64 

W89-I 

59.18 

0.24 

14.32 

16.61 

4.41 

0.02 

4.73 

99.51 

n.d. 

GT2-69 

55.53 

0.43 

15.55 

13.02 

3.74 

3.64 

0.12 

3.50 

4.36 

98.89 

58.54 

0.29 

12.71 

19.46 

2.20 

0.02 

3.98 

97.20 

W46 

8102 58.45 

Ti02 0.52 

A1203 14.38 

Fe203 16.61 

FeO -- 

F;gO 2.26 

Ca0 0.09 

Na20 -- 

K20 3.78 

Total 
Percentage 96.10 

Percent 
8mectlte 
Layers 

W89-2 6471 

57.71 57.4r 

0.45 0.95 

16.43 12.16 

15.74 i0.II 

-- 6.72 

1.57 4,78 

0.01 0.42 

-- 3.91 

3.66 2.56 

95,57 99.01 

35-40 

6433 W87 G68a 

56.88 55.49 54.89 

0.79 0.41 0.74 

11.57 18.24 18.62 

10.79 1 1 .0 2  14.92 

5.70 3~ 76 0.14 

6.25 2.18 5.39 

2.13 0.04 0.97 

3.85 0.08 0.27 

2.55 2.28 1.81 

I00.51 93.92 97.77 

40 40-45 

in slope with an increasing proportion of illite layers. 
The shape and position of the curve indicates that 
the mean potassium content of the illite layers in a 
glauconite with a highly expandable structure is very 
low and that the mean potassium content per illite 
layer increases as the proportion of illitic layers in- 
creases. This change is readily seen by calculating the 
number of potassium atoms per Olo(OH)2 in the illite 
portion of the structure (cf. Weaver, 1965). For 
example, the curve passes through K, = 0"12 at 40 
per cent illite layers; the number of potassium atoms 
per Olo(OH)2 in the illite of the structure is thus 
K J0.4 = 0"12/0'4 = 0"30. This value is quite different 
from either that of an ideal mica (I'0K/O10(OH)2) 
or of an illite with no smectite interlayering (about 

0-8K/O10(OH)2, Hower and Mowatt, 1966). The 
mean potassium content of the illite layers has been 
calculated in the same manner for differing propor- 
tions of illite layers and is presented in Table 6. It 
can be seen that as glauconite approaches 100 per 
cent illite layers the number of potassium atoms per 
Olo(OH)2 in the illite layers approaches that of alu- 
minous illites. A comparison of the relationship 
between K, and percent illite layers in glauconite and 
aluminous illite-smectite is shown in Fig. 2. The curve 
for aluminous illite-smectite is from Hower and 
Mowatt (1966). The curves are obviously quite differ- 
ent. However, aluminous illite-smectites also show, 
although to a lesser extent, an increasing number of 
potassium atoms per O~o(OH)2 in the illite layers that 
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Table 4. Range in chemical composition of glauconite 

Oxide Maximt~a - Source Minimum - Source 

K20 9.01 a 1,81 b 

8102 59.31 b 41.02 a 

AI203 23.6 c 1.52 a 

Total Fe 
as Fe203 31.09 a 7.26 a 

Feg03 27.98 a 6.17 a 

Fe0 8.00 c 0.14 b 

Fe3/Fe 2 90.60 h 1.12 b 

Mg 6.93 b 0.57 a 

Ha20 3.91" b 0.00 a and c 

Ca0 3.95* a 0.00 c 

a Hendrieks and Ross (1941) 

b This study 

c Burst (1958a) 

* High value may be due to undetected 
impurities 

is displayed so strikingly by the iron-rich illite-smec- 
tite of glauconite (Table 6). 

The formation of illite layers and orderin O of mixed- 
layering 

We believe that the systematic variation in potas- 
sium content of the illite layers and the existence of 
allevardite-like ordering in structures with a high pro- 
portion of illite layers in the illite-smectite series have 
a common explanation. This explanation can be most 
readily understood by considering the progressive 
conversion of a completely expandable smectite into 
an illite through the mixed-layer series and is based 
on Sahwney's (1967) !nterpretation of the formation 
of ordered biotite-vermiculite in the conversion of 
vermiculite to biotite in laboratory alteration exper- 
iments. 

According to Sawhney (1967) ordered interlayering 

Table 5. Structural formulas of glauconite specimens: number of cations per O,o(OH)2, octahedral 
occupancy and lattice charge 

Position ion 

Sl 

Tetrahedral AI 

Charge 

Octahedral 

A1 

Fe +3 

Fe +2 

Mg 

Sum 

Charge 

Total 
Lattlce 
Charge 

K 

Interlayer X +I 

Inter- 
layer 
Charge 

~T8-66 G294 GT6-69 G1392 I FGSIx G 

3.62 3.76 3.75 3.57 I 3.89 
0-38 0.24 0.25 0.43 0.ii 

'0.38 -0.24 -0.25 -0.43 -0.ii -, 

0.45 0.80 0.52 0.61 0.64 

i.Ii 0.44 0.92 1.05 0.89 

0.10 0.39 0.11 0.03 0.26 , 

0.35 0.53 0.49 0.36 0.18 q 

2.01 2.16 2.04 2.05 1.97 

-0.48 -0.24 '0.42 -0.44 

0.80 - 0 . 6 8  

0.74 I 0.69 
0.03 I 0.02 

0.77 +0.71 

6 4 

cgc 
(estima- 
ted 
from % 
smeetlte 
MEQ/300 
gms 

-0.73 

0.68 

0.03 

.71 

Position ion W89-I I 0T2-69 

S1 3.76 3.69 

Tetrahedral A1 0.24 0.31 

Charge -0.24 -0.31 

AI 0.83 0.9i 

Fe 03 0.79 0.65 
Fe+g * 0.21 Octahedral 

Mg 0.42 0,36 

Sum 2.04 2.13 

Charge -0,30 -0.18 

Total 
Lattice-0,54 -0.49 
Charge . 

K 0.38 0.37 

X +1 0.12 0.11 
Interlayer 

Enter- 
layer F0.50 +0.48 
Charge 

CEC 
(Estimated 32 28 
from percent 
smectite) 
MEQ/IO0 gms 

- 0 . 6 7  

0.64 
0.03 

+0.67 

1489-6 

3-84 3.57 

0.16 0.43 

-0.16 -0.43 

0~77 0,64 

0.59 0.84 

0,07 0,18 

0.67 0.55 

2.10 2,21 

-0.53 -0.44 -0.i0 

-0.64 -0.60 -0.53 

0.62 O.55 0.48 
0.03 0.05 0.06 

+0.65 +0.60 +0.54 

8 12 14 

w46 Iws92 643318421 1 087 

3.84 3.79 F 3.84 3.87 3. 

0.16 0.21 0.16 0.13 O. 

!!!i-0.21 -0.16 -O.13 -0. 

0.95 1.06 0.76 0.84 I. 

0.82 0.78 0,55 0.51 O, 
* * 0.32 0.38 0. 

0.22 0.15 0.64 0.48 O. 

1.99 1.99 2.27 2.21 2. 

-0.25 -0.18 0.15 0.23 -0. 

-0.41 -O.39 -0.31 -0.36 -0. 

0,32 0.31 0.22 0.22 0. 

0.10 0.12 0.13 0.15 0. 

+0.42 +0.43 +0,35 +0.37 +0. 

32 

Jg 63-3 ~ 4-661 GT4-66a 

3.80 3.83 3.59 
0.20 0.17 0.41 

-0,20 -0.17 -0.41 

1.06 0.94 0.87 

0.53 i 0 .76 0.84 
0.ii 0.12 * 

2.06 2.00 2.11 

0.36 0.18 0.40 

-0,30 -0 .07  

-0 .47  -0 .47  -0 .46  

0.42 0.42 0.40 
0.06 0.05 0.02 

+0.48 +0.47 :-0.47 

16 12 18 

3. 

O. 

-0 .  

O. 

O. 
O. 

0- 

2. 

+0. 

-0 .  

O. 

O. 

+0. 

* not determined 
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Fig. 2. Relationships between the number of potassium 
atoms per O10(OH)2 (K,) and the percent illite layers in 

glauconite and in aluminous illite-smectite. 

of hydrated and non-hydrated interlayers occurs dur- 
ing the replacement of Ca 2+ by K + in vermiculite 
because the contraction of a layer to 10 A reduces 
the effective interlayer charge available to the adja- 
cent (hydrated) interlayer spaces, thus making the lat- 
ter less likely to contract. The reduction of effective' 
interlayer charge in the adjacent hydrated layers 
results from the polarization of electronic charge 
within the 2:1 layers in the direction of the dehy- 
drated interlayer space, caused by the shortening of 
the interlayer cation-oxygen bonds on loss of inter- 
layer water and a concomittant reduction in the di- 
electric constant of the dehydrated interlayer space. 

If we now consider the progressive conversion of 
a smectite to an illite it can be seen that the same 
mechanism should operate. The first layers to con- 
tract should be able to do so even when there is a 
relatively low charge on the adjacent 2:1 layers and 
a relatively low interlayer potassium content. The 
hydrated interlayer spaces adjacent to the contracted 
interlayer would then need a greater amount of sub- 
stitution in the flanking tetrahedrat and octahedral 
layers and a higher potassium content before they 
would be able to contract. Therefore as the number 
of illite layers increases, further illite layer formation 
demands a higher substitution within bounding 2:1 

Table 6. Mean number of potassium atoms per Olo(OH)2 
in the illite layers of glauconite and aluminous illite-smec- 

tite for differing proportions of illite layers 

Ii~ite Layers Glaueonlte lllige/Smectite 

4 0  0 . 3 0  0 . 5 8  

50  0 . 3 4  0 ,  63  

60  0 , 3 9  0 . 6 7  

70  0 . 4 6  0 ,  70  

80 0 ,  56  0 ,  72 

90  0 . 6 9  0 ,  74  

layers and a higher potassium content. This accounts 
for the K, vs per cent illite layers relationship shown 
in Fig. 2. 

The above explanation also accounts in a qualita- 
tive sense for the presence of ordering in illite-smec- 
rite and glauconite with a high proportion of illite 
layers. The model predicts complete allevardite order- 
ing when the proportion of illite layers reaches 50 
per cent. Aluminous illite smectite becomes com- 
pletely ordered when 60-65 per cent of the layers are 
illite, and glauconite when about 70 per cent of the 
layers are illite (cf. Table 2). We suggest that partial 
ordering begins when the proportion of illite layers 
is less than 60-70 per cent in both of these series, 
but that ordering does not become sufficiently devel- 
oped to be detectable by X-ray powder diffraction 
methods until a higher level of illite content is 
attained. 

Mineralogical differences between iUite-smectite and 
glauconite 

As can be seen from Fig. 2 and Table 6 the potas- 
sium content of illite layers in highly expandable glau- 
conite is far lower than it is in aluminous illite-smec- 
rite with the same structure, We believe that the for- 
mation of illite layers in a glauconite structure con- 
taining a high proportion of smectite layers at a low 
potassium content can be attributed to its 1M struc- 
ture and additionally, perhaps, to the presence of 
large amounts of iron in the octahedral layer. The 
explanation is based on the influence of structure and 
composition on the proximity of the hydrogen on the 
hydroxyl ion of the 2:1 structure to the adjacent 
potassium ion in micas. 

Our argument follows from the explanation first 
outlined by Bassett (1960) to account for the fact that 
trioctahedral micas are more easily converted to ver- 
miculite by leaching with such ions as Mg 2+ than 
are dioctahedral micas. Bassett's i.r. absorption analy- 
ses indicated that in phlogopite the orientation of the 
O--H axis of the hydroxyl immediately adjacent to 
the potassium ion is normal to the (001), being forced 
there by electrostatic repulsion of the symmetrically 
disposed magnesium ions in the octahedral sites. By 
contrast, the vacancies in the octahedral layer of dioc- 
tahedral micas allows the O-H axis to tilt away from 
the potassium ions toward the octahedral vacancies 
(Tsuboi, 1950; Vedder and McDonald, 1963; Bassett, 
1960). Giese's (1971) electrostatic energy calculations 
of the muscovite structure indicate that the tilt of the 
72 ~ of the O-H axis with respect to the normal to 
the (001) is quantitatively explained by electrostatic 
response to the surrounding ions. Bassett's explana- 
tion of the ease of the interlayer alteration of phlogo- 
pite as compared to muscovite is that the potassium 
ion in phlogopite is less strongly bonded than is 
potassium in muscovite because of electrostatic repul- 
sion by the hydrogen which is situated closer to the 
potassium ion in the phlogopite than in the muscovite 
structure. Giese (1973) has further shown that the 
amount of tetrahedral rotation should strongly in- 
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fluence the tilt of the O-H axis and, on the basis 
of published structures, has calculated maximum O - H  
axis tilt (90 ~ for the 1 M structure. Glauconite is a 
1 M polymorph (Burst, 1958b) and should thus pro- 
vide this most stable bonding environment for the 
interlayer potassium. In addition, although intuitive 
reasoning does not always lead to the correct answer 
in dealing with questions concerning the balance of 
electrostatic forces in a structure as complicated as 
a mica (Giese, personal communication, 1973), it 
seems to us that the higher electronegativity of iron 
as compared to aluminum would allow an even 
greater tilt of the O-H axis into the octahedral 
vacancy in glauconite than in an aluminous diocta- 
hedral 1 M structure. 

Excess octahedral occupancy in glauconite 
Although glauconite is generally considered to have 

a dioctahedral structure (cf. Burst, 1958) some authors 
(Yoder, 1959; Bentor and Kastner, 1965) have sug- 
gested that there may be a certain amount of 'triocta- 
hedral character,' caused by some substitution of 
3R z+ for 2R 3+ in the octahedral layer. Their sugges- 
tions arise from the fact that when structural formulas 
are calculated (assuming an anion content of the cell 
of O10(OH)2, Marshall, 1935) the number of octa- 
hedral cations that results is sometimes significantly 
greater than the ideal 2.00. This feature is shown by 
a number of the formulas listed in Table 5. The range 
of calculated numbers of octahedral cations is 1.97- 
2-27. Because of the vagaries of analytical techniques 
and the assumptions made in calculating the for- 
mulas, we consider 2-00 + 0.05 to be not significantly 
different from dioctahedxal. There remain nine of the 
nineteen formulas in Table 5 that indicate excess octa- 
hedral occupancy. 

A number of possibilities exist that could explain 
the apparent excess in the number of octahedral 
cations. For example, Foster (1951) showed that 
montmorillonites reported to have octahedral occu- 
pancies as high as 2"2/Olo(OH)2 contain exchang e- 
able magnesium which, when assigned to the inter- 
layer site, reduced the calculated octahedral occu- 
pancy to 2.00 ___ 0.02. Although there certainly may 
be some exchangeable magnesium in our samples, this 
explanation is not sufficient because formulas 
adjusted to 2-00 octahedral cation per O~o(OH)2 yield 
unrealistically high interlayer charges (greater than 
1 equiv./O~0(OH)2) for the smectite layers. As out- 
lined below, it appears as if the presence of interlayer 
hydroxy complexes of iron, magnesium and alu- 
minum explains the apparent excess octahedral occu- 
pancy in a more satisfactory manner. The existence 
of these interlayer hydroxy-metal .complexes was 
determined by techniques of progressive acid dissolu- 
tion, thermogravimetric analysis and thermal X-ray 
diffraction. 

Techniques of progressive acid dissolution analysis 
The technique of progressive acid dissolution 

analysis is based on the fact that cations occupying 

different structural sites in a mineral are extracted 
at different rates when the mineral is leached with 
an acid solution. By analyzing the rates at which ions 
are extracted from a sample, it is possible to interpret 
how much of each ion is present in different structural 
and extrastructural sites in a crystal lattice and in 
which sites the ions are bonded. The technique has 
been used by a number of workers to determine cation 
distribution in layer silicates (e.g. Brindley and Youell, 
1951; Osthaus, 1954, 1956; Granquist and Sumner, 
1957; Cloos et at:, 1960; Ross, 1969). 

The acid dissolution technique used in this study 
involved stirring a known quantity of disaggregated 
glauconite sample in a known volume of dilute HC1 
at a constant temperature. The acid was sampled at 
frequent intervals and aliquots were analyzed for the 
ions under consideration. 

Previous studies (Osthaus, 1954, 1956; Granquist 
and Sumner, 1957) have established that acid dissolu- 
tion of specific ions in layer silicates obeys first order 
rate laws. This means that the extraction rate, 
expressed as the rate of change of concentration of 
the ion under consideration remaining in the glau- 
conite, is constant. When the log of the concentration 
is plotted against time, a straight line results for a 
first order reaction. If an ion is bonded in two differ- 
ent lattice sites the ion will generally be removed at 
two different rates and a plot of log concentration 
vs time will be the sum of the two linear extraction 
rates and will appear as a curve. When such a curve 
results, it can be deconvolved (i.e. separated into 
extraction rates for the ion from each bond site) by 
subtracting the contribution by the site with the low- 
est rate and plotting the remainder on another log 
concentration vs time curve. This is done by extrapo- 
lating the linear portion of the curve at long times 
(where the contribution of the higher rate curve is 
insignificant) back to zero and subtracting this from 
the total curve. If more than two solution rates exist. 
the process can theoretically be continued to com- 
plete deconvolution. The amount of the ion in each 
bond site is also given by the deconvolution. 

This technique is well-suited to an attempt to deter- 
mine whether some of the ions which are identified 
by standard structural formula calculations as being 
octahedrally coordinated in the 2:1 portion of the 
structure of glauconite may, in fact, actually be 
bonded in some other way in the glauconite lattice, 
or be extraneous to the structure. 

Results of progressive acid dissolution analyses 
Progressive acid dissolution studies were made for 

the standard octahedrally coordinate cations in glau- 
conite (magnesium, aluminum and iron) for two sam- 
ples (G294 and G68A) which showed an octahedral 
occupancy of 2.16 and 2.22, respectively. Extraction 
rates for potassium were also determined for these 
samples. Potassium results will be discussed in a later 
section. The results of the progressive acid dissolution 
studies for samples G294 and G68A are shown in 
Figs. 3 and 4. It is readily apparent that both G294 
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Fig. 3. Acid dissolution curves for magnesium, iron, alu- 
minum and potassium for sample G294. ct = fraction of 

elements remaining in solid. 

and G68A contain significant amounts of iron, alu- 
minum, and magnesium that are rapidly removed by 
acid attack and that extraction rates reach constant 
values in each series. Therefore it is possible to ex- 
trapolate the linear portions of the curves back to 
time zero and to determine the amounts of rapidly 
removed iron, aluminum, and magnesium for each 
sample. The results of this determination are shown 
in Table 7. 

The linear portion of each curve is interpreted as 
reflecting the rate of extraction of each ion coor- 
dinated in the octahedral site in the 2:1 portion of 
the structure. (This is not strictly true for aluminum, 
of course, as some aluminum is bonded in tetrahedral 
as well as octahedral sites/. The fact that a significant 
amount of each ion is removed at a rate considerably 
higher than the extraction rate for the octahedrally 
coordinated ion implies that each sample contains a 
significant amount of iron. aluminum and magnesium 
which is not coordinated in octahedral sites in the 
2:1 portion of the structure, but rather is bonded in 
some kind of a sate or sites from which it is much 
more easily removed. Some of this more easily 
removed material is extracted rapidly enough to be 
considered exchangeable. However. most of the 
rapidly extracted iron. aluminum and magnesmm is 

O'OC 

- ' ~  4- -  = = ; -" _- �9 Aluminum 

O.I;= 

~ Potassium 

0 O.Z'~ ~ Acid dmsolufion curves 

W68A 

J I 
0-~ I ' 6 t t2 18 

Time, ~, 

Fig. 4. Acid dissolution curves for magnesium, iron. alu- 
minum and potassium for sample G68A. ~ = fraction of 

element remaining in solid. 

not present as exchange ions. The thermogravimetric 
and thermal X-ray diffraction data presented below 
strongly suggest that the bulk of the rapidly extracted 
iron, aluminum and magnesium is present as inter- 
layer hydroxy-complexes in the glauconites which 
show apparent excess octahedral occupancy. 

T hermogr avimetric analysis 
In the past few years, several workers have com- 

mented upon the presence of hydroxy-complexes of 
iron, magnesium, and aluminum in the interlayer 
spaces of expandable layer silicates (e.g. Rich, 1968; 
Slaughter and Milne, 1960; Gupta and Malik, 1969a, 
1969b). We used thermogravimetric analysis (TGA) 
to attempt to establish whether the quantities of iron, 
aluminum and magnesium, determined in the pre- 
vious section not to be coordinated in octahedral sites 
in the 2:1 portio n of the structure, might be present 
as hydroxy complexes of these ions in the glauconite 
samples which show apparent excess octahedral occu- 
pancy. 

Three glauconite samples, two of which show 
excess octahedral occupancy and one which 
approaches the ideal of two octahedral cations per 
unit cell, were subjected to TGA. A nitrogen atmos- 
phere was used so that oxidation of Fe 2 + would not 
occur and alter weight loss curves. TGA curves are 
shown in Fig. 5. The smectite curve (from Schultz, 
1971) shows two major episodes of weight loss, one 
in the temperature interval from 20 to about 120~ 
and the other from 520 to 700~ Schultz interpreted 
the first interval as loss of interstitial, adsorbed and 
interlayer water and the second as reflecting dehyd- 
roxylation of the 2:1 octahedral layer. He attributed 
the small weight loss between 130-520~ to a com- 
bination of the slow loss of a small amount of trapped 
interlayer water and the beginning of dehydroxyla- 
tion. 

The ideally dioctahedral glauconite GT8-66 shows 
a weight loss from room temperature to about 140~ 
This weight loss is readily interpretable as loss of in- 
terstitial adsorbed and interlayer water, the amount 
of which is much less than in the smectite because 

'GT8-66 is a structure of much lower expandability. 
The second weight loss event occurs between 350 and 
700~ This. by analogy with the smectite, is dehyd- 
roxylation of the octahedral layer. Dehydroxylation 
begins at a lower temperature in glauconite than in 
aluminous smectite because of the presence of octa- 
hedral Fe 3 § and Fe 2 + and parallels the relative ther- 
mal behavior of biotite (MacKenzie. 1970~. The 
weight loss from dehydroxylation of GT8-66 approxi- 
mates the stoichiometric amount of hydroxyl ion 

Table 7. Proportion of rapidly extracted Mg, AI and Fe 
in two samples of glauconite 

Sample 

G294 

G68A 

Percent of each lom removed at faster rate 

3.2 7.1 4.6 

27.3 10.7 50.3 
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Fig. 5. Thermogravimetric analysis curves for sample 
GT8-66, G294, G68A, Smectite TGA curve is from Schultz 

(1971). 

which should be present in such a glauconite (i.e. 
about 4"5 weight per cent). The 'dehydroxylation' 
weight loss of G294, for which an excess octahedral 
occupancy was calculated, when determined in the 
same way indicates a weight loss of 5.6 per cent over 
the same temperature interval, which is significantly 
in excess of the ideal 4-5 per cent, indicating the pres- 
ence of excess OH. 

The TGA curve for G68A is markedly different 
from either of the glauconites discussed above or the 
smectite, although its total weight loss is approxi- 
mately that of the smectite. It is obvious that there 
is quite a large drop in weight at low temperatures 
which must reflect loss of interstitial and interlayer 
water. However, instead of leveling out at near con- 
stant weight, there is a continual rapid weight loss 
between about 130 and 700~ It is suggested here 
that the large weight loss over this interval is caused 
by a combination of 2:1 octahedral layer (OH) loss 
over the temperature range 350--700~ analogy 
with GT8-66--and by (OH) loss from either 
extraneous or interlayer Mg, Fe and A1 hydroxides 
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in the range of 130-350~ The two dehydroxylation 
temperature ranges probably overlap but it is obvious 
that there is an anomalously very high weight loss 
in the temperature interval from about 150 to 400~ 

Without judging whether these hydroxyl groups are 
interlayer complexes or extraneous to the structure, 
it is now possible to recalculate the structural for- 
mulas for G68A and G294 after subtracting fl'om the 
total analyses the proportions of Fe, A1 and Mg that 
are removed in the dissolution experiments at the fas- 
ter rate (Table 7). When this is done, the calculated 
octahedral occupancy of these two glauconites is 
within the probable limits of error of being ideally 
dioctahedral. Structural formulas for G68A and G294 
are shown in Table 8. Therefore, various lines of evi- 
dence indicate that the apparent high octahedral 
occupancy in some glauconites can be accounted for 
by the presence of hydroxides. 

EFFECT OF HEATING ON GLAUCONITE WITH 
EXCESS OCrAHEDRAL OCCUPANCY 

To determine whether the hydroxides are coor- 
dinated as interlayer complexes in the expanded 
layers of the glauconite, or are extraneous to the glau- 
conite structures, combined heating and X-ray diffrac- 
tion studies were carried out on a magnesium-satu- 
rated specimen of sample G68A. The sample was 
heated to successively higher temperatures and then 
X-rayed at room temperature after heating. Under 
these conditions, a Mg-smectite with no interlayer 
hydroxy-complexes will rehydrate to two water layers 
after heating to temperatures of 200~ At 330~ 
some layers will no longer expand and at 430~ all 
layers irreversibly contract to 9-5/i. It can be seen 
from Table 9 that the layer spacing is significantly 
higher than 9"5 A at even the highest temperature and 
that there is a progressive shift to lower dool values 
with increasing temperature. This is interpreted as in- 
dicating the presence of interlayer metal-hydroxide 

Table 8. Calculated structural formulas for G68A and G294, before and 
after subtraction of Fe, A1 and Mg removed at faster rates by acid 

dissolution 

-0.44 -0.24 -0.68 +0.71 

( § § 
G294 A10.80s Feo 39 ME0 53 ) (813.76A10.29 
Before ............... 

2.16 
oc t .  eatlons 

,1oo, l [,.,,.<q 
-0.58 -0.21 -0.79 

After [ (AIO'77Fe~-41Fe~[36MEO'51) �9 �9 0.71, X0-0 
2.05 

oct. cations 

§ -0.45 -0.32 

G68A AI0.97Feo.72Feo.oIMEo.52 ) 010(OH ) Before ~ . ~ _ _ ~ ~  (813"55A10.45) O-15, Xo.2 

oct .  cations 

-0.35 

-0.24 
+3 +2 

G68A AII.25Feo.39Fe0.01MEo.41 ) 
After t ~  

oct. cations 

-0.13 

,oO4[. 
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Table 9. Spacing of low angle reflection of G68A after heat 
treatment 

Temperature Heating Time (hrs.)* d"o01" 

150" 0.5 14.1 

250* 0.5 13.6 

350 ~ 0.8 12.8 

450* 1.0 11.2 

500* 0.5 10.8 

* The same s p e e c h  ~ a s  h e a t e d  to  s u c c e s s i v e l y  h i g h e r  t e m p e r a t u r e s .  

layers as suggested above and described by Rich 
(1968) and Van der Marel (1964). 

It is therefore concluded that the high octahedral 
occupancies reported for many glauconites are attri- 
butable to the presence of interlayer hydroxy com- 
plexes of Mg, AI and Fe. Any consideration of com- 
positional-structural relationships in glauconite must 
take this feature into account. 

The structural formulas of aluminous illite-smectite 
from sedimentary rocks (Hower and Mowatt, 1966) 
indicates that the occurrence of interlayer hydroxy- 
metal complexes seems to be far less common in those 
minerals than in glauconite. A consideration of pro- 
posed mechanisms of glauconite genesis leads to a 
reasonable explanation for this difference. The process 
of glauconitization (Burst, 1958a, b; Takahashi and 
Yagi, 1929) involves, among other factors, an environ- 
ment in which iron is mobilized. Mobilization of iron 
is also an important factor in soil development and 
hydrated clays of many varieties frequently contain 
large amounts of interlayer iron hydroxide. We 
believe that, as in soils, the presence of important 
amounts of interlayer iron hydroxide in glauconite 
is attributable to the mobilization of iron. To us, the 
most plausible explanation for the mobility of iron 
appears to be that given by Huang and Keller (1972), 
for processes of soil formation, in which complexing 
with organic acids greatly increases the mobility of 
iron and aluminum. The influence of organic material 
in the glauconitization process has long been thought 
to be important (Burst, 1958a). 

We suggest that the mobilization of iron and alu- 
minum by organic complexing during glauconitiza- 
tion explains the frequent formation of interlayer hyd- 
roxy- metal complexes. Such a process is significantly 
less likely in the formation of aluminous illite-smec- 
tite, much of which probably forms under the condi- 
tions of burial diagenesis (Perry and Hower, 1970) 
and thus intergrade iron and aluminum are much less 
common. 

P R O G R E S S I V E  D I S S O L U T I O N  D A T A  F O R  

P O T A S S I U M  I N  G L A U C O N I T E  

The results of a progressive acid dissolution study 
of potassium in glauconite are reported in detail by 
Thompson and Hower (1973). Figure 6 is typical of 
the results obtained for potassium. The top curve 
labeled 'total K' shows a linear relation at dissolution 
times greater than about 10 hr. The straight line nature 

of the curve at longer times indicates that the potas- 
sium which is being removed in that longer time in- 
terval is held in the mineral in a specific structural 
position. The curved nature and steeper slope of the 
extraction at shorter times indicates a contribution 
to the extraction rate by potassium which is being 
removed at a much higher rate. The lower curve 
labeled 'fast K'  is the result of the first deconvolution 
of the curve for total potassium and shows except 
at shortest times, a straight line relationship. Again 
the straight line relationship implies that some of the 
potassium is held in a different, but specific structure 
position, with the remaining amount (the non-linear 
portion of the curve after the first deconvolution) in- 
dicating at least one more potassium lattice position. 

The dissolution curve for sample G68A, then, has 
three separate parts. Initially potassium is removed 
at a very, very high rate. This potassium is readily 
interpretable as exchangeable potassium. The potas- 
sium which is extracted at the longest dissolution 
times and plots along a straight line in the total K 
vs time curve is that which is extracted most slowly 
and presumably occupies the 6-fold coordination site 
(distorted 12-fold site) in the collapsed interlayer posi- 
tions of the glauconite. It is difficult to assign a struc- 
tural site to the potassium which is removed at the 
intermediate rate; that it occupies a specific site is 
certain for it is removed at a constant rate. We sug- 
gest that the potassium extracted at the intermediate 
rate is present in the hydrated layers along with the 
exchange potassium but is present in the hexagonal 
voids surrounded by 6 oxygens. This potassium 
would occupy the same plane as the basal oxygens 
of the tetrahedral layer as suggested by Marshall 

I001 

a r w 6 8 a  K =5 80xlO-3hr- I  

Total K + 

4 

I I , ,  
5 15 25 35 

hr 
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Fig. 6. Acid dissolution curves for potassium in sample 
G68A. :~ = fraction of potassium remaining in solid; ~1 = 
fraction of potassium removed at a fast rate (determined 
by subtracting straight line portion from 'Total K +' curve) 

remaining in solid. 
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(1964) and Mering and Glaesser (1954) for sodium 
in smectite. It is consequently much more difficult 
to remove than normal exchange ions. 

The determination that a significant proportion of 
potassium is located in expandable interlayer posi- 
tions in some glauconites is of considerable impor-  
tance in the radiometric dating of glauconite pellets. 
In calculating the K + occupancy of the illite layers 
in the mineralogy section, we assumed that no K + 
was present in the smectite layers. The quantity of 
K + in the smectite layers is such that its presence 
in smectite layers does not materially alter the struc- 
tural argument, but is very important for radiometric 
dating purposes. Daughter products of radioactive 
elements located in expandable interlayer positions 
would be totally lost from the glauconite structure. 
We suggest that the loss of daughter products from 
such sites causes the systematically low radiometric 
ages from glauconites which has been noted pre- 
viously in the literature (Hurley et al., 1960). It is 
possible to correct for errors thus caused in radio- 
metric age determinations by using acid dissolution 
to determine the relative abundance of potassium or 
rubidium in each of the three lattice sites, and recalcu- 
lating the age using only the amount of the parent 
element in the illite layers. (Thompson and Hower, 
1973). 

SUMMARY OF CONCLUSIONS 

(1) Calculated X-ray powder diffraction patterns of 
iron-rich illite-smectite structures generated by the 
method of Reynolds and Hower (1970) resemble X- 
ray diffraction patterns of glaucOnite quite well. We 
conclude that glauconite structures are identical to 
the structures of mixed layer illite-smectites. 

(2) The structural variations in glauconite are: 
(a) glauconite covers the range from less than 5 to 

at least 65 per cent smectite layers, 
(b) glauconite with more than 25 per cent smectite 

layers is randomly interstratified, 
(c) almost all samples of glaueonite which have 10-25 

per cent smectite layers show allevardite-type 
ordered interstratification of the illite and smectite 
layers and 

(d) glauconites with 10 per cent or fewer smectite 
layers, and some with 15 per cent expandable 
layers, show ordering of the IMII type. 

(3) An excellent relationship exists between the 
number of potassium atoms per unit cell and the pro- 
portion of illite layers in glauconite. This relation in- 
dicates a continuous mineralogical series, analogous 
to that of aluminous mixed-layer illite-smeetite. 

(4) As the proportion of illite layers in glauconite 
increases the mean potassium content of the illite 
layers also increases. We interpret this to mean that 
as expandability decreases a higher structural charge 
and a higher potassium content are required to form 
illite layers from the remaining smectite layers. Sawh- 
ney's (1967) model for the conversion of vermiculite 
to mica layers on potassium absorption adequately 

explains both this phenomenon and the occurrence 
of ordered interlayering in glauconites (and alu- 
minous illite-smectite) with high proportions of illite 
layers. 

(5) The illite layers in glauconite of high expanda- 
bility are much lower in interlayer charge and potas- 
sium content than are the illite layers in structurally 
equivalent aluminous illite-smectite. This feature can 
be explained by the greater stability of potassium ions 
in the voids of the basal plane of glauconite because 
of its 1 M structure and, perhaps, to the presence of 
large amounts of octahedral iron. Giese (1973) has 
shown that the tilt of the ( ~ H  axis away from the 
(001) plane in the 1 M structure is greater than for 
any other polymorph, thus minimizing the electro- 
static repulsion of interlayer potassium by hydrogen. 
The lower electronegativity of iron may allow an even 
greater tilt of the O-H axis, allowing a particularly 
stable bonding environment for potassium in glau- 
conite. 

(6) The apparent octahedral occupancy in excess 
of two cations per three octahedral sites shown by 
some glauconites is attributed to the presence of hyd- 
roxy-complexes of magnesium, aluminum, and iron 
in the expandable layers. The amounts of these inter- 
layer hydroxy-complex iron, aluminum and magne- 
sium can be determined by acid dissolution studies. 

(7) Low radiometric ages from some glauconite 
pellet samples are attributable in part or in whole 
to the presence of potassium in expanded layers of 
the glauconite structure from which sites radiogenic 
daughter products would predictably be readily lost. 
Corrections can be made in age calculations using 
techniques of acid dissolution. 
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