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AssTRAcr

Chemical composition. X-ray diffraction and
electron microscopy indicate that the 0.07-2 u,m
fraction of a mudstone from Eldorado. Saskatche'
wan consists in an exceptionally pure illite. The
illite has a lM structure and the cbemical formu-
la (Ko.ssCao.mNao.os) (Al1.a6Fe3 + n.26Mgo.2"Fe2+ o.r.)
(Sia.s&Al0.s3 ) Oro (OH ), v'rith a cation-exchange capa-
city of 10.6 meq,/100 g moisture-free clay. Most
illite crystals are lath-shaped averaging 1 x 0.2 um.
Twins are also observed though less frequently than
random aggregates of lath-shaped crystals. Total
surface-area was found to be 63 m2lg moisture-free
clay by the methylene-blue adsorption method. In-
frared-absorption data show a weak band at 750
cmr but none at E30 cma. This evidence may be
used for the identification of illite, sice both absorp-
tion bands are well defined in muscovites. In many
respects, standard illites, mgch more closely than
muscovites, represent the 10 A phyllosilicates in soils
and sediments. The Eldorado illite in particular
should serve as an excellent reference mineral for
clay micas in these rocks.

Keywords: illite, Eldorado, Saskatchewan, mudstone,
reference clay mineral, soils, sediments.

SolvrMerne

On montre, par analyse chimique, diffraction X
et microscopie 6lectronique, que la fraction 0.07-2
pm d'une areillite provenant d'Eldorado (Saskat-
chewan) consiste en une illite exceptionnellement
pure. De structure lM, celle-ci r€pond l la formu-
le (IG.sgCao.6gNao.og) ( Alr.qrFes + o.s"Mgo.arFet + o.rr)
(Sis.trAl0.Bz)Oro(OH), et possdde une capacit6 d'6-
change cationique de 10,5 milli€quivalents pour
100 g d'argile slche. La plupart des cristaux d'illite
sont en forme de latte de dimensions moyennes
I x O.2 u.m. Parfois ils sont macl6s, mais ils consti-
tuent le plus souvent des agrEgats irr6guliers orien-
t6s au hasard. I-a surface totale est de 63 m2 par
gramme d'argile s&che, d'aprds la m6thode d'absorp-
tion du bleu de m6thyldne. L'absorption infra-rouge
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r6vlle I'absence de bande d'absorption ir 830 cm''
mais en montre une trls faible tr 750 cmr. Ces
caract6ristiques distinguent fi[ite de la muscovite,
oil les deux bandes sont bien nettes. A plusieurs
points-de-vue, les illites normales. plutdt que les
muscovites, sont repr€sentatives des phyllosilicates d
l0 A dans les sols et les s6dinrents. L'illite d'Eldo-
rado, en particulier, semble destin6e tr jouer le rdle
de sp6cimen de r€f6rence caracteristique des micas
argileux de ces roches.

(Traduit par ta R6daction)

Mots-cl4si illite, Eldorado, Saskatcbewan, argillite,
mica argileux, sp6cimen de r6f6rence, sols, s6di-
ments.

INt.noPuctroN

Illite was originally proPosed by Gtim et al.
(1937) as a general term for the mica-type
clay minerals that occur in argillaceous sedi-
ments. These minerals have d(@1) : 10

improved when Mankin & Dodd (1963) de-
scribed an exceptionally pure illitic clay from
Beavers Bend, Oklahoma, proposing it as a refer- '

Illinois. Chemical analyses of the three illites
gave as a general structural formula (K>>

Na,Ca)'( Al>Fe,Mg), (Sin-",At) Oro (OH), with
rather narrow rangqs of the parametersl t =

0.43-0.66, y - 2.ffi-2.12 and z = 0.614'76'
Their findings suggest that these clay micasContribution No. 1115, C.B.R.L
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may be defined as a specific mineral species
distinct from muscovite.

Dean ( 1978) dealt primarily with the mineral-
ogy of a uraniferous mudstone from Eldorado,
Saskatchewan, and pointed out the presence of
illite as a predominant component of the
mudstone. This offered us a rare opportunity
to characterize an exceptionally pure illite sam-
ple from fracture fillings. To our knowledge,
this is the first report on the mineralogical details
of an illite from Canada.

ExprntveNtat

Material

The mudstone sample studied was that previ-
ously examined by Dean (1978); it had been
collected from the Bolger pit of Eldorado Nu-
clear Limited, approximately 5 km northeast
of Eldorado, Saskatchewan. Although initially
reported as Precambrian, evidence now indicates
a much more recent origin for the mudstone,
which occurs as fracture fillings within fer-
ruginous quartzite (D.L. Dick, pers. comm.).
This quartzite, in turn, occurs as layers within
the finely cleaved, epidote-bearing argillites of
the Tazin metasedimentary unit of Precam-
brian age. Mudstones very similar to that de-
scribed here also occur as apparent alteration
products within fault zones, and as a fairly ex-
tensive surficial deposit that occupied a bedrock
depression at this locality (Tremblay 1972, p.
191). All the mudstones are associated with
supergeDe uranium mineralization and contain
some of the highest uranium values found in
the area.

The mudstone has a uniform texture except
for several spots, where very small black or
datk brown crystals are concentrated. These
were identified as mixtures of uraninite, coffinite
and possibly schoepite by X-ray-diffraction
methods. After these impurities were carefully
removed by hand-picking, a portion of the sam-
ple was gently crushed to pass through a 100-
mesh nylon sieve (whole sample). The minus
100-mesh fraction was then soaked in water
overnight and subsequently dispersed by ultra-
sonic vibration. Minus 0.07 pcm and, O.O7-Z pm
size fractions were separated by a combinadion
of sedimentation and high-speed centrifugation.
The O.O7-2 ;r,m fraction, which constitutes a
major portion of the mudstone, was transferred
to a porous ceramic plate and dried in an oven
at 40oC. A millipore filter was used to remove
the minus 0.07 pm fraction from suspension.
This very fine fraction lvas recovered as a thin,

self-supporting clay film after drying at room
temperafure.

In addition to these two fractions, the un-
fractionated whole sample and the 100-mesh-2
g,m fraction were also examined during certain
phases of this investigation.

Analytical methods

A total chemical analysis was made of the
0.07-2 g,m fraction that had been dried over-
night at 110'C. Silica was determined gravi-
metrically following decomposition by the Nar
CO" fusion method. All metal elements other
than Si were determined using a T
atomic-absorption spectrophotometer a the
sample had been dissolved by the
digestion method. The amount of ferrous iron
was measured by titration with KCrzOz,
and C were determined on ,a Coleman
analyzer using VzOr flux. From the latter
SOz and COz were estimated, and HrO (+
subsequently found by subtracting these
the loss on ignition at 100OoC for I hour

X-ray analysis was carried out by th dif-
(T

lues
was

ferent techniques using Co Kq, radiati
1.7902 A). I-le layer-silicate basal reflt
before and after various treatments

rrer
the

vith

ob-
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tained with a Philips diffractometer from ori-
ented aggregates prepared by drying I rril of
clay suspension containing 40 mg of
a 25 x 37.5 mm glass slide. A Guinier-de
focusing camera (transmission type) was
for recording the nonbasal layer-silicate
tions. and a 114.6 mm diameter
camera was used in the identification
small black crystals.

Thermogravimetric data were recorded
a Cahn electrothermobalance having a
heating-rate of 5'C per min. Differential
mal analysis was carried out over the
ature range 25-1000'C with an R.L. Stone
apparatus icperating at a heating rate of
per min. Infrared-absorption spectra were ob-
tained with a Beckman IR-4250 infrared
trophotometer using both self-supporting
and KBr disc techniques.

Electron-optics and electron-diffraction
vations were madevatrons were maoe on speclmens
by allowing drops of very dilute clay
to dry at room temperature on copper
coated with a thin film of carbon. An
dispersive spectroscopic method was uti
supplement chemical data of the O.O71 pm
fraction and to determine the qualitative chem-
ical composition of the small black crystals.
For this purpose, an 54 Cambridge Stereoscan
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obtained by the Guinier-de Wolff camera con-
firmed that the O,O7-2 ym fractions consist
almost entirely of clay mica, whereas the coarser
fractions contain a moderate amount of quartz,
some marcasite; minor feldspars and a trace of
pyrite. The diffraction patterns of the finer
fractions revealed a single reflection at 1.49
A within the range 1.48 to 1.54 A, indicating
that the clay mica is dioctahedral. Its overall
pattern closely resembles that of lM muscovite
(Smith & Yoder 1956), except for weak reflec-
tions at 3.84 and 2.87 A. The latter suggests
a trace of a 3T-structure mica (Table 1). As
can be seen in Figure 1, the reflections with
indices l1l and 021 are as discrete as those
with indices 13/ and 20t, indicating that the
layer-stacking ariangement is fairly regular.

Figure 2 shows a diffractogram of an oriented
aggregate of the 'O.O7-Z ;r,m fraction at 4OVo
r.1I (ietative humitlity), 

"ihibiting 
a well-devel-

intensity ratio /oo'(10 A)/Ioor(5 A1 dec-reased
from 4.0 at AVo r.h. to 3.8 at LjOVo r'b'. (Table

2). Variations in the intensity of the O01 peak
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r Gulnier-canEra data

electron microscope was used with a Kevex
energy-dispersive X-ray spectrometer attach-
ment.

Surface-area and cation-exchange-capacity
measurements were carried out on the 0.07-2
pm fraction using the methylene-blue-absorption
method described by Hang & Brindley (1970).

RBsul-ts nr,tu DlscussroN

X-ray-diffraction data

An inspection of X-raydiffraction patterns

Fro. 1. Microdensitometer trace of a Guinier-de Wolff powder-diffraction
pattern of Eldorado illite.
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DEGREES 29, CoKd

FIc, 2. X-ray diffractogram of a sample of Eldorado illite having preferred orientation. Full scale = 2345
c.p.s.
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induced by changing humidity were reversible,
provided that the sample mount was equilibrated
at the desired relative humidity for one hour
immediately prior to analysis and that the same
conditions were maintained during the diffracto-
meter scan. Upon glycerolation (Table 2), the
10 A reflection showed a significant intensity
loss, but no suhtantial reflection shifts were
observed. These diffraction effects are com-
patible with the Presence of a small proportion

of expansible-layer components within the clay-
mica sample, probably as little as SVo.

At 4OVo relative humidity, the width of the
illite 1O A reflection, as expressed by the angular
width at half maximum intensity, was 0.5' (2d).
This is much broader than the value of 0.24.3"
for the microcrystalline muscovites reported by
Kodama & Brydon (1968). The angular width
varied little with hydration, dehydration and
glycerolation. This is a further indication of the
presence of only small amounts of expansible-

of the ([/ basal-reflection intensities and con-

to acid attack. Following the hot-acid treatment,
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TABTT 3. CHB,IICAL C$IPOSITIOII AND CALCIJTATION OF STRUCTURAL FOR.IUIA

1 1 3

vl.%
* -sulfur and

rt.% carbon fr€e
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llultbel: of catlons
on the basis of total anlonlc

charyes 22 (-0r1)

wt.%
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Tl0z tr

A1203 25.89

Fe203 5.Oz

FeO 2.40

l4n0 0.08

l'fso 2.25

Cao 0.45

KzO 5.70

Na20 0.15

H20 (+)  7.60

S0z 0.24

COz 0.95
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tr
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|  
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Fe3+

Fe2+

Hg

K

Na

Ca

Total  1@.68 99.36
' |  00.00

Apart from these maJor and nlnor [EtaI elenEnts, an energy dlsperslve X-ray

spectrolEter detected a trace of vanadlLm but not uranlm.

Slnce the coarser fractlon contalned pyrlte and marcasite, S02 was assuned
to have orlglnated from these sulfldes whlch nlght also be present ln the

0.07-2 un fractlon sample. Consequently, the armunt of ferrous lron requircd

for the anount of S fron S0z to construct FeS2 rBs calculated and lts oxlde

equlvalent was subtracted fror'f. 2.40%,

only minute traces of quartz and anatase could
be detected in X-ray powder patterns of the
decomposed illite residue.

Chemical data

The chemical analysis of the 0.07-2 pcm
fraction is shown in Table 3. As in manv oiher
clay micas (Weaver & Pollard 1973),low K,O,
high HzO (*) and moderate MgO contents are
indicated. The analyzed fraction also contains
fairly large amounts of FezOa * FeO. In cal-
culating a structural formula, the HrO (*) con-
tent was ignored because of the uncertainty in ac-
curately determining it, as pointed out in the
discussion of the thermal-analysis data. Calcula-
tions of the ionic populations were then based
on a total anionic charge of. 22, i.e., Oto(OH)r,
and yielded a structural formula (Ko."Cao.o.
Nao.or) (Alt .raFet*o.ruMgo.*Fe'+o.rr) (Sir.saAlo..)Oro
(OH)a similar to that of the Beavers Bend illite
described by Mankin & Dodd (1963). The ionic
population of the octahedral layer is 2.10, which
is slightly higher than the ideal dioctahedral-
mica value of 2.O0. This reflects the presence

of divalent cations, such as Mg and Fe2+, substi-
tuting for Al.

The total interlayer-cation population of O.65
is less than the theoretical value of 1.00 for
muscovite. Similarly, the substitution of Al for Si
in the tetrahedral layer of the illite is low relative
to that of muscovite, and most of the excess
negative charge created by the latter substitu-
tions is compensated by the positive charge of
the interlayer cations.

Although the octahedral ionic population is
2.10, the total octahedral-layer charge is 5.94,
giving -0.06 (- 5.94-6.00) as the net charge
on the octahedral layer. Assuming that available
cation-exchange capacity arises only from the
net negative charge originating within the octa-
hedral layer, the cation exchange capacity
(CEC) was calculated to be 15.8 meq/100 g
dry clay. Experimental determination of CEC
by the methylene-blue method yielded a value
of 11.5 meq/1o0 g dry clay. The discrepancy
suggests that the net negative charge may be
partly compensated by nonexchangeable inter-
laver cations.
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Ioss related to the 280'C maximum Q.A6Vo)
was calculated from TGA data between 180
and 350oC, where the corresponding minima
occurred on the DTGA curve. This weight loss
is thought to reflect the decomposition of small
amounts of organic matter and the loss of some
water molecules trapped in interlayer sites. Ac-
cording to the DTA curve, it may be assumed
that dehydroxylation was complete at 65OoC,
in which case the corresponding weight-loss
was 4.7Vo. The loss above 650'C wus l,62Vo.
From the evidence availablg it could not be
decided whether 4.'7Vo or the combined value
of. 6.32Vo was the real weight{oss resulting from
dehydroxylation. Total weight loss as deter-
mined by TGA is 8.87Vo on a moisture-free
basis (11G-1000'C), in good agreement with
the value of 8.79Vo determined as ignition loss
(Table 3).

I nf rmed-ab s o r ption s pectra

The infrared-absorption spectra of the 0.07-2
#.m fraction of the Eldorado illite are shown
in Figure 4 (a, b and bl). The absorption band
due to the OH-stretching vibration, which ap
pears at 3600 cm-1, is nearly 4O cm-l below
that in muscovite (Fig. 4, c). This displacement
may result from the substitution of Mg and
Fe for Al in the octahedral sites, which can
affect the OH-stretching frequencies, as has been
shown in the series muscovite-phengite--Al-cela-
donite (Farmer 1974). No substantial dichroic
effect was observed in the OH-stretching absorp-
tion band at 3600 cm-l (Fig. 4, b and b') indicat-
ing a dominantly dioctahedral structure. A rather
strong, broad absorption band at 340O cm-t
is ascribed to hydroxyl groups involved in water-
water hydrogen bonds, probably originating from
water molecules adsorbed on the surfaces of
clay particles.

As in muscovite (Fig. 4, c), the in-plane Si-
G-Si-stretching and Si-O-bending vibrations
appear as strong absorption-bands in the 97O-
1070 cm-r and 400-550 cm-t regions, respect-
ively. In the latter region, there are maxima at
43O, 470 and 510 cm-' in the Eldorado illite.
In comparison with those of muscovite, the three
illite bands are grouped more closely together,
and absorption at 430 cm-' is greater.

The distinct absorption-bands observed in
muscovite at 750 and 83O cm-t are very weak
or virtually absent in the illite. Both of these
bands are due to the substitution of Al for Si
in the tetrahedral layers (Farmer 1974). Ttc

TEMPERATURE { 'C)

Frc. 3. Thermal data for Eldorado illite.

Thermal data

The DTA curve (Fig. 3) shows an exother-
mic peak at 32O"C and three very broad endo-
thermic peaks at about 100, 460 and 86O'C.
The exothermic reaction may be attributed partly
to the oxidation of Fe'* to Fe3+ within the
structure. The second endothermic peak is the
largest and is due to dehydroxylation. The peak
maximum ternperature of 460'C is considerably
lower than the dehydroxylation temperature
commonly reported for illitic clays (about
550"C: Bradley & Grim 196l), indicating un-
usual thermal instability for the Eldorado illite.
The low-temperature endotherm is due to loss
of adsorbed water, and the third endotherm at
860"C is probably related to the formation
of new phases.

The TGA curve (Fig. 3) exhibits a rather
continuous weight loss in the temperature range
investigated, with a slightly more pronounced
weight loss in the vicinity of 45O-55O'C.
Total weight loss was 9.88Vo. Because the TGA
curve, as it stood, was not very informative, a
DTGA curve wa_s plotted from the TGA data
(Fig. 3). The DTGA curve indicates a medium-
size maximum at 280oC, adjacent to a major
one at 480oC, which corresponds to the endo-
therm at 4ffi"C in the DTA curve. The weight
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Ftc. 4. Infrared-absorption spectra (KBr disc method) of Eldorado illite (a) in comparison with that of a

hydrothermal microcrystalline muscovite (c). Infrared-absorption spectra b and bl were obtained from
a thin illite film at an6iles of 90 and 45o, respectively, with the incident infrared beam.
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chemical data indicate that the illite has a mod-
erate amount of Al substitution for Si, but
less than that in muscovite. This may be the
reason for the weakening of the absorption
band at 750 cm-l, which corresponds to Al-O-
Si in-plane vibrations. The band at 830 cm-1
was assigned to absorption caused by Al-O
out-of-plane vibrations: It was, therefore, ex-
pected to be influenced by the presence of
other octahedral cations substituting for A1. By
comparison with muscovite, the illite shows a
lower substitution of Al for Si in the tetrahedral
layer and more Mg and Fe atoms substituting
for Al in the octahedral layer. The latter situa-
tion may lead to a less-ordered cation distribu-
tion within the octahedral layer. These are
probably the reasons for the decrease in intensity
of the absorption band at 830 cm-l. Librational
vibrations involving OH in the range 915-950
cm-r, typical of dioctahedral species, were also
observed at approximately 920 cm-'.

Elcctron-optics and. electron-diffraction
observations

Most of the Eldorado illite particles consist
of lath-shaped crystallites, as shown in Figure
5a. Their sizes, which range from 2 to 0.15. p,m
in length and from O.3 to 0.06 pm in width,
suggest total surface-areas considerably larger
than the 6 m'/g value common among micro-
crystalline muscovites (Kodama & Brydon
1968). The illite surface area was, in fact, found
to be 63 m'lg, which is comparable to that of
68.1 m'/g reported for the Marblehead illite
by Gaudette (1965). Lath-shaped crystallites
may form twinn.ed aggregates in which groups
of parallel, lath-shaped crystals are stacked to-
gether at an angle of n x 60" relative to each
other (Fig. 5b), so that the electrondiffraction
patterns obtained from the crystal aggregates
still appear unaffected. These observations are
similar to those reported for aulhigenic illites
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Flc. 5. Electron micrographs of Eldorado illite.
Scale indicates I pm.

in sandstones by Rex (1966) and Marblehead
illite by Giiven (1972). Giiven suggested that
lath-shaped illites may originate through the
disintegration of pre-existing mica flakes by part-
ing along the (110) plane. This would result in
the exposure of structural hydroxyls and inter-
layer K atoms situated on this plane. Subse-
quent chemical alterationso therefore, could
geatly affect those cations and anions lying on
the plane, and might cause the release of K
atoms and the further attachment of hydroxyls
or water to octahedral cations exposed by loss
of the original hydroxyls. Tlre morphology, low
K and high HzO (f ) contents of the Eldorado
illite suggest that Gi.iven's hypothesis may apply
equally to our sample.

Importance of illite to sedimentary mineralogy

Although illite may be heterogeneous to some
degtee, as it contains a proportion of expansible

layers, the presence of the latter cannot account
for the observed compositional differences be-
tween illites and muscovites. The similarity of
the Eldorado illite to the high-purity sedimen-
tary-rock illites from Beavers Bend, Marblehead
and Rock Island is unlikely to be fortuitous, as
would be the case if illite consisted of mixtures
of muscovite and other 2:1 layer-silicate min-
erals, as envisioned by some workers. Rather,
the data appear to support the findings of
Hower & Mowatt (1966), wh noted the rela-
tive deficiency of tetrahedral Al and interlayer
K in all size fractions of illites, relative to mus-
covite. Within broad limits, the compositions of
dioctahedral micas in rocks should reflect the
conditions under which these were formed.

The Eldorado illite is also of interest as a
standard for the quantitative analysis of clay
micas by X-ray-diffraction procedures. Although
the choice of standards is always a major prob-
lem in mineral quantification, it is particularly
acute where clav minerals are involved. This

o/o

N = 2 3 4

l t t r

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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Frc. 6. Histogram of 10 A-phase minerals in 234
Canadian soil samples showing occurrence fre-
quency versus lO A diffraction-peak broadness
as expressed bv angular width at half height of
the peak murimum (B7z).
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difficulty is largely due to the compositional
variations within mineral species and to the wide
variety of crystallinity and particle size of min-
erals occurring in soils and sediments. Statistics
based on diffractionline-broadness observations
of 10 A reflections in 234 Canadian soil sam-
ples (Kodama, unpubl. data) reveal two maxi-
ma: 0.45 and 0.65' (20), as expressed by the
angular width at half height of the peak maxi-
mum (Fig. 6). The second maximum is known
to be the result of interstratification. Hence, the
model angular reflection-width among common
soil illites (0.45') is much closer to the value
of 0.5' obtained from the Eldorado illite than
to the O.3' of the 1-2 pm fraction of the mi-
crocrystalline muscovite previously used as a
standard in our laboratory (Kodama et al.
1977). KrO values also have been used to
estimate mica composition in soils and sedi-
ments. The estimate, however, depends on what
value is assumed for the KsO content of the
mica in question. The KrO content of the
hydrothermal microcrystalline muscovite stand-
ard is 9.42% (Kodama et al. l97l), higher
than the average value of 8% proposed by
Weaver (1965) for illitic clay-micas. Both still
exceed the 6.7OVo KzO of the present sample.
Since it is known that the intensities of mica
basal reflections vary with K content (Brown
1955), the illite sample should provide basal-
reflection intensity ratios that are more accurate,
if these are used in the quantification of illitic
micas in soils and sediments. This may be il-
Iustrated by a difference between the ratios /oor
( lo  A) :  looz (5 A; :  / * ,  (3.33 A)  of  4.65:

-  1.00:2.15 for  the i l l i te  and of  2.16:1.00:1.92 for
the standard used previously. The Eldorado illite
should serve as an excellent reference-specimen
and an appropriate standard.
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