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ABSTRACT 

In the first part of the report, a detailed description of crystal structure and chemical 
composition of clay minerals is given. Methods that are used for mineralogical 
investigation of bentonites and related clay deposits are then presented. Especially the 
handling and preparation methods are emphasized because they may affect the results. 
The presented methods are X-ray powder diffraction with all its applications 
(semiquantitative evaluation of mineral composition included), differential thermal 
analysis, infrared spectroscopy, electron microscopy (both transmission and scanning), 
chemical analysis, determination of exchangeable cations and cation exchange capacity 
as well as Mossbauer spectroscopy. In connection with every method, recommendations 
are given for mineralogical research ofbentonites. 

Bentonite and clay samples that were investigated originate from Wyoming (2), Kutch 
in India (4), Milos in Greece (3), NE Germany (1) and Czech republic (4). They were 
studied using following methods: X-ray diffraction (bulk sample, clay fraction and 
coarse fraction), infrared spectroscopy, transmission electron microscopy with energy 
dispersive analyser, chemical analysis (X-ray fluoresence spectroscopy & C- and S
analyser) and determination of exchangeable cations (several methods were tested). 
Mineral composition was evaluated semiquantitatively on the basis of X-ray 
diffractograms of bulk samples. In case of carbonate, sulphide and sulphate minerals the 
percentages received could be corrected according to chemical data. The crystallinity of 
smectite ranged from fair to poor and made the estimation of smectite content difficult. 
The percentages received are at their best semiquantitative and in most cases only 
indicative. Cation exchange capacity ranges considerably depending on the 
determination method. Too high values of exchangeable calcium were received with 
most of the tested methods in case the sample contained calcite. 

Bentonites from the different geographical areas have their typical characteristics. The 
Wyoming bentonites are of good quality, consisting mainly ofNa-montmorillonite. The 
Kutch bentonites contain much iron (10,6-14,2% Fe20 3), partly as hematite, and the 
smectite is poorly crystalline. The Milos bentonites contain pyrite (2,2-2,8% FeS2). Of 
the Czech samples two are kaolinite-bearing bentonites, two are smectite-bearing 
kaolinitic clays. They all contain iron (9,2-13,2% Fe20 3), partly as oxyhydroxide 
goethite. The Friedland clay is a mixture of clay minerals and contains expandable 
mixed-layer minerals. The cation exchange capacity of the Wyoming, Kutch and Milos 
bentonites is high, whereas the CEC of the Czech samples and the Friedland clay is 
considerably lower. 

Keywords: bentonite, smectite, mineralogy, X-ray diffraction, semiquantitative, 
infrared spectroscopy, electron microscopy, cation exchange capacity 



TIIVISTELMA 

Kirjallisuuskatsauksen aluksi selostetaan yksityiskohtaisesti savimineraalien rakenne ja 
kemiallinen koostumus. Metelmaosassa kaydaan lapi bentoniittien ja vastaavien 
saviesiintymien tutkimuksessa kaytettavia menetelmia painottaen erityisesti naytteiden 
kasittelya ja preparointia, joilla on vaikutusta tuloksiin. Kasitellyt menetelmat ovat 
rontgenpulveridiffraktio kaikkine sovellutuksineen (myos semikvantitatiivinen 
mineraalikoostumuksen maarittaminen), differentiaaliterminen analyysi, 
infrapunaspektroskopia, elektronimikroskopia ( seka lapaisy- etta pyyhkaisy-), 
kemiallinen analyysi, vaihtuvien kationien ja kationinvaihtokapasiteetin maarittaminen 
seka Mossbauer spektroskopia. J okaisen menetelman kuvauksen yhteydessa on 
suositukset toteutettavaa bentoniittitutkimusta varten. 

Bentonittitutkimuksen naytteista kaksi on Wyomingista, nelja Kutchin alueelta Intiasta, 
kolme Miloksen saarelta Kreikasta, yksi Koillis-Saksasta ja nelja Tsekin tasavallasta. 
Kaytetyt menetelmat ovat rontgendiffraktio (koko nayte, hieno fraktio ja karkea fraktio ), 
infrapunaspektroskopia, lapaisy-elektronimikroskopia, kemiallinen analyysi 
(rontgenfluoresenssispektroskopia, rikki- ja hiilianalysaattori) ja vaihtuvien kationien 
maarittaminen (useita menetelmia testattiin). Mineraalikoostumus maaritettiin 
semikvantitatiivisesti perustuen fraktioimattoman naytteen diffraktogrammiin. 
Karbonaatti-, sulfidi- ja sulfaattimineraalien osalta saadut prosenttiluvut voitiin korjata 
kemiallisiin analyysituloksiin perustuen. Smetiitin kiteisyys vaihteli verrattain hyvasta 
huonoon, mika vaikeutti smektiittipitoisuuden arvioimista. Saadut prosenttiluvut ovat 
parhaimmillaankin semikvantitatiivisia ja useimmiten suuntaa antavia. 
Kationinvaihtokapasiteetti vaihtelee huomattavasti riippuen maaritysmenetelmasta. 
V aihtuvan kalsiumin osalta saatiin useimmilla testatuilla menetelmilla liian suuria 
lukemia silloin, kun nayte sisalsi kalsiittia. 

Maantieteellinen jakauma heijastuu tiettyina bentoniittien ja savien ominaisuuksina. 
Wyomingin bentoniitit ovat hyvanlaatuisia ja koostuvat paaas1assa Na
montmorilloniitista. Kutchin bentoniiteissa on paljon rautaa (Fe20 3-pitoisuus 10,6-
14,2%), osittain hematiittina, ja niiden smektiitti on verrattain huonosti kiteista. 
Miloksen bentoniitit sisaltavat pyriittia (2,2-2,8% FeS2). Tsekin tasavallan naytteista 
kaksi on kaoliniittipitoista bentoniittia ja kaksi smektiittipitoista kaoliniittisavea. Kaikki 
ovat rautapitoisia (Fe20 3 9,2-13,2%) ja sisaltavat oksihydroksidi goethiittia. Friedland
savi on eri savimineraalien seos j a sisaltaa paisuvahilaisia seoshilamineraalej a. 
Wyomingin, Kutchin ja Miloksen bentoniittien kationinvaihtokapasiteetti on korkea, 
Tsekin tasavallan naytteiden ja Friedland-saven puolestaan huomattavasti alhaisempi. 

Avainsanat: bentoniitti, smektiitti, mineralogia, rontgendiffraktio, semikvantitatiivinen, 
infrapunaspektroskopia, elektronimikroskopia, kationinvaihtokapasiteetti 
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PART 1. METHODS OF INVESTIGATION- A LITERATURE REVIEW 

1 INTRODUCTION 

Bentonite clays have been planned to be used in various applications in order to backfill 
and seal the repository for high level spent nuclear fuel. The buffer around the waste 
canister composes of pre-compacted bentonite blocks while bentonite may also be used 
in backfilling and sealing of disposal tunnels and other underground facilities. Bentonite 
clays have certain desirable material properties such as swelling ability and high 
sorption capasity. These properties depend on the mineralogy and geochemistry of the 
material. There are various potential commercial bentonite products available in the 
markets but they are not necessary similar in respect to mineralogy and chemical 
composition. 

The differences between the mineralogy and geochemistry of different bentonites are 
usually due to differences in the geological history of the source occurrences. 
Bentonites are usually formed by alteration of volcanic ash or tuff, mainly rhyolitic or 
dacitic, either in situ or transported and redeposited. Characteristic for bentonites is that 
they are mainly composed of smectites, a group of expandable clay minerals with a 
wide range of chemical compositions. The desired material properties of bentonites, like 
swelling ability, plasticity, cation exchange capacity etc are dependent on the amount of 
smectite minerals in the bulk material, smectite species and on the exchangeable cations 
in the interlayer position. Also interlayering of smectites with another clay mineral, 
illite is common in bentonites. 

It is important to characterise the mineralogy of potential bentonites in detail to be able 
to evaluate their suitability for buffer and backfilling purposes, and to be able to 
evaluate their effects on the long-term safety of the repository. In order to obtain 
comparable characterisation results suitable investigation methods need to be evaluated 
and determined. The first part of this report summarizes the methods that can be used 
and discusses their suitability in bentonite research. Recommendations are also given on 
the characterisation methdos. Detailed information is included on methods of sample 
preparation and analysis in cases different methods possibly give diverting results. In 
the second part, a mineralogical and geochemical research of fourteen bentonites and 
smectitic clays is reported. The method recommendations presened in part 1 are applied 
and need for further investigations are identified. 
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2 STRUCTURE AND CHEMICAL COMPOSITION OF CLAY MINERALS 

2.1 Structure of clay minerals 

In this chapter, the structure of clay minerals is described. Without knowing the 
fundamental clay mineral structure it is not possible to understand many properties of 
the different clay mineral species. 

Clay minerals are phyllosilicates, and their structure consists of two types of sheets: 

- Tetrahedral sheets (Fig. 2-1) consist of corner-linked tetrahedra with oxygens in the 
corners and cations (T) in the centre. Dominant cation is Si4

+, but Ae+ is substituted 
for it frequently, up to half of the Si. Fe3

+ is substituted for Si4
+ occasionally; T/0 

ratio is T 20 5. The tetrahedra rest on a triangular face and share all three oxygens with 
three other tetrahedra. The sheet of linked tetrahedra has hexagonal symmetry. The 
fourth, apical, oxygen points in the figure downward from the base. 

- Octahedral sheets (Fig. 2-2) consist of edge-linked octahedra with OH in the corners 
and cations (R) in the centre. The cations are usually Al3

+, Mg2
+, Fe2

+ or Fe3
+, but all 

other transition elements and Li are possible. The octahedral sheets can be described 
as composed of two planes of closest-packed hydroxyls with cations occupying the 
octahedral sites between the two planes. 

Figure 2-1. Tetrahedral sheet. The open circles are oxygens, the black circles 
tetrahedrally coordinated cations. 

Figure 2-2. Octahedral sheet. The filled black circles are OH:s and the filled grey 
circles octahedrally coordinated cations. 
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Dioctahedral and trioctahedral: The cation to anion ratio in octahedral sheets is either 
1 :2 (M g) - trioctahedral, all three octahedral sites around each hydroxyl must be filled to 
have electrical neutrality - or 1:3 (Al) - dioctahedral, only two of every three octahedral 
sites around each hydroxyl need to be filled. Dioctahedral smectites have 
mainly Al in octahedral sheets, e.g. montmorillonite, the most common of smectites. 
Trioctahedral smectite is e.g. saponite that has mainly Mg in the octahedral sheets. 

Trans- and cis-vacant : There are two possibilities for the distribution of octahedral 
cations and vacancies in dioctahedral sheets. The hydroxyl configuration around the two 
types of octahedral sites is different: The site on the mirror plane has trans
configuration and the sites to the left and right of the mirror plane have cis
configuration (Fig. 2-3). Accordingly, trans-vacant are called those with the octahedral 
site on the mirror plane vacant and cis-vacant are those with one of the two octahedral 
sites on the left or right of the of the mirror plane vacant. 

The tetrahedral and octahedral sheets are linked together in two possible ways: 
- The 1:1 layer silicate structure: 1 tetrahedral + 1 octahedral sheet so that the apical 

oxygen of the tetrahedral sheet replaces one hydroxyl of the octahedral sheet. 
- The 2:1 layer silicate structure: 1 octahedral sheet between 2 tetrahedral sheets so 

that 2/3 of hydroxyls in the octahedral sheets are replaced by apical oxygens of the 
tetrahedral sheet. 

Polytypes: Polytypism is a consequence of different stacking arrangement of identical 
layers. The stacking can be regular or random, in case of smectites it is mostly 
turbostratic, that means, highly disordered. The symbols often seen in connection with 
micas indicate the number of layers in the repeating unit and the symmetry, e.g. 2M: 
two layers, monoclinic symmetry. 

tra11.~-vacaut cis-vacant 

8 AJ3+ ®on-

Figure 2-3. Distribution of Al3+ -ions in octahedral sheets with trans- and cis
vacant sites (Emmerich and Kahr, 2001) 
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Layer charge: When the tetrahedral and octahedral sheets are assembled into layers, the 
layers may be electrically neutral or they may be negatively charged. The layers are 
neutral if Si4

+ fills all tetrahedral sites and there is either R3
+ in two out of three 

octahedral positions or R2
+ in all three octahedral positions. The charge is negative if 

Ae+ is substituted for Si4
+ in the tetrehedral sites and/or Mg2

+ is substituted for Ae+ in 
the dioctahedral sheet. The maximum layer charge for most 2: 1 clay minerals is about 
1,00 based on T40 10 =formula unit, half of the unit cell. Neutrality is restored by having 
either single ions or ionic groups in the space between the layers = in the interlayer 
space. K, Na and Ca are the most common interlayer cations, in addition the interlayer 
space can be filled with complete and incomplete hydroxyl sheets, ammonium ions, 
organic molecules and water. Hydrated divalent cations in the interlayer space tend to 
organize OH ions in the same configuration as the oxygen in a hydroxyl sheet. Layer 
charge is characteristic for clay mineral groups. Of 2:1 clay minerals, micas have layer 
charge 1/formula unit, illites <0,9 but > 0,6, vermiculites 0,6 - 0,9 and smectites 0,2 -
0,6/formula unit. The last two groups are considered as swelling because they can have 
variable amount of water (Fig. 2-4) in the interlayer position. 

d-spacing 
14-15 A 

o Oxygens 

E> Hydroxyls 

Exchangeable cations 
+ n H20 

• Aluminum, Iron, Magnesium 

~ Silicon, occasionally aluminum 

Figure 2-4. Crystal structure of montmorillonite (Pusch & Karnland, 1996) 
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Mixed-layer clay minerals: Layers of two or, rarely, several components can be stacked 
along a line perpendicular to (001). Stacking can be random, partially regular or regular. 
Some regularly stacked 50/50 mixed-layer clay minerals have their own name, e.g., 
recto rite ( dioctahedral mica/ dioctahedral smectite) and corrensite (low-charge 
trioctahedral smectite/trioctahedral chlorite or high-charge trioctahedral 
vermiculite/trioctahedral chlorite). The most common mixed-layer clay mineral is 
illite/smectite. R = Reichweite is a measure of ordering. An example: the mixed-layer 
mineral is made up of two types of layers, A and B. How much influence does A have 
on what the next layer will be or the next layer after that? Random, R = 0, no influence 
(flipping a coin). R = 1, e.g. perfectly ordered 50/50 illite/smectite, ISISISI. R = 3, 
ordering of type ISII, each B-layer is surrounded by at least 3 A-layers on each side. 

2.2 Chemical composition of clay minerals 

Most clay minerals show a wide range of chemical compositions. Variation is due to 
substitutions in both tetrahedral and octahedral sheets and also to the exchangeable 
cations in the interlayer position. The 1: 1 mineral kaolinite has no substitutions, no 
interlayer cation and a simple chemical formula: Ab[Sb05(0H)4]. The general formula 
of2:1 clay minerals can be expressed as (Lagaly & Koster, 1993): 

Mv+ (H 0) {(M 3+ M 2+ M +)(6-x)+ z/v 2 n e ' e ' e 2 -3 
interlayer octahedral 
where z is the layer charge 

[Si4- yAl y 010 (OH)2]} z
tetrahedral 

The structural formula of purified (by fractionation) montmorillonite, MX -80 bentonite 
(Neaman et al., 2003): 
(Si 3.98 Al o.02)(All.ssFe3+o.o9 Fe2+o.o8 Mg o.28) 0 10(0H)2 x Nao.18Cao.1o 
tetrahedral octahedral interlayer 

The major smectite species: 
Montmorillonite: Only Si in the tetrahedrons and mainly Al in the octahedrons, ratio 
between tetrahedral (xt) and octahedral (x0 ) charges: x0 / Xt > 1; end-member 
composition: (M+ ynH20)(Ah-yMgy)Si4010(0H)2 (Brindley, 1980), dioctahedral 
Beidellite: Si and Al in the tetrahedrons and mainly Al in the octahedrons, ratio 
between tetrahedral and octahedral charges: x0 / Xt <1; end-member composition: 
(M+ xnR20)Alz(Si4-xAlx)OlO(OH)z (Brindley, 1980), dioctahedral 
Nontronite: Si and Al in the tetrahedrons and Fe in the octahedrons; end-member 
composition: (M+ xnH20)Fe3+ 2(Si 4-x Alx)010(0H)2 (Brindley, 1980), dioctahedral 
Hectorite: Si in the tetrahedrons and Mg and Li in the octahedrons; end-member 
composition: (M+ ynH20)(Mg3_yLiy)Si40 10(0H)2 (Brindley, 1980), trioctahedral 
Saponite: Si and Al in the tetrahedrons and Mg in the octahedrons; end-member 
composition (M+ x-ynH20)Mg3_y(Al,Fe )y(Si 4-x Alx)010(0H)2 (Brindley, 1980), 
tri octahedral 

Intermediate compositions are common. In the montmorillonite-beidellite series, most 
compositions are on the montmorillonite side of the 1: 1 mole ratio and compositions 
near the beidellite end-member are rare (Brindley, 1980). A beidellite-nontronite series 
with intermediate compositions is found (Brindley, 1980). 
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3 METHODS OF INVESTIGATION 

3.1 X-ray powder diffraction (XRD) 

3.1.1 Preparation methods for XRD 

Bulk material: In case of bentonites it is necessary to examine both the bulk material 
and the clay fraction isolated by sedimentation or centrifugation. The bulk sample needs 
to be ground (agate mortar or equivalent) before mounting for XRD run. Orientation 
should be avoided, especially if the peak intensities are used for semiquantitative 
evaluation of mineral composition. Each laboratory has its own routines, depending 
mainly on the type of sample holder used. Cracking and peeling can cause problems in 
case the mount is done on glass slide because smectites shrink on drying. 

Oriented mounts: Most characteristic for clay minerals are their basal reflections (type 
00/). In diffractograms of preparations where platy clay mineral grains lie parallel to the 
aggregate surface only the 001-peaks are seen. The presence of quartz, feldspars and 
other non-platy minerals disturb the preferred orientation and therefore clay fraction 
( < 2 ~-tm) or even finer fraction ( < 1 ~-tm or < 0,2 ~-tm) that contains less non-platy 
minerals should be used. However, smectites are finer-grained than other clay minerals 
and the fraction < 0,2 ~-tm probably only contains smectites. This has to be kept in mind 
if semiquantitative evaluations are made based on XRD scans of oriented mounts. 

There are several methods of preparing oriented mounts of the clay fraction. Detailed 
descriptions are given by Moore & Reynolds (1997). 

1) The easiest method is to drop clay suspension on a glass slide and let it dry at room 
temperature. Finest particles tend to settle on the top so that this method is not 
recommended if semiquantitative evaluations of mineral composition are made. For 
identification purposes it is acceptable. The surface of the aggregate is smooth, as 
desirable. 

2) Another easy method is to centrifuge the clay suspension and smear the thick paste 
on a glass slide. This method is not mentioned by Moore & Reynolds but is widely 
used (e.g. by Drief et al., 2001; Inoue et al., 1987). The surface of the aggregate is 
often not as smooth as desirable. 

3) Recommended but not so easy is the filter-membrane peel-off technique (Drever, 
1973). The clay suspension is vacuum filtered on 0.45 ~-tm membrane filter and laid 
face down on a glass slide. The filter is removed carefully. Care must be taken, that 
there are no air pockets under the clay film. In that case the sample fails to adhere to 
the glass slide at those points. If necessary, the clay can be resuspended and filtered 
again. If filtering is quick enough (couple of minutes), there is no gradation and the 
top layer represents the average grain size distribution of the fraction. 
Semiquantitative evaluations can be done. Filtering of Na-smectitic clays can be 
problematic because of the gel-like suspension formed when the clay is mixed with 
water. 
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4) Another recommended method is preparation on porous plate. However, this method 
is not used in Finland. 

3.1.2 Solvation and heating 

The aggregates are dried at room temperature and the XRD patterns recorded. The 
identification of expandable clay minerals includes solvation with ethylene glycol or 
glycerol that are able to enter the interlayer positions. The recommended method is to 
keep the clay aggregate for long enough time in ethylene glycol (EG) vapour at elevated 
temperature (24 hat 80°C, Driefet al., 2001; at least 48 hours at 60°C, Olsson, 1991; at 
least 8 h at 60°C, Moore & Reynolds, 1997; 12 hours at 70°C, Claret et al., 2002). 
Glycerol solvation has to be done by adding a drop of liquid on the wet clay aggregate 
and letting it almost dry. This can disturb the orientation and the quality of pattern is 
often poor, because the aggregate has to be run wet. Solvation with EG shifts the low
charge vermiculite and smectite 001-peak position from 12- 15 A to 16- 17 A. 
Glycerol solvation shifts the 001-peak of Mg-saturated smectite to 17- 18 A whereas 
the vermiculite 00 1-peak remains unchanged at 14 - 15 A. Heating both vermiculite and 
smectite to 300°C and higher temperatures causes dehydration and shifts the 001-peak 
to 10 A. 

Examples of preparation and solvation methods used in bentonite research: 

- Inoue et al. (1987): The < 1 J-lm fraction of untreated clay samples was isolated by 
centrifugation. The suspensions were smeared on glass slide, dried at room 
temperature, solvated with ethylene glycol (EG) vapor, and examined by XRD 

- Drief et al. (2002): The< 2 J-lm fraction was isolated, smeared on glass slide, dried at 
room temperature, solvated with ethylene glycol at 80°C for 24 h, heated at 550°C 
for 1 h 

- Churchman (2002): EG-solvation: The aggregates were placed in a vacuum 
desiccator over ethylene glycol liquid and left there for at least 2 days. Saturation 
with Mg on membrane filter: The sample on the filter was covered twice with 1 M 
MgCh for at least 10 min, the excess electrolytes were removed by washing with 
deionized water at least three times. 

- Kirsimae et al. (1999): XRD slides were obtained by sedimentation on a porous 
porcelain plate under pressure or by smearing on a glass slide (sub fractions of the < 
2J.!m material: 2-0,6, 0,6-0,2, 0,2-0,06 and < 0,06 J-lm). Solvation with ethylene 
glycol vapour: 60°C, 48 h. Heat treatment: 525°C, 2 h. Mg-exchange: 1 M MgCh 
overnight. 

3.1.3 060 reflections 

The d-value of the 060 (06-33) reflection of clay minerals is used for distinction 
between dioctahedral and trioctahedral types. This is because the cell b-dimension is 
sensitive to the size of the cation and the site occupancy in the octahedral sheet. The 
d(060) value of dioctahedral minerals like kaolinite and muscovite is around 1,49 A 
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whereas the d(060) value of trioctahedral minerals like biotite and vermiculite is around 
1,54 A. The d(060) of montmorillonite ranges from 1,49 to 1,50 A whereas that of 
nontronite is 1,52 A (Moore & Reynolds, 1997). 

3.1.4 Determination of layer charge 

Both magnitude of the layer charge and the homogeneity of the charge distribution may 
be deduced from swelling behaviour in relation to adsorption of amines that proceeds by 
a cation exchange reaction (MacEvan & Wilson, 1980; Olins et al., 1999). The 
orientation of alkylammonium ions between the silicate layers depends mainly on layer 
charge and in low-charge minerals on the chain length of the cation. Short chains are 
arranged in mono layers with the chain axis parallel to that of the silicate layer and yield 
a spacing at approximately 13,5 A. Double-layer arrangement yields a spacing at 
approximately 17,5 A. Third possibility is a paraffin-type arrangement where the angle 
between the chain axes and the silicate layers increases with layer charge and the basal 
spacing increases linearly with increasing chain length of the cation. In vermiculites the 
angle ranges from 50-60° and approaches 90° in micas (MacEvan & Wilson, 1980). 

3.1.5 Identification of mixed-layer clay minerals 

Illite/smectites are the most common of mixed-layer clay minerals, even more common 
than either discrete illite or discrete smectite (Moore & Reynolds, 1997). The mixed
layer illite/smectite has been considered as a member in transition series from smectite 
to illite. A second theory is that transformation proceeds via dissolution and 
reprecipitation. It has also been proposed that illite and smectite actually are one mineral 
behaving differently when in different particle sizes. There are several methods that can 
be used to estimate the percentage of illite layers in illite/smectite (liS) mixed-layer 
minerals that are common in bentonites, too. 

Sakharov et al. (1999) propose a trial-and-error approach based on direct comparison 
between calculated and experimental XRD patterns. Inoue et al. (1989) use the 
saddle/00 1 method for estimating the percentage of smectite layers in randomly 
interstratified illite/smectite minerals. It is based on measuring the height of the 001-
peak and the height of the 'valley' on the low-angle side of the peak, both above the 
background level. Moore & Reynolds (1997) propose an easy method to estimate 
percent illite in illite/smectite mixed-layer minerals. It comprises measuring the 
positions of the composite peaks 001I/002S and 002I/003S in XRD patterns of EG 
solvated, oriented specimens (Table 3-1 ). Both the peak positions and their distance in 
0 28 (CuKa) can be used. The use of ~28 eliminates the errors caused, e.g., by 
specimen displacement. Interference from other clay minerals can, however, make this 
measurement impractical. 
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Table 3-1. Determination of the percentage ofillite layers in illite/smectite mixed-layer 
minerals (Moore & Reynolds, 1997). See text. 

001/002 002/003 
0/o Illite R d(A) 0 28 d(A) 0 28 ~ 0 28 

10 0 8,58 10,31 5,61 15,80 5,49 
20 0 8,67 10,20 5,58 15,88 5,68 
30 0 8,77 10,09 5,53 16,03 5,94 
40 0 8,89 9,95 5,50 16,11 6,16 
50 0 9,05 9,77 5,44 16,29 6,52 
60 1 9,22 9,59 5,34 16,60 7,01 
70 1 9,40 9,41 5,28 16,79 7,38 
80 1 9,64 9,17 5,20 17,05 7,88 
90 3 9,82 9,01 5,10 17,39 8,38 

Legend: R, Reichweite, ordering. R = 0, random; R = 1, regular of 
type ISISISI; R = 3, regular of type ISII See page 2. 

Srodon (1984) proposes a method to estimate the proportion of smectite layers in 
mixed-layer illite/smectite of diagenetic origin. It can be used even when the sample 
contains discrete illite. The method is based on the thickness of smectite-ethylene glycol 
complex and the positions of 002 and 003 peaks of glycolated, Na-exchanged 
illite/smectite. Kirsimae & J0rgensen (2000) applied the method to the research of 
Lower Cambrian clays from Estonia. 

3.1.6 Semiquantitative evaluation of mineral composition 

The intensity of peaks in X-ray diffractograms reflects the amount of minerals in the 
sample. The method, however, is far from quantitative. The main analytical difficulties 
are related to the chemical and structural characteristics of clay minerals: variable 
chemical composition, highly variable structures and various defects that disturb the 
three-dimensional periodicity. These variations result in large differences in the 
intensities of XRD reflections between different specimens of the same mineral (Srodon 
et al., 2001). In addition, there are several technical problems to be solved, e.g.: 

1) How to measure the intensity of a peak? Height or area? Best measure is the area, 
which new software is able to calculate. Acceptable is the use of height times width 
at half height. 

2) How to select the peaks that best represent the mineral? There are overlappings, e.g. 
quartz 101 and micaJillite 003 at 3,34 A. Nearby peaks can interfere, a curve-fitting 
program should be used. 

3) How does the chemical composition of minerals affect the intensities? Much, 
especially inside a group like chlorites where the Mg/Fe ratio is decisive for the 
relative intensities of 001 -peaks. Iron means problems, it causes scattering of X-rays 
when Cu-tube is used. 
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4) Is the sample thick enough and is it free of gradation? Is the sample surface smooth 
enough? Is 'random' preparation really random? Clay minerals have a tendency for 
preferred orientation. The quality of preparation has an effect on the peak intensities. 

5) Is there amorphous material that gives no peaks? Bentonites often contain poorly 
ordered, 'amorphous' Si02 that gives no XRD peaks. Organic matter, poorly ordered 
hydrous iron oxides? The presence of poorly ordered components easily leads to 
overestimation of crystalline components. 

6) Pure mineral fractions can be mixed in known proportions and calibration curves 
prepared. No problem with well crystalline minerals, but clay minerals are mostly 
poorly crystalline and very fine grained. Is it possible to find standard minerals of 
exactly the same crystallinity and exactly the same chemical composition? In case of 
clay minerals certainly not. In any case, several calibration curves are needed for 
each mineral pair. 

Many laboratories use factors to convert peak intensities to percent minerals in the 
sample. Olsson (1991) in her Ph.D. thesis collected data on relative intensities of typical 
minerals found in Scandinavian soils published by several authors. Table 3-2 gives an 
impression that there is no agreement about the factors that should be used in 
semiquantitative evaluation of mineralogy. 
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Table 3-2. Reported values of relative intensifies, given by equal amounts of minerals 
(Olsson, 1991). 

Author/miner. Pia g. K-fs Quartz Afb Chlorite Illite Verm. mount 

peak 3,19A 3,25A 3,34A 4,26A 8,3A 7A t4A lOA t4A 

Schultz ( 1964) 1 1 2 R 

Snall et al. 

(1979) 1 1 3 1 6 2 4 0 

Backman et al. 

(1986) 3 1 2 R 

Islam&Lotse 

(1986) 0,5 0,5 0,5 2,2 1 2,5 0 

Pederstad& 

Jorgensen 

(1985) b b b 2 1 3 0 

Roaldset 

(1978) 3 1 1 1 2 1 0 

Jorgensen 

(1965) 1 0,3 0,3 1 0 

Melkerud 

(1983) 1 0,8 0,3 1 6 2 4 O+R 

Olsson (1991) 1,3 1 0,6 0,8 0 
Legend: Plag., plagioclase; K-fs, potassium feldspar; Afb, amphibole; Verm., vermiculite; 
mount, XRD mount, random (R) or oriented (0). 
b, the authors used equations: wK-Js/Wq = 0,97 x IK-Js/Iq- 0,04; Wp/wq = 0, 79 x Ip/Iq-0,07. 

An example: A mixture ofplagioclase, K-feldspar and quartz, peak intensity of each is 
100 (quartz 4,26A peak). According to Islam and Lotse the mixture contains 33,3% of 
each mineral, according to Roaldset and Jorgensen 14,3% plagioclase, 42,9% K
feldspar and 42,9% quartz, according to Melkerud 17,9% plagioclase, 22,4% K-feldspar 
and 59,7% quartz and according to Olsson 22,4% plagioclase, 29,1% K-feldspar and 
48,5% quartz. 

At the Research laboratory of the Geological Survey of Finland, factors used for 
evaluation of mineral composition were calculated from patterns of mineral pairs with 
known proportions of each mineral (Table 3-3). Software determined the base line and 
the peak heights that were used for calculation of the factors. In most cases, quartz was 
one of the minerals and the intensity of its 4,26 A peak was taken as 1. The smectite 
used was montmorillonite from Wyoming. Using the factors from table 3-3, following 
percentages are received for the sample above: either 27,3% plagioclase, 27,8% K
feldspar and 44,8% quartz or 37,2% plagioclase, 24% K-feldspar and 38,8% quartz, 
depending on the composition of plagioclase. 
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Table 3-3. The factors used for semiquantitative calculations of mineral composition at 
the Research laboratory of the Geological Survey of Finland 

Mineral Peak, d (A) Factor 
quartz 4,26 1 
quartz 3,34 0,21 

K-feldspar 3,25 0,62 
Na-plagioclase 3,2 0,61 
Ca-Na-plagioclase 3,2 0,96 

biotite 10 0,16 

muscovite 10 0,5 

illite 10 0,5 

vermiculite 14 0,28 
chlorite 7 0,28 

hornblende 8,45 0,46 

kaolinite 7 4,3 
smectite 14 2,46 

calcite 3,03 0,2 
dolomite 2,89 0,22 

Kirsimae et al. (1999) used following factors: chlorite 14 A- 1,1; mixed-layer illite
smectite 10- 14 A- 1, illite 10 A- 2, kaolinite 7 A- 1; quartz 4,26 A- 4; K-feldspar 
3,94 A- 16; hematite/pyrite 2,7 A- 3. Curve-fitting program was used to resolve peaks 
of poorly crystalline illite and illite/smectite mixed-layer mineral as well as those of 
well crystalline illite and chlorite. 

An inter-laboratory comparison was done by analysing two samples in 19 laboratories, 
mainly in Germany and Austria (Ottner et al., 2000). The semiquantitative evaluations 
were mainly done by XRD. The participants used different methods of pre-treatment, 
preparation, analysis and evaluation. The samples were a carbonate-bearing, smectite
rich clay and a carbonate-free Quaternary loam that contains vermiculite and mixed
layer minerals. Reasonable conformity in quantitative results was obtained for the 
associated minerals (quartz, calcite, dolomite). Even qualitative identification of the 
clay minerals showed considerable divergences, causing a stronger deviation of 
quantitative data. Evaluated quartz content of the smectite-rich sample ranged from 11 
to 67%, most of the values were between 20 and 29%, the evaluated smectite content 
ranged from 7 to 23,8% and mica content from 11,9 to 26%. 

Similar ranges were found in another inter-laboratory comparison. Three artificial 
mixtures of quartz, K-feldspar, plagioclase, calcite, dolomite, siderite, pyrite, kaolinite, 
2:1 Al clay, 2:1 Fe clay and Fe-chlorite were sent to five laboratories for mineralogical 
analysis (Srodon et al., 2001). Quartz content was systematically overestimated (actual: 
25% - estimation: 32-68%; actual: 30% - estimation: 34-63%); K-feldspar content was 
underestimated (actual: 5% - estimation: 0-3%; actual: 10% - estimation: 1-8%), 
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plagioclase and calcite contents deviated to both directions. Of clay minerals, largest 
error was for the 2:1 Fe-rich clays, less for kaolinite and 2:1 Al clay. 

There are computer programs based on XRD patterns and chemical composition of the 
sample that can be used for semiquantitative evaluations (CQPA; Institute of 
Geochemistry, Mineralogy and Mineral Resources, Charles University, Prague). 
Quantitative mineralogical analysis using the Rietveld full-pattern fitting method is used 
e.g. by SKB. The method is based on comparison of a recorded XRD pattern with a 
calculated one on point-by-point basis (Bish & Post, 1993). Knowledge on the 
approximate crystal structure of all phases in mixture is required. The input data include 
space group symmetry, atomic positions, site occupancies and unit-cell parameters. 
Computer programs are available for the calculations. Problems with the use of Rietveld 
method for clay minerals are caused by their structure that is too complex to be 
modelled and refined (Srodon et al., 2001 ). 

In case of bentonites, best result could be achieved by a combination of three methods: 
XRD, total chemical analysis and determination of exchangeable cations. In case the 
main interest is the percentage of smectite, a method based on cation exchange capacity 
of pure smectite and bulk sample maybe used (Kaufhold et al., 2002). See 3.7. 

Recommendations: 

1) Bulk material is homogenized by gently grinding. Preparation for XRD is done 
trying to avoid preferred orientation. Full pattern (2 - 70°28) is recorded. If 
necessary for the identification of accessory minerals they can be separated by 
sieving and using electromagnet that enriches the minerals with magnetic properties. 
Light microscope, XRD and SEM/EDS can be used for identification. 

2) Clay minerals are identified from clay faction. It should be decided about the 
fraction. Either < 2 ~m or < 1 ~m is recommended because they can easily be 
isolated by sedimentation. The finer the fraction the less there is quartz and other 
detrital compounds and, on the other hand, the more there is smectite. Oriented 
mounts are prepared using either the filter-membrane peel-off technique or by 
dropping clay suspension on glass slide. Filtering of smectites can be problematic, on 
the other hand the glass slide technique leads to overestimation of smectite content. 
After recording the pattern (2 - 30°28) the mount is kept overnight in ethylene glycol 
atmosphere at 60-70°C (e.g., in desiccator with ethylene glycol liquid on the bottom). 
The pattern is recorded again and used for the estimation of percentage of illite layers 
in mixed-layer illite/smectite. Based on the results of these two scans the necessity of 
heat treatments and saturation with different cations is considered. In case the 
presence of any kind of mixed-layer minerals are suspected, saturation with Mg, 
solvation with glycerol and heat treatments are inevitable. 

3) Two methods can be tested for the semiquantitative evaluations: 
Calculations based on the XRD pattern of the bulk material using the factors 
adapted at GSF 
Calculations based on total chemical analysis and exchangeable cations taking 
into account the mineralogy as determined with XRD 
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3.2 Differential thermal analysis {DTA) 

Differential thermal analysis is used for registration the temperatures of endothermic 
and exothermic reactions. It is often coupled with TGA, thermogravimetric analysis that 
registers changes in sample weight. The furnace heating rate can be chosen. Post and 
Borer (2002) used heating rate 7°C/min and noticed, that the endotherm temperature 
correlated with the interlayer cation of mixed-layer illite/beidellites and beidellites. 
DTA gives information about the thermal stability of clay minerals but effects of long
term exposition to elevated temperatures cannot be simulated. For instance hydration 
water is lost with heating to 11 0°C if the heating is prolonged over 24 hours. At normal 
heating rate in DT A, 1 0°C/min, some hydration water still exist in clay minerals heated 
to 300°C, even if most of it is lost below 200°C. Structural water is lost between 500 
and 700°C. 

The thermal stability of dioctahedral smectites consisting of cis-vacant 2:1 layers are 
characterized by dehydroxylation temperatures of 150-200°C higher than those for the 
same mineral consisting of trans-vacant 2:1 layers, ea 700°C vs ea 550°C, respectively 
(Drits et al., 1995). In case distinction between these two types is considered necessary, 
the use ofDTA is recommended. 

Recommendation: 

Use of DT A/TGA is recommendable only if the distinction between cis- and trans
vacant varieties is considered as necessary. 

3.3 Fourier transform infrared spectroscopy {FTIR) 

Infrared spectroscopy is best suitable to investigation of compounds with simple 
chemical formula. Clay minerals are chemically related and IR spectra of a mixture of 
them are difficult to interpret. Bentonites are mineralogically simple, although 
chemically complicated, and FTIR can be used especially for comparing samples with 
each other. Because the amount of sample used for pressing the pellets is very small (1 -
3 mg of sample/1 00 - 300 mg of KBr) clay fraction should be used. It also contains less 
detrital minerals like quartz and feldspars. If it is necessary to record the IR spectra of 
bulk samples they have to be homogenized carefully. In a series of papers on bentonite 
mineralogy, no information is given on the fraction used for FTIR. Apparently, bulk 
material has been used. It is possible that some information can be obtained of the 
amorphous compounds present. 

Madejova & Komadel (2001) recommend the use of two different sample/KBr ratios for 
pressing the pellets: 2 mg of sample and 200 mg ofKBr to record optimal spectra in the 
region of 4000-3000 cm-1 and 0,5 mg of sample and 200 mg of KBr to record optimal 
spectra in the region 4000-400 cm-1

• Discs for the 4000-3000 cm-1 were heated 
overnight at 150°C to minimize the water absorbed on KBr and the clay sample. A list 
ofiR-bands in two Wyoming bentonites are given in table 3-4. 
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Recommendation: 

It is recommended, that the fraction < 2 J.lm or < 1 J.lm is used for FTIR. If bulk material 
is used it is recommended that the samples are sieved through a 62 J.lm sieve and the 
fine fraction carefully ground before mixing with KBr and pressing the pellets. The 
optimal sample to KBr ratio can be found by testing. The exact amount of sample 
should be recorded to enable comparison of samples with each other. IR can be used for 
quantification, but the sample/KBr ratio in the pellet has to be taken into account. The 
pellets should be kept overnight at temperature > 100°C (e.g., 150°C; Madejova & 
Komadel, 2001) before recording the spectra in order to get rid of excess water. 

Table 3-4. IR-bands in the spectra of Wyoming bentonite MX-80 (Madejova et al., 
2002) and of SWy-2 montmorillonite (Clay Minerals Society source clay from 
Wyoming; Made} ova & Komadel, 2001) 

MX-80 Swy-2 

Band Band 
cm -1 Description cm -t Description 
3632 OH stretching 3632 OH stretching of structural 

3627 hydroxyl groups 
3435 H20 stretching 3422 OH -stretching of water 
3250 H20 bending 
1634 H20 bending 1634 OH deformation of water 
1048 Si-0 stretching 1041 Si-0 stretching 
918 AI-OH-AI bending 917 AIAIOH deformation 
876 Al-OH-Fe bending 885 AlFeOH deformation 
843 Al-OH-Mg bending 842 AlMgOH deformation 

798 Si-0 stretching of quartz and 
silica 

778 Si-0 stretching of quartz 
622 Al-O+Si-0 out-of-plane 620 Coupled Al-0 & Si-0 out-of-

vibration plane vibration 
525 Al-0-Si bending 524 Al-0-Si deformation 
468 Si-0-Si bending 466 Si-0-Si deformation 
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3.4 Transmission electron microscopy (TEM) 

Transmission electron microscopy can be used for observation of single clay mineral 
grains. Stacking of layers, thickness of domains and nature of interlayering can be 
observed, provided that resolution is good enough (couple of A:s). To be able to 
observe the thickness of layer packages, preparation should be done so that the layers 
are almost perpendicular to the surface of the preparation. The conventional method to 
prepare a thin suspension and drop it on a carbon-coated metal grid gives preferred 
orientation and allows only observation of clay flakes 'from above'. If the TEM 
instrument is equipped with EDS and electron diffraction, information about chemical 
composition and crystal structure of single grains can be obtained. 

There are several methods of preparation to be found in literature: 

- Drief et al. (2002): The residue was embedded in epoxy resin and sectioned with a 
diamond knife (LKB ultramicrotome). The sections obtained (< 50 nm thick) were 
deposited on carbon-coated copper grids. 

- Inoue et al. (1987): Specimens were prepared by spreading the sample on Ni TEM 
grids and shadowing it with Pt-Pd at an angle for which the ratio of the particle 
thickness to shadow length is 0.5. 

- Bentayeb et al. (2003): The powder clay fraction was embedded in Araldite resin 
before being sectioned in very thin slices ( <300 A) with an ultramicrotome equipped 
with a diamond knife. 

- Dudek et al. (2002): Appr. 2 mL of the clay suspension was poured onto Scotch tape 
( 4 cm2

) that had been stuck to a glass slide, and dried at 60°C on a hot plate. A small 
amount of the sample ( ~ 10 mm2

) is extracted from the Scotch tape and embedded in 
low-viscosity epoxy resin. 

Recommendation: 

Preparation method best suited for observation of basal spacings of clay minerals will 
be found in tests done in co-operation with the Insitute of Materials Science, Tampere 
University of Technology. Preliminary work is done using the conventional preparation 
method of dropping suspension on a carbon-coated copper grid. 

3.5 Scanning electron microscopy (SEM) 

Scanning electron microscopy is best suitable for observation of bentonite structure. 
The resolution is not good enough to allow observation of single clay mineral grains. 
Coarse-grained accessory minerals can be identified by observing their morphology and 
getting information about their chemical composition with help of EDS. It is also 
possible to get semiquantitative chemical data on bentonites using SEM-EDS. It is 
necessary to analyse a great number of aggregates to get statistically reliable data. 
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Recommendation: 

SEM is only used if more information is needed about the accessory, non-clay minerals 
of bentonites. Normal light microscope can also be used for the identification of silt
sized and coarser mineral grains. 

3.6 Chemical analysis 

There are several methods to determine the total chemical composition of bentonites. 
Wet chemical methods are based on dissolution via melt of the material (mainly 
silicates) and determination of concentrations in solution using plasma spectroscopy 
(ICP-AES, ICP-MS) or atomic absorption spectroscopy (AAS) etc. Another possibility 
is to use X-ray fluoresence spectroscopy (XRF). The detection limits of XRF are not as 
good as those of wet chemical methods but the advantage is that all elements are 
determined at the same time from the same preparation. 

Examples of methods for total chemical analysis used in different laboratories: 
- Ramirez et al. (2002): The major elements were determined by X-ray fluoresence 

(XRF) using a Philips PW-1404 X-ray spectrometer with Sc/Mo tube and operated at 
30 kV and 80 mA. 

- Cara et al. (2000): Chemical analyses were carried out by a Philips 1400 XRF 
spectrometer, operating with a Rh tube at 30 kV and 60 mA. 

- Bentayeb et al. (2003): XRF (Si, AI, Fe, Mg, Ca and S) and atomic absorption 
spectroscopy (Na, K and Ti) 

- Inoue et al. (1987): Chemical analysis (Mg, AI, Si, K, Ca and Fe tot) was carried out 
with a Hitachi H-500 transmission electron microscope equipped with a Kevex 5000 
solid-state detector for energy-dispersive X-ray analysis and a microcomputer for 
quantitative data processing. 

- Churchman et al. (2002): For analysis of elemental composition,~ 1 g of each sample 
was weighed accurately into glass vials with ~4 g (also accurately weighed) of 12-22 
lithium metaborate/tetraborate flux. The mixture was fused into a homogeneous glass 
in a Pf-Au crucible over an oxy-propane flame at ~1050°C and, when molten, poured 
into a 32-mm diameter Pt-Au mould heated to a similar temperature. The melt was 
cooled by air jets for ~30 s and the resultant glass disks were analysed by a Philips 
PW1480 X-ray fluoresence spectrometer using algorithms developed in CSIRO. 

Recommendations: 

Bulk samples are carefully homogenized, dried and analysed using XRF. Ctotal and Statal 
are determined with carbon/sulphur analyser, Leco or equivalent. 
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3. 7 Exchangeable cations and cation exchange capacity (CEC) 

In clay minerals, exchangeable cations are situated in interlayer positions and on outer 
surfaces and edges. They stabilize negative charges that on outer surfaces and edges are 
variable and depend on pH (Stumm, 1992). At pH 4 the outer surfaces and edges are 
supposed to have zero negative charge. In interlayer positions of expandable 2:1 clay 
minerals (smectite, vermiculite), most exchangeable cations are hydrated. They can 
easily be exchanged by cations from solution, provided that the ionic strength of the 
solution is high enough. In general, divalent cations like Ca2+ and Mg2+ (higher charge) 
tend to substitute for univalent cations like Na+ (lower charge) in the interlayer position. 
The cation exchange capacity (CEC) can be determined as sum of exchangeable cations. 

The standard cations for determining exhangeable cations and measuring cation 
exchange capacity areNa+, NH/, and Ba2+. Sodium is one of the exhangeable cations 
itself. NH4 + is often used as standard method but it may form inner-sphere complexes 
with 2: 1 layer clays and may substitute for cations in easily weathered primary soil 
minerals (Stumm, 1992). Barium precipitates as sulfate if sulfur is present in the 
sample. Most of the bentonites to be examined in this project contain sulphur (e.g., MX-
80: 2700-3200 mg/kg; Friedland clay: 650 mg/kg; Milos: 5600-6600 mg/kg; Pusch, 
2002). Cesium is used in many laboratories. 

Grain size of the material used for the determination of CEC plays an important role. 
CEC of bulk material is definitely lower than that determined of its clay fraction. 
Another question is, how does suspending and sedimentation in deionized water change 
the clay. A small part of the exchangeable cations are probably dissolved. 

Methods used in different laboratories: 

- Meier & Kahr (1999): Cu-triethylenetetramine method, pH 4- 9 
- Bergaya & Vayer (1997): Cu ethylenediamine complex 
- Cuevas et al. (2002): 1 M ammonium acetate at pH 8, CEC as sum of exchangeable 

cations 
- Emmerich & Kahr (2001): ammonium acetate at pH 7 
- Emmerich et al. (2001): exchangeable cations were removed by washing five times 

with 25 ml of a 1 M ammonium acetate solution (pH 7) for 12 h. Excess ammonium 
was removed by washing six times with ethanol. All supematant liquids were 
collected. For the CEC determination, the HN4+ was exchanged by Na+. Liberated 
NH3 was transferred by steam distillation in a distillation unit into a Erlenmeyer flask 
and titrimetrically determined. 

- Madsen (1998): ammonium acetate, pH 7, washing with ethanol 
- Churchman et al. (2002): leaching with 1 M NH4Cl 
- Kahr & Madsen (1995): methylene blue, only for Na-forms 
- Cara et al. (2000): complexometric titration based on the saturation of clay by a 

Mg2+ solution, addition of an excess of EDTA, and titration of this excess by using a 
Mg2+ solution 

- Churchman (2002): XRF analysis of a barium-saturated sample 
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Methods have been developed to measure the amount montmorillonite in bentonites 
based on cation exchange capacity (Kaufhold et al., 2002). First of them considers CEC, 
layer charge and variable charge. Layer charge can be detemined using 
alkylkammonium ion expansion (Olins et al., 1990) and variable charge calculated as 
difference between CECpH7 and CECpH4· At pH 4, the crystal edges are supposed to 
have zero negative charge. The second method is based on the comparison of the CEC 
of untreated bentonite and the respective pure montmorillonite separated by 
fractionation. 

Recommendations: 

First it should be decided about the fraction used for determinations. Using clay fraction 
higher CEC:s are obtained than by using the bulk material. The difference depends on 
the amount of clay fraction in the samples. GSF has used fraction < 2 mm, RA WRA 
fraction < 5 ~m and SKB clay fraction. The results are not comparable. 
Exchangeable cations and CEC should be determined with two methods: NH4-acetate 
and BaCb are recommended. Ammonium acetate is a routine method but possibly gives 
too high CEC values. Barium chloride is the routine method used at GSF. The copper 
method selected by SKB could be tested with couple of samples (University of 
Helsinki, Department of Geology). 

3.8 Mossbauer spectroscopy 

The oxidation state of iron can be determined using Mossbauer spectroscopy. Also the 
identification of Fe-bearing minerals is possible. Bentonites often contain a small 
amount of iron oxides or sulphides that may be difficult to identify with XRD. Iron 
(Fe2

+ or Fe3
+) is also present in octahedral layers of smectite and Fe2

+ is a possible 
interlayer cation. 

Recommendations: 

The use of Mossbauer spectroscopy is recommended if it is necessary to know the 
amount of iron oxides and oxyhydroxides in bentonite. The amount of pyrite and other 
sulphide minerals can be calculated from chemical data. 

3.9 Additional determinations 

The use of following methods should be considered: 
- Grain size distribution, at least the amount of clay fraction 
- Specific surface area, e.g. the BET method 
- Geotechnical methods that support the determination of smectite content, e.g. liquid 

limit and swelling ability 
- Determination of organic content 
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4 SUMMARY ON RECOMMENDABLE METHODS 

Table 4-1 & 4-2 represent a summary on recommendable methdos for studying the 
mineralogy ofbentonites. 

Table 4-1. Summary on recommendable methods for basic research of bentonite 
mineralogy. The table is based on experience from the research documented in Part 2 of 
this report. 

Method Information 
X-ray diffraction of bulk samples Qualitative mineralogy 

X-ray diffraction of clay fraction Base for semiquantitative evaluations 
- oriented mounts, solvation with EG 

Characterization of clay minerals 
Infrared spectroscopy Characterization of smectite (octahedral 

layers) 

Identification of amorphous compounds 
Chemical analysis of bulk samples Base for semiquantitative evaluations 

Exact data on the amount of carbonate, 
sulphide and sulphate minerals 

Determination of exchangeable Characterization of smectite (interlayer 
cations and cation exchange capacity cations) 

Mossbauer spectroscopy 

May be used for the determination of 
smectite content 

The method should be chosen with care, 
e.g. NH4-ac and Cu-EDA dissolve calcite 
Exact data on the oxidation state of iron, 
both smectite and other minerals 

Identification of iron-bearing minerals 
(e.g. oxides, oxyhydroxides, sulphides) 
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Table 4-2. Summary of additional methods that are recommended in case the 
information is considered as necessary. The table is based on experience from the 
research documented in Part 2 of this report. 

Method 

Transmission electron microscopy 
+ electron diffraction 
+EDS 

Scanning electron microscopy 
+EDS 
Differential thermal analysis 

Infromation 

Mineralogical and chemical data on single 
particles or aggregates 

Identification of minor compounds 
Observation perpendicular to 001 
Identification of minor compounds 
Chemical data of selected aggregates 
Distinction between cis- and trans-vacant 
varieties of smectite 

More detailed work with XRD, Characterization of smectite/mixed-layer 
oriented mounts of fine fraction: clay minerals 
-saturation with Mg, Ca 
-solvation with glycerol, heating 
-alkylammonium-method 
Chemical analysis of purified and 
NH4-exchanged bentonite 

Geotechnical methods supporting 
the determination of smectite 
content of the sample: 
- determination of grain-size 
distribution (amount of clay fraction 
in the sample) 
- specific surface area 
- liquid limit 
- swelling ability 
Determination of organic content 

Determination of layer charge 
Chemical composition of smectite without 
interlayer cations 

Allows the calculation of structural 
formula of smectite and the distinction 
between montmorillonite and beidellite 
In principal, the smectite content of the 
sample correlates with these attributes, 
e.g. if the liquid limit of the sample is 
exceptionally high, it can be assumed that 
the smectite content of the sample is also 
relatively high. 

Organic matter is an important reducing 
component of bentonites 
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PART 2. MINERALOGICAL RESEARCH OF SELECTED BENTONITES 

5 SAMPLES 

Bentonite and clay samples originate from five geographical areas: Wyoming (USA), 
Kutch (Gujarat, India), Milos (Greece), Neubrandenburg (NE Germany) and four 
localities in Czech republic (see table 5-1). Photographs of bentonites are presented in 
figures 5-1 to 5-5 and in appendix 1. Producers or vendors supplied the samples. 
Therefore, the representativity cannot be estimated. Sample sizes ranged from 1 kg to 
more than 2 kg. 

Table 5-1. The studied bentonite and clay samples 

Origin, age & characteristics of 
Sample Site Material Deposit type the deposit 
MX-80 Wyoming homogenized bentonite Hydrothermal alteration of 

volcanic ash, Cretaceous. 
Occurs in layers between other 
sediments of marine origin. 
(e.g. Elzea & Murray, 1990) 

BH-200 Wyoming raw bentonite Hydrothermal alteration of 
volcanic ash, Cretaceous. 
Occurs in layers between other 
sediments of marine origin. 
(e.g. Elzea & Murray, 1990) 

Kutch 8937 India raw, lumps bentonite Hydrothermal alteration of 
Kutch 8938 India raw, lumps bentonite volcanic ash, Tertiary. 
Kutch 8939 India raw, lumps bentonite Thickness of the deposit up to 
Kutch 8940 India raw, lumps bentonite 30 metres, occurs also in layers 

with basalt (e.g. Shah, 1997) 
Milos Hx Greece raw bentonite Hydrothermal alteration of 
Milos Ex Greece raw bentonite volcanic rocks, Tertiary. The 
Milos Ax Greece powdered bentonite thickness of the deposit varies 

activated between 10-40 m (e.g. 
Christidis & Scott, 1996 

Friedland NE Germany powdered clay Weathering & sedimentation, 
Tertiary. Massive (thickness up 
to 140 m)(Pusch, 2001) 

Rokle Czech rep. raw bentonite Tuffites & pyroclastic rocks 
Strance Czech rep. raw bentonite altered to bentonite by 
Skalna Czech rep. raw sedimentary argillization in lacustrine 
Dnesice Czech rep. raw sedimentary environment or weathering, 

Tertiary (Prikyl & Woller, 2002) 
Different types of deposits. 

x, H = high grade, E = civil engineering grade; A = activated; characterization by producer 
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BH-200 

Figure 5-1. Wyoming bentonite, sample BH-200 

Kutch 8937 

20mm 

Figure 5-2. Kutch bentonite, sample 8937 
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20mm 
Kutch 8940 

Figure S-3. Kutch bentonite, sample 8940 

20mm Milos high grade 

Figure S-4. Milos non-activated high-grade bentonite 



28 

20mm Rokle 

Figure 5-5. Rokle bentonite from Czech republic 
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6 ANALYTICAL METHODS 

Summary of the analytical methods used is given in table 6-1 together with data on 
laboratories, equipments, sample types and fractionation, preparation methods and 
parameters measured. Accreditation according to the SFS-EN ISO/IEC 17025 was 
awarded in 2001 to the Geolaboratory of the Geological Survey of Finland. References 
are given to the methods used at the Department of Geology, University of Helsinki. 

Detection limits of the chemical methods used are given in tables 6-2 and 6-3. It should 
be kept in mind that the figures only give the detection limits in XRF pellets/solutions 
and does not consider sample errors caused by heterogeneity of the material, errors 
caused by sampling, sample handling etc. The instrumental detection limits are in fact 
insignificant as compared to sample errors. 
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Table 6-1. Summary of analytical methods, laboratories, equipments, preparation 
methods and parameters measured. 

Method Laboratory Equipment Sample Preparation Parameter Reference 
type measured 

XRD GSF, Philips bulk ground minerals standard 
Research X'Pert <1-2 1-lm oriented claymin methods 
laboratory diffracto- >62 1-lm ground minerals 

meter 
FTIR HU, Dept of Per kin <1-2 1-lm pellets smectite standard 

Geology Elm er pressed chacteris. method 

TEM TUT, JEOL 2010 <1-2 1-lm suspension photos standard 
+EDS Institute of Thermo- on Cu-grid chemistry of method 

Materials Noran grmns 
Science Vantage 

XRF GSF, Philips bulk dried total accredited 
Geo- PW 1480 ground chemistry T025 
laboratory 

SIC- GSF, ELTRA bulk dried total S+C accredited 
analyzer Geo- CS 2000 ground carb, non- T025 

laboratory HCl-treatm. carb C 

Leaching: GSF, ICP/AES bulk dried exch. accredited 
NH4- Geo- ground cations, T025 
acetate laboratory CEC 
1M 
Leaching: GSF, ICP/AES bulk dried exch. accredited 
BaCb Geo- ground cations, T025 
0,1M laboratory CEC 

Leaching: HU, Dept of ICP/AES bulk dried exch. Bergaya 
Cu(EDA)2 Geology ground cations, & Vayer, 
0,05 M CEC 1997 

Leaching: HU, Dept of ICP/AES bulk dried exch. Vuorinen, 
LiCl, 1 M Geology ground cations, 2002 

CEC 
Leaching: HU, Dept of ICP/AES bulk dried exch. Vuorinen, 
CsCl, 1 M Geology ground cations, 2002 

CEC 
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Table 6-2. Instrumental detection limits of major elements. Limits are given only for the 
elements that were determined using the respective method. 

Element Detection limit (mg/k2) 
XRF ICP/AES S/C-analyzer 

Al 100 

Ca 50 5 

Fe 200 

K 50 5- 10 

Mg 200 1 - 5 

Mn 40 

Na 500 3 

s 100 100 

c 100 100 

Table 6-3. Detection limits of minor elements, XRF 

Detection Elemets 
limit (m2/k2) 
60 p 

30 As, Bi, Ce, Cr, Ga, La, 
Pb, Sb, Se, Sn, Ti, V, Y 

20 Ba, Cu, Ni, Zn 
10 Mo, Nb, Rb, Sr, Th, U, 

Zr 

6.1 X-ray powder diffraction 

6.1.1 Bulk samples 

Bulk samples were mixed with acetone and ground using agate mortar and pestle. The 
thick slurry was spread evenly on a glass slide and let to dry at ambient temperature. 
Acetone was used to allow rapid drying and, consequently, diminish preferred 
orientation of platy sheet silicate particles. Two or three mounts were prepared of each 
sample because the diffractograms were used for semiquantitative evaluation of mineral 
composition. Most of the samples are raw material and therefore heterogeneous. MX-80 
is homogenized and Milos activated and Friedland ground to very fine-grained powder. 

The XRD data was collected on a Philips X'Pert diffractometer equipped with a vertical 
goniometer, a diffracted beam monochromator and a rotating sample holder at the 
Research Laboratory of the Geological Survey of Finland. CuKa-radiation was used 
and the applied voltage was 40 kV with a 55 mA current. The patterns were recorded 
from 2 to 70°20. The counting time was 1 s per 0,02°20. The position of the smectite 
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001 peak is sensitive to the relative humidity in the laboratory during the X-ray runs 
because the humidity affects the number of water layers in the interlayer position. 
During the runs the relative humidity was monitored and it ranged from 55 to 60%. 

6.1.2 Fractionation, saturation and preparation of oriented aggregates 

Fractionation was done by suspending gently ground samples in deionized water and 
letting them settle for 16-20 hours in 100 - 150 ml decanter glasses. No dispersing 
agents were used to avoid the exchange of interlayer cations of smectite minerals. The 
aim was to separate fraction< 1 J..Lm. Only couple of samples (Kutch 8939, Kutch 8940, 
Friedland, Skalna, Dnesice) could be fractionated like that. Three samples, all Ca,Mg
montmorillonites (Milos high-grade, Rokle, Strance) settled quickly and had to be 
washed free of electrolytes before fractionation. Most Na-montmorillonites formed gel
like suspension. A small part of the gel from the top layer was mixed with deionized 
water and centrifuged (1 0 min, 2000 r/min). The uppermost part of clay was used for 
the preparation of oriented aggregates that were done by spreading the gel on a glass 
slide and letting it dry at room temperature. The gel from the decanter glasses was dried 
for further use (FTIR and TEM). The exact grain size is unknown. Part of the fraction< 
1 J..Lm, when possible to separate it, was used for oriented aggregates that were prepared 
using the filter transfer method (see 3.1.1). The rest of the fraction was centrifuged and 
dried for further use (FTIR and TEM). 

Two samples (Rokle & Strance) were saturated with Mg by mixing the bulk samples 
with 2M MgCh and letting the mixture stay for 24 hours. After that they were washed 
with deionized water by repeated centrifugations until the fine fraction remained in 
suspension. The suspensions were fractionated and oriented aggregates were prepared 
as described above. 

The X-ray diffractograms of the air-dried oriented aggregates were recorded from 2 to 
30°28. The counting time was 1 s per 0,02°28. 

6.1.3 Solvation with ethylene glycol (EG) or glycerol (G) 

After recording the diffractograms of air-dried aggregates they were placed in ethylene 
glycol atmosphere at 60°C for 16-20 hours. The X-ray diffractograms were recorded 
again from 2 to 30°20. Two oriented aggregates of Mg-saturated fine fractions were 
solvated also with glycerol by mixing three drops of glycerol to the suspension in the 
last phase of filtration. The oriented aggregate on the membrane filter was laid face 
down on a glass slide and the filter removed carefully. The diffractograms were 
recorded when the aggregates still were wet. 

6.1.4 Calculation of 1/S content 

The content of illitic layers in possible mixed-layer illite/smectite was estimated using 
the method suggested by Moore & Reynolds (1997); see 3.1.5). 
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6.1.5 Coarse fraction 

In connection with fractionation, coarse fraction (approximately> 62 p,m) was separated 
by repeatedly decanting suspended material. The coarse fraction was observed with 
light microscope and X-ray diffractograms were recorded like those of the bulk 
samples. 

6.1.6 Semiquantitative evaluations 

The factors utilized for calculation of mineral composition at the Research Laboratory 
of the Geological Survey of Finland were used (see 3.1.6). The factors are based on 
diffractograms run of known mixtures of standard minerals. The smectite used was 
Wyoming montmorillonite. It became soon clear that the calculations underestimate the 
proportion of poorly crystalline montmorillonite (most non-Wyoming samples) and 
overestimate the proportion of well crystalline minerals like quartz and calcite. 
Chemical data was used for corrections; see later. Because of the semiquantitative 
nature of the evaluations the mineral compositions are presented with exactness of 5% 
(e.g. <5o/o, 5-10%, 10-15% etc ). 

6.2 Fourier transform infrared spectroscopy (FTIR) 

Infrared transmittance spectra were obtained using a Per kin Elm er Spectrum One FT-IR 
spectrometer at the Department of Geology, University of Helsinki. Each spectrum 
consists of 10 scans at a resolution of 4 cm-1

. Pellets were prepared by pressing a 
mixture of 2-4 mg of sample (fine fraction) and 200 mg of KBr. Additionally, a lower 
sample/KBr ratio of 0,4 mg/200 mg was tested with two Kutch samples. All pellets 
were dried at 150°C for 18-20 hours before recording the spectra in order to remove 
excess water. The heating did not affect bands other than those of water. This was tested 
recording most of the spectra also before heating. Madejova and Komadel (2001) dried 
their pellets at 150°C. 

6.3 Transmission electron microscopy (TEM) 

Two different preparation methods for transmission electron microscopy were tested. 
Fine fraction of selected six samples (MX-80, Kutch 8937 & 8938, Milos H & A, 
Friedland) was dispersed in ethanol and a drop of suspension was placed on a carbon
coated copper grid. When dried the preparation was observed with a JEOL 2010 
transmission electron microscope equipped with ThermoNoran Vantage EDS analyser 
at the Department of Materials Sciences, Tampere University of Technology. The platy 
clay mineral grains/aggregates settled parallel to the grid surface and could be observed 
'from above' in magnifications 1:25 000- 1:70 000. This allowed EDS-analyses of 
single grains/aggregates. However, the surroundings of the particles as well as iron 
oxide coatings on them affect the analyses that have to be considered as 
semi quantitative. 

To be able to observe the platy clay mineral grains along the plate direction thin 
oriented aggregates were embedded in epoxy resin and sectioned with a diamond knife 
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(ultramicrotome). This part of the work was not finished in time and the results will be 
reported later. 

6.4 Exchangeable cations & cation exchange capacity (CEC) 

Five methods were used for the determination of exchangeable cations. All samples 
were leached with 0,1 M BaCh (sample to solution ratio 1 :50) and 1 M NH4-acetate, pH 
7 (sample to solution ratio 1 :50). The samples were gently crushed and sieved to pass 2 
mm before leaching and dried at 40°C in a forced air oven. The N a, K, Ca and Mg 
concentrations in the extracts were determined using inductively coupled plasma atomic 
emission spectrometer (ICP-AES) at the Geolaboratory of the Geological Survey of 
Finland, Kuopio. The CEC was calculated as sum of exchangeable elements and given 
as cmol+/kg (centimoles of charge per kilogram of material, which corresponds to the 
also commonly used CEC meq/1 00 g). pH of the samples was determined 
potentiometrically in the BaCh extract. 

The Cu-method was tested with four samples (MX-80, Kutch 8937, Milos H and 
Friedland) at the Department of Geology, University of Helsinki by Dr.Phil. Antti 
Vuorinen. A 0,05 M Cu(II) ethylenediamine solution was prepared (Bergaya & Vayer, 
1997) and its pH adjusted to pH 4 and pH 7 with HCl and NH40H. The sample to 
solution ratio was 500 mg/30 ml. The suspensions were gently shaken for 22 hours and 
centrifuged for 20 min at 4 000 r/min. Final pH ranged from 4,4 to 5,1 (pH 4) and from 
6,4 to 7,1 (pH 7). The elemental concentrations were measured with ICP-AES. 
Exchangeable cations and CEC of the same four samples was determined also by 
leaching with 0,1 and 0,01 M CsCl as well as with 1 M LiCl. Initial pH of the CsCl 
solutions was 5,86 (0,1M) and 5,23 (0,01M). pH of the LiCl solution was adjusted to 
7,0. The sample to solution ratio in all experiments was 500 mg/30 ml. The suspensions 
were gently shaken for 22 hours and centrifuged for 20 min at 4 000 r/min. Final pH 
ranged from 8,4 to 9,5 (Cs 0,1M), from 8,5 to 9,6 (Cs 0,01) and from 7,3 to 7,7 (Li). 
The elemental concentrations were determined as above. 

6.5 Total chemical analysis 

For the total chemical analysis, all samples were pulverized in a tempered carbide-steel 
grinding vessel and dried at 40°C in a forced air oven. Pressed powder pellets were 
prepared and the elemental composition determined using X-ray fluoresence 
spectroscopy (XRF) at the Geolaboratory of the Geological Survey of Finland, Espoo. 
Total sulphur was determined with a S-analyzer and total carbon with a C-analyzer 
using a combustion technique. Carbonate carbon and non-carbonate carbon were 
determined with a C-analyzer using a combustion technique and treatment with HCl. 
The method validation has not yet been completed and therefore the results are 
preliminary. H20- was determined gravimetrically by heating the samples to 1 05°C. 
Detection limits are given in tables 6-2 and 6-3. 
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7 RESULTS 

7.1 X-ray powder diffraction 

7 .1.1 Bulk mineralogy & coarse fraction 

Smectite was major mineral in all samples except the Friedland clay. The Wyoming 
smectites, all Kutch smectites (Figs. 7-1 & 7-2) as well as the smectites of Milos civil 
engineering grade and Milos activated samples have the maximum of their 001 
reflection (peak) at 12-13 A (Appendix 2). This indicates that they have mainly sodium 
and one layer of water molecules in the interlayer position. The smectite 001 reflection 
ofthe Milos high-grade sample (Fig. 7-3) as well as of all Czech samples is at 14-15 A, 
indicating mainly trivalent cations and a layer of two water molecules in the interlayer 
position (Appendix 2). The Friedland clay has a broad reflection between 14 and 10 A 
indicating the presence of some kind of mixed-layer clay mineral (Fig. 7-4). 
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Figure 7-1. X-ray diffractogram of sample Kutch 8937. M, montmorillonite; Ka, 
kaolinite. d-values of labelled peaks are given. 
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Figure 7-2. X-ray diffractogram of sample Kutch 8940. M, montmorillonite; Ka, 
kaolinite; Q, quartz; He, hematite. d-values of labelled peaks are given. 
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In addition to smectites or mixed-layer clay minerals, several other minerals were 
identified in the bulk fractions (Table 7-1 ). The presence of both chlorite and kaolinite 
in the Friedland clay is verified by a double peak with two distinct tops at~ 3,5 A. The 
kaolinite 002 peak is visible at 3,58 A and the chlorite 004 peak at 3,53 A. The 7 A peak 
(kaolinite 001/chlorite 002) is not resolved (Fig. 7-4). 
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Figure 7-3. X-ray diffractogram of sample Milos high-grade. M, montmorillonite; Gy, 
gypsum; Q, quartz; Ca, calcite, Py, pyrite. d-values of labelled peaks are given. 
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Figure 7-4. X-ray diffractogram of the Fried/and clay. liS, mixed-layer illite/smectite; I, 
illite; Ka, kaolinite; Chl, chlorite; Q, quartz; Kfs, K-feldspar; Pl, plagioclase; Py, 
pyrite. d-values of labelled peaks are given. 
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Table 7-1. Minerals in addition to smectite or mixed-layer mineral identified in bulk 
samples 

Sample 
MX-80 
BH-200 
Kutch 8937 
Kutch 8938 
Kutch 8939 
Kutch 8940 
Milos H 
Milos E 
Milos A 
Friedland 
Rokle 
Strance 
Skalna 
Dnesice 

Minerals other than smectite/mixed-layer mineral 
Quartz, calcite, feldspars, cristobalite, mica, gypsum 
Quartz, cristobalite, feldspars, gypsum 
Kaolinite, quartz, calcite 
Kaolinite, quartz, calcite 
Calcite, goethite/hematite, kaolinite 
Goethi te/hemati te, kao lini te, quartz 
Calcite, pyrite, quartz, gypsum 
Calcite, pyrite, plagioclase, quartz 
Quartz, calcite, kaolinite 
Quartz, kaolinite, chlorite, illite, feldspars, pyrite 
Calcite, goethite, quartz, kaolinite 
Quartz, kaolinite, goethite 
Kaolinite, quartz 
Kaolinite, quartz, goethite 

The mineral composition of the coarse fraction is presented in table 7-2. It is obvious 
that minerals like cristobalite and gypsum have disappeared during fractionation and 
removing the fine fraction. Cristobalite is most probably very fine grained and enriched 
in clay fraction. Gypsum may have dissolved. 

The semiquantitative evaluations of bentonite mineralogy based on XRD runs of bulk 
samples are reported later (7.6) together with evaluations made with other methods. 

Table 7-2. Minerals in coarse fraction (approximately> 62 Jllrl) in order of estimated 
abundance. 

Sample 
MX-80 
BH-200 
Kutch 8937 
Kutch 8938 
Kutch 8939 
Kutch 8940 
Milos H 
Milos E 
Milos A 
Friedland 
Rokle 
Strance 
Skalna 
Dnesice 

Minerals other than smectite/mixed-layer mineral 
Quartz, plagioclase, calcite, K-feldspar, mica, amphibole, pyrite 
Plagioclase, quartz, calcite, K-feldspar 
Quartz, kaolinite, calcite 
Quartz, calcite, kaolinite 
Calcite, hematite, goethite 
Quartz, goethite, hematite, kaolinite 
Calcite, quartz, pyrite, kaolinite, plagioclase 
Calcite, quartz, dolomite, pyrite 
Quartz, calcite, kaolinite 
Quartz, siderite, pyrite, K-feldspar, plagioclase, kaolinite, chlorite 
Quartz, calcite, kaolinite, .goethite, mica 
Quartz, kaolinite, goethite, K-feldspar, calcite, plagioclase 
Kaolinite, quartz, mica, goethite 
Kaolinite, quartz, goethite 
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The d-value of the 060-peak (also called 06-33) allows the distinction between 
dioctahedral and trioctahedral clay minerals. In most of the studied samples the 060-
peak is around 1,49 - 1,50 A that is typical of dioctahedral smectites montmorillonite 
and beidellite, and also of kaolinite that is present in most of the samples (Table 7 -3). 
The only sample with d-value typical of trioctahedral clay minerals, 1,54 A, is the 
Friedland clay. 

Table 7-3. d-values (A) of the 060-peakfor studied samples and for standard minerals 
(data from Bailey, 1980 and Brindley, 1980) 

Sample/run 1 2 3 
MX-80 1,4997 1,4962 
BH-200 1,4972 1,4940 

Kutch 8937 1,4952 1,5035 1,5027 
Kutch 8938 1,4987 1,4957 
Kutch 8939 1,4974 1,4938 
Kutch 8940 1,4979 1,5014 

Milos H 1,4962 1,4920 
Milos E 1,4967 1,4966 
Milos A 1,5025 1,4996 
Friedland 1,5433 1,5417 

Rokle 1,4973 1,5027 1,5022 
Strance 1,5012 1,5054 1,5039 
Dnesice 1,4902 1,5050 
Skalna 1,4988 1,4994 1,4920 

kaolinite 1,490 
montmorillonite 1,492 - 1,504 

nontronite 1,521 
chlorite 1,538- 1,549 
biotite 1,538 

muscovite 1,499 
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7.1.2 Clay fraction - oriented mounts 

The d-value of the 001-peak of smetites that is a measure of the thickness of structural 
units ranges from 12 to 15 A in the studied samples. In the Wyoming samples the peaks 
are asymmetric with top at 12,7-12,8 A and a shoulder on the low-angle, high-d-value 
side (Fig. 7-5). The d-value of the 001-peak of pure Na-montmorillonite is -12 A 
indicating the presence of one layer of water molecules. The d-value of 
montmorillonites with divalent cations and two layers of water molecules in the 
interlayer position are 14-15 A. The Wyoming montmorillonites apparently have 
mainly Na and additionally some divalent cations (Ca, Mg) in the interlayer position 
(Fig. 7-5, Appendix 3). Solvation with ethylene glycol substitutes the interlayer water 
with a layer of big organic molecules and the 00 ! -reflection shifts to 17-18 A. Because 
the thickness of the ethylene glycol layer is constant the peak width decreases and the 
peak height increases. 
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Figure 7-5. X-ray dif.fractogram of fine fraction, oriented mount. Sample MX-80. Red, 
air-dried; blue, ethylene glycol solvated. 
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The Kutch smectites have a broad but less asymmetric 12-13 A peak than the Wyoming 
montmorillonites (Fig. 7-6, Appendix 3). A second scan of sample 8938 was done at a 
higher relative humidity and the peak d-value was now 14,8 A indicating increased 
hydration. On EG-sol vation the peak remains broader and its height increases less than 
in the Wyoming montmorillonites or even decreases as compared to the 12 A peak in 
the air-dried scans. This might indicate small crystallite size and less perfectly ordered 
crystal structure. Best ordered of the Kutch smectites seems to be sample 8939. Samples 
8937 and 8940 contain kaolinite also in their fine fraction. 

Of the Milos smectites samples E (civil engineering grade) and A (activated) have their 
001-peak at 12,7 A (Appendix 3). In both scans the peak is asymmetric to the low
angle, high-d-value side (mainly Na but also some divalent cations in the interlayer 
position). Sample H (high grade) has its 001-peak at 15 A and the peak is asymmetric to 
the high-angle, low-d-value side, indicating that there are mainly divalent cations but 
also some Na in the interlayer position (Fig. 7 -7). EG-solvation shifts the peaks to 17 A; 
in case of samples A and H the peak height decreases, in case of sample E the peak gets 
narrower and higher as compared to the air-dried scan. This might indicate that the 
smectite of sample E has a better ordered crystal structure than the smectite of the two 
other Milos samples. 
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Figure 7-6. X-ray diffractogram affine fraction, oriented mount. Sample Kutch 8937. 
Red, air-dried; blue, ethylene glycol solvated. EG solvation does not affect the kaolinite 
peak at 7.2 A. 
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All the Czech samples contain a considerable amount of kaolinite (7 ,2 A) and a small 
amount of illite (10 A) in their fine fraction. The smectite 001-peak is broad and 
centered at 14,5-15 A in all of them (Appendix 3). Especially in the Rokle and Strance 
samples the peak is asymmetric to the low-angle, high-d-value side indicating possibly 
some Na in addition to Ca and Mg in the interlayer position or mixed-layering with 
illite. After EO-solvation the peak lies at 17 A and is still broad. The high background is 
due to iron that causes scattering of X-rays. Especially the Rokle fine fraction has 
typical iron oxyhydroxide colour. Saturation with Mg and solvation with glycerol did 
not give any additional information about the Rokle and Strance smectites. The 14 A 
peak in fraction < 1 J.lm of the Rokle bentonite was broader and less intensive than the 
peak in fraction < 2 J.lm. 
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Figure 7-7. X-ray dif.fractogram of fine fraction, oriented mount. Sample Milos high 
grade. Red, air-dried; blue, ethylene glycol solvated. 
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The Friedland sample contains no pure smectite. Its XRD pattern shows a very broad 
'peak' with top at 12 A, a peak at 10 A (illite) and one at 7 A (kaolinite 001/chlorite 
002). EO-solvation shifts the broad peak to 17 A and the 10 A peak gets better resolved 
(Fig. 7 -8). Fractionation to < 0.4 J.lm did not decrease the proportion of illite and 
kaolinite and enhance the possibility to interpret the broad peak. More detailed work is 
needed with this sample. Henning (1971) separated fractions < 0.2 J.lm, 0.2-0.63 J.lm, 
0.63-2 J.lm and 2-6.3 J.lm of several samples of the Friedland clay, saturated some of 
them with K, Li, Mg and Ca, solvated with ethylene glycol and glycerol plus heated to 
105°C (2 h), 350°C (2 h) and 600°C (2 h). He concluded that the mixed-layer mineral is 
a randomly interlayered muscovite/montmorillonite with montmorillonite component 
dominating. 

Fried land 

0 ' 
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Figure 7-8. X-ray diffractogram of fine fraction, oriented mount. Sample Friedland. 
Red, air-dried; blue, ethylene glycol solvated. 
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The composite illite/smectite peaks 001I/002S at ~ 10 °28 ( d-value ~8.5 A) and 
002I/003S at ~15-16 °28 (d-value 5.6 A) as well as their distance in °28 (~)in the EG 
solvated, oriented patterns can be used as measure of the percentage of illite layers in 
mixed-layer illite/smectites (Moore & Reynolds, 1997). It is supposed that most 
smectites actually contain at least a small amount of illitic layers. Table 7-4 summarizes 
the data of studied samples. The peaks are broad and the measurement of their exact 
position is difficult. The positions of the two peaks could not be measured at all in the 
pattern of the Friedland, Skalna and Dnesice samples because of interference of other 
minerals. In most cases the d-value of 002/003 gives zero-illite, whereas the d-value of 
0011002 refers to some illitic layers in all samples. The 002/003 peak position is more 
reliable because it is less sensitive to shifts caused by small crystallite size. ~ is 
supposed to be the best measure, because it is not sensitive to specimen displacement 
errors that are common. It is probable that all the Kutch smectites contain some illitic 
layers, samples 8938 and 8940 more than samples 8937 and 8939. The Rokle and 
Strance smectites probably contain some illitic layers, the Wyoming and Milos 
smectites no illitic layers at all. Henning (1971) concluded that the percentage of 
muscovite layers in the randomly mixed-layer muscovite/montmorillonite of the 
Friedland clay is around 30%. The d-values of 001I/002S (8,83 A) and 002I/003S 
(5,57 A) determined by him would give illite percentages of 35% and 22%, respectively 
if the method presented by Moore & Reynolds (1997) is applied. 

Table 7-4. Estimated percentages of illite layers in illitelsmectite mixed-layer minerals. 
1, based on d (001/002) ,· 2, based on d(002/003),· 3, based on Ll. See text. a, two 
determinations. 

Sample 001/002 001/002 002/003 002/003 fl. 0/o illite 

dA 0 28 dA 0 28 0 28 1 2 3 

MX-80 8,5698 10,308 5,6820 15,573 5,265 8 0 0 

BH-200 8,5350 10,350 5,6667 15,615 5,265 4 0 0 

Kutch 8937 8,6402 10,181 5,6516 15,658 5,477 17 0 9 

Kutch 8938a 8,6402 10,229 5,6516 15,667 5,438 17 0 7 

Kutch 8938a 8,6759 10,182 5,6215 15,784 5,602 21 6 16 

Kutch 8939 8,5698 10,308 5,6516 15,700 5,392 8 0 5 

Kutch 8940 8,6402 10,224 5,6215 15,742 5,518 17 6 11 

Milos H 8,5698 10,308 5,6516 15,658 5,350 8 0 2 

Milos E 8,5350 10,350 5,6516 15,658 5,308 5 0 0 

Milos A 8,5698 10,308 5,6516 15,700 5,392 8 0 5 

Rokle 8,6301 10,241 5,6716 15,611 5,370 16 0 4 

Strance 8,5420 10,347 5,6210 15,752 5,405 6 7 5 
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7.2 Fourier transform infrared spectroscopy {FTIR) 

The smectite mineral in all studied bentonite samples is montmorillonite (or beidellite ). 
The OH-stretching bands in the 3500-3600 cm- region of their infrared spectra are 
broad and consist of several umesolved components. Maximum absorption occurs at 
3636 cm-1 in the Wyoming samples (Fig. 7-9), at 3621-3626 cm-1 in the Kutch samples, 
at 3625-3632 cm-1 in the Milos samples (Appendix 4) and at 3621 cm-1 in the Czech 
samples (Fig. 7-10). The AIAIOH stretching band typically occurs at 3620-3630 cm-1

, 

the AIMgOH stretching band at 3687 cm-1 and the A1Fe3+0H band at 3597 cm-1 

(Farmer, 1974). The frequency of maximum absorption thus indicates that the smectites 
are Al-rich. The broadness of the band is due to the contribution of Mg and Fe in 
octahedral sheets and might also indicate, that the smectite structure is poorly ordered. 
In nontronites maximum absorption occurs at frequency ea 3560 cm-1 (Farmer, 1974). 
Nontronite was not identified in any of the studied samples. 

Wyoming 

BH-200 

MX-80 

4000,0 3000 2000 1500 450,0 
cm-1 

Figure 7-9. FTIR spectra of the Wyoming bentonites, fine fraction. 
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Kaolinite is characterized by three absorption maxima in the stretching frequences: 
3697, 3669 and 3652 cm-1

. All these are visible in the spectra of the Friedland, Strance, 
Skalna and Dnesice samples (Fig. 7-10, Appendix 4). The 3697 cm-1 band that can be 
used to identify even small amounts of kaolinite is present in the spectra of all Kutch 
samples as well as in the Rokle sample. In the spectrum of the Milos A sample the band 
is very weak (Appendix 4). 

The OH-vibrations are better resolved in the bending frequences as compared to the 
stretching frequencies. The AlAlOH band is situated at 920-930 cm-1

, the A1Fe3+0H 
band at 880-890 cm-1 and the AlMgOH band at 840 cm-1 (Farmer, 1974). The intensities 
of these bands in the spectra indicate the proportions of Al, Fe and Mg in the octahedral 
sheets of montmorillonite/beidellite. The Wyoming (Fig. 7-11) as well as the two non
activated Milos smectites (Appendix 4) are Al-rich, the Kutch smectites (Fig. 7-12) and 
the activated Milos smectite are iron rich montmorillonite/beidellite (Appendix 4). 
According to IR data, the Kutch smectites hardly contain any Mg in their octahedral 
sheets. Other bands in the 1100-450 cm-1 region are the Si-0 stretching bands at 
1110 cm-1 (in-plane) and 1040 cm-1 (out-of-plane), the Si-0 stretchinf band of quartz 
and silica at 798 cm-1

, the Si-0 stretching band of quartz at 780 cm- (absent or very 
weak in most spectra), the Al-0 + Si-0 out-of-plane vibration at 620 cm-1

, the Al-0-Si 
bending vibration at 525 cm-1 and the Si-0-Si bending vibration at 468 cm-1

. The 
presence of the 798 cm-1 band (quartz and silica) and the absence of the 780 cm-1 band 
(quartz) in many spectra could indicate the presence of poorly ordered ('amorphous') 
Si02 in the samples (Fig. 7-11). Cristobalite, a volcanic high-temperature Si02, was 
identified in the Wyoming samples. Kaolinite bands are present in the FTIR spectrum of 
the Strance (Fig. 7-13), Skalna and Dnesice samples (Appendix 4). 
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Figure 7-10. FTIR spectra of the Czech bentonites and clays, fine fraction. 
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Figure 7-11. Part of FTIR spectra of the Wyoming bentonites, fine fraction. 

IIQ.6 798 

5~ 

so 

45 

40 

lS 

30 
%T 

l!l I 

Ul V 
IS 

10 

0 
·2,0-1----r-----,----r---.---..--.---r------.----,--

poo,o 12so 1200 11so 1100 1o5o 1000 95o 900 85o 8oo 75o 100 650 600 55o 5oo 45o.o 
cm- I 

Figure 7-12. Part ofFTIR spectra of the Kutch bentonites,finefraction. 
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Figure 7-13. Part of FTIR spectra of the Czech bentonites, fine fraction. Kaol, 
kaolinite. 

7.3 Transmission electron microscopy (TEM) 

468 

Si-0-Si 

500 450,0 

Transmission electron microscopy was used for two purposes, 1) to observe the 
morphology of platy smectite particles or aggregates and to perform EDS-analyses of 
them, and 2) to observe the thickness of structural units perpendicular to the plates. 
Smectite particles and aggregates are typically thin but large and irregularly folded and 
branched, which gives them a foliated appearance (Fig. 7-14). Hexagonal outlines can 
be seen in the platy particles of the Friedland clay (Fig. 7 -15)- Thin platy crystals with 
hexagonal outlines and ea 200 nm in diameter can be observed in sample Kutch 893 7 
(Appendix 5). According to XRD, both samples contain kaolinite, the Friedland clay 
also illite and chlorite. 
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Figure 7-14. TEM-photograph of sample Kutch 8938. 
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Figure 7-15. TEM-p holograph of Fried/and clay. 

The EDS analyses were obtained from four to five smectite particles/aggregates of each 
six samples. The analyses have to be considered as semiquantitative because the beam is 
not only focused to the aggregate but also to its surroundings. Therefore, the measured 
area had to be far enough from the metal grid in order to avoid the interference of Cu. 
Small mineral particles in the neighbourhood of the measured smectite aggregate 
contribute to the analysis and might lead to overestimation of the proportion of e.g. Si 
(quartz), Ca (calcite) or Fe (iron oxide coatings). The variation between single 
determinations of each sample is considerable, especially in case of the Fe-rich Kutch 
bentonites. 

Based on the EDS analyses (mean of 4-5 determinations per sample), structural 
formulae of the smectites were calculated (Table 7 -5). The method is presented by 
Moore & Reynolds (1997). The procedure is based on a formula unit with 11 oxygens, 8 
from the tetrahedral sheet and 3 from the octahedral sheet. Cations are assigned to the 
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tetrahedral sheets first. If there are less than 4 Si cations per formula unit enough Al is 
taken to fill the tetrahedral sites. If there are more than 4 Si cations it is probably due to 
amorphous silica in the sample. The remainder of the Al cations are assigned to the 
octahedral sheets together with Fe and Mg. Ca, Na and K are assigned to the interlayer 
positions. EDS does not differentiate between the oxidation states of iron but gives all 
iron as Fe3+. It is possible that part of iron is as Fe2+ that substitutes for Ae+ in the 
octahedral sheets. It is also possible that Fe3+ substitutes for Si4+ in the tetrahedral 
sheets. Both substitutions contribute to the negative charge. It is also possible, that 
exchangeable Fe2+ is found in the interlayer positions. The Friedland clay is a mixture 
of several clay minerals and therefore there is no reason to calculate its structural 
formula. It is, however, included in table 7-5. The high potassium content of the 
Friedland clay is in accordance with its high illite/mica content. Henning (1971) 
presents structural formulae of three Friedland clay samples, one of them is bulk sample 
and two are fractions< 0,2 ~m. Average formula of the two fine fractions is: 
N ao.o3 Ca 0.11 Ko.2o(Si3 .64Alo.36)( Al1.36F eo.41 Mgo.36)0 1 o( OH)2 

Charges calculated from the data in table 7-5 are presented in table 7-6. The 
discrepancies between interlayer (positive) and tetrahedral + octahedral (negative) 
charges are due to the semiquantitative nature of the analysis data and uncertainties in 
the method of calculating the structural formula. According to the data in table 7-6, the 
Kutch 8937 smectite is beidellite (tetrahedral charge > octahedral charge) and all the 
other smectites are montmorillonite (tetrahedral charge< octahedral charge). Because of 
the reasons given above, also this is questionable and has to be verified using more 
precise methods. 

Table 7-5. Mean structural formula of five smectites and the Fried/and clay based on 
TEM-EDS analyses 

Sample 
MX-80 
Kutch 8937 
Kutch 8938 
Milos H 
Milos A 
Friedland 

Structural formula 
Nao.wCa o.1o (Sb.9oAlo.w)(Ab.61Fe o.16 Mg o.22)0w(OH)2 
Nao.19Ca o.03(Sb.76Alo.24)(Ab.39Feo.43 Mg o.1s)Ow(OH)2 
Nao.22Ca o.os(Sb.s6Alo.14)(Ab.17Feo.s3 Mg o.3o)Ow(OH)2 
Nao.02Ca o.l3(Si3.9oAlo.w)(Ab.ssFeo.14 Mg o.32)0w(OH)2 
Nao.o9Ca o.11Ko.o2(Si3.s7Alo.13)(Ab.21Feo.41Mg o.33)0w(OH)2 
Nao.03Ca o.o4Ko.16(Si3.31Alo.69)(Ah.s7Feo.16Mg o.16)0w(OH)2 

Table 7-6. Charges calculated from data presented in table 7-5. 

Sample Interlayer Tetrahedral Octahedral Tertrah. + 
charge charge charge octahedral 

MX-80 0,30 0,10 0,22 0,32 
Kutch 8937 0,25 0,24 0,18 0,42 
Kutch 8938 0,38 0,14 0,30 0,44 
Milos H 0,28 0,10 0,32 0,42 
Milos A 0,33 0,13 0,33 0,46 
Friedland 0,27 0,69 0,16 0,85 
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Ternary plot of the main octahedral cations based on TEM-EDS analyses is presented in 
figure 7-16. As compared to the plot presented by Giiven (1988), the points of the 
Wyoming bentonite MX-80 in this study are closer to the AlAl - FeAl line (less Mg) 
than the points of Wyoming bentonites in Giiven's study. The Milos high-grade 
bentonite much resembles sample MX -80, the only difference is a bit higher Mg content 
in the former. The Milos activated bentonite is richer in Fe than the high-grade 
bentonite from Milos. The points of all three samples are nicely grouped on the ternary 
plot indicating small vanatlon in chemical composition of individual 
particles/aggregates. The points of the two Kutch bentonites are spread. Apparently, 
their iron content varies much between individual particles or iron oxides are unevenly 
spread on the grid. 
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Figure 7-16. Ternary plot of the main octahedral cations based on TEM-EDS analyses 
of five smectites. Legend: •, MX-80; ~, Milos H,· D, Milos A,· x, Kutch 8937; +, Kutch 
8938 
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7.4 Chemical composition 

Total chemical composition of bulk samples was determined with X-ray fluoresence 
spectroscopy. The data for major elements is given in table 7-7. The method does not 
differentiate between divalent and trivalent iron and the Fe20 3 in the tables represents 
total iron content of the samples. Certain geographical characteristics can be observed: 
the Kutch and the Czech bentonites contain more iron than bentonites from other areas, 
above 10 wt% Fe20 3. This is partly due to iron oxides identified in two of the four 
Kutch samples and all Czech samples. According to FTIR data, the Kutch smectites are 
iron-rich, especially in samples that contain no iron oxides. They are no nontronites but 
iron-rich montmorillonites or beidellites. Iron in the Czech bentonites and clays is 
mainly in oxidic form. According to FTIR data, of them only the Rokle smectite is Fe
rich. 

Magnesium contents are confusing. Highest values are found in the Kutch bentonites 
that, according to the FTIR data, have almost no Mg in the octahedral sheets of their 
montmorillonites/beidellites. The Friedland clay, on the other hand, contains chlorite 
and its clay minerals are mainly trioctahedral that should mean mainly Mg in the 
octahedral sheets. Anyhow, the M gO content of the Friedland clay is lower than that of 
most of the samples. The kaolinite-rich Dnesice clay has low Mg content and, according 
to FTIR data, there is almost no Mg in the octahedral sheets of its smectite. 

Calcium content reflects both the interlayer cation and the calcite content of the 
samples. Calcite is present in most of the bentonites and the content can be calculated 
using the fractionation data of carbon. 
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Table 7-7. Contents of major elements in bulk samples presented as oxide percents. 
Determination by XRF. 

Sample Si02 Ah03 Fe203 M gO CaO Na20 K20 Ti02 
0/o 0/o o;o 0/o 0/o 0/o o/o o/o 

MX-80 61,3 19,9 3,836 2,44 1,364 2,08 0,572 0,162 

BH-200 60,7 18,7 3,813 2,57 2,982 2,01 0,520 0,199 

Kutch 8937 54,0 17,6 11,17 2,77 1,129 2,63 0,120 0,897 

Kutch 8938 53,8 18,4 10,57 2,32 1,135 2,06 0,057 1,817 

Kutch 8939 52,7 17,6 10,95 3,68 2,421 1,66 0,196 0,922 
Kutch 8940 50,2 18,6 14,19 1,92 0,747 2,18 0,114 2,272 

Friedland 59,9 18,2 6,801 1,94 0,389 1,02 3,057 1,022 
Milos H 48,7 17,3 4,782 2,96 9,340 0,74 0,343 0,806 
Milos E 53,9 17,0 4,886 3,60 5,232 2,79 0,759 0,802 
Milos A 61,7 15,1 7,205 1,94 1,621 2,47 0,291 0,933 
Rokle 47,7 13,5 13,20 2,85 5,060 0,12 1,020 4,470 
Strance 52,5 16,5 12,50 2,29 1,420 <0,07 0,691 3,510 
Skalna 52,4 18,3 11,60 2,26 1,030 0,09 2,420 1,050 
Dnesice 48,8 25,5 9,150 1,23 0,875 <0,07 1,140 1,630 

Sodium content reflects the interlayer cation. All 12 A smectites with mainly Na in the 
interlayer position have Na20 contents around 2%, whereas samples containing 14 A 
smectite (Milos H, Rokle, Strance, Skalna and Dnesice) with mainly divalent cations in 
the interlayer position only contain 0- 0,7% Na20. The Friedland clay that contains 
mixed-layer minerals, illite and also some chlorite has low Na20 content (1 %) but much 
higher K20 content than all the other samples. This is mainly due to illite/mica with 
only Kin the interlayer position. 

The Wyoming bentonites are low in titanium (0,2%), whereas Ti02 content of the Kutch 
bentonites is variable and much higher (0,9-2,3%). A titanium oxide mineral was 
encountered in sample 8937 when observed with TEM-EDS. The Milos samples are 
intermediate in their Ti02 content (0,8-0,9%) and the Rokle and Strance samples high 
(3,5-4,5% Ti02). Ti may be present in octahedral sheets of smectites. 

Total sulphur, carbon as well as the fractionation of C to carbonate- and non-carbonate 
C were determined using sulphur/carbon analyzer. Sulphur was also determined using 
XRF. The data is given in table 7-8 together with the H20- data determined 
gravimetrically at 1 05°C and the pH data determined in BaCb-extract. The pyrite
bearing, non-activated Milos samples contain more than 1% sulphur as determined by 
both XRF and SC-analyzer. Sulphur content in other bentonites that contain no gypsum 
ranges from 0,01 to 0,12% and in gypsum-bearing Wyoming bentonites from 0,3 to 
0, 7%. Also carbon contents are highest in the non-activated Milos bentonites, 1,1-1, 7%. 
Activation has changed the chemical composition of the Milos bentonite considerably 
or the bentonite used for activation is not the studied Ca,Mg-bentonite from Milos (H). 
Both sulphur and carbon contents are higher and iron content lower than in the non-
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activated Milos bentonites. According to FTIR data, the smectite mineral in the 
activated Milos bentonite has much more iron in its octahedral sheets than the two non
activated bentonites from Milos. The contents of trace elements are presented in table 
7-9. 

Table 7-8. Contents of sulphur, total carbon, carbonate- and non-carbonate carbon as 
well as H20-. pH was measured in BaCl2-extract, sample to solution ratio 1:50. a, the 
results are preliminary because the method validation has not yet been completed. 

Sample S (XRF) S (SC) C (SC) C carba C non-ea H2o- Sum pH 
0/o 0/o o;o o/o 0/o o;o o/o 

MX-80 0,31 0,27 0,31 0,19 0,12 5,33 98,12 7,9 
BH-200 0,60 0,69 0,30 0,14 0,16 6,15 99,06 7,8 
Kutch 8937 0,11 0,08 0,18 <0,01 0,18 7,98 99,31 7,7 
Kutch 8938 0,04 0,01 0,17 0,02 0,16 8,27 99,22 7,7 
Kutch 8939 0,10 0,08 0,32 <0,01 0,32 7,86 99,17 7,8 
Kutch 8940 0,12 0,12 0,17 0,17 <0,01 7,95 99,36 6,9 
Friedland 0,47 0,52 0,59 0,57 0,02 2,90 97,33 7,8 
Milos A 0,07 0,03 0,44 0,07 0,37 6,48 99,02 8,3 
Milos H 1,14 1,52 1,69 0,11 1,58 7,87 97,87 8,0 
Milos E 1,02 1,15 1,08 0,11 0,97 7,57 100,12 8,0 
Rokle <0,01 <0,01 0,63 0,59 0,03 7,08 96,91 7,9 
Strance <0,01 <0,01 0,13 0,05 0,08 6,41 96,38 7,3 
Skalna 0,04 0,03 0,09 <0,01 0,09 5,24 94,84 6,5 
Dnesice 0,06 0,03 0,06 <0,01 0,06 4,95 93,82 6,4 
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Table 7-9. Contents of trace elements determined by XRF 

Sample MoO P20s V Cr Ni Cu Zn Pb 
o;o o;o o;o o/o o;o o;o o;o o;o 

MX-80 0,012 0,054 <0,003 <0,003 <0,002 <0,002 0,012 0,007 

BH-200 0,039 0,043 <0,003 <0,003 <0,002 <0,002 0,010 0,006 

Kutch 8937 0,036 0,035 0,027 0,006 0,015 0,022 0,028 <0,003 

Kutch 8938 0,041 0,038 0,046 0,007 0,019 0,033 0,025 <0,003 

Kutch 8939 0,073 0,044 0,016 0,023 0,008 0,013 0,013 <0,003 

Kutch 8940 0,024 0,058 0,044 0,007 0,010 0,022 0,017 <0,003 

Friedland 0,029 0,089 0,023 0,014 0,006 0,003 0,011 0,004 

Milos A 0,079 0,040 0,013 0,009 0,008 0,002 0,008 0,005 

Milos H 0,064 0,236 0,016 <0,003 <0,002 0,003 0,006 <0,003 

Milos E 0,060 0,180 0,017 <0,003 <0,002 0,002 0,007 <0,003 

Rokle 0,208 0,789 0,051 0,016 0,008 0,019 0,012 <0,003 

Strance 0,066 0,369 0,032 0,030 0,026 0,008 0,022 <0,003 

Skalna 0,044 0,113 0,018 0,008 0,007 0,005 0,023 0,006 

Dnesice 0,015 0,037 0,031 0,020 0,006 0,004 0,020 0,004 

Sample Se Ga Rb Sr y Zr Nb Ba 
o;o o;o o;o o;o o;o o;o o;o o;o 

MX-80 <0,003 0,003 0,001 0,028 0,005 0,022 0,003 0,033 

BH-200 <0,003 0,003 0,002 0,027 0,004 0,020 0,003 0,028 

Kutch 8937 0,004 0,002 0,001 0,014 0,012 0,008 <0,001 0,004 

Kutch 8938 0,005 0,003 <0,001 0,009 0,010 0,018 0,002 0,004 

Kutch 8939 0,005 <0,002 0,001 0,024 0,003 0,006 <0,001 0,007 

Kutch 8940 0,004 0,003 <0,001 0,011 0,004 0,027 0,004 0,003 

Friedland <0,003 0,003 0,016 0,021 0,003 0,021 0,002 0,031 

Milos A <0,003 0,002 0,003 0,016 0,008 0,021 0,002 0,076 

Milos H <0,003 0,002 0,002 0,014 0,002 0,018 <0,001 0,105 

Milos E <0,003 0,002 0,004 0,011 0,002 0,018 <0,001 0,052 

Rokle 0,003 0,002 0,005 0,037 0,003 0,041 0,012 0,052 
Strance <0,003 0,003 0,006 0,022 0,006 0,053 0,010 0,035 

Skalna <0,003 0,003 0,026 0,027 0,004 0,016 0,004 0,039 

Dnesice 0,003 0,004 0,009 0,006 0,002 0,020 0,002 0,239 
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Table 7-9. Continued. 

Sample La Ce Th Cl 
o;o 0/o o/o o;o 

MX-80 0,006 0,014 0,004 0,008 

BH-200 0,007 0,014 0,003 0,011 
Kutch 8937 0,003 0,005 <0,001 0,329 
Kutch 8938 0,006 0,012 <0,001 0,133 

Kutch 8939 <0,003 <0,003 <0,001 0,204 
Kutch 8940 0,003 0,007 <0,001 0,480 
Friedland 0,004 0,010 0,001 0,159 
Milos A 0,011 0,019 <0,001 0,011 

Milos H <0,003 0,009 <0,001 0,036 
Milos E <0,003 0,006 <0,001 0,037 
Rokle 0,007 0,017 <0,001 <0,006 
Strance 0,006 0,014 <0,001 <0,006 
Skalna 0,004 0,010 0,002 <0,006 
Dnesice <0,003 <0,003 <0,001 <0,006 

7.5 Exchangeable cations and cation exchange capacity 

Five methods were used for the determination of exchangeable cations. All samples 
were leached with 0,1 M BaCh and 1 M NH4-acetate (pH 7) and selected four samples 
(MX-80, Kutch 8937, Milos H, Friedland) with 0,05 M Cu(II) ethylenediamine at pH 7 
and pH 4 as well as with 0,1 M and 0,01 M CsCl and 1 M LiCl. 

Comparison of the two leaching methods used for all samples, NH4-acetate (Table 7-10) 
and BaCh (Table 7-11) shows that ammonium acetate leaches more divalent cations and 
in most cases somewhat less univalent cations than barium chloride. The values are, 
however, close to each other in case of Mg, Na and K. The Ca values are diverging; 
ammonium acetate leaches up to 2,5 times as much Ca as barium chloride. The 
extremely high Ca values in NH4-acetate extract can be explained by dissolution of 
calcite that is major constituent of those samples (e.g., Milos H and Rokle). However, 
even from samples that contain no calcite or plagioclase twice as much Ca was leached 
in ammonium acetate as in barium chloride (e.g., sample Kutch 8940). 
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Table 7-10. Exchangeable cations and cation exchange capacity of bulk samples, per 
dry material. CEC was calculated as sum of exchangeable cations. Determination by 
leaching with 0,1 M BaCl2. 

Method CaZ+ K+ Mg2+ Na+ CEC 
BaCh cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg 
MX-80 19,9 2,69 7,00 54,2 83,79 
BH-200 21,9 2,44 6,53 53,5 84,37 
Kutch 8937 15,3 0,81 21,3 93,3 130,71 
Kutch 8938 26,5 0,47 16,9 79,7 123,57 
Kutch 8939 20,7 0,90 20,8 51,3 93,7 
Kutch 8940 16,5 2,29 16,0 66,7 101,49 
Friedland 4,44 3,51 2,98 25,9 36,83 
Milos H 32,6 1,67 19,9 21,3 75,47 
Milos E 35,4 2,53 16,2 86,8 140,93 
Milos A 33,3 1,06 7,66 74,5 116,52 
Rokle 41,8 2,69 13,8 0,468 58,76 
Strance 24,5 1,73 33,8 1,52 61,55 
Skalna 29,1 3,69 7,28 0,40 40,47 
Dnesice 24,9 1,19 14,5 0,684 41,27 

Table 7-11. Exchangeable cations and cation exchange capacity of bulk samples, per 
dry material. CEC was calculated as sum of exchangeable cations. Determination by 
leaching with 1 M NH4-acetate at pH 7. 

Method CaZ+ K+ MgZ+ Na+ CEC 
NH4-acetate cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg 
MX-80 36,2 2,43 10,9 54,6 104,13 
BH-200 45,8 1,86 8,54 46,1 102,3 
Kutch 8937 21,1 0,72 25,4 70,1 117,32 
Kutch 8938 34,3 0,42 18,0 67,3 120,02 
Kutch 8939 42,1 0,78 21,8 45,3 109,98 
Kutch 8940 34,5 1,93 15,9 59,8 112,13 
Friedland 6,28 2,25 3,92 22,8 35,25 
Milos H 71,8 1,18 19,9 18,4 111,28 
Milos E 43,0 2,07 14,6 75,2 134,87 
Milos A 45,3 1,07 11,5 64,2 122,07 
Rokle 104 2,110 14,90 0,437 121,45 
Strance 36,2 1,300 36,70 1,400 75,6 
Skalna 35,6 2,790 7,82 0,337 46,55 
Dnesice 30,0 0,843 15,20 0,586 46,63 

The Cu(II) ethylenediamine method was tested with four samples. The cation exchange 
was done at pH 4 and pH 7. At pH 4 the charge of particle surfaces and edges is 
supposed to be zero whereas at pH 7 the surfaces and edges contribute to the total 
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charge. Therefore, more exchangeable cations should be released at pH 7 than at pH 4. 
This is not always the case (Table 7-12). As compared to results obtained with the 
BaCh and NH4-acetate methods, more magnesium was leached from all samples and 
more calcium was leached from the Milos and Friedland samples than with the 
ammonium acetate method. In case of sodium, the results are much the same. Only from 
sample MX-80 less Na was leached with the Cu-method than with the barium chloride 
and the ammonium acetate methods. Sample error can explain these differences; 
portions of the same homogenized sample were used for leaching with BaCh and NH4-
acetate whereas a different portion was homogenized for leaching with Cu (II) 
ethylenediamine, CsCl and LiCl. 

Leaching with two concentrations of CsCl gave confusing results (part of the results in 
table 7-14). The 0,1 M CsClleached much more divalent cations Ca and Mg (up to 6x) 
and very little Na as compared to the 0,01 M CsCl. Leaching with LiCl (Table 7-13) 
gave more reliable results that much resemble those received with BaCh. 

Table 7-12. Exchangeable cations and cation exchange capacity, per dry material of 
four samples as determined with 0, 05 M Cu(II) ethylenediamine at pH 4 and pH 7. 

CupH4 Ca2+ K+ Mg2+ Na+ CEC 
cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg 

MX-80 34,0 1,33 14,3 53,1 103 
Kutch 8937 20,5 0,68 30,4 55,3 107 
Milos H 95,0 1,13 27,1 23,9 157 
Friedland 11,5 1,95 8,22 22,6 44,3 

CupH7 Ca2+ K+ Mg2+ Na+ CEC 
cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg 

MX-80 36,0 1,33 16,4 55,3 109 
Kutch 8937 24,0 0,56 35,34 55,3 115 
Milos H 99,0 1,18 24,7 24,8 150 
Friedland 11,0 2,15 6,9 22,2 42,3 
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Table 7-13. Exchangeable cations and cation exchange capacity of bulk samples, per 
dry material. CEC was calculated as sum of exchangeable cations. Determination by 
leaching with 1 M LiCl, pH 7. 

LiCI Ca2+ K+ Mg2+ Na+ CEC 
cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg 

MX-80 26,4 1,5 10,4 52,7 91 
Kutch 8937 15,0 0,58 18,6 70,9 105 
Milos H 45,6 1,0 17,8 22,3 87 
Friedland 6,2 3,2 4,3 24,7 38 

Table 7-14. Comparison of results received with all methods used for the determination 
of exchangeable cations and cation exchange capacity. Sample MX-80. 

Method Ca2+ K+ Mg2+ Na+ CEC 
cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg 

BaCb 19,9 2,69 7,00 54,2 84 
NH4-ac 36,2 2,43 10,9 54,6 104 
CupH4 34,0 1,33 14,3 53,1 103 
CupH7 36,0 1,33 16,4 55,3 109 

CsCl 0.1M 27,5 1,6 9,0 9,7 47,8 
CsCl 0.01M 8,0 1,3 2,3 42,3 53,9 

LiC11M 26,4 1,5 10,4 52,7 91 

Cation exchange capacity was calculated as sum of exchangeable cations. Because of 
the big difference in leached Ca, there is a big difference also in CEC as determined 
with the barium chloride and the ammonium acetate methods (Tables 7-10 & 7-11). The 
copper method gives values that in most cases resemble those received with the 
ammonium method (Table 7 -12) and the lithium method values that resemble those 
received with barium chloride (Table 7-13). Only in case of the Milos sample the CEC 
values received with the copper method are much higher than those received even with 
the ammonium method. The difference is mainly due to high calcium. Probably, also 
the Cu(II) ethylenediamine dissolved carbonate minerals as does NH4-acetate. In a test, 
highest amount of Ca was dissolved from powdered calcite in 1 M NH4-acetate 
(23 100 mg/kg), less in 0,05 M Cu(II) ethylendiamine (5 400 mg/kg) and in 0,1 M 
BaCb (1 935 mg/kg) and least in 1 M LiCl (1 200 mg/kg). The sample to solution ratio 
was the same 500 mg/30 ml as used for leaching of bentonites. The tests were done by 
Dr.Phil. Antti Vuorinen. 

CEC values published for MX-80 are 97 meq/100 g (purified sample, method not given; 
Neaman et al., 2003), 76 meq/100 g (ammonium acetate, pH 7; Madsen, 1998), 
102-140 meq/100 g (DIN/ISO 11260; Pusch, 1999) and 88/110 meq/100 g (two 
samples, method not given; Pusch, 2001). In this study, the values range from 84 to 
109 cmol+/kg (Table 7-14). The Indian producer gives CEC values 104-112 meq/100 g 
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for the four Kutch samples studied. Determination was done using ammonium acetate. 
The values received in this study were all except one over 100 cmol+/kg. Published 
CEC-values for other studies samples are: Friedland clay, 40 meq/1 00 g; Milos 
bentonite, 81 meq/100 g and Rokle bentonite, 62 meq/100 g (all from Pusch, 2001), 
Friedland clay, 60 meq/1 00 g (Pusch, 1999) and Rokle bentonite, 113 meq/1 00 g (Prikyl 
& Woller, 2002). The lower values are in good accordance with values received in this 
study by leaching with BaCb and LiCl, the higher with values received by leaching with 
NH4-acetate. Apparently, the method used affects the CEC values received. 

pH was measured in the BaCb-extract (Table 7 -8). Original pH of the solution ranged 
from 6,5 to 7,5. Most bentonites gave pH around 8 when equilibrated with the solution. 
Two kaolinite-rich Czech clays from Skalna and Dnesice and the iron-rich Kutch 
bentonite 8940 have pH below 7. Kaolinite is typically formed at lower pH than 
smectite (Blatt et al., 1980). 

7.6 Semiquantitave evaluation of smectite content 

Semiquantitative evaluations are based on XRD scans of bulk samples and factors used 
in routine work at the Research laboratory of the Geological Survey of Finland. Weak 
point of the method is that crystallinity of minerals like smectite, kaolinite and iron 
oxides can vary and affect the peak heights that are used for the calculations. Poor 
crystallinity (= poor ordering of crystal structure) and/or very small crystallite size 
brings about broadening of the peaks that at the same time decrease in height. 
Optimally, the standard mixtures should be prepared of minerals that have similar 
crystallinity with minerals in the studied sample, because the method is based on 
measuring the height of selected peaks. Software determines the base line and measures 
the peak heights automatically. When a reasonably well crystalline montmorillonite is 
used for standard mixtures, poor crystallinity of the studied montmorillonite leads to 
overestimation of well crystalline minerals like quartz and calcite that have sharp peaks. 

Another source of error is the heterogeneity of most samples. First question is if a 1 kg 
sample represents the whole formation. The second question is if it is possible to 
separate a representative portion of 1-2 g to be ground for the XRD scan. Couple of 
samples contain lumps of almost pure smectite and a granular mixture of darker 
material (Figs. 7-2 & 7-3). Couple of samples contain pieces of weathered rock (Fig. 
7-1 ). To get a representative sample a large amount of material should be homogenized 
and partitioned in portions to be examined with different methods. Only then the results 
are reliable. Of the studied samples MX-80 was homogenized and Milos A and 
Friedland ground to fine-grained powder. All other 11 samples are raw material and the 
representativeness of results on their part can be questioned. 

In this study, the Wyoming bentonites gave reasonable estimates of mineral 
composition (Table 7 -15). Only the feldspar peak heights were halved for the 
calculations because the peaks sit on the flank of broad montmorillonite peaks and the 
base level determined by the software was too low for them. 



62 

Table 7-15. Semiquantitative evaluation of mineral percentages based on XRD and 
corrected according to chemical data. See text. 

Mineral MX-80 BH-200 8937 8938 8939 8940 Friedland 
montm 80-85 75-80 85-90 85-90 80-85 80-85 
quartz <5 5-10 <5 5-10 <5 35-40 
cristob <5 <5 
plagiocl <5 <5 5-10 
K-fs <5 <5 5-10 
calcite <5 <5 <5 <5 <5 
illite tr <5 
kaolinite 5-10 5-10 <5 5-10 
gypsum tr tr 
pyrite tr tr 
hematite 5-10 5-10 
goethite tr tr 
amphibole tr 
mixed-layer 10-15 ? 
kaol + chl 30-35 
siderite tr 

Mineral Milos H Milos E Milos A Rokle Strance Skalna Dnesice 
montm 75-80 75-80 35-40 70-75? 60-65? 35-40 20-25 
quartz <5 <5 55-60 5-10 15-20 10-15 5-10 
cristob 
plagiocl 5-10 
K-fs 
calcite 10-15 5-10 <5 <5 <5 
illite <5 tr <5 tr 
kaolinite tr <5 10-15 45-50 65-70 
gypsum 
pyrite <5 <5 
hematite 
goethite 10-15 10-15 10-15 5-10 
amphibole 
dolomite tr 
Legend: montm., montmorillonite/beidellite,· cristob., cristobalite,· plagiocl., 
plagioclase,· K-fs, K-feldspar,· mixed-layer, illite/smectite mixed-layer mineral; kaol 
+ eh!, kaolinite + chlorite,· tr, traces 

In case of the Kutch bentonites (893 7 -8940) the smectite is less well crystalline than in 
the Wyoming bentonites. The iron oxide content of samples 8939 and 8940 and the 
calcite content of sample 8939 could be estimated from chemical data (Table 7 -16). The 
calculation based on XRD data gave too high values for both. The kaolinite is poorly 
crystalline and the percentages received from calculations are reasonable. 
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The Milos bentonites contain poorly crystalline smectite and the calculations gave too 
high percentages of calcite and pyrite. Both could be corrected using chemical data 
(Table 7 -16). The activated Milos bentonite contains an appreciable amount of quartz. 
The quartz content cannot be calculated using chemical data because smectites are 
silicate minerals. The percentages given for sample Milos A in table 7-15 are not much 
more than a guess. Other methods need to be used for that sample. The same is true for 
the Friedland sample. There are no factors determined for mixed-layer minerals. 

All the Czech samples contain a considerable amount of iron oxides. Only a small part 
of iron is bound to octahedral sheets of the smectite/mixed-layer mineral. The iron 
oxide as well as the calcite contents could be corrected using chemical data (Table 
7-16). According to Lego et al. (1995), ea 50% oftotal iron in the< 2 J.lm fraction of the 
Rokle bentonite is as goethite. According to FTIR data, octahedral sheets of the Rokle 
smectite contain more iron than the octahedral sheets of other Czech smectites (Fig. 
7-13, Appendix 4). The smectite content of the Rokle bentonite suggested in table 7-15 
is probably too high. The first calculations gave percentages around 60 but were based 
on over-estimation of calcite and iron oxide content. The smectite/kaolinite ratio is not 
easily determined. Both minerals are poorly ordered and have broad XRD peaks. It is 
probable that the Rokle sample contains mainly smectite or a smectitic mixed-layer 
mineral, as does the Strance sample. The Skalna and Dnesice samples contain mainly 
kaolinite. According to FTIR data, the proportion ofkaolinite increases in order Rokle
Strance- Skalna- Dnesice. 
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Table 7-16. The percentages of gypsum, pyrite and calcite calculated from chemical 
data (Table 7-8). The Milos E sample contains dolomite in addition to calcite; the 
Fried/and sample contains siderite. Both minerals are included in the calcite-%. 
Dolomite and siderite could only be identified in coarse fraction separated from the 
bulk material. Therefore, they are minor compounds of those two samples. 

Sample Gypsum 0/o Pyrite 0/o Calcitea 0/o 

MX-80 1,3 1,0 

BH-200 2,9 1,3 

Kutch 8937 1,5 

Kutch 8938 1,3 

Kutch 8939 2,7 

Kutch 8940 

Friedland 1,0 0,2 

Milos H 2,8 13,2 

Milos E 2,2 8,1 

Milos A 3,1 

Rokle 4,9 

Strance 0,4 

Skalna 

Dnesice 

The use of cation exchange capacity for the evaluation of smectite content was tested 
with the Cu(II)-ethylenediamine method as recommended by Kaufhold et al. (2002). It 
was evident, that not only exchangeable cations from smectite were leached but also 
minerals like calcite dissolved. Therefore, the results could not be used for the 
evaluation of smectite content. Either BaCh or LiCl that dissolve less calcite might be 
used for testing the method to evaluate smectite content in case the bentonite contains 
calcite. Probably the method is best suitable for bentonites that contain no calcite. 

Chemical composition of bulk samples may be used for calculation of mineral 
composition if the minerals have been identified (e.g., Prikryl et al., 2003). However, 
the exact chemical composition of each mineral must be known in order to get reliable 
results. Smectites are a group of minerals with a wide range of chemical compositions. 
The same is true for most clay minerals. Therefore, the composition of smectite in each 
sample has to be determined before any calculations can be done. Fine clay fraction 
contains mainly smectite and fractionation has been used for purification. However, 
amorphous compounds, e.g. silica, are enriched in the fine fraction, too. All methods for 
the evaluation of mineral composition have their disadvantages. In case of bentonites it 
is hardly possible to find a 100% reliable method to evaluate their mineral composition. 



65 

8 SUMMARY 

The purpose of this study was 1) to do a literature review of methods used for the 
mineralogical research of bentonites and recommend methods for a research to follow; 
2) to perform a mineralogical research of certain potential bentonites supplied by Posiva 
Oy. The studied bentonites and smectitic clays are candidates for use in buffer and in 
different backfilling concepts. The well-characterized Wyoming bentonite MX-80 acted 
as reference material throughout the research. 

The basic methods recommended for mineralogical and geochemical characterisation of 
bentonites include X-ray diffraction, infrared spectroscopy, chemical analysis, 
determination exchangeable cations and cation exchange capacity and Mossbauer 
spectroscopy. In some cases more detailed investigations are recommended including 
transmission & scanning electron microscopy, differential thermal analysis and special 
XRD & XRF methods. Some basic geotechnical methods are also recommended 
(determination of grain size distribution of the sample, specific surface-area, liquid 
limit, swelling ability etc.) to be used parallel with the mineralogical investigation 
mehdos in order to verify the results and to gain data base in order to study the 
correlation of these methdos. As an example, the smectite content determined based on 
semiquantitative XRD analysis should have a positive correlation with the liquid limit 
and swelling ability of the sample. 

The Wyoming bentonites MX-80 and BH-200 are of good quality, as based on criteria 
of degree of montmorillonite crystallinity, occurrence of sodium as main interlayer 
cation (64,7% and 63,4%, respectively, determination in BaCh-extract), purity and high 
cation exchange capacity. The bentonites contain some gypsum (CaS04 ·2H20) that 
probably was formed during the transformation of volcanic material to bentonite. The 
samples also contain detrital minerals inherited from the original volcanic rock, like 
quartz, feldspars and cristobalite (volcanic high-temperature Si02). There is very little 
non-carbonate carbon, indicating low content of organic matter, and the sulphur content 
is low. 

The Kutch bentonites have high cation exchange capacity and mainly sodium in the 
interlayer position (71,4%, 64,5%, 54,7% and 65,7%, samples 8937, 8938, 8939 and 
8940, respectively, determination in BaCh-extract). The smectite 001 X-ray reflection is 
broad indicating poor crystallinity/very small crystallite size that brings about very high 
specific surface area (not determined). These characteristics are reflected also in the 
high CEC values. The Kutch bentonites contain 10,6- 14,2 wt% Fe20 3. In two of the 
samples (8939 and 8940) iron oxides hematite and goethite could be identified. Sample 
8940 has typical hematite-colour, the rest of samples are yellowish. In the iron oxide
free samples, the montmorillonite/beidellite is iron-rich, as is evident from the FTIR 
spectra. However, the smectites are definitely not nontronite. All the Kutch smectites 
are Mg-poor. Some kaolinite is present in all the Kutch bentonites, calcite and quartz in 
most of them. No feldspars were identified. The sulphur and carbon contents are low. 

Two of the Milos bentonites are raw material; one of them is ground to fine powder and 
activated. One of the raw samples is Na-bentonite; the other is ea-bentonite. Of the 
exchangeable cations, the proportion ofNa in the former is 61,6% or 55,8%, depending 
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on the method used (BaCh or NH4-acetate, respectively), in the latter 21,3% or 18,4%, 
respectively. In the activated bentonite, the proportion of Na is 63,9% or 52,6%, 
respectively. It has to be taken into account that calcium that dissolved from calcite in 
the NH4-acetate extract is included in the sum of exchangeable cations. Calcite is a 
minor component of all the Milos bentonites. According to XRD data, the smectites in 
the Milos bentonites are more poorly crystallized than the Wyoming smectites are and 
the particle size is very small. The FTIR spectra show that the Al/F e/Mg ratio in the 
octahedral sheets much resembles that of the Wyoming smectites. The smectite of the 
activated bentonite, however, differs from the two raw bentonites; there is much more 
iron in the octahedral sheets. It is hardly possible that the change in octahedral sheets 
could have happened during activation. Probably, the sample on activated Ca-bentonite 
studied in this work was not very representative. Characteristic for the activated 
bentonite is also a high amount of quartz, even in the fine fraction. It has been ground so 
fine grained that there is much quartz even in the < 1 J..tm fraction. Chemically, the raw 
Milos bentonites differ from the other studied bentonites by containing more than 
1 wto/o sulphur. Pyrite was identified in the raw bentonites but not in the activated one. 
The two samples also contain more than 1 wt% carbon. Ca content reflects the calcium 
content of the samples. Both are highest in the ea-bentonite, sample Milos H. 

The two bentonites and two smectite-bearing clays from the Czech Republic all contain 
kaolinite and a high amount of iron (9,2-13,2 wt% Fe20 3). Kaolinite is a major 
component in the clays and a minor component of the bentonites. Especially the 
Dnesice sample is kaolinite-rich that is reflected in its chemical composition. As only 
one of the studied samples it contains more than 20 wt% Ah03 (25,5%). Iron oxide 
goethite ( a-FeOOH) was identified in all Czech samples. Their rusty colour also refers 
to the presence of hydrous iron oxides (Fig. 5-5, Appendix 1 ). According to FTIR, only 
the Rokle smectite/smectitic mixed-layer mineral has much iron in its octahedral sheets. 
Kaolinite, of course, affects the FTIR spectra by adding its share to the AlAlOH band 
and, consequently, diminishing the share of smectite AlFeOH and AlMgOH bands in 
the spectra. All the smectites are of the Ca,Mg-type with very low Na content in the 
interlayer positions. The Strance smectite is the only one of the studied smectites in 
which Mg is the dominating interlayer cation; its share is 54,9% in the BaCh-extract. 
Cation exchange capacity reflects the share of kaolinite in the samples. In case of the 
Rokle bentonite the extremely high CEC received with the NH4-acetate method is not 
real but a consequence of dissolution of calcite from the sample. The CEC values 
received with BaCb-extract are reasonable, ea 60 cmol+/kg in case of the bentonites and 
ea 40 cmol+ /kg in case of the smectite-bearing clays. 

The Friedland clay is a mixture of several clay minerals and detrital quartz, feldspars, 
siderite and a small amount of pyrite. It contains swelling components that are 
considered as mixed-layer illite/smectite or equivalent. Other clay minerals are illite, 
chlorite and kaolinite. The CEC is low as compared to bentonites, 35-44 cmol+/kg and 
does not depend much on the leaching method. The main exchangeable cation is Na 
(70,3%- 51,0%, depending on the method). Chemically, the Friedland clay contains 
more potassium than the other studied samples. This is because K is the dominating 
interlayer cation in micas and illite. It is only exchangeable on the surfaces and edges of 
the particles but not in the interlayer positions. The position of the 060 peak in the X-ray 
diffractogram refers to dominantly trioctahedral nature of the clay minerals. According 
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to Henning (1971), the position of the 060 peak in Friedland clay, however, refers to 
dioctahedral nature of the clay minerals. Chlorite is trioctahedral but not a major 
component of the clay. It remains to be determined what the real nature of the mixed
layer mineral with swelling components is. 

As summary on the mineralogical studies on different bentonites and smectite-bearing 
clays it can be stated that the Na-bentonites from Wyoming (USA) and Kutch (India) 
seem to be relatively pure bentonites with high smectite contents. The main difference 
between these Na-bentonites is the iron content, which is relatively high for the Indian 
bentonite. The XRD-standard used for semiquantitative determination of the 
proportions of different minerals within the bentonite was based on data on Wyoming 
Na-bentonite with relatively good crystallinity. Therefore, the method does not apply as 
well for samples with poor crystallinity and different source area & mineralogy. Due to 
this problem the samples from other geographical areas require more detailed 
investigations than the pure bentonite samples from Wyoming. Some of the samples on 
the European Milos bentonite (from Greece) seemed not to be very representative as 
well as the samples from Czech Republic. Due to the complex mineralogical 
composition of the Friedland-clay, the mineralogical determination of the clay requires 
further detailed studies. 
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9 SUGGESTIONS FOR FURTHER RESEARCH 

The mineralogical investigations done for different bentonites and smectite bearing 
clays revealed that the materials containing complex mineralogy and/or mixed-layer 
minerals require further studies to gain more specific information on the proportions of 
different minerals within the clay and on the smectite species (e.g. to determine wether 
the smectite mineral is montmorillonite or beidellite or some other smectite-group 
mineral). The methdos presented in this chapter are needed to gain the more detailed 
mineralogical information and to verify the results. 

9.1 Mossbauer spectroscopy 

Iron can be present in bentonites in two oxidation states, Fe2
+ and Fe3

+. In smectite 
lattice the octahedral sheets contain Fe2

+ and/or Fe3
+. Fe2

+ may also be one of the 
exchangeable cations in the interlayer positions. In addition, bentonites often contain 
other Fe-bearing minerals like pyrite (FeS2) and iron oxides (hematite, Fe20 3) or 
oxyhydroxides (goethite, a-FeOOH). FTIR gives some information about iron in 
octahedral sheets of bentonite and allows at least comparison of samples with each 
other. Much more information, e.g., on the oxidation state and the mineral form of iron 
in bentonites can be achieved by Mossbauer spectroscopy. It is highly recommended 
that especially the high-iron bentonites from Kutch, India and from Czech republic are 
surveyed with Mossbauer spectroscopy. 

9.2 Determination of layer charge 

Determination of layer charge can be done using the alkylammonium method (see Part 
1, 3.1.4). It is recommended if it is considered necessary to make distinction between 
high-charge and low-charge smectites. 

9.3 Determination of cis- and trans-vacant types of smectite 

The thermal stability of dioctahedral smectites consisting of cis-vacant 2:1 layers are 
characterized by dehydroxylation temperatures of 150-200°C higher than those for the 
same mineral consisting of trans-vacant 2:1 layers (Drits et al., 1995). Most 
montmorillonites, including Wyoming standards, consist of cis-vacant 2:1 layers while 
2:1 layers of beidellites have vacant trans-sites (Tsipursky & Drits, 1984). If it is 
considered as necessary to make distinction between those two types, the use of 
differential thermal analysis (DTA) is recommended. 

9.4 Chemical analysis of purified (by fractionation) bentonite 

Best approximation of chemical formula of smectite can be achieved by chemical 
analysis of purified smectite. Purification can be done by fractionation because smectite 
is finer-grained than other minerals. However, amorphous silica and other poorly 
ordered impurities might be enriched in the fine fraction, too. Exchangeable cations can 
be removed with NH4-treatment if exact data on the composition of the tetrahedral and 
octahedral sheets is wanted. Mg and F e(II) can be present in both octahedral sheets and 
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in the interlayer positions. The distinction between montmorillonite (octahedral charge 
>tetrahedral charge; more Mg in the octahedron than there is Al in the tetrahedron) and 
beidellite (octahedral charge < tetrahedral charge; more Al in the tetrahedron than there 
is Mg in the octahedron) is not possible on the basis of the data collected now. 

9.5 Semiquantitative evaluation of smectite content using CEC 

The evaluation of smectite content was tested by determining CEC of purified smectite 
and bulk bentonite using the Cu-ethylenediamine method. Unfortunately, the bentonite 
contains calcite that was dissolved giving too high Ca-values and the evaluation could 
not be done. Leaching with BaCh or LiCl should be tested instead because very little 
calcite was dissolved in the solutions. 

9.6 More detailed work of fine fraction with XRD, oriented mounts 

More detailed work is needed in case the diffractograms of oriented mount + ethylene 
glycol solvation are difficult to interpret. E.g., samples like Rokle, Strance, Milos A, 
Friedland and two Kutch samples, 893 8 and 8940 should be examined. Saturation may 
be done with different cations; recommendable is at least Mg. In addition to ethylene 
glycol, glycerol solvation should be tested. The EG-solvated mounts should be heated to 
temperatures between 100 and 350°C in order to observe the easiness of dehydration. 

9.7 Geotechnical investigations 

The content of clay and silt fractions in bentonites are basic data necessary for their 
characterization. There are straightforward methods available for the determination. 
Specific surface area can be determined with a number of methods. Care should be 
taken in selecting the method best suitable for bentonites. 

9.8 Determination of organic content 

Oxidizing and reducing elements in bentonites are of interest for the buffer and backfill 
concepts. Non-carbonate carbon is an approximation of organic content. More precise 
methods for the determination of organic content are available (e.g., Pusch, 2002). 
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APPENDIX 1 (1/5) 

PHOTOGRAPHS OF BENTONITE AND CLAY SAMPLES 

20mm 

MX-80 



80 

APPENDIX 1 (2/5) 

20mm 
8938 

20mm 
8939 



81 

APPENDIX 1 (3/5) 

20mm 
Milos E 

20mm Milos activated 



82 

APPENDIX 1 (4/5) 

20mm Friedland 

20mm 

Strance 



83 

APPENDIX 1 (5/5) 

20mm Dnesice 

20mm 
Skalna 



84 

APPENDIX 2 (1/5) 

- X-RAY DIFFRACTOGRAMS OF BULK SAMPLES 
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X-RAY DIFFRACTOGRAMS OF ORIENTED MOUNTS. 

Symbols: Red, air-dried; blue, solvated with ethylene glycol. 
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INFRARED SPECTRA OF BENTONITES, FINE FRACTION 
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APPENDIX 5 (1/4) 

TEM PHOTOGRAPHS OF BENTONITES 

Sample: Kutch 893 7 
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APPENDIX 5 (2/4) 

Sample: Kutch 8937 
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APPENDIX 5 (3/4) 

Sample: Milos high grade 
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APPENDIX 5 (4/4) 

Sample: Milos activated 


