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ABSTRACT

A large variety of commercial grade sodium bentonite products are available from suppliers
in North America and Japan. This report generally characterizes the products available for
environmental engineering applications. A compilation of the swelling capacity and
hydraulic properties of the available products, together with their basic mineralogical
composition, physical and engineering properties is presented. This report identifies the
range of materials available commercially and documents the basic physical properties of
these products.

The geological origins and locations of bentonite-ore deposits are discussed with reference
to the availability and variability of this material. The largest producers of sodium
bentonite in North America are all located within the same geographic region of the central
United States. A number of smaller commercial mining operations also exist within and
outside this main area. All of the North American producers of sodium bentonite were
approached for samples of their untreated bentonite products. Those producers willing to
provide samples had their products examined in some detail. For comparison purposes
three samples of bentonite from commercially exploited deposits in Japan were tested.
These materials were found to be nearly identical mineralogically and exhibited similar
physical properties to materials produced in North America.

The hydraulic and swelling characteristics of 17 different bentonite products from 9
different producers were compared. Considerable variation was noted in the free-swell
capacity of these clays but this was not reflected in the swelling pressure or hydraulic
conductivity of densely compacted specimens. The density - hydraulic conductivity
relationship was found to be independent of product for untreated sodium bentonite clays
with hydraulic conductivity decreasing with increasing clay density (for materials tested at



high (>500) hydraulic gradients). A large body of hydraulic conductivity data was obtained
from the literature to supplement the data generated by this study. The literature values
further supported the results of this study. Hydraulic conductivity and swelling pressure
performance at high density are consistent when sodium bentonites of similar quality are
densely compacted prior to use.
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RÉSUMÉ

Les fournisseurs d'Amérique du Nord et du Japon offrent une grande variété de bentonites à
sodium de qualité commerciale. Le présent rapport établit les propriétés générales des
produits disponibles destinés à des applications de la technologie de l'environnement. On y
présente un inventaire des propriétés hydrauliques et de la capacité de gonflement des
produits sur le marché, avec leur constitution minéralogique, leurs propriétés physiques et
leurs caractéristiques géotechniques fondamentales. Ce rapport précise également la gamme
des matériaux disponibles dans le commerce et établit les propriétés physiques essentielles de
ces produits.

Les origines et les emplacements géologiques des gisements de bentonite sont examinés, et la
disponibilité et la variabilité du matériau sont indiquées. Les plus gros producteurs de
bentonite à sodium d'Amérique du Nord sont tous groupés dans une même région
géographique au centre des Etats-Unis. Un certain nombre d'exploitations minières
commerciales de moindre envergure sont également situées à l'intérieur et à l'extérieur de
cette région. On a fait appel à tous les producteurs de bentonite à sodium en Amérique du
Nord pour qu'ils nous fournissent des échantillons de leurs bentonites brutes. Les produits
des exploitants ayant consenti à fournir des échantillons ont été examinés soigneusement. À
titre de comparaison, on a fait subir des essais à trois échantillons de bentonite extraits de
gisements exploités commercialement au Japon. Ces matériaux se sont révélés presque
identiques du point de vue minéralogique et présentent des propriétés physiques semblables à
ceux produits en Amérique du Nord.

Les caractéristiques hydrauliques et de gonflement de 17 bentonites distinctes provenant de
9 producteurs différents ont été comparées. On a noté des variations considérables de la
capacité de gonflement libre de ces argiles, mais cela ne concernait pas la pression de
gonflement ou la conductivité hydraulique d'échantillons fortement tassés. La relation entre la



masse volumique et la conductivité hydraulique s'est révélée sans rapport avec le produit dans
le cas des argiles bentonitiques à sodium brutes dont la conductivité hydraulique baisse

quand la masse volumique de l'argile augmente (lorsqu'il s'agit de matériaux mis à l'épreuve à
des gradients hydrauliques élevés (>500)). Une grande quantité des données relatives à la
conductivité hydraulique a été puisée dans les ouvrages scientifiques afin de compléter les
données fournies par cette étude. Les valeurs que l'on trouve dans les revues spécialisées ont
corroboré les résultats. La conductivité hydraulique et la pression de gonflement avec une
grande masse volumique concordent lorsque des bentonites à sodium de qualité semblable
sont fortement tassées avant leur emploi.
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1. BACKGROUND

Bentonite clays have a long history of use in a wide range of applications, including the
foundry industry as a sand binder, in animal feed pelletizing, as an insecticide carrier, as a
component in cosmetics, as drilling mud for the oil and gas industry, and as a general
purpose sealant in water control applications. In more recent years bentonite has come into
use as a component in many environmental engineering applications, such as slurry
trenching and landfill liners and covers. It has also been identified for use as a component
in the engineered barriers in the nuclear fuel waste disposal facilities proposed by several
countries, including Canada, Sweden, Switzerland and Japan. Bentonite-based materials have
been identified as exhibiting many of the characteristics deemed desirable in sealant. Among
these properties are the ability to swell on contact with free water thereby providing the
barrier with a self sealing capacity should any cracks or fissures be induced in the barrier.
Bentonites are also known to exhibit a very low hydraulic conductivity, thereby limiting
advective groundwater flow through a disposal site. These waste management facilities
would consume considerable volumes of bentonite (millions of tonnes) and so it has become
important to catalogue and classify commercially available bentonites.

Many commercial bentonite products used in drilling and some environmental applications
are extended (chemically treated) or polymerized products. The polymer materials are
typically large organic chain molecules which improve the sorptive or rheological properties
of the bentonite. While these treatments may be acceptable for some applications, they are
not appropriate for others, such as nuclear waste management. These molecules are
unlikely to be stable in a radiation field and the long-term affect of a denatured polymer on
the performance of the bentonite-based buffer is uncertain. It is therefore prudent to limit
the type of bentonite considered for use in nuclear waste management to untreated (no
chemical treatment or polymer addition), natural bentonite products. It is therefore the
untreated materials that are examined in considerable detail in this report.

A second commonly encountered technique used to improve the swelling and rheological
performance of bentonite clays involves sodium activation. This process requires the
addition of a highly soluble sodium compound, typically a sodium carbonate, sulphate or
hydroxide to the clay to displace non-sodium ions naturally associated with the cation
exchange sites of the clay particles. While such a treatment does not introduce organic
molecules to the system, the long-term effects of such treatments are uncertain and so these
bentonites are also excluded.

This report will review a number of the fundamental mineralogical, swelling and hydraulic
properties of sodium bentonites from a variety of sources. These properties are compared to
the Saskatchewan bentonite used as a reference bentonite for the Canadian Nuclear Fuel
Waste Management Program. These comparisons will provide an indication of the ability to
use several sources of sodium bentonite in a nuclear fuel waste disposal facility.
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2. GEOLOGICAL HISTORY AND BENTONTTH FORMATION

Bentonite is a general term used to describe the clay product produced by mining of
sodium montmorillonitic clay shale deposits. These deposits are generally accepted to be
the result of geochemical alteration of volcanic ash deposited into shallow marine basins.
The most widely used and mined North American deposits of sodium bentonite were
formed during the Cretaceous age (some 67 to 144 million years (Ma) ago). During this
age, a combination of geological activity and environmental conditions existed that allowed
initiation of bentonite formation. Central North America had b*»en inundated by a shallow
brackish sea which filled the interior basin region shown in Figure 1. The extent of this sea
varied with time, especially in the northwestern reaches (now Alberta and Saskatchewan)
(Shepheard and Hills, 1970). Contemporary with this marine episode was extensive
volcanic activity in the Western Cordillera. This volcanism generated vast quantities of ash,
which was blown east by the prevailing winds. The result was a series of ash deposits on
the surface of the inland sea. The ash gradually settled to the bottom and was subsequently
buried by marine or land-derived materials. With time, these deposits were deeply buried
and consolidated by the more recent sediments and many of these ancient ash layers later
altered to bentonite.

The type, thickness and quality of the subsequently formed bentonite beds depend on the
initial ash composition and granularity, as well as the pore-fluid chemistry of the deposits.
The deposits in the North and West of the main North American depositional basin tend to
be more "ashy" with a higher grit content. This is a function of their proximity to the
volcanic sources of the ash, and the inclusion of terrestrial material carried into the deposits
during sea level fluctuations. The deposits in the central basin tend to be of higher quality,
perhaps as the result of calmer central waters and finer textured material deposited farther
from the volcanic ash sources.

The economically significant bentonite deposits of the Wyoming region of central North
America are largely of Lower Cretaceous age (approximately 100 million years (Ma) old).
In the Wyoming region, these deposits are found in the Frontier, Mowry and Thermopolis
Shales. These deposits are generally exposed in the Big Horn region of Wyoming and are
visible as the result of the uplift of the Big Horn Mountains in western Wyoming and the
Black Hills region in western South Dakota (Auer and Thayer, 1979). The Wyoming or
Western-type bentonites are exposed in three localities, the Big Horn Basin to the west of
the Big Horn Mountains, the Kaycee region to the east of the Big Horn Mountains, and the
Black Hills region in easternmost Wyoming and into South Dakota.

Extensive deposits of sodium bentonite are also found outside the traditional Wyoming
bentonite mining regions. These non-Wyoming bentonites exist in large volumes in
Montana, Alberta and Saskatchewan. This second major North American geological source
of sodium bentonite are the Montana-type bentonites. These deposits are more recent than
the Wyoming-type bentonites and are located in Montana, Alberta and Saskatchewan
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FIGURE 1: Boundaries of the Cretaceous Inland Sea (Sartorius, 1978)

regions, hence the general label "Montana" bentonite. They are Upper Cretaceous in age,
normally from the Campanian age (80 Ma) Bearpaw Shale. In general, these formations
contain thinner bentonite seams and are commonly of inferior quality (for the purposes of
use as a drilling mud, or foundry industry use). In some localities, where the overburden is
relative!" thin, and the local bentonite quality high, some mining of these deposits occurs.

A third region within the United States where some economic development of bentonite has
occurred is Utah. This material is of Upper Jurassic age (150 Ma), and so is of
considerably earlier origin than the Wyoming Bentonites (100 Ma old). This material
represents an earlier episode of volcanic activity and ash deposition into the shallow inland
sea in central North America.

The fourth region of significant bentonite deposits in the United States is in Oregon. The
central and eastern regions of Oregon have active bentonite mines. The deposits of Eastern
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Oregon are Miocene in age and are located in the upper and lower portions of the Sucker
Creek Formation, along the Oregon-Idaho border. The origins of these materials are
considerably different than other North American bentonites. As with most of the other
bentonite deposits in North America, these materials were deposited as volcanic ash into
marine or alkaline lake environments. These deposits were laid down between 4 to 40
million years ago, in close association with their volcanic source(s). In many of these
deposits, there were closely associated volcanic centre(s) whose heat resulted in
hydrothermal alteration of the ash. The result of this environment and the presence of trace
elements such as iron, is a more strongly coloured bentonite than is normally encountered.
The more continuous beds of the lower portion of this formation are found as a series of
brown, green and yellow-green beds with a combined thickness ranging from 4.3m to 6.1m.
The upper unit of the Sucker Creek fonnation is typically found as down-dropped blocks in
the grabens found throughout this region. The bentonite layers in these blocks range from
6m to 9.8m in combined thickness.

Sizable sodium bentonite deposits also exist in Mexico. These materials are associated with
cordilleran volcanic ash deposits and are predominantly found in the areas of Gomez
Palacio in Durango State and Linares in Nuevo Leon State. Little is knewn of these
materials and attempts to gain samples were unsuccessful.

Bentonites are found in a number of regions in Japan. At least two mining companies are
actively mining bentonite in central Japan. The bentonites mined by these companies are
the product of alteration of volcanic ash laid down in a marine environment. They are of
interest as they represent bentonites formed by parent material which is of different source
and composition than the North American cordilleran volcanic ashes. These materials are
generally of Miocene age (5.3 to 23.7 Ma) and so are younger than most of the sodium
bentonites mined in North America. A variety of localities are mined, using either open
cut operations or, unique to Japan, by underground quarrying.

3. PRODUCERS OF SODIUM BENTONITE: LOCATIONS AND PRODUCTION
CAPACITY

There are five major bentonite producers of Wyoming-type bentonite in the central United
States (Dixon et al. 1992). Four small bentonite producers are active outside this area, two
in Utah, and two in Oregon (Dixon, 1994). Figure 2 provides the locations for the
Canadian and U.S. mining and processing facilities. Outside of the USA two small
processing facilities exist in western Canada, and at least five mining and processing
facilities exist in Mexico. Detailed descriptions of the Canadian and U.S. mining and
processing facilities have been provided by Dixon et al. (1992) and Dixon (1994). In Japan
at least two significant bentonite mining and processing companies are known to exist. The
milling capacity, stated or estimated reserves and locations of these operations are
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FIGURE 2: Locations of Sodium Bentonite Mining and Processing Facilities
in Canada and the U.S.A.

summarized in Table 1. It must be noted that the produ :t names referred to in this report
are registered trademarks and do not refer to generic materials.

The United States-based bentonite mining and processing companies are, in order of
production capacity:

Colloid Environmental Technologies Company (CETCO)
Wyo-Ben Inc. (WB),
Bentonite Corporation (BC),
Black Hills Bentonite Company (BHB)
MI Drilling Fluids Company (MI)
Central Oregon Bentonite Company (COB)
Teague Mineral Products (TMP)
Western Clay Company (WCC)
Redmond Clay and Salt Company (RCC)
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T^BLE 1

BENTONITE PRODUCTION IN NORTH AMERICA AND JAPAN

Company and Mine Location
Maximum Established

Annual Production Reserves
noon Mg/ai nnoo

Canada
Canadian Clay Products.(CCP)

Wilcox Saskatchewan
United States

CETCO
Belle Fourche, South Dakota
Colony, Wyoming (2 plants)
Upton, Wyoming
Lovell, Wyoming

Wyo-Ben Inc.. Billings Montana
Lovell, Wyoming
Greybull, Wyoming
Thermopolis, Wyoming

Bentonite Corp.. Denver Co.
Lovell, Wyoming (shut down)
Colony, Wyoming

Blackhills Bentonite. Casper Wyoming
Worland, Wyoming
Casper, Wyoming (2 plants)

M-I Drilling Fluids.
Rosalind, Alberta
Greybull, Wyoming

Central Oregon Bentonite Co.. Prineville, Oregon
Western Clay Company. Aurora, Utah
Redmond Clay and Salt Co.. Redmond, Utah
Teague Mineral Products. Adrian, Oregon

Mexico
Arcillas Industrials. Gomez Palacio, Mexico
Volclay de Mexico (joint CETCO-Mexican Activity)

Gomez Palacio, Durango, Mexico
gentonita de Mexico. Linares, Nuevo Leon, Mexico
Quimica Surpex S.A.. Durango, Durango, Mexico
Tacnica Mineral S.A.. Tiaquepaque, Jalieco, Mexico

Hojun Yoko Co. Ltd.
Annaka City, Gunma Prefecture (2 plants)
Ichihara City, Chiba Prefecture

Kunimine Industries Co. Ltd

100

400
900
500
400

450 to 750
225
350

(360)
360 to 460

200
450

36
650
80
40
?

40

140

?
40
40
3

174
60
9

•1,000

35,000

50,000

12,000
7,000

unknown

500
50,000

unknown
unknown
unknown

2,500

unknown

unknown
unknown
unknown
unknown

60,000

unknown
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Three producers of sodium bentonite have been active in Canada, one in Saskatchewan and
two in Alberta. The Alberta operations (located in Rosalind and Onoway), traditionally
produced very small quantities of bentonite for local oil industry use. As of 1989 neither of
the Alberta operations were in production, although the Rosalind operation resumed limited
production in 1990. The Saskatchewan bentonite mining and processing plant, is the only
ongoing sodium bentonite mining and processing operation in Canada.

The bentonite mining and processing companies in Japan are known from literature
generated by technical and scientific information published as part of the Japanese nuclear
fuel waste management program, or supplied by Hojun Yoko Co. Ltd.. The Hojun Yoko
Co. operates three bentonite processing facilities having a combined capacity of
approximately 250,000 Mg/a, The second source of Japanese bentonite is Kuni Mine
Industries Co. Limited. Little information is available regarding this mining company but it
has been referenced in literature. Samples of the products available from these two
bentonite mining companies were obtained by Whiteshell Laboratories and were tested
along with the samples collected from North American bentonite producers.

4. PHYSICAL AND MECHANICAL PROPERTIES OF BENTONITES

Each of the Canadian and U.S. companies listed in Table 1 were contacted for technical
data and asked to supply samples of their untreated sodium bentonite products. Two of the
Mexican bentonite producers were contacted for the same purpose but no information or
samples were provided. The information on Mexican bentonite materials presented in this
report were obtained from a U.S.G.S. report (U.S.G.S., 1990). Samples of three different
bentonite products were obtained from Japan. The materials obtained and tested represent
only a portion of the full range of commercially available bentonite products (untreated and
treated bentonites), (Dixon et al., 1992; Dixon, 1994). These samples do however make'up
a significant proportion of the untreated engineering-grade materials available commercially.
Table 2 lists the specific bentonite products provided by each of the producers of sodium
bentonite and which were tested in this project.

4.1 PARTICLE SIZING AND PHYSICAL CHARACTERISTICS

Particle sizing of the sodium bentonite products was conducted using specimens suspended
in a solution of sodium hexametaphosphate for 24 hours and then tested using a laser light
particle sizing apparatus. This device takes a very tiny sample of the dispersed clay and
further suspends the clay in a large volume of water (approximately 0.1 g in 0.25L). The
resultant solution is ultrasonically dispersed and a laser light is passed through the solution.
The diffraction of the beam passing through the suspension is used to calculate the diameter
of the particles in solution. As with the traditional hydrometer test for fine-grained
materials (ASTM, 1992j this technique assumes that the particles are spherical rather than
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TABLE 2

SODIUM BENTONITE MATERIALS EXAMINED

Producer Product

Canadian Clay Products (CCP) Civil Engineering Grade (CEG)
Colloid Env. Tech. (CETCO) Volclay MX-80 (MX-80)

Custom Seal 200 (CS-200)
Foundry C (FC)

Wyo-Ben (WB) Envirogel 200 (EG-200)
Bentonite Corporation (BC) Enviro-Seal 200 (ES-200)

Bara-Kade Standard (BKS)
Black Hills Bentonite Co. (BHB) Product 404 (P404)
Mi-Drilling Co. (MI) Federal Jel Cement Grade (CG)

Ash
Federal Seal 200 (FS-200)

Teague Mineral Products (TMP) Custom Sealant (CS)
Redmond Clay and Salt (RCSC) Swell Seal 200 (SS-200)
Kunimine Industries (KM) Kuni Jel VI (KJ)
Hojun Yoko (HK) New Hotaka (NH)

Asama (AS)

the plates they actually are. The advantages of the laser technique are numerous and
include

speed, test duration is 5 minutes versus several weeks for bentonite tested using a
hydrometer
the effects of thixotropic gel formation in the particles is avoided
the temperature effect on fluid viscosity and density is negligible since testing time is
short
the potential for human reading errors is eliminated because the procedure is fully
automated.

The bentonite specimens were tested using both the laser and hydrometer techniques. This
means that the results reported, although varying from those which would be obtained using
the traditional hydrometer method, are internally consistent and comparable. Selected
results of the laser-type tests are presented in Figure 3: the data not shown in this figure are
very similar to those plotted. As may be seen in Table 3 and Figure 3 the hydrometer
results can be significantly different than those obtained using the laser. Laser particle
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FIGURE 3: Typical Results of Particle Size Analysis

sizing shows that the bentonite materials all have very similar particle size distributions,
with approximately 80 to 90 % of the material being silt-sized and the remainder being
clay-sized. Very little sand-sized material was found in these samples.

Considerable differences are found between the results obtained using the conventional
hydrometer technique and the laser technique. There is a much higher proportion of coarse
(silt) material recorded for the specimens tested using the laser technique. The differences
in the results are attributed to the development of large hydrated clay floes in the settlement
columns used for hydrometer tests. These large, lower density floes settle at a slower rate
than is predicted using the assumption of spherical mineral particles. As a result, the
particle-size analysis considers all this material to be fine-grained and a high clay content is
assumed. The laser technique does not allow time for the formation of such large floes and
so the sizes determined are probably more representative of the actual particle sizes present.
This explanation of the differences is supported by the results obtained for the illitic clay
material. The silt proportion of the illitic clay determined using the hydrometer is lower
than found using the laser technique but the difference in the quantity determined using the
two techniques is much lower than was observed in the bentonitic clays. Thisindicates that
while there may be some floe formation in the illitic clay, the system is largely dominated
by individual particles.
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PARTICLE SIZE PROPORTIONING OF CLAY SPECIMENS

(RESULTS OBTAINED USING LASER TECHNIQUE UNLESS OTHERWISE NOTED^

Producer/Product Sand Silt Clay
Content Content Content

ILLITIC Clav

Laser-sizing
Hydrometer Sizing

BENTONITE Clav
Canadian Clav Products.

CEG
CEG (Hydrometer)

CETCO
CS-200
MX-80

Wvo-Ben
Env. Gel-200

1
5-15

0
2-4

0.5
4

5

Black Hills Bentonite
Product 404

MI Drilling
Ash
FJ -CG
Fed. Jel Natural

Teague Mineral Products
Custom Sealant

Redmond CSP
Swell Seal 200
Swell Gel API-13

Hojun Yoko
Asama
New Hokado

Kunimine
Kunigel V-I

2

0.5
2
4

0

1
2

0
0

4

82.5
53-68

81
19-38

84.5
84

16.5
27-32

19
60-77

15
12

82 13

Bentonite Corp.
BK-Standard 0 84 16
BK-Standard (Hydrometer) 0 11 89
Enviro Seal 2 95 3

83 15

76.5 23
84 14
78 18

90 10

81 18
76 22

83 17
88 12

83 13
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The clays listed in Table 3 were also tested to determine their basic physical properties.
The properties measured include the volume occupied by a fully hydrated clay specimen,
the cation exchange capacity (CEC), clay surface area and consistency limits. The results
are presented in Table 4. In this table there are two columns providing "free" swell
information. The standard industry technique used to determine free swell capacity involves
saturating the clay material with deionized water and measuring the volume occupied by the
clay once swelling is completed. The second technique used to measure free swell involves
suspending 5g of oven-dried clay in 250 ml of 0.15M NaCl solution and then allowing the
suspension to settle. This technique causes a floculation of the clay particles and results in
a more accurate volume measurement. The volume occupied by the settled clay is
monitored until settlement ceases, and this volume is taken as the free-swell volume. This
technique should provide a more consistent set of hydratcd volume measurements than the
commonly quoted procedure.

There is a large range in the measured values obtained for these materials, particularly in
the CEC, Consistency Limits and Free Swell properties. Such variations could be indicative
of differences in the mineralogical composition, or in the effective surface area of the clays
and so might influence the swelling pressure developed by and hydraulic conductivity
properties of these materials.

4.2 MINERALOGICAL AND CHEMICAL PROPERTIES

Determination of the mineralogical and chemical properties of the bentonite samples
examined in this study began with determination of the chemical composition of the clays.
Table 5 presents the compiled results of chemical composition analyses of the bentonites
studied. These analyses were conducted by a wide range of laboratories and were reported
in the manufacturers technical data sheets. The compositions of all these materials are
similar and the products show little variation, as might be expected from materials with the
same geological origins. What is interesting to note is that the Japanese bentonite materials
show little significant difference in chemical composition from those originating in North
America.

In addition to the chemical analysis, X-ray diffraction analyses were conducted to determine
what clay minerals are present in each of the samples. The specimens were all tested as
random oriented, untreated dry powder material using Copper k-alpha radiation. A series
of traces produced from reference minerals (Yong, et.al, 1992) is presented in Figure 4 for
purposes of comparison. The resultant XRD patterns (Figures 5 and 6) are indicative of
swelling clay materials containing varying quantities of other minerals. Of the materials
examined, two Wyoming-type bentonites (CETCO-MX-80 and BC-BKS), and the
Saskatchewan bentonite (CCP-CEG) were glycolated and tested by XRD (Figure 7). The
traces obtained for the Wyoming materials were similar and so only one is presented (BC-
BKS) with the Saskatchewan material.



TABLE 4

SUMMARY OF BENTONITE PHYSICAL PROPERTIES

Specific pH Free Cation
Gravity Swell Exchange*

(cc/g) (meq/100g) (m2/g)

Surface
Area

Liquid
Limit*

Plastic
Limit*

Plasticity Free
Index* Swell*
(cc/g)

CANADIAN CLAY PRODUCTS INC.
Civil Eng. Grade* N/R
Civil Eng. Grade** N/R

AMERICAN COLLOID COMPANY
CS - 200 N/R
Foundry C N/R
Volclay MX-80 2.7

WYO-BEN INC.
Envirogel 200 2.55

BENTONITE CORP. PRODUCTS
Barakade Std. 200 2.5

BLACKHILLS BENTONITE COMPANY
Product 404 2.74

M-I DRILLING FLUIDS CO.
ASH" N/R
F-J Natural N/R
F-J "CG" N/R
Fed-Seal 200 N/R

N/R
8.5-9.5

N/R
N/R
8.5-10

8.7-9.5

6.5-10
N/R

N/R
N/R
12-15

22-25

N/R
82

80-90
76.5

>85(82*)

70-90

520-630
568

N/R
N/R
N/R

800

150-380
245

383
N/R
474

390-450

33-44
36

44
N/R
N/R

37

115-330
209

339
N/R
N/R

415

9
N/R

8
9
12

21

9.4

8.4

N/R
9.0-10.0
8.5-9.5
8.5-9.5

28

15

N/R
N/R
N/R
N/R

76

55.4

53.1
56
60.7
64.4

750

N/R

N/R
N/R
N/R
N/R

537

333

374
503
412
503

41

40

45
41
41
41

496

293

329
462
371
462

13

14

19
26
24
N/R

K>

continued.



TABLE 4

SUMMARY OF BENTONITE PHYSICAL PROPERTIES (concluded)

Specific pH Free Cation Surface
Gravity Swell Exchange* Area

(cc/g) (meq/100g) (nr/g)

Liquid
Limit*

Plastic
Limit*

Plasticity Free
Index* Swell**

(cc/g)

CENTRAL OREGON BENTONITE COMPANY
2.3-2.8 8.8-9.8

REDMOND CLAY AND SALT COMPANY
SwellGel-API 13A
SwellSeal #200

WESTERN CLAY COMPANY
API 13A
Sure-Seal

TEAGUE MINERAL PRODUCTS
Custom Sealant N/R

8.25 N/R N/R N/R N/R

HOJUN YOKO
Asama
New Hokado

KUNIMINE
Kunigel V-I

N/R
2.58

N/R

N/R 10-17.5 80-90(70*)

N/R N/R 90
9.5-10.5 N/R 60-80(75*)

N/R 344 >45

N/R N/R N/R N/R 342 34

N/R

<300

310

N/R

.5-2.7

.5-2.7

N/R
N/R

8.8-9
9-9.5

7.4-7.9
8.5-9

12.5-15
7-8

7.5-12
N/R

70-80
70

N/R
95

N/R
N/R

N/R
N/R

350M50
3O5MOO

N/R
N/R

48
31

N/R
N/R

300-400
275-370

N/R
N/R

18
12.8

N/R
N/R

9.8

N/R
N/R

352
278

>45
45

310
230

12.4
7.4

16

Note:

N/R

Data presented are from Manufacturers' Technical Data Sheets unless otherwise noted.
From Oscarson & Dixon (1989)
Reschke & Haug (1991)
From Whiteshell Laboratories (WL)
WL, modified free swell test (0.15 M NaCl)
Data not available



TABLE 5

SUMMARY OF BENTONITE CHEMICAL PROPERTIES

CHEMICAL COMPOSITION AS wt% OXIDE

SiO, A12O3 Fe2O3 M g O CaO K,0 Na7O TiO7 H2O

CANADIAN CLAY PRODUCTS INC.
Civil Eng. 61.4
Civil Eng.* 64.7
Civil Eng.** 61.4

AMERICAN COLLOID COMPANY
Volclay MX-80 58-64
Custom Seal 200 N/R
Foundry C N/R

WYO-BEN INC.
Envirogel-200 60.3

BENTONITE CORP. PRODUCTS
Barakade Standard 63.6

BLACKHILLS BENTONITE COMPANY
product 404 65

M-I DRILLING FLUIDS CO.
"ASH" N/R
Federal Jel (Cement Grade) 61.3-64
Federal Seal 200 61.3-64

CENTRAL OREGON BENTONITE COMPANY
60.5 18.1

18.1
16.3
13.7

18-21
N/R
N/R

19.3

21.4

20.2

N/R
19.8
19.8

3.2
4.46
4.63

2.5-2.8
N/R
N/R

3.5

3.78

2.3

N/R
3.9
3.9

2.3
2.26
0.79

2.5-3.2
N/R
N/R

1.7

2.03

1.0

N/R
1.3
1.3

0.6
1.79
1.76

0.1-1.0
N/R
N/R

0.4

0.66

1.4

N/R
0.6
0.6

0.4
0.56
1.56

0.2-0.4
N/R
N/R

0.1

0.31

0.8

N/R
0.4
0.4

2.2
2.23
0.75

1.5-2.7
N/R
N/R

2.3

2.7

3.1

N/R
2.2
2.2

0.1
0.25
N/R

0.1-0.2
N/R
N/R

0.2

N/R

N/R

N/R
0.1

0.17.2

5
4.7
N/R

5.6
N/R
N/R

<7.8

5.5

7.0

N/R
7.2

6.1 0.4 0.3 2.7 0.9 6.7

continued.



TABLE 5

SUMMARY OF BENTONITE CHEMICAL PROPERTIES (concluded)

CHEMICAL COMPOSITION AS wt% OXIDE

REDMOND CLAY AND SALT
SwellGel-API 13A
SwellSeal #200

WESTERN CLAY COMPANY
API 13A
Sure-Seal

SiO2

COMPANY
54
54

65
58.9

TEAGUE MINERAL PRODUCTS
GB-Type 65.4
B-Type 63

HOJUN YOKO
Asama
New Hokado

KUNIMINE
Kunigel V-I

N/R
63-80

69

A12O3

19
19

16.4
18.9

18.3
19.5

N/R
12-16

13

Fe203

7
7

2.6
3.5

8.8
9.4

N/R
1-3.5

2.0

MgO

2
2

1.6
2.7

1.5
1.3

N/R
1.5-2.5

2.0

CaO

9
9

2
0.7

2.3
2.4

N/R
1-3.5

N/R

K2O

2
2

1.5
0.7

0.7
0.8

N/R
0.5-1.5

N/R

N a ^

6
6

2.4
3.4

1.4
1.5

N/R
2-3.5

2.6

TiO2

N/R
N/R

N/R
0.16

1.6
1.8

N/R
N/R

N/R

H2O

N/R
N/R

8.5
5.7

N/R
N/R

N/R
5-10

4.2

Note: Data are from Manufacturers' Technical Data Sheets unless otherwise noted.
* From Oscarson & Dixon (1989)

** Reschke & Haug (1991)
N/R Data unavailable
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FIGURE 4: Typical X-Ray Diffraction Patterns Obtained For Clay Minerals
from Yong et. al (1992)
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FIGURE 5: X-Ray Diffraction Patterns For Random Powder Specimens of Clays
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FIGURE 6: X-Ray Diffraction Patterns For Random Powder Specimens of Clays (concluded)
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FIGURE 7: X-Ray Diffraction Patterns For Glycolated Powder Specimens of Clays
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The XRD patterns for three samples, CCP- Civil Engineering Grade, Mi-Ash and the
KM-Kunigcl VI (Figures 5, 6, 7) differ somewhat from the other specimens examined as they
have somewhat offset first order (001) peaks. These peaks suggest that either these materials
have a significantly different exchangable cation content or that they are interlayered illite-
smectite (montmorillonite) clay materials rather than relatively pure montmorillonitic clay.
These three samples also appear to contain cristobalitc, a polymorph of quartz. It is found in
volcanic rocks and so its presence in a deposit with a volcanic ash origin is not unexpected.
This mineral has diffraction peaks for d-spacings of 4.05A, 2.84A, 2.48A, 1.93A. The angles
at which these peaks occur correspond to a 2e for Copper Ka radiation of 21.9", 31.5°, 36.2°
and 47". The remaining XRD patterns are all similar in shape and vary only in the presence of
minor or trace elements. This supports the results of (he chemical analyses (Table 5) which
indicated that these materials were very similar in composition. The two traces included for
specimens of the CCP-Civil Engineering Grade of bcntonitc were obtained from two separate
field samplings. These two traces show some differences particularly in the location and shape
of the first smectite peak. This may be the result of mincralogical differences in these
materials. It highlights the need for routine mineralogical checks of this material to ensure a
consistant quality of the clay purchased.

The clay samples were also analyzed using Thermal Gravimetric Analysis (TGA) and
Differential Thermal Analysis (DTA). These tests measure the change in sample mass and the
presence of endothermic or exothermic reactions as the specimen is heated. Such analyses
provide indications of the mineralogy and composition of the specimens tested (Yong and
Warkentin 1975; Yong et al., 1992). The TGA traces obtained for pure or carefully
characterized control materials have been obtained from the literature and are presented in
Figure 8. The reference traces are provided to show that it is possible to visually distinguish
between bentonite-based and illite-based clay specimens using this technique. The TGA plots
obtained for the materials examined in this project are presented in Figures 9 and 10. In
Figure 9 the specimens were heated at a rate of 5°C per minute which allowed a more gradual
dehydration of the specimens. This generates a smoother curve than specimens dried at 10°C
per minute (Figure 10). In comparing the traces presented in Figures 9 and 10 there is clearly
a similarity in the shape of the curves produced for all the clays examined. Comparing Figure
10 with the reference traces obtained from literature (Figure 8), it would appear that these
bentonite specimens are similar to one another and that there is montmorillonite, illite and
chlorite present in each sample.

The DTA traces obtained from the literature for reference clays are presented in Figure 11 and
those obtained for this study are presented in Figures 12 and 13. As with the TGA traces, the
shape of the plots change with different heating rates. Figure 12 is the data obtained for
materials heated at 5"C/minute and Figure 13 is for a heating rate of 10"C per minute. The
traces presented in these figures indicate that the materials examined are similar
mineralogically. Minor variations in the composition appear to exist and the traces typically
identify small quantities of quartz, illite or carbonate as being present. The only notably
different DTA traces were for the CCP-Civil Engineering Grade bentonite and to some degree
the Japanese bentonites. These traces showed a lower temperature endothermic valley than the
Wyoming materials (600-650° C versus 675-700 °C) and lacked the 925"C smectite exothermic
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FIGURE 8: TGA Traces for High Purity Clay Minerals (from Bish and Duffy (1992))

peaks observed for the Wyoming materials. The shift in the location of these features is likely
due to a lower degree of mineral purity, and perhaps the presence of a mixed chlorite-smectite
phase. The Wyoming samples produced DTA traces which are similar to each other and
resemble those reported for reference high purity bentonite materials (Yong and Warkentin
1975; Yong et al. 1992).

Based on the Chemical, XRD, TGA and DTA analyses it can be concluded that these
bentonites are all of similar composition and vary only slightly in some of their minor
components. Only the CCP, Mi-Ash and Japanese bentonites show any significant indications
of lower bentonite clay mineral content. In an effort to determine if the apparent differences
in mineralogy are reflected in their physical performance, the swelling pressure and hydraulic
conductivity of these three materials have been analyzed and the results of these tests are
presented and compared to those measured for other Wyoming-type bentonites in Sections 4.3
and 4.4 of this report.

4.3 SWELLING PRESSURES DEVELOPED BY BENTONITE CLAYS

An important parameter in the use of bentonite-based sealants in waste isolation and disposal
designs is the swelling pressure developed by the bentonite. The swelling pressure is the
pressure developed by the bentonite-based material on any confining medium. This pressure
can result in straining of the surrounding soil or rock and where excessive, may have
undesirable affects on the other components of the covers or liners. Alternatively, the ability
to swell and swelling pressure may be perceived as a beneficial feature in a barrier in systems
where a degree of self-sealing is desired. Development of a swelling pressure would be
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helpful where deep geological disposal of nuclear fuel waste is considered. Swelling pressures
would permit the system to autogenously self-heal and self-seal ( Pusch 1983; Dixon et al.
1993). This feature provides long-term confidence in the ability of the clay-based barrier to
perform its waste isolating task.

The bentonite materials described in this paper were all tested to determine the swelling
pressure produced when the clay is rigidly confined. The general technique used to measure
the swelling pressure development has previously been described by Pusch (1983), Gray et al.
(1984, 1985), Dixon et al. (1988), Graham et al. (1989) and Bûcher (1984). This technique
utilizes a cylindrical specimen which is rigidly confined. The specimen has a stiff piston
placed on its upper surface and this piston has an electronic load cell installed between the
piston and a reaction plate (Figure 14). The pressure developed by the hydrating bentonite is
transfered upwards through the piston to the load cell, thereby permitting direct measurement of
swelling pressure. In addition to the data generated by this study, a considerable body of data
is available on the swelling pressure developed by CETCO's MX-80 (Pusch 1983, Bûcher
1984), CCP's Civil Engineering Grade (Dixon et al. 1987) and BC's Barakade Standard
bentonite (Radhakrishna and Chan 1986). This literature data, together with the data generated
in this study has been plotted as swelling pressure versus clay density in Figure 15.
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As is shown in Figure 15 the swelling pressure developed by these products follows a trend
of increasing swelling pressure with increasing effective clay dry density (ECDD). The
ECDD is a parameter defined as the mass of bentonite clay present, divided by the volume
occupied by voids and the clay portion of a unit volume of soil. The mass and volume
occupied by any non-bentonite materials is subtracted from the initial values. These
materials are treated as an inert filler which does not affect the hydraulic conductivity or
swelling pressure of the specimen.

4.4 HYDRAULIC CONDUCTIVITY OF BENTONITE

A limited body of data exists on the hydraulic properties of compacted bentonite-based
clays, especially for bentonite clays compacted to dry densities exceeding 1.0 Mg/nr\
Figure 16 presents the collected data on the density versus hydraulic conductivity (k) for
bentonite clay specimens. Figure 16 includes a considerable amount of literature data which
did not specify the particular type of commercial bentonite used in testing. These
unidentified data are presented as miscellaneous bentonites in Figure 16. The hydraulic
conductivities determined by a variety of researchers including, Pusch (1980, 1983),
Borgesson et al. (1988), Ouyang and Daemen (1992), Bûcher and Speigel (1984) and
Wheelwright et al. (1981). A full compilation of the literature data is provided by Dixon
(1995). There is scatter in the k-values determined for these materials but the data all
follow the same general trend of decreasing k with increasing clay density. It is important
to note that the hydraulic conductivities presented in these figures are for materials tested at
very substantial hydraulic gradients (1000 to 35000) and assume the validity of the Darcy
equation for flow through a porous medium. The hydraulic conductivity of these materials
at lower hydraulic gradients is still being investigated at WL. The data envelope does not
show any clear separation or off-set from this density-hydraulic conductivity trend by
product type.

Figure 17 presents only that data from Whiteshell Laboratory and includes specimens from
a larger range of sources than were presented in Figure 16. These data include specimens
from WyoBen, Black Hills Bentonite, Mi-Drilling, Teague MP, and Redmond CS, and are
labeled as miscellaneous bentonites for ease of data presentation. As was seen in Figure 16,
there is no discernable difference in the hydraulic properties of these specimens.

The consistency of the hydraulic gradient - effective clay dry density data indicates that all
the bentonite products examined have similar hydraulic properties over the range of
densities considered in this study. The performance at lower density is more likely to show
the effects of differences in clay quality since there is much less swelling potential in these
looser materials. Provided that the clay density is maintained at greater than 1.0 Mg/m*
there does not appear to be any significant difference in the hydraulic performance of these
bentonitc products in a fresh water environment. The data presented in this study show that
the hydraulic conductivity of a bentonite material can be estimated to within an order of
magnitude by knowing the clay density of the specimen.
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5. SUMMARY

Various source* of sodium bentonite materials have been reviewed and their properties
summarized. The mineralogical and mechanical analyses conducted on these products
indicate that there are notable differences in the materials examined. Testing of the
swelling pressure developed and hydraulic conductivity of these products did not reflect
these differences.

The swelling pressure developed by and hydraulic conductivity of these materials is directly
related to the clay density of the specimens. The data does not show any clear difference in
the performance of these materials when they are used at high clay density. The only clear
relationship determined for the bentonite materials examined was the influence of clay
density on hydraulic conductivity and swelling pressure. No direct relationship
betweenindex properties and the swelling or hydraulic properties was established for
materials having a clay density exceeding 1.0 Mg/m\

Based on the results presented in this report it is evident that there are vast quantities of
quality bentonite clays available for use in a disposal vault. The materials examined all
exhibited free swell capacities, hydraulic conductivities and swelling pressures equivalent
tothe reference Saskatchewan bentonite. Selection of bentonite sources for an actual disposal
vault should be possible without difficulty, provided a few scoping tests are conducted on
the selected materials. There is also a need to ensure that other performance considerations,
such as diffusion properties and chemical compatability are confirmed for a specific
application and a proper quality assurance program is in place.
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BENTONITES FROM CANADA, THE UNITED STATES AND JAPAN

by

D.A. Dixon and S.H. Miller

ABSTRACT

A large variety of commercial grade sodium bentonite products are available from suppliers
in North America and Japan. This report generally characterizes the products available for
environmental engineering applications. A compilation of the swelling capacity and
hydraulic properties of the available products, together with their basic mineralogical
composition, physical and engineering properties is presented. This report identifies the
range of materials available commercially and documents the basic physical properties of
these products.

The geological origins and locations of bentonite-ore deposits are discussed with reference
to the availability and variability of this material. The largest producers of sodium
bentonite in North America are all located within the same geographic region of the central
United States. A number of smaller commercial mining operations also exist within and
outside this main area. All of the North American producers of sodium bentonite were
approached for samples of their untreated bentonite products. Those producers willing to
provide samples had their products examined in some detail. For comparison purposes
three samples of bentonite from commercially exploited deposits in Japan were tested.
These materials were found to be nearly identical mineralogically and exhibited similar
physical properties to materials produced in North America.

The hydraulic and swelling characteristics of 17 different bentonite products from 9
different producers were compared. Considerable variation was noted in the free-swell
capacity of these clays but this was not reflected in the swelling pressure or hydraulic
conductivity of densely compacted specimens. The density - hydraulic conductivity
relationship was found to be independent of product for untreated sodium bentonite clays
with hydraulic conductivity decreasing with increasing clay density (for materials tested at



high (>500) hydraulic gradients). A large body of hydraulic conductivity data was obtained
from the literature to supplement the data generated by this study. The literature values
further supported the results of this study. Hydraulic conductivity and swelling pressure
performance at high density are consistent when sodium bentonites of similar quality are
densely compacted prior to use.
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par

D.A. Dixon et S.H. Miller

RÉSUMÉ

Les fournisseurs d'Amérique du Nord et du Japon offrent une grande variété de bentonites à
sodium de qualité commerciale. Le présent rapport établit les propriétés générales des
produits disponibles destinés à des applications de la technologie de l'environnement. On y
présente un inventaire des propriétés hydrauliques et de la capacité de gonflement des
produits sur le marché, avec leur constitution minéralogique, leurs propriétés physiques et
leurs caractéristiques géotechniques fondamentales. Ce rapport précise également la gamme
des matériaux disponibles dans le commerce et établit les propriétés physiques essentielles de
ces produits.

Les origines et les emplacements géologiques des gisements de bentonite sont examinés, et la
disponibilité et la variabilité du matériau sont indiquées. Les plus gros producteurs de
bentonite à sodium d'Amérique du Nord sont tous groupés dans une même région
géographique au centre des Etats-Unis. Un certain nombre d'exploitations minières
commerciales de moindre envergure sont également situées à l'intérieur et à l'extérieur de
cette région. On a fait appel à tous les producteurs de bentonite à sodium en Amérique du
Nord pour qu'ils nous fournissent des échantillons de leurs bentonites brutes. Les produits
des exploitants ayant consenti à fournir des échantillons ont été examinés soigneusement. À
titre de comparaison, on a fait subir des essais à trois échantillons de bentonite extraits de
gisements exploités commercialement au Japon. Ces matériaux se sont révélés presque
identiques du point de vue minéralogique et présentent des propriétés physiques semblables à
ceux produits en Amérique du Nord.

Les caractéristiques hydrauliques et de gonflement de 17 bentonites distinctes provenant de
9 producteurs différents ont été comparées. On a noté des variations considérables de la
capacité de gonflement libre de ces argiles, mais cela ne concernait pas la pression de
gonflement ou la conductivité hydraulique d'échantillons fortement tassés. La relation entre la



masse volumique et la conductivité hydraulique s'est révélée sans rapport avec le produit dans
le cas des argiles bentonitiques à sodium brutes dont la conductivité hydraulique baisse

quand la masse volumique de l'argile augmente (lorsqu'il s'agit de matériaux mis à l'épreuve à
des gradients hydrauliques élevés (>500)). Une grande quantité des données relatives à la
conductivité hydraulique a été puisée dans les ouvrages scientifiques afin de compléter les
données fournies par cette étude. Les valeurs que l'on trouve dans les revues spécialisées ont
corroboré les résultats. La conductivité hydraulique et la pression de gonflement avec une
grande masse volumique concordent lorsque des bentonites à sodium de qualité semblable
sont fortement tassées avant leur emploi.
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1. BACKGROUND

Bentonite clays have a long history of use in a wide range of applications, including the
foundry industry as a sand binder, in animal feed pelletizing, as an insecticide carrier, as a
component in cosmetics, as drilling mud for the oil and gas industry, and as a general
purpose sealant in water control applications. In more recent years bentonite has come into
use as a component in many environmental engineering applications, such as slurry
trenching and landfill liners and covers. It has also been identified for use as a component
in the engineered barriers in the nuclear fuel waste disposal facilities proposed by several
countries, including Canada, Sweden, Switzerland and Japan. Bentonite-based materials have
been identified as exhibiting many of the characteristics deemed desirable in sealant. Among
these properties are the ability to swell on contact with free water thereby providing the
barrier with a self sealing capacity should any cracks or fissures be induced in the barrier.
Bentonites are also known to exhibit a very low hydraulic conductivity, thereby limiting
advective groundwater flow through a disposal site. These waste management facilities
would consume considerable volumes of bentonite (millions of tonnes) and so it has become
important to catalogue and classify commercially available bentonites.

Many commercial bentonite products used in drilling and some environmental applications
are extended (chemically treated) or polymerized products. The polymer materials are
typically large organic chain molecules which improve the sorptive or rheological properties
of the bentonite. While these treatments may be acceptable for some applications, they are
not appropriate for others, such as nuclear waste management. These molecules are
unlikely to be stable in a radiation field and the long-term affect of a denatured polymer on
the performance of the bentonite-based buffer is uncertain. It is therefore prudent to limit
the type of bentonite considered for use in nuclear waste management to untreated (no
chemical treatment or polymer addition), natural bentonite products. It is therefore the
untreated materials that are examined in considerable detail in this report.

A second commonly encountered technique used to improve the swelling and rheological
performance of bentonite clays involves sodium activation. This process requires the
addition of a highly soluble sodium compound, typically a sodium carbonate, sulphate or
hydroxide to the clay to displace non-sodium ions naturally associated with the cation
exchange sites of the clay particles. While such a treatment does not introduce organic
molecules to the system, the long-term effects of such treatments are uncertain and so these
bentonites are also excluded.

This report will review a number of the fundamental mineralogical, swelling and hydraulic
properties of sodium bentonites from a variety of sources. These properties are compared to
the Saskatchewan bentonite used as a reference bentonite for the Canadian Nuclear Fuel
Waste Management Program. These comparisons will provide an indication of the ability to
use several sources of sodium bentonite in a nuclear fuel waste disposal facility.
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2. GEOLOGICAL HISTORY AND BENTONTTH FORMATION

Bentonite is a general term used to describe the clay product produced by mining of
sodium montmorillonitic clay shale deposits. These deposits are generally accepted to be
the result of geochemical alteration of volcanic ash deposited into shallow marine basins.
The most widely used and mined North American deposits of sodium bentonite were
formed during the Cretaceous age (some 67 to 144 million years (Ma) ago). During this
age, a combination of geological activity and environmental conditions existed that allowed
initiation of bentonite formation. Central North America had b*»en inundated by a shallow
brackish sea which filled the interior basin region shown in Figure 1. The extent of this sea
varied with time, especially in the northwestern reaches (now Alberta and Saskatchewan)
(Shepheard and Hills, 1970). Contemporary with this marine episode was extensive
volcanic activity in the Western Cordillera. This volcanism generated vast quantities of ash,
which was blown east by the prevailing winds. The result was a series of ash deposits on
the surface of the inland sea. The ash gradually settled to the bottom and was subsequently
buried by marine or land-derived materials. With time, these deposits were deeply buried
and consolidated by the more recent sediments and many of these ancient ash layers later
altered to bentonite.

The type, thickness and quality of the subsequently formed bentonite beds depend on the
initial ash composition and granularity, as well as the pore-fluid chemistry of the deposits.
The deposits in the North and West of the main North American depositional basin tend to
be more "ashy" with a higher grit content. This is a function of their proximity to the
volcanic sources of the ash, and the inclusion of terrestrial material carried into the deposits
during sea level fluctuations. The deposits in the central basin tend to be of higher quality,
perhaps as the result of calmer central waters and finer textured material deposited farther
from the volcanic ash sources.

The economically significant bentonite deposits of the Wyoming region of central North
America are largely of Lower Cretaceous age (approximately 100 million years (Ma) old).
In the Wyoming region, these deposits are found in the Frontier, Mowry and Thermopolis
Shales. These deposits are generally exposed in the Big Horn region of Wyoming and are
visible as the result of the uplift of the Big Horn Mountains in western Wyoming and the
Black Hills region in western South Dakota (Auer and Thayer, 1979). The Wyoming or
Western-type bentonites are exposed in three localities, the Big Horn Basin to the west of
the Big Horn Mountains, the Kaycee region to the east of the Big Horn Mountains, and the
Black Hills region in easternmost Wyoming and into South Dakota.

Extensive deposits of sodium bentonite are also found outside the traditional Wyoming
bentonite mining regions. These non-Wyoming bentonites exist in large volumes in
Montana, Alberta and Saskatchewan. This second major North American geological source
of sodium bentonite are the Montana-type bentonites. These deposits are more recent than
the Wyoming-type bentonites and are located in Montana, Alberta and Saskatchewan
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FIGURE 1: Boundaries of the Cretaceous Inland Sea (Sartorius, 1978)

regions, hence the general label "Montana" bentonite. They are Upper Cretaceous in age,
normally from the Campanian age (80 Ma) Bearpaw Shale. In general, these formations
contain thinner bentonite seams and are commonly of inferior quality (for the purposes of
use as a drilling mud, or foundry industry use). In some localities, where the overburden is
relative!" thin, and the local bentonite quality high, some mining of these deposits occurs.

A third region within the United States where some economic development of bentonite has
occurred is Utah. This material is of Upper Jurassic age (150 Ma), and so is of
considerably earlier origin than the Wyoming Bentonites (100 Ma old). This material
represents an earlier episode of volcanic activity and ash deposition into the shallow inland
sea in central North America.

The fourth region of significant bentonite deposits in the United States is in Oregon. The
central and eastern regions of Oregon have active bentonite mines. The deposits of Eastern
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Oregon are Miocene in age and are located in the upper and lower portions of the Sucker
Creek Formation, along the Oregon-Idaho border. The origins of these materials are
considerably different than other North American bentonites. As with most of the other
bentonite deposits in North America, these materials were deposited as volcanic ash into
marine or alkaline lake environments. These deposits were laid down between 4 to 40
million years ago, in close association with their volcanic source(s). In many of these
deposits, there were closely associated volcanic centre(s) whose heat resulted in
hydrothermal alteration of the ash. The result of this environment and the presence of trace
elements such as iron, is a more strongly coloured bentonite than is normally encountered.
The more continuous beds of the lower portion of this formation are found as a series of
brown, green and yellow-green beds with a combined thickness ranging from 4.3m to 6.1m.
The upper unit of the Sucker Creek fonnation is typically found as down-dropped blocks in
the grabens found throughout this region. The bentonite layers in these blocks range from
6m to 9.8m in combined thickness.

Sizable sodium bentonite deposits also exist in Mexico. These materials are associated with
cordilleran volcanic ash deposits and are predominantly found in the areas of Gomez
Palacio in Durango State and Linares in Nuevo Leon State. Little is knewn of these
materials and attempts to gain samples were unsuccessful.

Bentonites are found in a number of regions in Japan. At least two mining companies are
actively mining bentonite in central Japan. The bentonites mined by these companies are
the product of alteration of volcanic ash laid down in a marine environment. They are of
interest as they represent bentonites formed by parent material which is of different source
and composition than the North American cordilleran volcanic ashes. These materials are
generally of Miocene age (5.3 to 23.7 Ma) and so are younger than most of the sodium
bentonites mined in North America. A variety of localities are mined, using either open
cut operations or, unique to Japan, by underground quarrying.

3. PRODUCERS OF SODIUM BENTONITE: LOCATIONS AND PRODUCTION
CAPACITY

There are five major bentonite producers of Wyoming-type bentonite in the central United
States (Dixon et al. 1992). Four small bentonite producers are active outside this area, two
in Utah, and two in Oregon (Dixon, 1994). Figure 2 provides the locations for the
Canadian and U.S. mining and processing facilities. Outside of the USA two small
processing facilities exist in western Canada, and at least five mining and processing
facilities exist in Mexico. Detailed descriptions of the Canadian and U.S. mining and
processing facilities have been provided by Dixon et al. (1992) and Dixon (1994). In Japan
at least two significant bentonite mining and processing companies are known to exist. The
milling capacity, stated or estimated reserves and locations of these operations are
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FIGURE 2: Locations of Sodium Bentonite Mining and Processing Facilities
in Canada and the U.S.A.

summarized in Table 1. It must be noted that the produ :t names referred to in this report
are registered trademarks and do not refer to generic materials.

The United States-based bentonite mining and processing companies are, in order of
production capacity:

Colloid Environmental Technologies Company (CETCO)
Wyo-Ben Inc. (WB),
Bentonite Corporation (BC),
Black Hills Bentonite Company (BHB)
MI Drilling Fluids Company (MI)
Central Oregon Bentonite Company (COB)
Teague Mineral Products (TMP)
Western Clay Company (WCC)
Redmond Clay and Salt Company (RCC)
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T^BLE 1

BENTONITE PRODUCTION IN NORTH AMERICA AND JAPAN

Company and Mine Location
Maximum Established

Annual Production Reserves
noon Mg/ai nnoo

Canada
Canadian Clay Products.(CCP)

Wilcox Saskatchewan
United States

CETCO
Belle Fourche, South Dakota
Colony, Wyoming (2 plants)
Upton, Wyoming
Lovell, Wyoming

Wyo-Ben Inc.. Billings Montana
Lovell, Wyoming
Greybull, Wyoming
Thermopolis, Wyoming

Bentonite Corp.. Denver Co.
Lovell, Wyoming (shut down)
Colony, Wyoming

Blackhills Bentonite. Casper Wyoming
Worland, Wyoming
Casper, Wyoming (2 plants)

M-I Drilling Fluids.
Rosalind, Alberta
Greybull, Wyoming

Central Oregon Bentonite Co.. Prineville, Oregon
Western Clay Company. Aurora, Utah
Redmond Clay and Salt Co.. Redmond, Utah
Teague Mineral Products. Adrian, Oregon

Mexico
Arcillas Industrials. Gomez Palacio, Mexico
Volclay de Mexico (joint CETCO-Mexican Activity)

Gomez Palacio, Durango, Mexico
gentonita de Mexico. Linares, Nuevo Leon, Mexico
Quimica Surpex S.A.. Durango, Durango, Mexico
Tacnica Mineral S.A.. Tiaquepaque, Jalieco, Mexico

Hojun Yoko Co. Ltd.
Annaka City, Gunma Prefecture (2 plants)
Ichihara City, Chiba Prefecture

Kunimine Industries Co. Ltd

100

400
900
500
400

450 to 750
225
350

(360)
360 to 460

200
450

36
650
80
40
?

40

140

?
40
40
3

174
60
9

•1,000

35,000

50,000

12,000
7,000

unknown

500
50,000

unknown
unknown
unknown

2,500

unknown

unknown
unknown
unknown
unknown

60,000

unknown
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Three producers of sodium bentonite have been active in Canada, one in Saskatchewan and
two in Alberta. The Alberta operations (located in Rosalind and Onoway), traditionally
produced very small quantities of bentonite for local oil industry use. As of 1989 neither of
the Alberta operations were in production, although the Rosalind operation resumed limited
production in 1990. The Saskatchewan bentonite mining and processing plant, is the only
ongoing sodium bentonite mining and processing operation in Canada.

The bentonite mining and processing companies in Japan are known from literature
generated by technical and scientific information published as part of the Japanese nuclear
fuel waste management program, or supplied by Hojun Yoko Co. Ltd.. The Hojun Yoko
Co. operates three bentonite processing facilities having a combined capacity of
approximately 250,000 Mg/a, The second source of Japanese bentonite is Kuni Mine
Industries Co. Limited. Little information is available regarding this mining company but it
has been referenced in literature. Samples of the products available from these two
bentonite mining companies were obtained by Whiteshell Laboratories and were tested
along with the samples collected from North American bentonite producers.

4. PHYSICAL AND MECHANICAL PROPERTIES OF BENTONITES

Each of the Canadian and U.S. companies listed in Table 1 were contacted for technical
data and asked to supply samples of their untreated sodium bentonite products. Two of the
Mexican bentonite producers were contacted for the same purpose but no information or
samples were provided. The information on Mexican bentonite materials presented in this
report were obtained from a U.S.G.S. report (U.S.G.S., 1990). Samples of three different
bentonite products were obtained from Japan. The materials obtained and tested represent
only a portion of the full range of commercially available bentonite products (untreated and
treated bentonites), (Dixon et al., 1992; Dixon, 1994). These samples do however make'up
a significant proportion of the untreated engineering-grade materials available commercially.
Table 2 lists the specific bentonite products provided by each of the producers of sodium
bentonite and which were tested in this project.

4.1 PARTICLE SIZING AND PHYSICAL CHARACTERISTICS

Particle sizing of the sodium bentonite products was conducted using specimens suspended
in a solution of sodium hexametaphosphate for 24 hours and then tested using a laser light
particle sizing apparatus. This device takes a very tiny sample of the dispersed clay and
further suspends the clay in a large volume of water (approximately 0.1 g in 0.25L). The
resultant solution is ultrasonically dispersed and a laser light is passed through the solution.
The diffraction of the beam passing through the suspension is used to calculate the diameter
of the particles in solution. As with the traditional hydrometer test for fine-grained
materials (ASTM, 1992j this technique assumes that the particles are spherical rather than
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TABLE 2

SODIUM BENTONITE MATERIALS EXAMINED

Producer Product

Canadian Clay Products (CCP) Civil Engineering Grade (CEG)
Colloid Env. Tech. (CETCO) Volclay MX-80 (MX-80)

Custom Seal 200 (CS-200)
Foundry C (FC)

Wyo-Ben (WB) Envirogel 200 (EG-200)
Bentonite Corporation (BC) Enviro-Seal 200 (ES-200)

Bara-Kade Standard (BKS)
Black Hills Bentonite Co. (BHB) Product 404 (P404)
Mi-Drilling Co. (MI) Federal Jel Cement Grade (CG)

Ash
Federal Seal 200 (FS-200)

Teague Mineral Products (TMP) Custom Sealant (CS)
Redmond Clay and Salt (RCSC) Swell Seal 200 (SS-200)
Kunimine Industries (KM) Kuni Jel VI (KJ)
Hojun Yoko (HK) New Hotaka (NH)

Asama (AS)

the plates they actually are. The advantages of the laser technique are numerous and
include

speed, test duration is 5 minutes versus several weeks for bentonite tested using a
hydrometer
the effects of thixotropic gel formation in the particles is avoided
the temperature effect on fluid viscosity and density is negligible since testing time is
short
the potential for human reading errors is eliminated because the procedure is fully
automated.

The bentonite specimens were tested using both the laser and hydrometer techniques. This
means that the results reported, although varying from those which would be obtained using
the traditional hydrometer method, are internally consistent and comparable. Selected
results of the laser-type tests are presented in Figure 3: the data not shown in this figure are
very similar to those plotted. As may be seen in Table 3 and Figure 3 the hydrometer
results can be significantly different than those obtained using the laser. Laser particle



- 9 -
P

as
si

ng
m

ta
ge

w
O
0)

Û.

IUU -

80

60 •

40 -

20 -

0 - 1—n- rËhr,

7/
/-

N - - - - f i -

¥••'

1 T-TTTTTT

Ï
'i

I TTTTTTT 1 1 1 I 1 11 1

W^M—HI

1—t i M m

Material/Technique

CCP-CEG (Hydrometer
- B -

CCP-CEG (Laser)
-© -

BC-BKS (Hydrometer)
- X -

BC-BKS (Laser)
- • + - -

CETCO-MX80 (User)

HY-AS (Laser)

0.0001 0.001 0.01 0.1 1
Particle Size (mm)

10

FIGURE 3: Typical Results of Particle Size Analysis

sizing shows that the bentonite materials all have very similar particle size distributions,
with approximately 80 to 90 % of the material being silt-sized and the remainder being
clay-sized. Very little sand-sized material was found in these samples.

Considerable differences are found between the results obtained using the conventional
hydrometer technique and the laser technique. There is a much higher proportion of coarse
(silt) material recorded for the specimens tested using the laser technique. The differences
in the results are attributed to the development of large hydrated clay floes in the settlement
columns used for hydrometer tests. These large, lower density floes settle at a slower rate
than is predicted using the assumption of spherical mineral particles. As a result, the
particle-size analysis considers all this material to be fine-grained and a high clay content is
assumed. The laser technique does not allow time for the formation of such large floes and
so the sizes determined are probably more representative of the actual particle sizes present.
This explanation of the differences is supported by the results obtained for the illitic clay
material. The silt proportion of the illitic clay determined using the hydrometer is lower
than found using the laser technique but the difference in the quantity determined using the
two techniques is much lower than was observed in the bentonitic clays. Thisindicates that
while there may be some floe formation in the illitic clay, the system is largely dominated
by individual particles.
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PARTICLE SIZE PROPORTIONING OF CLAY SPECIMENS

(RESULTS OBTAINED USING LASER TECHNIQUE UNLESS OTHERWISE NOTED^

Producer/Product Sand Silt Clay
Content Content Content

ILLITIC Clav

Laser-sizing
Hydrometer Sizing

BENTONITE Clav
Canadian Clav Products.

CEG
CEG (Hydrometer)

CETCO
CS-200
MX-80

Wvo-Ben
Env. Gel-200

1
5-15

0
2-4

0.5
4

5

Black Hills Bentonite
Product 404

MI Drilling
Ash
FJ -CG
Fed. Jel Natural

Teague Mineral Products
Custom Sealant

Redmond CSP
Swell Seal 200
Swell Gel API-13

Hojun Yoko
Asama
New Hokado

Kunimine
Kunigel V-I

2

0.5
2
4

0

1
2

0
0

4

82.5
53-68

81
19-38

84.5
84

16.5
27-32

19
60-77

15
12

82 13

Bentonite Corp.
BK-Standard 0 84 16
BK-Standard (Hydrometer) 0 11 89
Enviro Seal 2 95 3

83 15

76.5 23
84 14
78 18

90 10

81 18
76 22

83 17
88 12

83 13
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The clays listed in Table 3 were also tested to determine their basic physical properties.
The properties measured include the volume occupied by a fully hydrated clay specimen,
the cation exchange capacity (CEC), clay surface area and consistency limits. The results
are presented in Table 4. In this table there are two columns providing "free" swell
information. The standard industry technique used to determine free swell capacity involves
saturating the clay material with deionized water and measuring the volume occupied by the
clay once swelling is completed. The second technique used to measure free swell involves
suspending 5g of oven-dried clay in 250 ml of 0.15M NaCl solution and then allowing the
suspension to settle. This technique causes a floculation of the clay particles and results in
a more accurate volume measurement. The volume occupied by the settled clay is
monitored until settlement ceases, and this volume is taken as the free-swell volume. This
technique should provide a more consistent set of hydratcd volume measurements than the
commonly quoted procedure.

There is a large range in the measured values obtained for these materials, particularly in
the CEC, Consistency Limits and Free Swell properties. Such variations could be indicative
of differences in the mineralogical composition, or in the effective surface area of the clays
and so might influence the swelling pressure developed by and hydraulic conductivity
properties of these materials.

4.2 MINERALOGICAL AND CHEMICAL PROPERTIES

Determination of the mineralogical and chemical properties of the bentonite samples
examined in this study began with determination of the chemical composition of the clays.
Table 5 presents the compiled results of chemical composition analyses of the bentonites
studied. These analyses were conducted by a wide range of laboratories and were reported
in the manufacturers technical data sheets. The compositions of all these materials are
similar and the products show little variation, as might be expected from materials with the
same geological origins. What is interesting to note is that the Japanese bentonite materials
show little significant difference in chemical composition from those originating in North
America.

In addition to the chemical analysis, X-ray diffraction analyses were conducted to determine
what clay minerals are present in each of the samples. The specimens were all tested as
random oriented, untreated dry powder material using Copper k-alpha radiation. A series
of traces produced from reference minerals (Yong, et.al, 1992) is presented in Figure 4 for
purposes of comparison. The resultant XRD patterns (Figures 5 and 6) are indicative of
swelling clay materials containing varying quantities of other minerals. Of the materials
examined, two Wyoming-type bentonites (CETCO-MX-80 and BC-BKS), and the
Saskatchewan bentonite (CCP-CEG) were glycolated and tested by XRD (Figure 7). The
traces obtained for the Wyoming materials were similar and so only one is presented (BC-
BKS) with the Saskatchewan material.



TABLE 4

SUMMARY OF BENTONITE PHYSICAL PROPERTIES

Specific pH Free Cation
Gravity Swell Exchange*

(cc/g) (meq/100g) (m2/g)

Surface
Area

Liquid
Limit*

Plastic
Limit*

Plasticity Free
Index* Swell*
(cc/g)

CANADIAN CLAY PRODUCTS INC.
Civil Eng. Grade* N/R
Civil Eng. Grade** N/R

AMERICAN COLLOID COMPANY
CS - 200 N/R
Foundry C N/R
Volclay MX-80 2.7

WYO-BEN INC.
Envirogel 200 2.55

BENTONITE CORP. PRODUCTS
Barakade Std. 200 2.5

BLACKHILLS BENTONITE COMPANY
Product 404 2.74

M-I DRILLING FLUIDS CO.
ASH" N/R
F-J Natural N/R
F-J "CG" N/R
Fed-Seal 200 N/R

N/R
8.5-9.5

N/R
N/R
8.5-10

8.7-9.5

6.5-10
N/R

N/R
N/R
12-15

22-25

N/R
82

80-90
76.5

>85(82*)

70-90

520-630
568

N/R
N/R
N/R

800

150-380
245

383
N/R
474

390-450

33-44
36

44
N/R
N/R

37

115-330
209

339
N/R
N/R

415

9
N/R

8
9
12

21

9.4

8.4

N/R
9.0-10.0
8.5-9.5
8.5-9.5

28

15

N/R
N/R
N/R
N/R

76

55.4

53.1
56
60.7
64.4

750

N/R

N/R
N/R
N/R
N/R

537

333

374
503
412
503

41

40

45
41
41
41

496

293

329
462
371
462

13

14

19
26
24
N/R

K>

continued.



TABLE 4

SUMMARY OF BENTONITE PHYSICAL PROPERTIES (concluded)

Specific pH Free Cation Surface
Gravity Swell Exchange* Area

(cc/g) (meq/100g) (nr/g)

Liquid
Limit*

Plastic
Limit*

Plasticity Free
Index* Swell**

(cc/g)

CENTRAL OREGON BENTONITE COMPANY
2.3-2.8 8.8-9.8

REDMOND CLAY AND SALT COMPANY
SwellGel-API 13A
SwellSeal #200

WESTERN CLAY COMPANY
API 13A
Sure-Seal

TEAGUE MINERAL PRODUCTS
Custom Sealant N/R

8.25 N/R N/R N/R N/R

HOJUN YOKO
Asama
New Hokado

KUNIMINE
Kunigel V-I

N/R
2.58

N/R

N/R 10-17.5 80-90(70*)

N/R N/R 90
9.5-10.5 N/R 60-80(75*)

N/R 344 >45

N/R N/R N/R N/R 342 34

N/R

<300

310

N/R

.5-2.7

.5-2.7

N/R
N/R

8.8-9
9-9.5

7.4-7.9
8.5-9

12.5-15
7-8

7.5-12
N/R

70-80
70

N/R
95

N/R
N/R

N/R
N/R

350M50
3O5MOO

N/R
N/R

48
31

N/R
N/R

300-400
275-370

N/R
N/R

18
12.8

N/R
N/R

9.8

N/R
N/R

352
278

>45
45

310
230

12.4
7.4

16

Note:

N/R

Data presented are from Manufacturers' Technical Data Sheets unless otherwise noted.
From Oscarson & Dixon (1989)
Reschke & Haug (1991)
From Whiteshell Laboratories (WL)
WL, modified free swell test (0.15 M NaCl)
Data not available



TABLE 5

SUMMARY OF BENTONITE CHEMICAL PROPERTIES

CHEMICAL COMPOSITION AS wt% OXIDE

SiO, A12O3 Fe2O3 M g O CaO K,0 Na7O TiO7 H2O

CANADIAN CLAY PRODUCTS INC.
Civil Eng. 61.4
Civil Eng.* 64.7
Civil Eng.** 61.4

AMERICAN COLLOID COMPANY
Volclay MX-80 58-64
Custom Seal 200 N/R
Foundry C N/R

WYO-BEN INC.
Envirogel-200 60.3

BENTONITE CORP. PRODUCTS
Barakade Standard 63.6

BLACKHILLS BENTONITE COMPANY
product 404 65

M-I DRILLING FLUIDS CO.
"ASH" N/R
Federal Jel (Cement Grade) 61.3-64
Federal Seal 200 61.3-64

CENTRAL OREGON BENTONITE COMPANY
60.5 18.1

18.1
16.3
13.7

18-21
N/R
N/R

19.3

21.4

20.2

N/R
19.8
19.8

3.2
4.46
4.63

2.5-2.8
N/R
N/R

3.5

3.78

2.3

N/R
3.9
3.9

2.3
2.26
0.79

2.5-3.2
N/R
N/R

1.7

2.03

1.0

N/R
1.3
1.3

0.6
1.79
1.76

0.1-1.0
N/R
N/R

0.4

0.66

1.4

N/R
0.6
0.6

0.4
0.56
1.56

0.2-0.4
N/R
N/R

0.1

0.31

0.8

N/R
0.4
0.4

2.2
2.23
0.75

1.5-2.7
N/R
N/R

2.3

2.7

3.1

N/R
2.2
2.2

0.1
0.25
N/R

0.1-0.2
N/R
N/R

0.2

N/R

N/R

N/R
0.1

0.17.2

5
4.7
N/R

5.6
N/R
N/R

<7.8

5.5

7.0

N/R
7.2

6.1 0.4 0.3 2.7 0.9 6.7

continued.



TABLE 5

SUMMARY OF BENTONITE CHEMICAL PROPERTIES (concluded)

CHEMICAL COMPOSITION AS wt% OXIDE

REDMOND CLAY AND SALT
SwellGel-API 13A
SwellSeal #200

WESTERN CLAY COMPANY
API 13A
Sure-Seal

SiO2

COMPANY
54
54

65
58.9

TEAGUE MINERAL PRODUCTS
GB-Type 65.4
B-Type 63

HOJUN YOKO
Asama
New Hokado

KUNIMINE
Kunigel V-I

N/R
63-80

69

A12O3

19
19

16.4
18.9

18.3
19.5

N/R
12-16

13

Fe203

7
7

2.6
3.5

8.8
9.4

N/R
1-3.5

2.0

MgO

2
2

1.6
2.7

1.5
1.3

N/R
1.5-2.5

2.0

CaO

9
9

2
0.7

2.3
2.4

N/R
1-3.5

N/R

K2O

2
2

1.5
0.7

0.7
0.8

N/R
0.5-1.5

N/R

N a ^

6
6

2.4
3.4

1.4
1.5

N/R
2-3.5

2.6

TiO2

N/R
N/R

N/R
0.16

1.6
1.8

N/R
N/R

N/R

H2O

N/R
N/R

8.5
5.7

N/R
N/R

N/R
5-10

4.2

Note: Data are from Manufacturers' Technical Data Sheets unless otherwise noted.
* From Oscarson & Dixon (1989)

** Reschke & Haug (1991)
N/R Data unavailable



- 16-

4 6 8 10 12 14 16 i8 20 22 24 26 28 30 32 34 J6 38
D«giees, 2 0

FIGURE 4: Typical X-Ray Diffraction Patterns Obtained For Clay Minerals
from Yong et. al (1992)
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FIGURE 5: X-Ray Diffraction Patterns For Random Powder Specimens of Clays
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FIGURE 6: X-Ray Diffraction Patterns For Random Powder Specimens of Clays (concluded)
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FIGURE 7: X-Ray Diffraction Patterns For Glycolated Powder Specimens of Clays
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The XRD patterns for three samples, CCP- Civil Engineering Grade, Mi-Ash and the
KM-Kunigcl VI (Figures 5, 6, 7) differ somewhat from the other specimens examined as they
have somewhat offset first order (001) peaks. These peaks suggest that either these materials
have a significantly different exchangable cation content or that they are interlayered illite-
smectite (montmorillonite) clay materials rather than relatively pure montmorillonitic clay.
These three samples also appear to contain cristobalitc, a polymorph of quartz. It is found in
volcanic rocks and so its presence in a deposit with a volcanic ash origin is not unexpected.
This mineral has diffraction peaks for d-spacings of 4.05A, 2.84A, 2.48A, 1.93A. The angles
at which these peaks occur correspond to a 2e for Copper Ka radiation of 21.9", 31.5°, 36.2°
and 47". The remaining XRD patterns are all similar in shape and vary only in the presence of
minor or trace elements. This supports the results of (he chemical analyses (Table 5) which
indicated that these materials were very similar in composition. The two traces included for
specimens of the CCP-Civil Engineering Grade of bcntonitc were obtained from two separate
field samplings. These two traces show some differences particularly in the location and shape
of the first smectite peak. This may be the result of mincralogical differences in these
materials. It highlights the need for routine mineralogical checks of this material to ensure a
consistant quality of the clay purchased.

The clay samples were also analyzed using Thermal Gravimetric Analysis (TGA) and
Differential Thermal Analysis (DTA). These tests measure the change in sample mass and the
presence of endothermic or exothermic reactions as the specimen is heated. Such analyses
provide indications of the mineralogy and composition of the specimens tested (Yong and
Warkentin 1975; Yong et al., 1992). The TGA traces obtained for pure or carefully
characterized control materials have been obtained from the literature and are presented in
Figure 8. The reference traces are provided to show that it is possible to visually distinguish
between bentonite-based and illite-based clay specimens using this technique. The TGA plots
obtained for the materials examined in this project are presented in Figures 9 and 10. In
Figure 9 the specimens were heated at a rate of 5°C per minute which allowed a more gradual
dehydration of the specimens. This generates a smoother curve than specimens dried at 10°C
per minute (Figure 10). In comparing the traces presented in Figures 9 and 10 there is clearly
a similarity in the shape of the curves produced for all the clays examined. Comparing Figure
10 with the reference traces obtained from literature (Figure 8), it would appear that these
bentonite specimens are similar to one another and that there is montmorillonite, illite and
chlorite present in each sample.

The DTA traces obtained from the literature for reference clays are presented in Figure 11 and
those obtained for this study are presented in Figures 12 and 13. As with the TGA traces, the
shape of the plots change with different heating rates. Figure 12 is the data obtained for
materials heated at 5"C/minute and Figure 13 is for a heating rate of 10"C per minute. The
traces presented in these figures indicate that the materials examined are similar
mineralogically. Minor variations in the composition appear to exist and the traces typically
identify small quantities of quartz, illite or carbonate as being present. The only notably
different DTA traces were for the CCP-Civil Engineering Grade bentonite and to some degree
the Japanese bentonites. These traces showed a lower temperature endothermic valley than the
Wyoming materials (600-650° C versus 675-700 °C) and lacked the 925"C smectite exothermic
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FIGURE 8: TGA Traces for High Purity Clay Minerals (from Bish and Duffy (1992))

peaks observed for the Wyoming materials. The shift in the location of these features is likely
due to a lower degree of mineral purity, and perhaps the presence of a mixed chlorite-smectite
phase. The Wyoming samples produced DTA traces which are similar to each other and
resemble those reported for reference high purity bentonite materials (Yong and Warkentin
1975; Yong et al. 1992).

Based on the Chemical, XRD, TGA and DTA analyses it can be concluded that these
bentonites are all of similar composition and vary only slightly in some of their minor
components. Only the CCP, Mi-Ash and Japanese bentonites show any significant indications
of lower bentonite clay mineral content. In an effort to determine if the apparent differences
in mineralogy are reflected in their physical performance, the swelling pressure and hydraulic
conductivity of these three materials have been analyzed and the results of these tests are
presented and compared to those measured for other Wyoming-type bentonites in Sections 4.3
and 4.4 of this report.

4.3 SWELLING PRESSURES DEVELOPED BY BENTONITE CLAYS

An important parameter in the use of bentonite-based sealants in waste isolation and disposal
designs is the swelling pressure developed by the bentonite. The swelling pressure is the
pressure developed by the bentonite-based material on any confining medium. This pressure
can result in straining of the surrounding soil or rock and where excessive, may have
undesirable affects on the other components of the covers or liners. Alternatively, the ability
to swell and swelling pressure may be perceived as a beneficial feature in a barrier in systems
where a degree of self-sealing is desired. Development of a swelling pressure would be
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helpful where deep geological disposal of nuclear fuel waste is considered. Swelling pressures
would permit the system to autogenously self-heal and self-seal ( Pusch 1983; Dixon et al.
1993). This feature provides long-term confidence in the ability of the clay-based barrier to
perform its waste isolating task.

The bentonite materials described in this paper were all tested to determine the swelling
pressure produced when the clay is rigidly confined. The general technique used to measure
the swelling pressure development has previously been described by Pusch (1983), Gray et al.
(1984, 1985), Dixon et al. (1988), Graham et al. (1989) and Bûcher (1984). This technique
utilizes a cylindrical specimen which is rigidly confined. The specimen has a stiff piston
placed on its upper surface and this piston has an electronic load cell installed between the
piston and a reaction plate (Figure 14). The pressure developed by the hydrating bentonite is
transfered upwards through the piston to the load cell, thereby permitting direct measurement of
swelling pressure. In addition to the data generated by this study, a considerable body of data
is available on the swelling pressure developed by CETCO's MX-80 (Pusch 1983, Bûcher
1984), CCP's Civil Engineering Grade (Dixon et al. 1987) and BC's Barakade Standard
bentonite (Radhakrishna and Chan 1986). This literature data, together with the data generated
in this study has been plotted as swelling pressure versus clay density in Figure 15.
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As is shown in Figure 15 the swelling pressure developed by these products follows a trend
of increasing swelling pressure with increasing effective clay dry density (ECDD). The
ECDD is a parameter defined as the mass of bentonite clay present, divided by the volume
occupied by voids and the clay portion of a unit volume of soil. The mass and volume
occupied by any non-bentonite materials is subtracted from the initial values. These
materials are treated as an inert filler which does not affect the hydraulic conductivity or
swelling pressure of the specimen.

4.4 HYDRAULIC CONDUCTIVITY OF BENTONITE

A limited body of data exists on the hydraulic properties of compacted bentonite-based
clays, especially for bentonite clays compacted to dry densities exceeding 1.0 Mg/nr\
Figure 16 presents the collected data on the density versus hydraulic conductivity (k) for
bentonite clay specimens. Figure 16 includes a considerable amount of literature data which
did not specify the particular type of commercial bentonite used in testing. These
unidentified data are presented as miscellaneous bentonites in Figure 16. The hydraulic
conductivities determined by a variety of researchers including, Pusch (1980, 1983),
Borgesson et al. (1988), Ouyang and Daemen (1992), Bûcher and Speigel (1984) and
Wheelwright et al. (1981). A full compilation of the literature data is provided by Dixon
(1995). There is scatter in the k-values determined for these materials but the data all
follow the same general trend of decreasing k with increasing clay density. It is important
to note that the hydraulic conductivities presented in these figures are for materials tested at
very substantial hydraulic gradients (1000 to 35000) and assume the validity of the Darcy
equation for flow through a porous medium. The hydraulic conductivity of these materials
at lower hydraulic gradients is still being investigated at WL. The data envelope does not
show any clear separation or off-set from this density-hydraulic conductivity trend by
product type.

Figure 17 presents only that data from Whiteshell Laboratory and includes specimens from
a larger range of sources than were presented in Figure 16. These data include specimens
from WyoBen, Black Hills Bentonite, Mi-Drilling, Teague MP, and Redmond CS, and are
labeled as miscellaneous bentonites for ease of data presentation. As was seen in Figure 16,
there is no discernable difference in the hydraulic properties of these specimens.

The consistency of the hydraulic gradient - effective clay dry density data indicates that all
the bentonite products examined have similar hydraulic properties over the range of
densities considered in this study. The performance at lower density is more likely to show
the effects of differences in clay quality since there is much less swelling potential in these
looser materials. Provided that the clay density is maintained at greater than 1.0 Mg/m*
there does not appear to be any significant difference in the hydraulic performance of these
bentonitc products in a fresh water environment. The data presented in this study show that
the hydraulic conductivity of a bentonite material can be estimated to within an order of
magnitude by knowing the clay density of the specimen.
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5. SUMMARY

Various source* of sodium bentonite materials have been reviewed and their properties
summarized. The mineralogical and mechanical analyses conducted on these products
indicate that there are notable differences in the materials examined. Testing of the
swelling pressure developed and hydraulic conductivity of these products did not reflect
these differences.

The swelling pressure developed by and hydraulic conductivity of these materials is directly
related to the clay density of the specimens. The data does not show any clear difference in
the performance of these materials when they are used at high clay density. The only clear
relationship determined for the bentonite materials examined was the influence of clay
density on hydraulic conductivity and swelling pressure. No direct relationship
betweenindex properties and the swelling or hydraulic properties was established for
materials having a clay density exceeding 1.0 Mg/m\

Based on the results presented in this report it is evident that there are vast quantities of
quality bentonite clays available for use in a disposal vault. The materials examined all
exhibited free swell capacities, hydraulic conductivities and swelling pressures equivalent
tothe reference Saskatchewan bentonite. Selection of bentonite sources for an actual disposal
vault should be possible without difficulty, provided a few scoping tests are conducted on
the selected materials. There is also a need to ensure that other performance considerations,
such as diffusion properties and chemical compatability are confirmed for a specific
application and a proper quality assurance program is in place.
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