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Bentonite, attapulgite, and common clays
in Western Australia

by
P. B. Abeysinghe

Abstract

In Western Australia, potentially economic bentonite deposits are known at Marchagee, Watheroo, Cardabia,
and Calwynyardah. The magnesium-rich bentonite in the Marchagee and Watheroo areas is composed mainly
of saponite, and is restricted to Quaternary alluvial deposits in claypans. Known deposits in the Watheroo area
contain an inferred bentonite resource of about 435 000 t, but the extent of bentonite in the area is likely to be
much higher. Nontronite, an iron-rich smectite, is present at Cardabia. Preliminary tests suggest that chemically
treated nontronite can be used as a binding agent in iron-ore pellet production. Bentonite, mainly saponite, is
associated with crater-lake tuffaceous sediments overlying the Calwynyardah lamproite field. The inferred
resource of bentonite in the deposit is estimated at 4.4 Mt. Until now, the exploration target at Calwynyardah
has been diamond, and therefore the contained bentonite has not been rigorously tested for quality and possible
uses. During 1942-77, Western Australia produced 15483t of bentonite valued at $A117 283. In 1999,
Western Australia resumed production of bentonite (358 t during 1999-2000) from deposits at Watheroo.

For most of the 1990s, Australian attapulgite production averaged about 20 000 tpa from the Lake Nerramyne
deposit, located 480 km north of Perth and 157 km northeast of Geraldton, Western Australia. However, in
1998-99 production fell below 12 000 t. The Lake Nerramyne attapulgite deposit has a measured resource of
10 Mt and an inferred resource of another 100 Mt. The deposit has formed in playa lakes at the western margin
of the Narryer Terrane and approximately 7 km east of the northerly trending Darling Fault. The deposit is
currently owned and operated by Hudson Resources Ltd. The main product from the plant is used for pet litter,
which is sold in Australia, New Zealand, Japan, and Asia. Other uses include as a pesticide carrier, stockfeed
and fertilizer binder, and soil conditioner. The deposit is strategically located near the port of Geraldton, the
doorstep to many rapidly developing markets in South East Asia.

Production of construction industry clay in Western Australia for 1999, as reported to the Department of
Mineral and Petroleum Resources, was 72 059 t, but the true figure is considered to be in excess of 2.3 Mt.
More than 99% of the construction industry clay produced in the State is from the Perth Metropolitan Area.
Potential sources of construction industry clay in the Perth Basin are associated with the Guildford, Leederville,
Osborne, and Yarragadee Formations, and the Cardup Group. The clay-producing localities in the Perth region
include Muchea — Bullsbrook East, the Swan Valley, Armadale—Cardup-Byford-Mundijong, Toodyay, and
Gidgegannup. The identified resource in the Perth metropolitan region is estimated at around 68.2 Mt. Other
prospective areas of construction industry clay in the State are known in the Perth Basin and numerous
localities in the Yilgarn Craton. Test results of clay samples collected from localities around Albany,
Ravensthorpe, Kalgoorlie, and Roebourne indicate their suitability for use as structural clay. The brick industry
in Western Australia is well established and is dominated by two major companies in the Perth region —
Midland Brick Company Pty Ltd, and Metro Brick (owned by Bristile Ltd). Significant production of bricks is
also known from regional towns, particularly Geraldton.

KEYWORDS: Western Australia, industrial minerals, industrial mineral resources, Marchagee, Watheroo,
Cardabia, Calwynyardah, Lake Nerramyne, Perth, Geraldton, Albany, bentonite,
montmorillonite, palygorskite, smectite, sepiolite, bricks, brick clay, brick making, clay deposits,
clay pits.
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Chapter 1

Introduction

Object and scope

The main objective of this Bulletin is to compile most of
the available published and unpublished information on
bentonite, attapulgite, and other minor smectite and
hormite clays, together with construction industry clays
in the State into one publication. The Bulletin is not
intended to be an exhaustive study of all the known
occurrences, but is a comprehensive summary highlighting
the development potential of bentonite, attapulgite, and
construction industry clays in Western Australia.

This Bulletin does not include kaolin resources in
Western Australia because a separate Bulletin (Abeysinghe
and Fetherston, 1999) on this subject has already been
published by the Geological Survey of Western Australia
(GSWA).

The economic viability of bentonite and attapulgite
depends mainly on the location of major deposits in
relation to processing facilities, and major national and
international distribution centres. Other factors include
availability and price of other competitive minerals, and
global production and usage trends. Global trends, as
well as some mineralogical and geological aspects of
bentonite and attapulgite, are discussed in this Bulletin.
Since construction industry clays are very low value
commodities, global production trends have very little
relevance, and so such trends are not discussed. However,
the mode of occurrence, uses, specifications, and local
production of construction industry clays are presented in
detail.

Sources of information

The sources of information are from both published and
unpublished data, supplemented by field inspections.
Unpublished information is derived from GSWA records,
annual reports, technical files, and statutory exploration
reports submitted to the Department of Mineral and

Petroleum Resources (DMPR) by various mining
companies. Published information on construction
industry clay is restricted to the region around Perth, and
therefore, during the current study, more attention was
paid to construction-industry clay deposits from regions
outside Perth, especially close to regional towns such as
Albany, Geraldton, and Karratha. Analytical data for many
samples from Bowley (1941) and Gozzard (1987a,b),
collected from regions around Perth, are included in this
Bulletin.

Some of the major deposits, and others thought to be
potentially significant, were visited and sampled by the
author. Approximately 115 samples were collected during
field trips in July—September 1998 for laboratory testing.
Tests on smectite and hormite clays for this publication
were limited to mineral identification using X-ray powder
diffractometry (XRD), mineral identification and
crystallinity studies using scanning electron microscopy
(SEM), and chemical analysis using X-ray fluorescence
(XRF). Construction-industry clay samples were tested for
firing strengths, mineral identification using XRD, and
chemical analysis using XRF. SEM and XRD tests were
carried out at the Chemistry Centre of Western Australia
and firing tests were performed by Midland Brick
Company Pty Ltd (subsidiary of Boral Ltd), whereas all
other analytical tests were carried out by SGS Australia
Pty Ltd, Perth.

Localities of all the samples collected by the author
are given in the Appendix 1, and the other localities
discussed in this Bulletin are provided in Appendix 2.
Photographs of fired products of construction-industry
clay samples collected by the author are given in
Appendix 3.

More detailed testing of the samples was not done due
to the reconnaissance nature of the sampling and the high
costs for other tests. However, test results obtained do
provide useful guidelines for interested parties to carry out
more detailed exploration and evaluation in selected areas.
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Prospecting Area

Private property

Scanning electron microscope

United Kingdom

United States of America

X-ray powder diffractometry
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Chapter 2

Bentonite

Definition and mineralogy
Smectite group

Bentonite is an industrial term for some of the minerals
in the smectite group (also known as montmorillonite
group) of clay minerals (Table 1). Each of the minerals
in Table 1 shares a similar structure, although they are
chemically distinct. Clay minerals within the smectite
group have a 2:1-type layer structure (two tetrahedral
sheets are linked to one octahedral sheet; Fig. 1). The
tetrahedral cation in the tetrahedral sheet is normally Si,
Al, or Fe**. Within the octahedral sheet, the common
cations are Mg, Al, Fe*, and Fe**, but other medium-sized
cations such as Li, Ni, Cu, and Zn may also be present.
The smallest structural unit contains three octahedra. If
all three octahedra are occupied (i.e. have octahedral
cations at their centres), the sheet is classified as
trioctahedral. If only two octahedra are occupied and the
third octahedron is vacant, the sheet is classified as
dioctahedral (Brindley and Brown, 1980).

Substitution of both the tetrahedral and octahedral
cations is common. Substitution of Si** by AI** in
tetrahedral positions, and AI** or Fe** by Mg?* or Fe** in
octahedral positions, produces resultant negative charges
on the layers that are balanced by exchangeable interlayer
cations such as Na*, Ca*, and Mg>* ions (Brindley and
Brown, 1980). Other interlayer materials include water.

Dioctahedral smectites

Montmorillonite

Montmorillonite is the commonest of the smectite
minerals and the name is reserved for dioctahedral Al, Mg
smectite where the layer results mainly from the Mg-for-
Al substitutions in the octahedral positions (Brindley and
Brown, 1980). Depending upon whether sodium or
calcium is the dominant exchangeable ion, the variety of
montmorillonite may be either sodium or calcium
montmorillonite. In industry, terms used to describe
sodium montmorillonite include sodium bentonite,

Table 1. Terminology for the principal minerals of the smectite group

Subgroup Principal mineral Industrial term Regional term Chemical composition
(anhydrous)
Dioctahedral
Sodium montmorillonite Sodium bentonite Wyoming bentonite (USA) (Al, Mg),S1,0,,(OH),
Swelling bentonite Western bentonite (USA) (Na as exchangeable
cation)
Sodium-activated bentonite Bentonite (UK)
Synthetic bentonite
Calcium montmorillonite Calcium bentonite Southern bentonite (USA) (Al, Mg),Si,0,,(OH),
Sub-bentonite Texas bentonite (USA) (Ca as exchangeable
cation)
Non-swelling bentonite Fuller’s earth (UK)
Beidellite Al,(AlSi;0,,)(OH),
Nontronite Fe, (51,0,0)(OH),
Trioctahedral
Saponite Magnesium montmorillonite Armagosite (USA) Mg;Si,0,,(0OH),
Hectorite (Mg, Li);Si,0,,(OH),
Sauconite (Mg, Zn),Si,0,,(0OH),

SOURCE: modified from Holmes (1983) and Harben and Kuzwart (1996)
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Montmorillonite  Al[Si;O40] (OH)2nH0
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Saponite Mgs[Si, Oy4] (OH)2.nH,O

tetrahedrally
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nH>O
exchangeable cations
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Figure 1. Structure of the smectite mineral group (after Elzea

and Murray, 1994)

swelling bentonite, sodium-activated bentonite, and
synthetic bentonite. Industrial names used for calcium
montmorillonite include calcium bentonite, sub-bentonite,
and non-swelling bentonite (Table 1).

Nontronite

Nontronite has layer charges that result principally from
Al-for-Si substitutions in the tetrahedral sheets. Nontronite
commonly has Fe* ions in the octahedral sites (Brindley
and Brown, 1980).

Beidellite

In a similar way to nontronite, beidellite has layer charges
that result principally from Al-for-Si substitutions in the
tetrahedral sheets. Beidellite commonly has Al ions in the
octahedral sites (Brindley and Brown, 1980).

Trioctahedral smectites

The principal minerals in the trioctahedral subgroup are
saponite, hectorite, and sauconite (Table 1).

Saponite

Saponite is a trioctahedral smectite with its layer charges
resulting principally from Al-for-Si substitutions. Saponite
commonly has Mg* ions in the octahedral sites. Saponite
is a swelling smectite clay with a low cation-exchange
capacity and at present is the only smectite of commercial
interest in Western Australia.

Hectorite

Hectorite is a trioctahedral smectite with principally
octahedral substitutions of Li* for Mg?* ions, and is the
trioctahedral analogue of montmorillonite (Brindley and
Brown, 1980). Hectorite is a high-swelling smectite.

Sauconite

Sauconite is a zinc-bearing trioctahedral smectite, and in
a similar manner to saponite the layer charge results
principally from Al-for-Si substitutions (Brindley and
Brown, 1980).

Other smectites

Other less common smectite varieties include those
involving cations such as Cr, Ni, and Cu (Brindley and
Brown, 1980).

Bentonite

Knight (1898) first proposed the term bentonite for the
clay of the Cretaceous Benton Shale, which is located
more than 640 km north of Rock River in Wyoming, USA.
The definition of bentonite in the early 20th century was
based on this shale’s origin (alteration of volcanic ash).
The definition widely used at present is that given by Grim
(1962), which defines bentonite as a clay consisting
essentially of sodium and calcium montmorillonite of the
smectite group of clay minerals, regardless of its origin
or occurrence. More recently, the term bentonite has been
applied by industry to other smectite minerals. For
example, saponite is referred to as magnesium bentonite
(Table 1).

Bentonite has a wide range of colours including white,
yellow, olive green, brown, and blue, and has a character-
istic soapy texture and waxy appearance. Weathered
sodium bentonite has a distinctive ‘popcorn’ texture,
resulting from the absorption of water that causes swelling
expansion during wet periods and contraction during dry
summers. Weathered calcium bentonite has an ‘alligator
skin’ texture.

Bentonite is commonly classified based on its swelling
capacities when wet or added to water. Sodium-rich
bentonite principally has Na* on its exchangeable
positions, has very high swelling capacities, and forms gel-
like masses when added to water. Calcium-rich bentonite,
with Ca*" as its exchangeable cation, has much lower
swelling capacities than the sodium-rich varieties.
Intermediate calcium—sodium bentonite tends to swell
moderately and forms a gel of less volume than an equal
mass of the sodium type. Chemical analyses of some
commercial bentonites are given in Table 2.

In the United States, bentonite may also be classified
by geography. Swelling sodium varieties, mainly found in
Wyoming and the adjacent states, are known as Wyoming
or Western bentonites, and the non-swelling calcium
varieties that are most common in the states bordering the
Gulf of Mexico are known as Southern or Texas
bentonites. In the United Kingdom, sodium bentonite is
known simply as bentonite, whereas the calcium varieties
are known as fuller’s earth.

Fuller’s earth

The term ‘fuller’s earth’ was first used in the latter half
of the last century for material used in the fulling
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Table 2. Chemical analyses of commercial bentonites

Western USA Western USA Southern USA UK
standard foundry sodium bentonite foundry calcium bentonite
sodium bentonite (pure) calcium bentonite

Percentage
SiO, 63.59 61.3 -064 62.12 55.2
Al,O, 21.43 19.8 17.33 13.7
Fe,0, 3.78 3.9 5.30 8.1
Na,O 2.70 2.2 0.50 trace
CaO 0.66 0.6 3.68 6.3
MgO 2.03 1.3 3.30 33
K,O 0.31 0.4 0.55 0.6
TiO, - 0.1 - 0.7
Trace elements - 32 - -
Bound water 5.50 7.2 7.22 9.9

SOURCE: Harben (1995a)

(cleansing and thickening) of woollen cloth, and in the
decolourizing and purifying of mineral, vegetable, and
animal oils. In the first half of this century, this material
was extensively used in processing mineral oils, which led
to the general application of the term ‘fuller’s earth’ for
material used in petroleum processing. The term is now
used for clay or other fine-grained earthy materials that
are suitable for bleaching and absorbing, and for other
uses such as carriers for pesticides and herbicides, but the
term has no compositional or mineralogical connotation
(Holmes, 1983; Robertson, 1986; Elzea and Murray,
1994).

As previously noted, in the United Kingdom the term
fuller’s earth refers to calcium bentonite, whereas in the
United States the mineral attapulgite is often referred to
as fuller’s earth. Attapulgite (also known as palygorskite)
is a hormite-group mineral with a ribbon-like structure,
and will be discussed in more detail in a later chapter.

Other minerals

Bentonites contain varying amounts of mineral impurities,
depending on the geological environment in which they
originated, and on this basis bentonites fall into three
categories:

¢ those formed in volcanic environments;

* those formed in situ as secondary minerals during
diagenesis and weathering; and

¢ those formed as detrital accumulations.

Mineral impurities in bentonites of volcanic origin may
include feldspars, biotite, quartz, cristobalite, apatite,
zircon, magnetite, amphiboles and, in places, unaltered
volcanic glass. Bentonites formed as secondary minerals
during diagenesis and weathering may contain various
mineral impurities such as poorly sorted silica, zeolite,
calcite, selenite, other clay minerals such as kaolinite and
illite, and various iron-sulfate minerals. Bentonites formed
as detrital accumulations are the least abundant and
constitute less than 10% of commercially viable deposits.
These detrital minerals include all of the rock-forming
minerals found in most sedimentary environments (Elzea
and Murray, 1994).

Cation exchange capacity

Cation exchange capacity (CEC) is the ability that
minerals have for exchanging cations, and is expressed as
milliequivalents per 100 g of clay (meq/100 g). Most
bentonites have CECs that range between 60 and 170 meq/
100 g (Elzea and Murray, 1994). The most common
exchangeable cations in smectite minerals are sodium,
calcium, magnesium, hydrogen, and potassium, which are
found between the units of tetrahedral and octahedral
layers. Water can enter between these layers and the type
of cation present controls the amount of water that enters.
The amount and type of exchangeable cation influences
the clay surface chemistry and charge, which determines
how the clay particles will interact in an aqueous
suspension (Wolfbauer, 1977; Elzea and Murray, 1994).

Natural bentonite can be treated to enhance certain of
its properties, and provide products with a wider range of
applications. High-calcium bentonite, which is generally
low swelling, may be synthetically sodium exchanged or
alkali activated to enhance its swelling characteristics.
During alkali activation, water must be present to dissolve
the alkali ions so that the exchange process can proceed
as far as possible. It is also standard industry practice to
chemically treat calcium bentonite with soda ash or other
additives to enhance its colloidal properties. This is done
where natural sodium bentonite is not available. Organo-
philic bentonite, which is water repellent (or hydrophobic),
is produced when sodium bentonite with a high swelling
capacity is coated with polar, long-chain organic
molecules. This enables solvents or bonding agents that
are made of organic molecules to be interposed between
the lamellae of the organophilic bentonite, resulting in
thixotropic thickening and a gel structure (O’Driscoll,
1988).

CEC can be measured by a variety of methods. A
procedure involving adsorption of methylene blue dye is
a favourite method used by the foundry industry. One
advantage of this method is that it measures CEC only
from smectite minerals and the result is not affected by
the presence of other minerals with a high CEC such as
zeolites, which can be present in some bentonites. A
disadvantage is that measurement by this method is
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somewhat subjective and gives results that are lower than
the actual CEC of the smectite mineral. Other methods of
CEC determination involve displacing all of the exchange-
able cations with another index cation (e.g. ammonium or
barium ions) and then measuring the index cation to give
a total CEC measurement of the individual displaced ions
(e.g. Na*, K*, Ca?*, and Mg?*). These measurements can
be done by a combination of atomic absorption spectro-
photometry and flame photometry. The result is, however,
affected by the presence of other high-CEC minerals such
as zeolites, and the presence of small amounts of zeolite
can give a misleading result indicating that the bentonite
is of a high grade when only a small amount of smectite
may be present (Christidis and Scott, 1993).

Mode of occurrence

Bentonite most commonly forms as a result of alteration
in situ of volcanic ash or tuff. Less commonly, bentonite
can also form due to hydrothermal alteration of volcanic
rocks. Bentonite derived from altered volcanic ash can be
recognized from:

e Mineralogy — bentonite beds commonly contain
euhedral minerals characteristic of volcanic rocks;

e Chemistry — the major element and rare earth
chemistry of smectite is consistent with a volcanic
precursor; and

e Texture — relict glass shards are pseudomorphically
replaced by smectite (observed in thin section and
under a scanning electron microscope). The presence
of unaltered glass shards in some deposits is the most
compelling evidence.

In large, economically viable deposits of bentonite, the
parent rock is invariably tuffaceous material rich in
volcanic glass. Most bentonite deposits are derived from
ash falls, which provide the high surface area necessary
for efficient devitrification. Poor to moderate drainage
tends to lead to retention of silicon, aluminium, calcium,
and magnesium, thus promoting alkalinity and stability of
the smectite structure.

Bentonite is typically found as beds in marine and non-
marine strata ranging in age from Permian to Pleistocene.
The alteration of ash to bentonite is a hydration reaction
that involves magnesium, and because of this bentonite is
most commonly found in marine strata rich in magnesium.
Bentonite also forms from ash when in contact with
alkaline lake water or groundwater. Most bentonite is
found in beds or lenticular bodies that are conformable and
laterally continuous for up to 300 km. These beds range
in thickness from several centimetres to tens of metres, and
tend to form continuous stratigraphic horizons, layers, or
lenses. The contacts of the beds may be variable. They can
be sharp at both the top and bottom, gradational with the
underlying beds and sharp at the upper contact, or have a
sharp contact with the underlying beds and a gradational
one at the upper contact. Less commonly, bentonite also
forms as irregular-shaped bodies that grade into unaltered
host rock; these deposits range from about 0.5 m to more
than 10 m in length (Patterson and Murray, 1983; Elzea
and Murray, 1994; Harben and Kuzvart, 1996).

Uses

Bentonite comprises loosely tied silica—alumina sheets that
can be easily subdivided in aqueous solutions into unit-
celled particles about 0.003 um thick and less than 0.1 pm
long. This arrangement of sheets promotes excellent
dispersion in water due to the ease of separation and the
unbalanced negative electric charges that repel each other
in a polar media such as water. Such a property results
in a variety of useful characteristics including dilatancy
(the ability to swell up to about 15-30 times the original
dry bulk volume without agitation), viscosity (resistance
to flow), and thixotropy or gelling strength (Harben,
1995a).

Drilling mud

Bentonite is one of the most efficient materials used for
drilling mud in those instances where the rocks penetrated
contain only freshwater. It was first used as drilling mud
in the late 1920s or early 1930s. Bentonite is used in high-
chloride and hard-water environments. The role of
bentonite in drilling fluids is to build an impervious
coating on the wall of the hole, to increase the viscosity
to about 15 centipoise to aid the removal of rock cuttings,
and to provide thixotropic properties so that cuttings do
not settle when movement of the drilling column ceases
temporarily. The most critical specifications for bentonite
used for drilling mud are the suspension properties, wet
screen analysis, and moisture as shipped.

Suspension properties

Suspension properties are determined by viscosity, yield
point, and filtrate tests. Determination of the viscosity and
yield point involves preparation of a suspension consisting
of 22.5 g of bentonite in 350 cm? of distilled water. The
suspension is aged and then the viscosity determined and
the yield point calculated from dial readings at 300 and
600 rpm using a direct-reading viscometer, according to
procedure and equipment requirements outlined in the
American Petroleum Institute (API) specifications
(American Petroleum Institute, 1969). The filtrate test is
another important test for suspension requirements. This
test is a measure of the volume of water lost from the
prepared suspension when it is tested in a pressurized filter
press according to procedures outlined in the API
specifications. The specifications for the above tests for
bentonite in drilling muds are given in Table 3.

Wet screen analysis

Wet screen analysis (grit test) is a measure of the material
in bentonite mud that is coarser than a 200 mesh (75 um)
USA series sieve. The test involves mixing 10 g of
bentonite in 350 cm® of water containing 0.2 g dispersing
agent and then stirring, ageing, and washing the material
through a sieve with a specified spray system outlined by
the API specification. The residue on the sieve is then
dried, weighed, and its percentage of the original bentonite
is determined (Elzea and Murray, 1994; Harben and
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Table 3. Specifications for bentonite in drilling mud

Requirement API OCMA
bentonite  bentonite

Suspension properties

Viscometer dial reading @ 600 rpm (centipoise) 30 30

Yield point/plastic viscosity ratio 3 6
Filtrate volume, cm?, max. 15.0 16.0
Residue >75 um (200 mesh US series) max. 4.0 wt% 2.5 wt%
Moisture, max. 10.0 wt% 13.0 wt%

SOURCE: Harben (1995a)

NOTE: API
OCMA

Kuzvart, 1996). The specifications for residue in drilling
muds are shown in Table 3.

Moisture

The maximum moisture content is 10.0 wt% for API
specification bentonite, and 13.0 wt% for Oil Companies
Materials Association (OCMA) bentonite.

Iron ore pelletizing

Bentonite has been used since the late 1950s as a binding
agent in the production of iron ore pellets and this
continues to be a major use. Natural or sodium-exchanged
bentonites are very effective at producing pellets with high
mechanical strength and good thermal-shock resistance.
Typical amounts of bentonite added are 7-10 kg/t of
pellets, although the amount can be as low as 4-5 kg/t.

Specifications for bentonite used for pelletizing
taconite-type iron ore have not been standardized, and its
use in pelletizing varies with individual requirements and
preferences. Some pelletizing plants use crude bentonite
and mill it on-site, whereas others prefer to purchase
processed ore. However, bentonite is not a perfect binding
material as it contaminates the iron ore by adding
unwanted silica to the blast furnace burden and increasing
the required flux and coke. Nevertheless, bentonite
remains the most widely used pellet binder despite many
years of research into alternatives. Some pelletizing plants
use alternative inorganic binders, such as dolomite and
hydrated lime, where economics or chemical processes or
both make them attractive, but such use is not widespread.
The large number of variables that influence pellet
characteristics complicates the testing of bentonite
alternatives and makes comparisons difficult (Kendall,
1996).

However, a number of alternatives to the blast furnace
iron-making route, such as direct reduction of iron ore,
have emerged over the last two decades and these do not
use pellets. These technologies constitute only a small
proportion of the global iron-making capacity. According
to Kendall (1996), the total world iron-ore pellet
production in 1995 was 198.3 Mt and will increase to
about 204 Mt in 2005.

American Petroleum Institute
Oil Companies Materials Association

Foundry sand

The foundry industry can be loosely divided into ferrous
(cast iron and steels) and non-ferrous. Sand moulding
processes are predominant within the ferrous sector, with
green sand the most widely used mould material. The
composition of a typical foundry-sand mix for high-
pressure moulding would be 86-89% green sand, 5-7%
bentonite, 2.5 — 3.5% water, 0.5% starch, and possibly up
to 3% coal dust or a similar substitute to improve surface
finish. Typical foundry requirements for sodium bentonite
are shown in Table 4. Green-sand moulding is also
commonly used in non-ferrous castings, but this sector has
a larger number of alternative casting methods and a
greater use of other binding systems.

The foundry sand industry has evolved considerably
over the last two decades, with the replacement of
straightforward bentonite usage by foundry additive
blends. In addition to bentonite, the green-sand moulding
formulations commonly contain materials such as seacoal,
seacoal replacements, cellulose, starch, and pitch or other
carbon sources.

The application of sodium and calcium bentonites as
a binder in green-sand foundry moulds for metal casting
is probably the largest single use for bentonite (Kendall,
1996). The role of bentonite is essentially to bind the sand
grains together during the moulding and casting cycles.
It also maintains structural integrity of the mould during

Table 4. Typical foundry requirements for sodium bentonite

Moisture 6-12%
pH >8.2

CaO <0.70%
Liquid limit 600-850
Green compressive strength >58 kPa

Green deformation 2.5%

Green shear strength 17 kPa
Green tensile strength 10 kPa
Dry compressive strength 656 kPa
Methylene blue capacity 100 meq/100 g

SOURCE: Kendall (1996)

NOTE: The above specifications can vary widely depending on factors such as the metal

being cast, the size and shape of casting, and the sand system in use

(a)  Millequivalents per 100 g of clay
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Table 5. Comparison of bentonites in green-sand moulding

Sodium bentonite Calcium bentonite

Primary sand-binding agent
Increases dry compression strength

Primary sand-binding agent
Increases green compression
strength

Lower hot retained strength;
aids shakeout

Requires less pressure to
make uniformly compacted
moulds

Can reduce mechanical
penetration

Imparts excellent
flowability

Allows development of fine detail -

Increases hot compression strength

Gives rapid bond development

Enhances mouldable moisture range

Enhances durability

SOURCE:  Kendall (1996)

metal pouring and solidification, and will break down
easily on shakeout, thus easing the removal of the casting.
The proportion of sodium and calcium bentonites used
varies depending on the desired mould properties, the
metal being cast, and the size of casting. However, in
volume terms the use of natural sodium bentonite is
dominant. Generally sodium bentonite can be used in
higher temperature castings than calcium bentonite, as it
is more stable at higher temperatures. The primary foundry
applications of sodium bentonite are in casting steel,
ductile and malleable iron, medium to heavy grey iron,
and, to a lesser extent, a range of non-ferrous metals.
Tables 5 and 6 show some comparisons of sodium and
calcium bentonites in foundry usage.

Absorbents

Bentonite clays have high adsorption (the ability to attract
and hold ions or molecules of gas or liquid) and absorption
(the ability to assimilate or incorporate materials)
properties, and are highly hygroscopic. The clays will
adsorb many times their own weight in liquid, and
granules tend to bind together when wet. These properties
are useful in a number of applications such as pet litter,

foundry sand, industrial absorbents, sealants, and
bleaching oils.

Pet litter

The main requirements for pet litter are for high
absorbency; suitable bulk density; clean, well-sorted, dust-
free litter; odour control; moisture absorption; colour; and
long life (Kendall, 1996). In addition, granules should be
rounded, should not stick to the fur of pets, and must be
of the correct size distribution. Different types of clay
satisfy these qualities. Sodium and calcium bentonites
compete with other absorbent clays such as sepiolite and
attapulgite. ‘Clumping pet litter’ (also known as scoopable
cat litter) was developed in the USA towards the end of
the 1980s using microgranular (1-2 mm) blends of sodium
bentonite, calcium bentonite, and attapulgite. The clay in
clumping pet litter, on exposure to liquid, bonds and
expands to form a clump that is unlikely to break apart
and will resist scratching and sifting by cats. The clumps
of cat urine and excrement are simply scooped out, thus
leaving the unaffected pet litter for further use (O’Driscoll,
1992; Landis and Gaylord, 1999). In recent years, the
market for scoopable pet litter has grown and that for
traditional (non-clumping) pet litter has been steady.
Between 1992 and 1994, the demand for bentonite in the
USA for pet litter more than trebled, rising from 148 300
to 455000 t. In 1996, the market had an annual growth
of around 5% in the USA and 7% in Europe. Bentonite
consumption for pet litter in Europe is around 19.5% of
the total bentonite market (Baxter, 1997).

Industrial absorbents

Absorbent clays are widely used to control different kinds
of spillages in many industrial situations. The main
requirements of industrial absorbents are adequate
mechanical strength, hardness, and abrasion resistance;
chemical stability; non-flammability; and a high liquid-
absorption capacity. Bentonite can be calcined to improve
its mechanical strength when wet. Sodium and calcium
bentonites are commonly used, but compete with other
absorbent clays such as sepiolite and attapulgite (Kendall,
1996).

Table 6. Advantages and disadvantages of foundry bentonites

Bentonite Advantages Disadvantages

type

Sodium Good green strength, with high hot and dry strengths Least flowable and most difficult to mull
Best with hot sand
Highest wet tensile strength
Highest durability

Calcium Highest green strength Poor draw

Mulls quickly
Good shakeout
Good flowability

Least durable

SOURCE: Morrison (1999)



GSWA Mineral Resources Bulletin 20

Bentonite, attapulgite, and common clays in W.A.

Table 7. Containment applications of sodium bentonite

Containment type Application

Freshwater containment

Ornamental ponds and lakes, wetlands, golf courses, balancing

ponds, reservoirs, canals

Wastewater containment
Landfill containment
Contaminated land
Secondary containment
Groundwater containment
Nuclear-waste containment

Sewage lagoons, reed beds, leachate and industrial-effluent lagoons
Basal seals, caps, cut-off walls, gas barriers

Caps, cut-off walls

Tank farms, leach pads

Borehole sealants

Underground repositories

SOURCE: Kendall (1996)

Containment (impermeable layers and
liners)

Bentonite-based liners are increasingly used to provide
hydraulic seals or barriers in a wide range of civil
engineering applications such as the construction of
dams, canals, reservoirs, settling ponds, and trenches
(Table 7). The role of bentonite in other civil engineering
applications is shown in Table 8.

When used as a containment liner, the bentonite
platelets (0.2 — 2 um in length) form a very effective fluid
barrier resulting in a low-permeability seal. The high water
absorption and resultant swelling contribute to the sealing
characteristics of the clay by occupying void spaces. The
uptake of free water can also help stabilize waste. Low-
permeability layers are widely used to prevent leachate
and gas escape from waste dumps.

In landfill containment, bentonite has been used for
many years to enrich the soil and to form low-permeability
layers at the base of landfill sites. For soil enrichment,
bentonite (typically milled to minus 75 um in size) is
either mixed into the soil in situ (rotovation mixing) or
the soil is excavated, mixed with bentonite, and then
reapplied. The disadvantages of mixing in situ are that the
resulting layer may not be homogeneous and more
bentonite is required. Commonly, mixing in situ requires
7-8% bentonite compared with 5-6% for pre-mixing. The
soil-enriched layer is normally 30 cm thick following
compaction and may be used in conjunction with a plastic
layer.

In recent times, a new market has emerged in the form
of geosynthetic-clay (geo-clay) or geo-composite liners in
which bentonite is combined with plastic or textile layers.
Most geo-clay liners essentially comprise a thin layer of

Table 8. The role of bentonite in civil engineering applications

Application

Role of bentonite

Details

Diaphragm, cut-off, and
retaining-wall construction

Bored piling, cassion sinking

Pipejaking

Cement/concrete additives

Grouting

Tunnelling

Electrical earthing

Solids transportation

To support excavations until concrete pouring;
to penetrate soil walls and create an impermeable
membrane

Prevents cave-in; lubricates cutting tools and
pile casings/cassions

Lubrication; seals joints

Increases workability; reduces bleeding of
mixes

Consolidation and stabilization or sealing of
ground

Face support and stabilization when tunnelling
in difficult ground conditions; lubricates cutting
bits; solids removal

Bentonite grout earths buried cables

Enhances lubricity; prevents settling on standing

3-10% sodium bentonite slurry stabilizes and imparts
cohesiveness to ground walls

As above, but milled bentonite can also be added directly
to soil during auger boring to form a slurry with
groundwater

3% bentonite will increase workability and allow greater
pumping distances

Water-based bentonite grouts can be combined with
cement or sodium silicate to vary setting times

3-5% sodium bentonite slurry maintained at pressure at
the cutting face in front of a tunnelling machine supports
the tunnel face. Excavated material transported to the
surface in the bentonite slurry

Provides safety medium in case of cable fracture

Additions of up to 3% sodium bentonite

SOURCE:  Kendall (1996)
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Table 9. Specifications for a typical geo-clay liner

Primary backing
Cover fabric

Non-woven polypropylene or high-density polyethylene
Woven polypropylene or polyester

Bentonite requirement 4.8 - 5.0 kg/m?
Montmorillonite content 80-90%
Bentonite particle size 20-50 mesh
Thickness (unswollen) 6—-10 mm
Permeability coefficient 2 x 107" cm/sec
SOURCE:  Kendall (1996)

bentonite sandwiched between synthetic fabrics. These
fabrics include woven and non-woven polypropylene
(Harries-Rees, 1993; Kendall, 1996), and high-density
polyethylene (HDPE). The uppermost layer is permeable
to enable the encapsulated bentonite to swell, producing
an impermeable, self-sealing flexible layer. The specific-
ations of a typical geo-clay liner are shown in Table 9.

The bentonite within the liner can also be tailored to
the application through chemical treatment. In some
applications, there may be aggressive attack from certain
species such as sulfates or chlorides that will cause a
partial collapse of the bentonite swell. Such collapse can
be avoided by treating bentonite with a polymer such as
anionic polyacrylamide that will lock swelled clay
particles together.

One containment application that may grow over the
next few years is in high-level nuclear-waste repositories.
The impermeable and self-sealing nature of sodium
bentonite is ideally suited for isolating canisters of waste
from groundwater (Kendall, 1996).

Animal feed

Bentonite has long been used as a binding agent in the
production of pelletized feeds. In addition to its role as a
binding agent, it improves material flow and reduces die
adhesion and friction during pelletization. It can also
impart a number of medicinal or nutrient-related benefits,
such as slowing the passage of feed through the gut and
thus maximizing nutrient uptake.

In 1992, an innovative producer in Pakistan designed
an edible grade of bentonite called ‘repotentiated
bentonite (RB)’. Its efficacy and performance has been
authenticated from extensive field and institute-level
biological trials in Pakistan. During these trials, scientists
observed that the inclusion of 1% RB in basal feed to
broiler chicken feed could result in an extra 32% weight
gain. They also noted an increase in edible meat
percentages, with better bone-to-meat ratios. Results also
revealed that the addition of 1.5% RB to feed for layer
hens increased egg production by 15%. The egg size
increased by 10% and the eggs had stronger shells (Saeed,
1996).

In addition to improving feed efficiency, bentonite has
significant effects on milk yield from cattle. In dairy cattle
farming, a supplement of around 300 g/day per head of
cattle of sodium bentonite increased milk yield by 10%

and also increased milk content and protein yields. It also
increased the solids content of the dung. In feeds including
wheat, bentonite is useful in counteracting the risk of
acidosis and will help animals adapt to high-grain and
rapidly fermentable feeds used in fattening yards. Sodium
bentonite has also been shown to reduce the incidence of
scouring in poultry and pigs.

Furthermore, the absorptive properties of bentonite can
also be tailored to give additional benefits to livestock.
Bentonite will readily bind to natural toxins such as
aflatoxin and mycotoxin, thus preventing their uptake in
the gut, and can help suppress high blood-urea levels,
thereby reducing the effects of excessive soluble nitrogen
on cow fertility (Kendall, 1996).

Bleaching oil

Most vegetable, animal, and fish oils require refining to
remove impurities such as phosphatides, gums, trace
metals, and free fatty acids that may produce oxidation
products leading to degradation and short shelf life of the
final product. Bleaching clay adsorbs many of these
products and also reduces the red, yellow, and green
colouration, produced by compounds such as carotene,
carotenoids, xanthophyll, and chlorophyll, to more
acceptable levels. A number of characteristics determine
the efficiency of material used as a bleaching clay. These
characteristics are adsorption capacity, acid properties,
catalytic properties, ion-exchange capacity, and particle-
size distribution (Santaren, 1993).

Detergent

Bentonite is used in the production of detergents,
principally as an antidepositing and softening agent. This
application is widespread in Latin America, and white
sodium and calcium bentonites are almost exclusively
used. Mexico has plentiful reserves of both these
bentonites. However, actual properties and functions of
bentonite in this application are closely guarded secrets,
but in general the average physical properties that
determine the specifications are apparently fineness,
viscosity, flocculation, and brightness (Nebergall, 1988;
Table 10).

Other uses of white bentonite are in pharmaceuticals,
cosmetics, toiletries, and other uses such as surface
coatings, electrical ceramics, catalytic carriers, and
refractories (O’Driscoll, 1988; Russell, 1991).
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Table 10. Typical properties of export-grade bentonite from Mexico
for use in detergents

Property Sodium Calcium

bentonite bentonite
Fann viscosity (centipoise) 18 4
Flocculation no yes
Fineness (<200 mesh) 90% 90%
Brightness 82 87
SOURCE:  Nebergall (1998)

Exploration and evaluation

The first step in bentonite exploration is to identify
geologically favourable target areas that are likely to
contain bentonite deposits. For example, bentonite often
forms as a result of the subaqueous alteration of volcanic
tuff, especially ash, or volcaniclastic sediments derived
from them. Another useful feature is that many bentonite
deposits in the world are associated with Cretaceous and
Tertiary marine strata.

After the identification of target areas, a reconnaiss-
ance field program is commonly conducted to establish
whether any bentonite deposits are present. The character-
istic ‘popcorn’ texture is a simple guide for its identific-
ation. A good quality bentonite should be compact, soft
and soapy to the feel, and it is slippery when wet. The
colour is commonly dark green or grey when buried under
thick overburden, becoming yellowish green or yellow
when weathered and near the surface. However, the nature
of the parent rock and the history of alteration affect the
colour. After preliminary identification of the deposit,
additional work involving mapping and drilling should be
carried out to estimate the resources available.

Factors such as the amount of overburden, the distance
to processing plants or markets, available transportation,
and the available resource have to be considered before
capital is invested in evaluation and extensive testing of
the deposit.

Laboratory testing

A thorough mineralogical investigation of a bentonite
deposit is very important, as the behaviour of bentonite
in industrial processes is entirely dependent on the
structure of the smectite mineral, and on the other mineral
phases present. X-ray diffraction is the most important
method used for identification of the minerals. This
method is rapid and identifies any impurities present.
X-ray diffraction results may be complemented by other
techniques such as thermal analysis and infra-red
spectroscopy. Differential thermal analysis (comparison
of the effects of heating of the sample with an inert
material) coupled with thermogravimetry (weight loss on
heating) can be used to obtain information about the
dehydroxylation and heat decomposition of the bentonite.
Such information is useful in assessing the likely
behaviour of the clay in foundry sands and iron-ore
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pelletizing applications. Infra-red spectroscopy helps in
recognizing the type of smectite present. Electron-beam
techniques such as scanning electron microscopy can be
used to obtain additional information about the textural
relationships between smectite and its associated
impurities. The identification of such impurities is
important. For example, impurities such as cristobalite,
which is present in the form of opal (smaller in size than
2 um) in some bentonite, can form intimate intergrowths
with smectite ‘flakes’ and affect the rheological and
binding properties of the bentonite. The reason for this is
that the rheological and binding properties of bentonite
depend on the interaction between the individual smectite
flakes and stacks of crystals (Christidis and Scott, 1993).

Quantitative chemical analysis is not useful in
assessing the technical properties of the clay. However, a
knowledge of the chemical composition, including the
composition of the exchangeable ions, is useful for
identifying or confirming whether the type of bentonite
present is sodic, calcic, or another variety.

Quality and grade

In the evaluation of many mineral deposits, the terms
‘grade’ and ‘quality’ are synonymous and express the
concentration of the useful chemical element or mineral
in the raw material. However, this does not apply to
bentonite deposits because its performance in various
industrial applications does not depend only on the
absolute quantity of smectite present. In the case of
bentonite, quality refers to the performance of the material
in its different applications, whether in its natural or
modified form, whereas grade refers to the smectite
content of the bentonite.

Quality

The quality of bentonite can be assessed by a combination
of three main criteria (Christidis and Scott, 1993). These
criteria are the sodium carbonate exchange, a swelling test,
and the liquid limit of the material.

Sodium carbonate exchange is the amount of sodium
carbonate required by a bentonite to attain optimum
properties, and is relevant to bentonite in which
the exchangeable cations are dominantly calcium or
magnesium. These bentonites have inferior properties for
most applications unless they are sodium exchanged. The
swelling test is a measure of the swelling efficiency of the
raw material in distilled water in terms of a gel volume
obtained from a known amount of clay. The liquid limit
is the minimum moisture content required for fluidity in
a clay and water mixture. It is a measure of the bonding
efficiency of the clay and is a routine test for bentonite in
the foundry industry.

Quality can be affected by secondary processes that
can result in a lowering of the bentonite gel pH or the
formation of smectite with different lattice dimensions.
The latter effect can be caused either by different
substitutions in the alumina part of the alumina—silica
structure or by oxidation or reduction of iron.
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Grade

The grade of a bentonite-bearing clay increases with
increasing smectite content, and can be assessed by
measurement of the CEC or the surface area, or both.
Assessment of grade by CEC measurement is the preferred
method in industry, and smectites have a high CEC relative
to other clay minerals. The range of CEC values for most
commercial bentonites is 60-150 meq/100 g, with higher
grade varieties generally in excess of 100 meq/100 g. The
surface area is determined by adsorption of ethylene glycol
monoethyl ether (EGME). For pure smectites, the
theoretical EGME adsorption value is of the order of
800 m?/g.

The procedures outlined above for assessing bentonite
are appropriate for preliminary evaluation of a bentonite
deposit using samples collected from surface exposures,
trenches, and drillcore. The tests are not specific to any
one industry, but provide data on the overall properties of
the clay from which potential uses can be established.
Further tests are required to assess the material for specific
applications.

Mining and processing
Mining
Bentonite is commonly mined using highly selective
openpit methods. Many deposits in the USA are
mined by stripping methods (e.g. Wyoming). However,
bentonite is also mined by underground methods in a
number of countries (e.g. the Combe Hay district in the

UK; Beatty, Nevada in the USA; and Choushen and Linan
in China).

In openpit mines, bulldozers and scrapers or pans are
most commonly used in removing overburden. In a typical
pit, the overburden is removed in panels, the clay is mined
by loading trucks with a dragline or endloaders, and then
the overburden from an adjacent panel is shifted to the
mined-out area. The thickness of overburden removed is
variable. For example, most Wyoming-type bentonite
deposits in the USA have less than 9 m of overburden,
and many Chinese deposits have an overburden of less
than 5 m. Some deposits in the southern USA have
overburden depths as great as 30 m (Zhu, 1985; Elzea and
Murray, 1994). Generally, the rock material in the
overburden is soft and can be loaded directly by self-
propelled or pushed scrapers, although in some places
loosening of the material by bulldozers or rippers may be
required before loading.

In many bentonite deposits, selective mining is
required due to the variable physical properties of the clay.
Bentonite from a single pit or bed may be separated into
three stockpiles, each with different physical properties.
These separate stockpiles can then be blended or used
separately to prepare bentonite suitable for different uses.
In some places, blending of bentonite is done while it is
dumped on stockpiles using earth-moving or cultivating
equipment.

Processing

Beneficiation and processing of bentonite typically involve
crushing, drying, grinding, and packaging. In most plants,
the raw clay is passed through some type of clay ‘slicer’,
before drying, to break up the large chunks to sizes below
20 mm. Soft bentonite does not need to be crushed.

The average water content of soft bentonite is
approximately 30%, and that of hard bentonite is
approximately 18%. The water content of bentonite is
reduced to about 8% in the drying process. Drying can
be done using a fluid-bed dryer, where the temperature
varies with the intended use of the bentonite. The
temperature in dryers is likely to be approximately 800°C
at the inlet, 100—200°C at the outlet, and 400-500°C in
the main drying zone. Some countries (e.g. China) reduce
the water content of soft bentonite to approximately 15%
by natural drying, then the material is further dried by hot
air to bring down the water content to 8—12% for milling
(Zhu, 1985; Elzea and Murray, 1994).

The dried bentonite is ground and sized in several
ways. In some plants, rods in rotary dryers do much of
the grinding. However, most of the powdered product is
ground with roll and hammer mills or other pulverizers,
followed by screening (Fig. 2). Most bentonite is ground
to approximately 90% finer than 200 mesh (75 pm).

Several types of packaging are used for transportation
of bentonite. Multiwalled paper bags (some with plastic
liners) are most commonly used for transportation of other
than bulk shipments. Fibre drums are used for speciality
products sold in small quantities. With applications that
require lengthy periods in storage or involve repeated
handling, bentonite has to be stored in metal drums,
usually of 45 kg capacity. Most of the granules sold for
pet litter are packed in 4.5 — 13.6 kg paper bags.

The transportation method depends on the end-use and
the location of markets. Processed bentonite may be
transported by rail in bulk hopper cars, but boxcars and
bulk trucks can also be used. Bentonite is commonly
pelletized and bagged for shipment by either rail or truck.
Ore-carrier ships, with bentonite as the only cargo, are
used for overseas shipments in the USA. Bentonite
transported in this way is semi-crude and only partly dried
at the point of origin, making it possible to load and
unload by bulk-handling equipment. However, the
bentonite has to be further dried and ground before usage
(Elzea and Murray, 1994).

Production and market trends

Production

Data on global bentonite production is not readily
available, and that which exist appear to be approxi-
mate due to the confusion of nomenclature. Available
production figures indicate that annual global production
of bentonite is approximately 89 Mt (Table 11). However,
total annual global production is likely to be much higher,
as China is known to be a major world producer and is
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Figure 2. Flow sheet for the processing of bentonite (after

Elzea and Murray, 1994)

not included in this total. It is estimated that China
produced 1.4 Mt in 1994, but exact production figures on
an annual basis are not available. The USA is the world’s
largest producer of bentonite, with production of around
4 Mt of bentonite in 1997. Other major producers of
bentonite in excess of 450 000 t per annum include China,
Greece, Germany, Italy, Turkey, and Japan.

USA

Bentonite in the USA is found mainly in Upper Cretaceous
and Tertiary rocks. The most important localities for high-
swelling or sodium bentonite (also known as Western or
Wyoming bentonite) are Wyoming and Montana, and the
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western border of South Dakota. The important areas for
low-swelling or calcium bentonite are Mississippi, Texas,
California, Colorado, and Arizona.

Wyoming bentonite (Western bentonite)

Major deposits of Wyoming bentonite are present in two
districts centred on the state of Wyoming. The first of these
is the northern Black Hills district of northeast Wyoming
and western South Dakota, centred on the town of Colony.
The Black Hills district is the oldest sodium-bentonite
mining district in the world, and produces high-quality
sodium bentonite mainly for the foundry and drilling mud
industries, and to a lesser extent for civil engineering
applications and cat litter. In this district, bentonite is
mined from five discrete bentonite horizons in the Lower
Cretaceous Newcastle Sandstone and Mowry Shale, and
the overlying Upper Cretaceous Bell Fourche and Pierre
Shales. In general, the thickness of the bentonite horizons
in these formations averages 1-2 m and is up to 4 m in
places (Harben and Kuzvart, 1996).

Wyoming bentonite is also mined in the Hardin
District. These deposits are found northwards from
Thermopolis and Kaycee in the Big Horn Mountain region
of central Wyoming to Cody, Lovell, Malta, and Glasgow
in Montana. In the Hardin District, sodium bentonite beds
are found in a 1500 m-thick sequence of Lower to Upper
Cretaceous marine strata. The Upper Cretaceous sequence
consists of the Soap Creek bentonite in the Belle Fourche
shale. The bentonite horizons in this sequence range in
thickness from 4 m to more than 10 m. Other bentonite-
producing formations include the Cody and Bearpaw
Shales. End-uses for bentonite from the above regions
include absorbents, animal feed, drilling fluids, foundry
sand binders, wine clarification, iron ore pelletizing, and
environmental and construction applications.

Table 11. World production of bentonite (thousand tonnes)®

Country 1990 1991 1992 1993 1994 1995 1996 1997
United States of America 3530 3487 3001 2916 3343 3881 3740 4020
Greece 602 610 610 689 698 1115 974 950
Turkey 100 126 126 464 524 508 482 519
Ttaly 232 408 153 332 392 402 472 513
Germany 586 592 590 481 483 529 491 511
Japan 558 563 543 525 492 486 469 496
Spain 153 152 152 152 152 152 151 150
Argentina 109 110 100 99 99 99 135 130
Mexico 147 147 138 97 102 93 70 112
Iran 52 41 49 86 85 86 84 85
South Africa 67 66 45 51 73 72 48 33
Romania 15 15 122 122 102 102 44 27
Former USSR 2743 2438 2032 1626 1321 1321 - -
Zimbabwe 102 102 84 84 172 173 - -
Brazil 183 132 133 115 142 142 110 -
Cyprus 83 60 60 53 48 51 - -
Others 383 461 242 197 257 261 1110 1244
Total 9 645 9511 8180 8 088 8495 9018 8 380 8790
SOURCE: Harben and Kuzvart (1996); Hatjilazaridou et al. (1998); Reuther Ernst-Ulrich (1998); Maranzana (1998); British Geological Survey (1999)

NOTE: (a) Does not include Chinese annual production (estimated at 1.4 Mt in 1994)
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The origin of the Wyoming bentonite is related to the
ejection of massive quantities of pyroclastic material from
volcanic centres in the Rocky Mountains during the
Cretaceous. Vast thicknesses of rhyolitic ash were
repeatedly deposited as volcanogenic sediments in the sea
to the east of the mountain range. Subsequent compaction
and alteration of this material have produced some of the
richest accumulations of sodium bentonite in the world.

Companies producing Wyoming bentonite include
American Colloid Co., ML.I. Drilling Fluids Co., Bentonite
Corporation, Black Hills Bentonite Co., Wyo-Ben Inc.,
and Bentonite Performance Minerals (Harben and
Kuzvart, 1996; Keegan, 1998).

Calcium bentonite (Southern bentonite)

Most calcium bentonite is mined in Mississippi, Alabama,
and Texas, with other producing deposits located in
Missouri, Illinois, and Tennessee. Bentonite from these
regions is primarily for use in foundry moulding sands,
as a refining agent in oils and fats, as a rheological
additive, and in a variety of speciality applications. This
area is the second largest production area of bentonite in
the USA.

Bentonite deposits are found throughout the Gulf
Coast region and have formed in Cretaceous to Middle
Tertiary beds. In Mississippi, commercial deposits of
calcium bentonite formed in the Upper Cretaceous Eutaw
and Ripley Formations and the Tertiary Vicksburg
Formation. The latter formation is also a source of
bentonite in Alabama. In Texas, extensive bentonite
deposits formed in the Tertiary Jackson and Gueydan
Formations. Some of these clays are treated to produce
organophyllic clays for use as rheological additives in
liquid organic systems such as paint, ink, grease, and
cosmetics. Untreated calcium bentonite mined in Texas
has a major market for use as a rheological additive for
ceramic glazes, as a plasticizer in whiteware, and as a
plasticizer and binder in plastic refractory materials. Texas
bentonite also has a growing market in water treatment
(Elzea and Murray, 1994; Harben and Kuzvart, 1996).

Principal producers of calcium bentonite include
Harshaw-Filtrol, and American Colloid Co. (Mississippi);
Southern Clay Products Inc. and Milwhite Co. (Texas);
and Absorbent Clay Products Inc. and Aimcor (Tennessee).

Other deposits

A number of small, but significant deposits are mined in
other areas of the USA. Sodium bentonite, used primarily
for the preparation of livestock feed (and also used in cat
litter), is mined from the Miocene Chalk Hills Formation
southwest of Boise, in Idaho. Bentonite is also mined from
deposits in California, western Nevada, and Arizona. In
California, a deposit made up largely of hectorite is
situated near Hector, about 55 km east of Barstow, and has
been mined since 1931. Hectorite is used in applications
where special properties such as high viscosity, gel
strength, temperature stability, and colour are required.
Most of the applications of hectorite require highly
customized blends that have been developed over a long

period of time in close conjunction with customers
(Pulliam-Fitzgerald and Kendall, 1996). In Nevada, the
most important bentonite deposits are in the Amargosa
Valley, a desert basin with an area of 1550 km? that is
situated east of Death Valley. In this area, bentonite,
saponite, sepiolite, and hectorite are present in nearly flat-
lying beds, probably of Pleistocene age. The main
bentonite-producing area (mainly calcium bentonite) in
Arizona is around Sanders and Cheto, in Apache County.
Sodium bentonite, used in the civil engineering and
drilling mud industries, is mined near Adrian, in Oregon.
Several small deposits of sodium and calcium bentonite
located in San Pele County are mined primarily for civil
engineering applications.

Greece

Greece produces approximately 0.95 Mtpa of bentonite
(Table 11), and ranks as the second largest producer in the
world (from available production figures). Both natural
calcium bentonite and sodium-exchanged calcium
bentonite are produced for a variety of uses such as iron
ore pelletizing (37%), foundries (33%), civil engineering
(19%), cat litter (6%), and drilling mud (5%). Most of the
products are exported to Western Europe, North America,
and some countries of the former USSR.

The major production is from the island of Milos, with
periodic production from the nearby island of Kimolos.
The bentonite on Milos contains predominantly calcium
montmorillonite (>80%). The deposits have formed in
recent geological times in a marine environment as a result
of hydrothermal alteration of acid volcanic rocks and
associated tuffs. Subsequent hydrothermal alteration has
modified the mineralogy and physical properties of these
bentonites to varying degrees. Impurities include quartz,
feldspar, unaltered volcanic glass, and kaolin.

The major producers of bentonite in Greece are Silver
& Baryte Ores Mining Co. SA and Mykobar Mining Co.
SA. These two companies produce more than 80% of the
total output from Milos, and both companies use their own
installations for the activation of bentonite with soda ash.
Silver & Baryte Ores Mining extracts bentonite from
several openpits on Milos — the largest one being the
Aggeria mine. The reserves in the Aggeria mine are
estimated to exceed 20 Mt (Elzea and Murray, 1994;
Harben and Kuzvart, 1996; Hatjilazaridou et. al., 1998).

Former USSR

In 1995, the former USSR countries produced over 1.3 Mt
of bentonite (more recent figures are not available;
Table 11). The main deposits in the former USSR are
located in the following countries: Crimea (Kurtsev
deposit), the Transcarpathian region (Pyzhev and
Gorbsk deposits), Azerbaijan (the Khaular deposit of
Cretaceous age), Georgia (Gumbri and Askani deposits),
Turkmenistan (Oglanly deposit), Uzbekistan (Azkamar
deposit), Ukraine (1.5 — 8 m-thick Miocene beds at
Cherkassy), and Kazakhstan where bentonite of Palaco-
cene age formed by the alteration of hydromica (Harben
and Kuzvart, 1996).
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China

Bentonite production figures from China are not readily
available, but according to Wen Lu (1998) 1.4 Mt was
produced in 1994. Both sodium and calcium bentonite are
produced from Jurassic, Cretaceous, and Tertiary beds that
are present in various parts of China.

The Heishen mine in the Liaoning Province is the
largest openpit bentonite mine in China, and has an annual
production capacity of 200 000 t. Bentonite in this deposit
has formed as a hydrothermal alteration product of
obsidian and tuff that is sandwiched between overlying
rhyolite and underlying andesite. The thickness of
the bentonite beds ranges from a few metres to tens of
metres.

Linan mine, located in the Zhejiang Province, is the
largest underground bentonite mine in China. The
mine has an annual production of approximately 27 000 t
of sodium bentonite, 27 000 t of sodium—calcium
bentonite, and 5000 t of activated calcium bentonite. The
commercially important bentonite beds, ranging in
thickness from 1.7 to 5 m, are present about 174 m below
the surface, located between dark-grey calcareous shales
above and calcareous and sandy shales below (Zhu, 1985;
Harben and Kuzvart, 1996; Baxter, 1997).

Germany

Germany produces approximately 0.5 Mtpa of bentonite
of several grades (Table 11). These include acid-activated
bentonite, which is a high-quality decolourizing product,
and sodium-exchanged bentonite sold primarily for oil-
well drilling and foundry applications. Other expanding
markets include cat litter and oil sealants.

Calcium bentonite is mined from deposits in Bavaria,
where it is present in marine marls and tuffaceous sands
in the Upper Miocene Molasse. The production localities
in Bavaria are mostly around Moosburg, Mainburg, and
Landshut, and many bentonite beds in Bavaria have no
commercial value due to the presence of high proportions
of illite and kaolinite. The main producer is Sud Chemie,
which has mining and processing operations around
Moosburg. The other significant producers include Erbsloh
Geisenheim GmbH & Co. and Marx Bergbau GmbH &
Co. (O’Diriscoll, 1992; Elzea and Murray, 1994; Harben
and Kuzvart, 1996).

Turkey

Turkey produces approximately 0.5 Mtpa of bentonite
(Table 11). Most of the production is from Cretaceous
beds in the Ankara region. The types of bentonites
produced in Turkey include white bentonite (bentonite
with a range of off-white hues), sodium bentonite, and
calcium bentonite. White bentonite deposits are found in
Unye, Kutahya—Basoran, and Balikesir. The most
important sodium bentonite deposits, along with some
sodium—calcium bentonite deposits, are found at Tokat Re
Sadiye, 450 km east of Ankara, and Cankiri Kursunlu, just
north of Ankara.
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Samas Sanayi Madenleri AS produces bentonite that
ranges in composition from sodium—calcium to calcium
bentonite from deposits around Tokat Re Sadiye. This
company has a grinding plant in Re Sadiye that produces
oil-well drilling, foundry, and iron-ore pelletizing grades.
The sodium bentonite deposits at Cankiri are mined by
Emko Bentonit Ticaret ve Sanayi AS, and are used mainly
in the domestic market by the iron and steel industry as a
binding material in foundry sand. The calcium bentonite
deposit at Unye is mined by Kayac Industrial Raw
Materials and Marketing Co. Ltd, which also operates a
sodium bentonite mine at Fatsa (Ozdemir and Sezer, 1987,
Elzea and Murray, 1994; Harben and Kuzvart, 1996;
Ciullo, 1996).

Japan

In recent years, Japan has produced over 0.46 Mt of
bentonite annually (Table 11). Sodium bentonite and an
unusual ‘acid-clay’ are the two major types mined in
Japan. Most of the Japanese bentonite production is from
Yamagata, Niigata, and Gunma Prefectures on Honsu, the
main island. An excellent swelling bentonite in Yamagata
Prefecture is thought to have formed from zeolites derived
from chemical alteration of volcanic ash in a marine
environment. The bentonite beds (1-2 m thick) in this area
are part of a series of Miocene tuffaceous strata inter-
calated with hard shales. To the south, in Niigata
Prefecture, bentonite deposits are found within the
Miocene Nanatani (Awase) Member. Economically
significant deposits are also found at Kanto and Teikoku,
around Mikawa. The Kanto deposit has formed by
hydrothermal alteration of rhyolite, forming an aggregate
of very fine fibrous or lamellar montmorillonite and
cristobalite. The Teikoku deposit is massive and has
formed by hydrothermal alteration of a rhyolitic tuff. In
Gunma Prefecture, bentonite deposits are present in a zone
24 km long and 2 km wide, and are associated with
tuffaceous beds intercalated with Tertiary marine
sediments. Bentonite that has formed from Miocene—
Pliocene tuffs is found on the northern island of Hokkaido.
The ‘acid-clay’ deposits are found in the Yamagata and
Niigata Prefectures.

The main producing companies are Kunimine
Industries Co. Ltd and Hojun Kogyo Co. The main
company producing ‘acid-clay’ is Mizusawa Industrial
Chemicals Ltd (Elzea and Murray, 1994; Harben and
Kuzvart, 1996).

Italy

In 1997, Italy produced 0.513 Mt of bentonite (Table 11),
and most of this comes from the island of Sardinia, with
processing plants located on the mainland. On Sardinia
there are large calcium bentonite deposits that have been
formed by the hydrothermal alteration of trachytes and
trachytic tuffs. One deposit at Uri, on Sardinia, comprises
a succession of lenticular beds of bentonite 1-2 m thick
within a trachyte—andesite. White bentonite, formed
through the hydrothermal alteration of volcanic ash during
the Miocene—Pliocene, is mined from a locality at
S’Aliderru in northwestern Sardinia.
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More than 50% of the bentonite production is
controlled by Laviosa Chimica Mineraria SpA,
which produces from areas around Pedra de Fogu and
Puntenuova on Sardinia. The processing plants for this
company are located at Oristano on Sardinia and at
Livorno, south of Pisa. The second largest producer of
bentonite in Italy is Sud Chemie Italia SpA, which
has both its mine and plant at Giba in the Cagliari district
of Sardinia. Caffaro SpA produces acid-activated
montmorillonite from the deposits on Sardinia (Elzea and
Murray, 1994; Harben and Kuzvart, 1996).

Spain

Spain produces approximately 0.15 Mtpa of bentonite
(Table 11). Calcium bentonite is mined in Madrid and
Almeria. The deposits in Almeria have been formed by
hydrothermal alteration of rhyolites and andesites. Spain
produces many grades of bentonite from natural, acid-
activated, and sodium-exchanged bentonite varieties. The
grades include those for use in drilling mud, foundry, civil
engineering, animal feed, wine clarification, oil bleaching,
and ceramic applications, and other speciality applications
such as carbonless copy paper.

Australia

Large deposits of bentonite are known in Queensland and
in New South Wales, and the current production in
Australia is mostly from these two States, with a small out-
put from Western Australia. Victoria has not produced any
bentonite in recent times, but has produced it in the past.

Queensland

Queensland produces approximately 60 000 t of bentonite
annually, and the production during 1996-97 was 57 753 t
valued at $A5.6 million. The known bentonite deposits in
Queensland are present in the Cretaceous Orallo Formation
in the Miles district, the Tertiary volcanic rocks in the
Upper Yarraman district, the Walloon Coal Measures in the
Rosewood—Walloon district, the Black Alley Shale in
central Queensland near Springsure, and the Petrie
Formation in the Brisbane area.

Most of the production of bentonite in Queensland
comes from the Upper Orallo Formation in the Miles
district, about 350 km west of Brisbane. This formation
contains high-quality sodium bentonite horizons near
the surface. The largest and oldest bentonite mine in the
Miles district is at Gurulmundi, located about 30 km north
of Miles. The deposit, now owned by Unimin, has
resources of 12 Mt, of which over 3 Mt is premium-grade
bentonite. The bentonite from this mine is used in a
number of applications such as an additive in stockfeed,
foundry moulds, the manufacture of refractory linings
and ceramics, civil engineering, for cleansing wines, as
an additive in drilling muds, and for horticulture.
Another mine located approximately 6 km northwest of
Gurulmundi has a proven reserve of 2 Mt of bentonite,
with a further 10 Mt of probable reserves. Bentonite from
this mine is used in stockfeed, cat litter, and as an oil
absorbent. A deposit containing proven reserves of 0.4 —

0.5 Mt of bentonite is mined 5 km southwest of Miles,
and is sold for use in stockfeed, medicines, cat litter, and
for sealing dams.

Bentonite in altered Tertiary alkali—acid volcanic ash
is mined at Meandu Creek in the Upper Yarraman district,
located approximately 130 km northwest of Brisbane. This
deposit has formed from altered volcanic ash that was
deposited in a lacustrine environment. In the Rosewood—
Walloon district, located approximately 50 km southwest
of Brisbane, bentonite is mined as a byproduct from two
coal mines. In these mines, bentonite is found in the upper
coal sequence of the Walloon Coal Measures. Significant
bentonite deposits are also known in a number of other
localities in Queensland, and these include deposits in the
Black Alley Shale at Mantuan Downs, southwest of
Springsure, and the Petrie Formation in the Brisbane area
(Carmichael, 1995; Keeling, 1997).

New South Wales

The annual production of bentonite in New South Wales
averages approximately 10 700 t, and is from a deposit at
Cressfield, owned by Unimin. The company also owns
the bentonite operation at Gurulmundi in Queensland
and aims to a have combined production capacity of
100 000 tpa from operations in Queensland and New
South Wales. The bentonite at the Cressfield mine is the
calcium variety, but is treated to produce a sodium variety
for foundry and civil engineering applications. A large
deposit of high-purity sodium—magnesium bentonite is
known at Arumpo, 80 km northeast of Mildura. The
deposit was discovered in 1978 by CRA (now Rio Tinto)
and is currently held by Arumpo Bentonite (a subsidiary
of MultiEmedia.Com), and according to an announcement
by the Australian Stock Exchange released in October
1999, MultiEmedia.Com has sold Arumpo Bentonite to
Sunraysia Bus Lines). The deposit is large by world
standards and has been intersected in 50 drillholes within
an area of 8 km?. The main seam is flat to gently dipping,
with an average thickness of 5 m, and has a clay—sand
overburden averaging 14.6 m thickness. Drilling indicates
a strike length of 6 km and a width in excess of 1 km. The
deposit is estimated to contain an indicated resource of
70 Mt of bentonite. The material is currently supplied to
pet litter markets, but work is continuing to produce
material suitable for other applications such as in civil
engineering (Browns Creek Gold NL, 1993).

Victoria

In Victoria, there has been no production of bentonite
in recent years, but 7064 t was produced during
1979-89 from the Greenwald deposit, 4 km southwest of
Greenwald, which is located approximately 40 km
northwest of Portland. In this deposit, calcium bentonite
has formed at the top of a sequence of limestone and marl
(known as the Middle Miocene Gambier Limestone), and
is overlain by weathered Newer Volcanics basalt and
minor quartz—mica silt, which occurs as a 12-35 m-thick
overburden. The bentonite bed is 0.3 — 6.0 m thick, extends
over an area of approximately 2 km?, and is exposed at
the edges of the plateau where erosion has removed the
overlying basalt. Drilling has outlined measured resources
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Table 12. Bentonite production in Western Australia (tonnes)

Year Marchagee Woodanilling Gunyidi Watheroo Total
1942 16 - - - 16
1943 162 - - - 162
1944 430 - - - 430
1945 51 - - - 51
1946 63 - - - 63
1947 45 - - - 45
1948 273 - - - 273
1949 152 - - - 152
1950 216 - - - 216
1951 456 - - - 456
1952 595 - - - 595
1953 221 - - - 221
1954 1140 - - - 1140
1955 657 - - - 657
1956 1426 - - - 1426
1957 754 - - - 754
1958 38 - - - 38
1959 135 - - - 135
1960 388 - - - 388
1961 596 - - - 596
1962 493 - - - 493
1963 1216 - - - 1216
1964 478 - 209 - 687
1965 428 - 508 - 936
1966 376 - 196 - 573
1967 114 - - - 114
1968 38 - - - 38
1969 255 - 4 - 259
1970 99 18 - - 117
1971 20 - - - 20
1972 165 - - - 165
1973 290 - 544 - 833
1974 328 - 241 - 569
1975 685 - 253 - 938
1976 564 - - - 564
1977 147 - - - 147
1999® - - - 358 358
Total 13511 18 1954 358 15 841
NOTE: (a) Financial year (1999-2000)

Marchagee: MC 258H, 282H, 283H, 259H, 288H, 290H, 294H, 295H, 437H, 438H, 439H, 456H, 484H, 537H, and 1042-1045H;
‘Woodanilling: MC 1720H; Gunyidi: MC 907H, 1070H, and 1055H

of 2.5 Mt of bentonite at 10% moisture. In addition,
indicated resources are estimated at 3.3 Mt and inferred
resources at 2.4 Mt (both at 10% moisture). The other
significant deposit of bentonite in Victoria is at Gellibrand,
located on the northern flanks of the Otway Ranges,
28 km south of Colac. The bentonite in this deposit is
interbedded with Lower Cretaceous Otway Group
sediments containing arkose, mudstone, and shale. The
main bentonite layer is 7.3 — 8.3 m thick and has a proven
strike length of 300 m. Depending on the parameters set
for the recovery of the bentonite, the deposit is estimated
to contain measured resources of 28 000 — 170 000 t and
indicated resources of 57 000 — 340 000 t (McHaffie and
Buckley, 1995).

Western Australia

Western Australia produced 15 483 t of bentonite valued
at $A117 285 during 1942-77, and from 1999 the State
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resumed production (358 t during 1999-2000) from
deposits at Watheroo (Tables 12 and 13). The production
has been erratic, with the highest annual production of
1426 t recorded in 1956. The main production areas
(Table 12) were Marchagee (13 511 t) and Gunyidi
(1954 t), which are located not very far from each other.
In 1999, Watheroo Minerals commenced production of
small quantitites of bentonite (saponite) from the Watheroo
deposits, located in the Marchagee area. These and other
deposits in Western Australia are discussed in the section
on Bentonite in Western Australia.

Market trends

The prices of bentonite are dependent on the source and
quality of the raw material and not on the type of
application. Commonly, the prices are lowest for natural
crude bentonite varieties, followed by sodium-exchanged
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Table 13. Value of bentonite production in Western Australia ($A)

Year Marchagee Woodanilling Gunyidi Watheroo Total
1942 66 - - - 66
1943 674 - - - 674
1944 2151 - - - 2151
1945 240 - - - 240
1946 372 - - - 372
1947 269 - - - 269
1948 1613 - - - 1613
1949 900 - - - 900
1950 1198 - - - 1198
1951 2 695 - - - 2695
1952 4072 - - - 4072
1953 1481 - - - 1481
1954 8222 - - - 8222
1955 5183 - - - 5183
1956 11316 - - - 11316
1957 5963 - - - 5963
1958 306 - - - 306
1959 1 064 - - - 1 064
1960 3066 - - - 3066
1961 3197 - - - 3197
1962 2425 - - - 2425
1963 7749 - - - 7749
1964 2442 - 700 - 3142
1965 2137 - 1500 - 3637
1966 2003 - 579 - 2582
1967 896 - - - 896
1968 302 - - - 302
1969 1 540 - 12 - 1552
1970 630 144 - - 774
1971 120 - - - 120
1972 2322 - - - 2322
1973 3663 - 8045 - 11708
1974 4314 - 3555 - 7 869
1975 9436 - 2177 - 11613
1976 5076 - - - 5076
1977 1470 - - - 1470
1999® - - - 24 970 24 970
Total 100 573 144 16 568 24970 142 255
NOTE: (a) Financial year (1999-2000)

Marchagee: MC 258H, 282H, 283H, 259H, 288H, 290H, 294H, 295H, 437H, 438H, 439H, 456H, 484H, 537H, and 1042-1045H;
Woodanilling: MC 1720H; Gunyidi: MC 907H, 1070H, and 1055H

bentonite, natural sodium bentonite, acid-activated
bentonite, and organo-clays. Acid-activated bentonite
fetches a higher price because of its improved properties
and the cost of processing. The prices of some bentonite
products are given in Figure 3, which shows that the 1999
price of Wyoming foundry-grade bentonite (with 85% at
-200 mesh) is much higher (approximately $A350 per
tonne) than the Wyoming crude bentonite (approximately
$A65 per tonne). The prices show an upward trend from
1996.

Resurgence in the oil-well drilling sector has boosted
demand for bentonite and this is expected to continue. The
use of bentonite in foundry moulding has also performed
well. The increasingly competitive markets and rising raw-
material costs have resulted in a considerable shake-up in
the world’s bentonite-producing companies.
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Bentonite in
Western Australia

There are bentonite deposits of economic significance in
the Marchagee, Watheroo, Cardabia, and Calwynyardah
regions in Western Australia (Fig. 4). The Marchagee and
Watheroo deposits are in Quaternary lacustrine sediments
overlying the Moora Group (Fig. 5). The deposits are
located at 10-15 km southwest of Marchagee (Lakes A
and E) and approximately 12 km northeast of Watheroo
(Lake B; Figs 6 and 7). The Cardabia deposits are found
in clay-rich horizons within Lower Cretaceous siltstones
in the Carnarvon Basin (Fig. 8). At Calwynyardah,
bentonite deposits are present in tuffaceous crater-
lake sediments developed at the top of a Lower
Miocene lamproite pipe (Jaques et al., 1984). Here, the
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Figure 3. The price of different grades of bentonite (adjusted to 1999 dollars; after Cameron, 1998a)

host rocks are Phanerozoic sedimentary rocks of the
Lennard Shelf, on the northern margin of the Canning
Basin (Fig. 9).

The variety of smectite present in most of the known
bentonite deposits in Western Australia is the magnesium-
rich variety, saponite. High-grade sodium-rich bentonite,
similar to that in Wyoming, USA, has not yet been
found.

Western Australia has resumed production of bentonite
(358 t during 1999-2000) from deposits at Watheroo. In
the past, the State has produced 15 483 t of bentonite
valued at $A177 283 during 1942-77, mostly from
deposits in the Marchagee region (Tables 12 and 13).
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Deposits in the Marchagee-
Watheroo area

Geological setting

The Proterozoic Moora Group forms part of the
poorly exposed Pinjarra Orogen along the western
margin of the Yilgarn Craton (Fig. 5). The rocks in
the Moora Group consist of the Billeranga and
Coomberdale Subgroups, and have been described
by Logan and Chase (1961), Playford et al., (1976),
Carter and Lipple (1982), Baxter and Lipple (1985),
and Myers (1990a). The Billeranga Subgroup uncon-
formably overlies the Archaean basement and is
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itself unconformably overlain by the Coomberdale
Subgroup.

The Billeranga Subgroup (Table 14) comprises
sandstone, siltstone, basalt, and tuff ranging in thickness
from 100 to 400 m. These rocks have been deposited on
an irregular, locally rugged surface of the Archaean
basement. The sedimentary rocks in the subgroup contain
stromatolites, and the volcanic rocks have given poorly
defined Rb—Sr isochrons of about 1000 Ma (Compston
and Arriens, 1968) and 1390 + 140 Ma (Giddings, 1976).
Rocks of the Billeranga Subgroup are gently folded and
the cleavage is weakly to moderately developed, but close
to the Darling Fault the folds are increasingly compressed,
with steeply bedding dips of approximately 80° being
recorded. The Coomberdale Subgroup has not undergone
significant deformation and metamorphism, except for
contact metamorphism adjacent to dolerite dykes. Weak
to moderate cleavage and minor concentric folding have
developed in the shales and siltstones.

The unconformably overlying Coomberdale Subgroup
is 1500 m thick and is exposed over a width of 4—15 km
extending northwards for over 200 km from Mount Lamb
to near Jacobs Ladder. The units within the Coomberdale
Subgroup are the basal Mokadine Formation, Winemaya
Quartzite, and Campbell Sandstone overlain by the
Noingara Siltstone, Noondine Chert (generally regarded
as a silicified carbonate rock), Jingemia Dolomite, and
Coomberdale Chert. Although this subgroup contains
stromatolites at many localities, their precise age is
unknown.

Marchagee-Watheroo deposits

The bentonite deposits overlying the Moora Group are
developed in Cainozoic beds located in the Marchagee and
Watheroo areas. The Marchagee deposits are in lake beds
west of the dolomite-bearing formations of the Coomber-
dale Subgroup, whereas deposits in the Watheroo area are
found east of these dolomite-bearing formations (Figs 6
and 7). In all the above bentonite deposits, a common
feature appears to be the presence of Billeranga Subgroup
strata containing tuffaceous rocks and dolomite-rich rocks.
Tuffaceous rocks could have been reworked and altered
to form bentonite, and dolomitic rocks can act as a source
of magnesium for the generation of magnesium-rich
smectite (saponite).

These deposits have been described by Miles and
Stephens (1950), Graham (1952), de la Hunty (1954a,b),
McLaughlin (1986), and Fetherston et al. (1999). They
are located mostly in Cainozoic lake beds approxi-
mately 815 km west and southwest of Marchagee, and
12 km northeast of Watheroo. Since 1960, a number of
companies have shown interest in these deposits, but none
appear to have found a substantial high-grade resource
suitable for relatively large-scale mining. However, some
deposits have been fairly extensively tested to evaluate
their quality.

During 1965, CIliff International carried out investig-
ations for bentonite in an area 13 km west of Marchagee
and approximately 2-3 km east of Pinjarrega Lake. In
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Table 14. Stratigraphy of the Moora Group
Subgroup Formation Previous nomenclature
Moora 1:250 000 sheet PEreNJoRI 1:250 000 sheet
Coomberdale Coomberdale Chert
Dudawa Beds
Jingemia Dolomite
Noondine Chert Noondine Chert
Noingara Siltstone Noingara Siltstone
Winemaya Quartzite Campbell Sandstone
Mokadine Formation Mokadine Formation
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Unconformity or disconformity ~~~~~~~~~~~~~vvmm v v v v v
Billeranga Billeranga Beds
Billeranga Group
Oxley Chert
Morawa Lavas
Dalaroo Siltstone Dalaroo Siltstone
Capalcarra Sandstone Neereno Sandstone
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Unconformity ~~~~~~~~~ o mmvm v v v m v v v v v v~

ARCHAEAN BASEMENT

SOURCE: modified from Baxter and Lipple (1985)
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1995, Australian Industrial Crystal explored the same
general area for bentonite. Mining Lease 70/852 (Fig. 7)
in this area is currently held by Australian Mineral
Products for its bentonite potential. In the past, bentonite
has been produced from a number of deposits in
small mineral claims located east of Pinjarrega Lake
(Locations 5866 and 7308), and south of Marchagee Track
(Lots 4376, 4377, west of 3478; Fig. 7; Adair, 1967;
Sillcock, 1997).

Watheroo Minerals owns three major deposits of
saponite, identified as Lake A (M 70/298) and Lake E
(M 70/738) in the areas southwest of Marchagee, and
Lake B (M 70/305) in an area northeast of Watheroo
(Figs 6 and 7). These deposits were first owned by Kestrel
Mining, which changed its name to Western Minerals NL
in early 1992. In 1994, Western Minerals acquired 100%
ownership of Bentonite (Australia) Ltd and subsequently
changed the name to Greatlake Pty Ltd. The ownership
then changed to Watheroo Minerals Pty Ltd.

Geology

The geological units around the bentonite deposits are
summarized below:

Unit or rock type

Swamp and lacustrine deposits — peat,
clay, and sand

Alluvium — clay (dolomitic,
gypsiferous, and bentonitic), silt,
and sand

Eolian sand

Colluvium — quartz sand and soil

Eolian sand — quartz sand and
alluvium

Kankar

Mafic dykes (dolerite, gabbro)

Coomberdale Subgroup

Billeranga Subgroup

Granitoid basement rocks

Age
Quaternary

7Precambrian
Proterozoic

Archaean

The Quaternary alluvial, colluvial, and kankar units
have probably been derived mostly from the Proterozoic
Coomberdale Subgroup rocks, which are the predominant
older rocks in the area (Fig. 7). These rocks contain
numerous dolomitic formations. Other possible source
materials for the Quaternary units in the area, for example
the eolian sand, include siltstone and sandstone of the
Billeranga Subgroup. However, basalt and tuff of the
Billeranga Subgroup are not exposed in the surrounding
area of bentonite-bearing clays. Both Coomberdale and
Billeranga Subgroup rocks are extensively intruded by
numerous doleritic and gabbroic dykes.

Occurrences

Bentonite occurrences are restricted to the Quaternary
alluvial deposits in a number of claypans located between
8 and 15 km west of Marchagee (Fig. 7). Miles and
Stephens (1950) described two important deposits located
between Locations 5866 and 7308. These localities are
approximately within and around the current Mining
Lease 70/852 (Fig. 7). The largest of these two deposits
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Table 15. Chemical analyses of the Marchagee saponitic bentonite

Sample __ Simpson (1952) ____ Graham (1952)
1 2
Percentage

SiO, 59.6 45.32 41.79
Al O, 4.29 5.53 5.35
Fe,0, 1.45 1.87 2.96
FeO 0.18 0.28 0.16
MgO 14.21 20.03 21.12
CaO 2.77 4.55 4.84
Na,O 2.58 0.75 0.52
K,O 0.42 0.31 0.28
MnO trace 0.11 0.08
TiO, 0.34 0.38 0.28
P,0; 0.00 0.00 -
SO, 0.27 0.25 0.04
H,O 7.03 10.03 12.60
H,0* 5.32 7.09 6.61
CO, 2.21 3.54 3.19
Total 100.67 100.04 99.82

(located at the southwestern corner of Location 5866)
consists of a long, narrow, irregular-shaped claypan
extending in an approximately northwesterly direction.
The thickness of the bentonite horizon ranges from 0.6
to 0.9 m, and within this horizon high-grade bentonite
of greyish colour is confined to a 22-25 cm-thick layer
at the surface. Underlying this high-grade surface layer
is a layer of gypsiferous clay (13-23 cm thick), which
in turn is underlain by a layer of approximately 38 cm-
thick lower grade light-brown bentonite. All three layers
contain small fragments of limestone. X-ray studies
have revealed that the top layer is essentially composed
of saponite (magnesium smectite; Miles and Stephens,
1950; Graham, 1952). The chemical composition of
the top layer indicates that the less than 2 um fraction
contains 41.79% SiO,, 5.35% Al,O,, and 21.12% MgO
(Graham, 1952; Table 15). Simpson (1952) also
determined similar compositions from samples at
Location 5866. The investigations by de la Hunty
(1954a,b) of clay beds northeast of Pinjarrega Lake
(Mineral Claims 452 and 456) indicated very low grade
bentonite.

McLaughlin (1986) suggested that the origin of the
saponitic bentonite in this region is quite different to
conventional bentonite types, and that this saponitic
bentonite formed as a precipitate from magnesium-rich
solutions derived from the Proterozoic sedimentary
dolomitic rocks of the Noondine Chert within the
Coomberdale Subgroup. However, the presence of tuff in
the Billeranga Subgroup is an important factor. In
favourable geological environments, tuff can alter to
bentonite, which could be modified to saponitic bentonite
due the presence of dolomitic rocks in the region. Most
of the known bentonite deposits in the Marchagee—
Watheroo belt are found close to and west of a probable
fault zone, which is likely to be related to secondary splay
faults or fractures (Fig. 7). These possible faults or
fractures could act as pathways for fluids that may alter
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the tuff to form bentonite. It is also interesting to note that
some of the occurrences (especially the deposits on
Lot 5866) have preferential trends along a northwesterly
direction, suggesting some structural control. Based on
these observations, the Billeranga Subgroup with its tuff
beds, which are close to fault structures in the area, could
be a potential target for discovering bentonite. However,
much more work, especially drilling, is required to support
these observations.

Exploration by CIiff International

Cliff International carried out investigations of bentonite
deposits in lake beds east of Pinjarrega Lake, 13 km west
of Marchagee, with the aim of identifying bentonite
material similar to Wyoming bentonite for use as pellet-
binding material for the Robe River iron ore. The testing
of the clay indicated that the material was not typical
sodium montmorillonite, but was close to saponite in
composition, with 34.64% SiO,, 2.54% Al,O,, 14.46%
CaO, 19.18% MgO, 1.2% FeO, and 25.19% loss on
ignition (LOI). The initial tests for binding applications
indicated that the binder may impart sufficient wet and
dried strength to the pellets of Robe River iron ore to
eliminating the use of Wyoming bentonite. However, the
likelihood of obtaining consistent-quality material from
this deposit was considered doubtful due to contamination
of the clay with siliceous sand and silt washed into the
lake during the rainy season. Furthermore, the use of this
material was considered prohibitive due to heavy
transportation costs from Marchagee to the Robe River
district (Adair, 1967).

Australian Industrial Crystal

Exploration by Australian Industrial Crystal in the same
general area indicated the presence of saponite in a
number of lake beds. Sillcock (1996) suggested that the
lakes containing saponite are volcanic pipes that intruded
granites of the Yilgarn Craton and were emplaced along
a major shear parallel to the Darling Fault. Subsequent
weathering during the ?Cainozoic, aided by the movement
of groundwater through these volcanic rocks (kimberlite
or lamproite pipes), resulted in the formation of fine
saponitic clay. Furthermore, Sillcock (1997) suggested that
the area was then inundated by the sea during the
?Cainozoic, thus resulting in the formation of the
overlying carbonate and gypsum beds. On this basis, he
suggested that the area is prospective for diamond. He did
not support this theory with any technical information
such as chemical analyses, or isotopic or geochronological
data, and there is no available information on any deep
drilling done in the area. Although this contradicts
McLaughlin’s (1986) theory that the saponite formed due
to precipitation from magnesium-rich solutions, it matches
the known model that applies to the Calwynyardah
lamproite pipes in the Canning Basin, which will be
discussed later.

Krama Pty Ltd and M. Sillcock

Mining Lease 70/852 (Fig. 7), currently held by Australian
Mineral Products, has been explored by Krama and
M. Sillcock for its saponite potential. The lease can be
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accessed by a graded gravel road (Fennell Road) and then
along farm tracks. Saponite in this lease contains varying
amounts of carbonate, gypsum, and silicate mineral
impurities, but is of a high enough grade for a number of
end-uses, including binding, dam sealing, cat litter,
agriculture and horticulture, and as a general absorbent for
industrial spillages. Krama and M. Sillcock processed
some of the material using a mobile screening plant to
estimate the suitability of the material for cat litter
(Sillcock, 1995). Due to the relatively small tonnage
available within the mining lease, investment in upgrading
the plant was not recommended (Sillcock, 1997).

Watheroo Minerals

The three saponite deposits designated Lake A, Lake B,
and Lake E are currently owned by Watheroo Minerals
(Figs 6 and 7). The previous owners, Kestrel Mining,
Western Minerals, Bentonite (Australia), and Greatlake,
as well as the current owners, have explored these deposits
at various times during 1986-98.

During 1994-95, 13 398 t of saponitic bentonite were
extracted from Lake A, but were not reported to DMPR.
Mining was done by scraping the surface into windrows
using a grader (Longley, 1994; Milne, 1995). Mining of
the deposit is relatively easy during the dry season.
Watheroo Minerals, the new owners of the Watheroo
bentonite deposit, resumed mining in 1999 (Fig. 10;
Tables 12 and 13).

Lake A

Lake A is an oval-shaped claypan surrounded by low
calcrete and calcareous banks. The surface of the pan
consists of grey desiccated clay. The area was explored
by 23 reverse-circulation aircore drillholes drilled on a
100 x 100 m grid to a depth of less than 2.5 m.

This is the largest deposit of the three lakes and
contains an indicated clay resource of 390 000 t. The
saponitic bentonite is commonly pale grey to beige, and
is found from the surface to a depth of about 1.8 m. The
material grades into calcrete after 1.8 m, with lesser
amounts of saponitic bentonite. A representative sample
from the saponite-rich layer contained about 50%
saponite, 32% calcite, 15% dolomite, 2% quartz, and 1%
halite. (Longley, 1993; Hewitt, G., Watheroo Minerals,
2001, written. comm.).

Lake B

Lake B is a relatively small claypan surrounded by dunes
of eolian sand and soil, with local float of dolerite or
gabbro. The area was not drilled due to difficulties in
moving heavy vehicles on the soft ground. However, the
area was explored by trenching to a maximum depth of
3 m. A total of 14 sites were excavated at 50-100 m
spacings. The saponitic bentonite appears to be a product
of incipient alteration of subcropping dolerite. The
thickness of the saponitic bentonite is variable over short
distances. A thin (0.2 m) gypsiferous layer containing
organic material, presumably having no commercial value,
extends right across the claypan.
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Figure 10. Watheroo saponitic bentonite stockpiles (courtesy of Watheroo Minerals Pty Ltd)

The inferred resource of saponitic bentonite in Lake B
is 60 000 t within a depth of about 1-2 m of the surface,
and is relatively small. A high-grade sample from this
location contained 94% saponite, 4% halite, 1% quartz,
and 1% gypsum. Mining of this deposit is more
difficult due to a shallow watertable that remains at a high
level even during the summer months (Longley, 1993;
Hewitt, G., 2001, written comm.).

Lake E

Lake E is an irregularly shaped claypan with margins
containing low dunes of eolian sand, which in places,
especially along the southern shore, appear to have been
reworked and washed out over the saponitic clay. The area
was explored by 41 reverse-circulation aircore drillholes
totalling 94.5 m, drilled on a 50 x 50 m grid. The top
0.5 m consists of thick, gypsum-bearing, partly desiccated
saponitic clay, followed by 2.0 — 2.5 m of thick, light grey-
brown, highly plastic saponitic bentonite that gradually
changes to a calcareous, pale-brown, less plastic saponitic
bentonite at depth. Below this is a layer of friable calcrete
and clay or clayey sands.

The deposit is estimated to contain a measured
resource of 70 000 t. The overburden contains two layers:
one with low amounts of halite and high amounts of
quartz, and the other with 20-30% gypsum. The high-
grade zone is 0.5 — 1.5 m below the surface, has a
thickness of about 2.0 — 2.5 m, and contains 90% saponite,
6% quartz, 2% dolomite, and 2% halite. The material
below the high-quality layer becomes increasingly
dolomitic (Longley, 1993; Hewitt, G., 2001, written
comm.).
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Quality and grade

The Watheroo saponitic bentonite can be divided into four
types: calcareous saponite, variable-grade saponite,
gypsum-rich saponite, and highly plastic saponite.
Impurities within the saponitic bentonite include calcite,
dolomite, quartz, gypsum, and halite. The hormite clay
sepiolite was identified in some of the samples (Fetherston
et al., 1999).

Chemical analyses of samples from Lakes A, B, and
E are given in Table 16. Analyses from the Lake A
deposits indicate that the material is a Ca—Mg bentonite,
and those from Lakes B and E are Mg bentonite.
Laboratory test results for the Watheroo Lake E samples
are given in Table 17.

Tests by Rosewyn Associates for Western Minerals
indicated that the Watheroo saponite exhibited high-
swelling properties in water that were comparable with
commercially available smectites. However, the Watheroo
saponite exhibited less favourable rheological properties.

Uses of Watheroo saponitic bentonite

High-quality drilling mud

High-quality drilling mud is characterized by a high mud-
making rate, low water loss, and a small yield point. The
general specifications for drilling mud are given in Table 3.

Watheroo saponitic bentonite was tested to determine
whether the quality could be upgraded to meet industry
specifications with the use of various chemicals and
polymers (Fetherston et al., 1999). Initial tests revealed
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Table 16. Chemical analyses of the Watheroo saponite

Locality Lake E Lake E Lake E Lake E Lake E Lake E Lake E Lake B Lake B Lake A Lake A Lake A
GSWA no. 132201 132202 132203 132204 117886 117887 C3 132205 11788 117889 132206 132207
Percentage
Sio, 49.54 58.53 51.21 50.17 51.2 47.8 51.61 49.74 52.07 27.3 25.81 25.84
AlLO; 4.96 5.34 4.98 4.81 4.70 4.69 5.48 3.40 3.57 2.86 242 248
Fe,0, 1.95 2.57 2.17 2.00 1.88 1.92 1.91 1.76 1.79 0.98 0.98 0.95
MgO 21.98 18.22 18.74 21.45 16.50 19.70 23.83 20.72 22.20 17.20 18.27 18.06
CaO 0.96 0.08 <0.01 0.01 0.17 0.13 0.38 0.16 0.28 18.90 19.96 19.70
Na,O 4.04 1.90 4.76 443 3.09 4.15 4.33 3.76 4.27 1.15 0.63 0.77
K,O 0.35 0.50 0.43 0.33 0.37 0.28 0.41 0.29 0.25 0.22 0.08 0.08
MnO 0.06 0.07 0.07 0.07 0.04 0.05 0.049 0.04 0.04 0.01 0.03 0.02
TiO, 0.35 0.41 0.38 0.35 0.36 35 0.41 0.22 0.24 0.18 0.17 0.17
P,04 0.03 0.04 0.05 0.03 0.31 0.027 0.046 0.04 0.049 0.032 0.05 0.05
Li,O - - - - - - 0.0037 - - - - -
F - - - - - - 0.0563 - - - - -
SO; - - - - 0.24 0.83 0.22 - 0.41 0.31 - -
BaO - - - - 0.01 0.01 - - 0.01 0.01 - -
LOI 16.01 11.16 15.29 14.73 21.0 20.3 10.39 18.13 14.4 31.3 30.63 30.41
Total 100.22 98.81 98.08 98.38 99.87 100.237 99.125 98.25 99.579 100.452 99.02 98.52
Parts per million
Ba 118 119 97 84 - - - 52 - - 55 56
B 147 72 154 87 - - - <10 - - <10 <10
Ag <0.05 <0.05 <0.05 <0.05 <1 <1 - <0.05 <1 <1 <0.05 <0.05
As 12 7.4 8 11 <1 5 - 7.4 6 <1 32 3.6
Bi 0.2 0.2 0.2 0.2 <5 <5 - 0.1 <5 <5 <0.1 <0.1
Cd <0.1 <0.1 <0.1 <0.1 <1 <1 - <0.1 <1 <1 <0.1 <0.1
Ce 38 31 29 28 <1 <1 - 15 33 41 11 14
Cr 19 24 13 14 35 20 - 14 26 17 8 7
Cu 20 20 11 11 15 14 - 6 11 8 2 <2
Ga 7.2 8 7.7 4.6 10 10 - 5.1 11 <10 32 3.7
La 21 25 22 17 28 30 - 19 30 <10 11 12
Li 20 28 30 26 43 38 - 6 19 15 8.7 73
Mo 0.9 0.7 0.8 0.8 1 2 - 0.5 2 3 0.3 0.3
Nb 13 7.6 7.4 4 7 10 - 4 6 4 2.7 3
Ni 9 9 9 10 18 20 - 7 16 18 <2 <2
Pb 7.9 9.4 9.8 8.7 14 16 - 6 14 20 59 4.8
Rb 9.5 14 12 6.4 14 14 - 5.7 11 6 2.9 3.6
Sn 0.8 0.9 1.1 0.7 <10 <10 - 0.5 <10 <10 0.9 1.8
Sr 19 15 15 13 19 22 - 26 38 194 184 208
Th 1.78 6.1 45 3.1 10 7 - 1.59 8 8 0.93 1.95
U 44 1.38 11 4.1 3 7 - 1.63 4 6 4.1 4
S 0.26 <0.01 0.39 0.15 - - - 0.23 - - 0.04 <0.01
w 1.2 1 0.9 1 - - - 0.5 - - 0.4 0.4
Y 8 9 8 7 - - - 12 - - 4 4
Zn 47 40 27 26 31 32 - 15 24 18 12 11
Zr 65 87 72 62 - - - 45 - - 30 29

SOURCE:

Fetherston et al. (1999)
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Table 17. Laboratory test results for saponitic
Watheroo (Lake E)

clay samples from

Absorption of methylene blue (meq/100 g)®
Cation exchange capacity (meg/100 g)
Total CEC
Exchangeable sodium
Exchangeable potassium
Exchangeable calcium
Exchangeable magnesium
Volume of colloid (ml/15 g)
Maximum decolourization value
(in 2.5% sulfuric acid)
Wet pressure strength (10* pascals)
Thermal tensile strength (10> pascals)

105.20

110
56.6
1.8
6.6
379

100

111.72
5.78
8.4

SOURCE: Fetherston et al. (1999)

NOTE: (a) milliequivalents per 100 g of clay

Table 18. Standard bentonite tests on Watheroo saponitic clay from Lake E

Sample no. 1 2 3 4 5 6
Saponite (g) 22.5 22.275 22.1 21.845 21.6 21.375
Na,CO; (g) 0 0.225 0.45 0.675 0.90 1.125
Viscometer dial reading

at 600 rpm (centipoise) 28 36 38 38.5 31 26

at 300 rpm (centipoise) 23 29.5 33 35 27.5 22.5
Apparent viscosity (centipoise) 14 18 19 19.25 15.5 13
Plastic viscosity (PV) (centipoise) 5 6.5 5 3.5 3.5 35
Yield Point (YP) (pounds/100 ft?) 18 23 28 32 24 19
YP/PV ratio 3.6 35 5.6 9.1 6.8 54
Filtrate volume (water loss, cm?) 25 25.5 25.5 24.6 24.8 25.4
Mud-making value (m%/t) 12.1 - - 18.8 - -

SOURCE: Fetherston et al. (1999)

Table 19. Test results for Watheroo saponitic clay from Lake E after fluid-loss modification by the addition of polymers

Sample no. 1 2 3 4 5 6 7 8
Saponite (g) 21.725 21.7 21.5 21.25 21.5 21.25 21.7 21.65
Water (ml) 350 350 350 350 350 350 350 350
Na,CO; (g) 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
PAC® (g) - - - - - - 0.05 0.1
CMC® (g) - - - - 0.25 0.5 - -
Starch (g) - - 0.25 0.5 - - - -
AP-137 polymer (g) 0.25 0.05 - - - - - -
Viscometer dial readings®
at 600 rpm 28 26 62 73 27 32 35 39

300 rpm 22 20 55 67 21 27 30 35

200 rpm 20 19 51 63 19 24 28 33

100 rpm 18 17 49 56 17 23 25 30

6 rpm 23 24 35 42 15 22 25 31

3 rpm 23 22 33 39 15 23 24 31
Plastic viscosity (PV)© 6 6 7 6 6 5 5 4
Yield point (YP) (pounds/100 ft?) 16 14 48 61 15 22 25 31
YP/PV ratio 2.7 23 6.9 10.2 2.5 44 55 7.8
Filtrate volume (water loss, cm?) 24.0 28.0 21 19 19 19 18 18

SOURCE:  Fetherston et al. (1999)

NOTE: (a) polyacrylamide polymer
(b) sodium carboxymethyl cellulose polymer
(c) values in centipoise
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Table 20. Test results for Watheroo saponitic clay from Lake E after the addition of polymers

and an inert solid

Sample no. 1 2 3 4
Saponite (g) 20.525 19.4 20.4 20.1
Water (ml) 350 350 350 350
Na,CO; (g) 0.75 0.75 0.75 2.0
AP-189 (g) 0.05 0.05 0.05 -
PAC® (g) 0.05 0.05 0.05
Barite (g) 1.125 2.25 1.25 -
Chinese proprietary polymer (g) - - - 0.4
Viscometer dial readings®
at 600 rpm 56 58 58 40
300 rpm 45 42 45 35
200 rpm 41 38 40 -
100 rpm 37 36 37 -
Viscometer dial readings® (gel formation) 32-34 32-35 32-35 37-47
Apparent viscosity® 28 29 29 20
Plastic viscosity (PV)® 11 16 13 5
Yield point (YP) (pounds/100 ft*) 34 26 32 30
YP/PV ratio 3.09 1.63 2.46 6.0
Water loss (cm?) 14.5 16.5 15.0 12

SOURCE: Fetherston et al. (1999)

(a)
(b)

NOTE: polyacrylamide polymer

values in centipoise

that the mud-making capacity of the raw saponitic
bentonite at Watheroo is 12.1 m%t (Table 18). When
0.675 g of sodium carbonate was added, the value
increased to 18.8 m?/t, with a yield point (YP) of 32
pounds/100 ft>. This indicated that the mud-making rate
of the saponitic bentonite was well above the industry
specification of greater than 16 m?/t, but the water loss of
24.6 cm?® was too high since values usually range from
13.5to 16 cm®.

In an attempt to reduce the water loss of the Watheroo
saponitic bentonite to an acceptable level for use as a
drilling mud, relief agents in the form of various polymers
were added. When varying quantities of starch, and
sodium carboxymethyl cellulose (CMC) and poly-
acrylamide polymers, were added to test samples 4 to 8
(Table 19), the water loss was significantly reduced to
18-19 cm?, but was still above the acceptable limit. The
addition of AP-137 polymer in samples 1 and 2 had no
effect on water loss. Table 20 shows the results obtained
when a second attempt was made to further reduce water
loss. An unspecified Chinese proprietary polymer was
added to the saponite mud containing sodium carbonate
as the only other additive (sample 4). In this instance,
water loss was reduced to 12 cm?, which is within
acceptable limits. However, the yield point of 30 pounds/
100 ft* and the YP/PV ratio of 6.0 were still above the
limits specified for drilling mud. The addition of AP-189
polymer, sodium carbonate, and barite (as an inert solid)
to samples 1, 2, and 3 (Table 20) improved the mud-
making rate, yield value, and the YP/PV ratio to meet the
required specifications for a high-quality drilling mud.
Water losses of 14.5, 15.0, and 12 ¢cm?® for samples 1, 3,
and 4 respectively were just within specified limits,
whereas the water loss of 16.5 cm® for sample 2 was only
marginally higher.
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These tests demonstrate that minor adjustments to the
selection of polymers, combined with the addition of an
inert solid, can adjust the water-loss factor and other
essential specifications to within acceptable limits for
high-quality muds used in saltwater drilling operations.

Geotechnical clay

Lake A saponitic bentonite contains 88% material
finer than 1 mm, and it was found that the impermeability
of many soil types could be improved substantially by
adding small amounts of this fine material. Such improved
soils can be used as a remedial treatment for leaking
farm dams, and also to create impervious bar