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ABSTRACT 

The Effect of Selected Pretreatments on the Plasticity 

of Two Clay~. 
. " 

The effects of a number of selected pretreatments on the plasticity 

properties of two clay sediments, one derived by weathering from the Queen

ston Shale of Sbpthern Ontario and the other a sample of ~Plain Sea 

Clay or "Leda Clay" from eastern .Canada, are discussed. The variations in 

< 

the plasticity limits, as a result of the pretreatments, are considered with 

regard to the eftect of the extraction of various soil constituent~ and with 

regard to other changes affecting the interaction amang particles or aggre-

gates of particles during the plasticity determinations. 

Th'e conclus,ions suggest thât the rol~ of natural peptizing agents has 

been underèstimated in recent geotechnical research. 

William H. Hendershot 

M.Sc. Thesis 
Department'of Geography 
McG11l University 
Mon treal, Canada 
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RESUME 

L'Effet de quelques préttaitements sélectionnés sur la 

. plasticité ~e deux sédiments argileux 
. ... 

Nous discutons les èffets d'un nombre de pretraitements se1ectionnés 
• 

sur la qua1i~é de la plasticité de ~eux sediments argileux, l'un qui a été 

altéré du "Queenston Shale" de l'Ont.ario du sud et l'autre qui est typique 

de l'argile de la Mer Champlain, ou l'argile de Leda, de l'est du Canada. 

Les variations dans leurs limites de plasticité, qui résultent· de l'appli-

catiqn des prétraitements, sont examinées à l'égard d'autres changemenFs 
\ 

qui,se-produisent au cours de la déterminatioq' d~ la plasticité dans l'inter-

action entre les particules ou entre les agglomérations des particules. 

Les conçlusions suggèrent que le rôle des agents peptisan~s naturels , 

a été sous-estimé dans les recherches géotechniques_ju~qu'à_ce jour. 

William H. Rendershot 

M.Sc. Thesis 
Department of Geogr~ 
McGi1l University 
Montreal, Canada 
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Chapter One: 

INTRODUCTION 

The developm~nt of landforms on clay sediments has remained a rela-

tively poorly understood process. Unlike coarse-grained material. in 

which ,the predominant force .ac ting bet\,;ra.en partieles is friction, the 

behaviour of clay material depends on a'large number of factors related 

to the nature of the clay-sized partieles and on the interstitial water. 

Clay-sized particles. less than two microns equivalent spherical diameter, 

possess large values of specifie surface area and, therefore, interactions 

between particles are strongly affected by the attractive and repulsive 

forceSowhich develop on these surfaces. The physical structure of the 
. 

c~y-sized material, the amount of surface area. and the nature of the 
,F'" 

surface, combined with the chemistry of'the pore fluid, will domi~ate the 

gross physical'propertirs of the soi1 and control the physical processes . 
related to l~ndform development on clay soils. 

Plastici~y measurements are a common part of any geotechnical inves-

·tigat10n,. ainee they yield'important data on a number of the properties of 

the material. .The ran~e of water ~ontent over which the soil l maintains 

the plastic s.tate, the plasticity i~dex2, can be used to obtain the "acti

Vi tyll3 of thé clay-sized fraction. \ Clays with low activities (less thlm 1), 

1 

1 1 

1.. The term IIsoil" is used here in bdth' the pe,dological and enginee~ing 

2. 
3. 

senses. ,; . 
The plasticity index ls aefined on p. 9. 
,Activ1ty 18 ~efined by<Sktmpton [l953aJ as the plasticity index divided 
by the percentage èI clay-sized material. 

/' 

\, 

J , 
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such as kao1initic clays, can be distinguished from material of medium acti-

vit Y (1-2), for example illitic or chloritic clays, ântl. from the very 

active (grcater ~han 4) montmorillonitic clays [Sowers and Sowers 19}Q, p. 

28]. 1 fn additio~. plasticity measurements can be used to identify soil5 
" 

containing large quantities of allophane by the peculiar plasticity pro-, 

perties of this materia1 [Warkentin and Maeda 1974). 
\. 

In addition, plasticity has been demonstrated to correlate very strong-

ly with various strength parameters of soils. Skempton [1953a] indicated 

a strong correlation between the aètivity of normally consolidated c1ays 

and that proportion of their drained shearing strength originating from 

,true cohesion. Grim [1962, p. 235] has shown that the plasticity index is 

related to the true angle of internaI friction, and Voight [~9731 collated 

data for a wide variety of sediments to show El çorrelatiot;l between the ' 

plasticity index and the residual angle of sheariog resistance. 

, . 

Researchers interested in the mechlfitism of mass inovement have realized 

'the importance of the JiiqUidity ind~:lC4 as a determinant of the mode of a 

slope failure. Failures of cohesive material witn a liquidity index of 

greater th an unit y often occu~ é!s flow~, since the water content·, ia grcater 

than the liqui~ limit. ~lope failures of $.terial with a 'liquidity ind~x 

of less than unit y are lIiôre likely to occur as sl'ldes, beeause at this water 
~ , 

content the slape mate~81 behaves plastically, rather than ~8 a viscous 

fluid. 

4. The liquidity index i~ defined a$ • w -. PL 
LL - PL 

in which w fs the natura! 

water content in the field, PL is the plastic limit and LL i8 the liquid 
limit. 

• 

.. ~ ( 

1 
, 

2. 
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Plasticity ls not a time-independent attribute of a clay rnaterial. 

Mouro [1968] and MO\.lm and Rosenqvist [1957], for examp1e, have shawn that 

in situ changes in plasticity values can resultl from subaerial weathering 

of the clay material. In the case of the sensitive post-glacial clays of 

Scandinavia, the devclopment of a stiff crust has been partia11y attribu-

ted ta the increase in the 1iquid 1imit as a result of the alteration of 

mineralogy and oxidatian of Iron compounds. The stiff crust permits the 

development of these ar€'as of sensitive clay for human occupation. In situ 

changes in the opposite di reçtion, that is, ta a hMer liquid limit, in 

these same clay deposits at depth, have been postulated to be responsib1e ~ 

for the draroatic f10wslides which occur, causing extensive property damage \ ' 

and 10ss of 1ife. Although the cause of the high sensitivity and the re-

sulting f10ws1ides i8 a tapie or current debate, sorne researchers be1ieve 

that they result, at least in part. from a change in the pore water che-

mistry which has resulted in a decrease in the net interactive energy among. 

the particles [Rosenqvist 1966, Soderblom 1966]. Such changes have been 

indicated by decreases in the pla:;;ticity of the clay material. Other as-

pects qf weathering on plasticity, particularly the Irreversible collapse 

of interlayer space and the cementing of interpartic~e spaces assQciated 

wlth dessication, together with the concomitant decrease in specifie sur-

face area and liquid limit, have been disc;ussed by Lambe [1960]. 

In 80~ cases the plasticity of a clay sail can tie manipulated te the 

betterment of mankind. The use of salt injection ·to stabillze clays and 

the use of f10cculauxs or dispersants to change the properties of clays, 

either during or after construction, i8 a common engineering practice 
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[Sowers and Sowers 1970, p. 240, Ingles 1968]. The effectiveness of these 

treatments tao often be determined prior to their application by the use 

of plasticity measuremenls. 

For aIl of the reasons meotioned above, the factors affecting the 

plasticity of cohesive sediments and soils are important, to the theore-

tical geomorphologist, to the applied geomorphologist, and to the sQils 

eogineer. This study was concerneà with some of these factors. Before 

describing its aims, however, a very brief review of t~e constituents of 

clays is in order here. 

r' 

Clay-sized material in soils and sediments can be divided ioto four 

major groups: 1. Rock flour, primary mineraIs which have undergonc ex-

tensive physical weathering; 2. Clay mineraIs; 3. Amorphous inorganic 

material, whieh consists of sil~c~, metallic oxides, hydroxides and sili-
, 

cates, but which lacks the long-range arder and repetition of unit cells 

found in crystalline material; and, 4. Organie material in various states 

of decomposition. Each of these groups of màterial possess different pro-

pert~es and behaves differently under weathering conditions. Primary rock-

forming mineraIs of clay-size vary widely in their stability in a moist 

oxidizing environment. Quartz will persist almost iodefinitely under these 

conditions due -to its low solubility, while the ferromagnesian mineraIs 

such as amphibole', pyroxene and biotite mica can be expected to weather 

ratner readily, releasing their component ions into the pore fluld rSangrey 

1972). The clay minerals are a common weathering product of the chemical 

hreakdown of primary silicate mineraIs; the spec1es of clay mineraIs found 

4. 
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in a sediment or soi1 will depend prirnnrily on the availability of metal1ic 

iorts and silica in th~ pore fluid [Jackson 1968). Amorphous inorganic ma-

.. '. 
terial has been_found in varying quantities in almost aIl soils. The rela-

tionship of this material ta the crystalline sail components has been spe,-

culated to be a me~fstable stage hetweQn the breakdown of easily weath7red, 

unstable mineraIs, and the formation of stable components such as the clay 

mineraIs or crystal1ine metallic oxides or hydroxides [De Villiers 1969}. 

Polymerization of the amorphous phase on the surfaces of clay mineraIs may 

be part of the mechanism of clay mineraI growth in naturai sail environ-

ments [Birkeland 1974, p. 91). Amorphous organic matérial in soils con-

sists primarily of vegetal litter and its decomposition products such as 

humus compounds and various soluble organic acids; in addition. salIs de-

rived from sediments can contain biogenetic material, ineluding siliea and 

carbonates from the exoskeletons of aquatie species. 

The interaction of three or four of these components in a clay mate-

rial will greatly cornplicate the understanding of the physical'behaviour 

of the material. In situ ,changes in the mineralogy of the soil components, 
~ 

·combined with changes in the physical nature or positiona! arrangement of 

the amorphous organic and inorganic phases with respect ta the crystalline 

"material, can result in changes in the consistency and strength of the soil. / 

From either a geomorphic or an engineerïng point of view, these geochemlcal 

changes may be of great significance in explaining the spatial variation 

of soi1s strength and st~bility, an essential part of the understanding of 

the landscape. Much of the prev10us work on sediment and soil plasticity 

has focussed on the effect of particle size, mineralogy and the chemistry 

• 
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of the pore water; little research has been di.rccted speciffcally to,,,ards 

the study of the effect of amorphous components on plasti?ity. 

This inattention te the role of amorphous compon~ts on plasticity 

la aIl the more surprising in view/bf its documented importance'in pedo-

logy. Nume+ous researchers hav~ examined the effect of amorphous material 
1 

/ l , 
on cation excha~ge capaeity, specifie surface aren, and the aggr~gatien of 

sail parti 
/ 
es (Aguilera and Jackson 1953, Mehra and Jackson" 1960, Follett 

/ 

6. 

et a 
// 

1965 ) Mityhell ~ al. 1968, Deshpande, Greenland and Quirk 1964 

, ând 1968, Arca and· ~eed 1966]. The resu1ts of these separate studies indi-

/ / 
cate that there ~ a great variation in the effect that the amor~~ous con-

stituents have/on the soil, due to variations in the clay and non-clay com-

ponents of the particular sail under ~~nBideration. 

discuss~ at greater length in Ch~tet;" Three. , 
1 

/ 

These results will be, 
" 

The purpose of this réSearch was therefore to investigate this tapie 
/" 

as fully as possible ~i two sediments known to contain significant arnounts 
/ " 

of iron compounds. //1oe means of investigating the raIe of this materaI A 

ia to apply the ~ry of selective chemical dissolution to the problem. 

Sev~ral approa~ are possible. Leaching of undisturbed samples with 

,sele«ed cicah, will result in the selective dissolution of material 

along the/pores of the material. Anothe~ approach i8 to work with dis

turbed~Ples, with the aim of removing as much of the amorphous phase 

aa ~Sible, regardless of Ha positional relationship. The lat.ter course 

o~a~tion w~s chosen for the present investigation to àetermine the changes 

in plasticity which result from the extraction of a portion of the clay 
t 

1 

1 
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sediments with selective chemical dissolution pretreatments. No chemü:al 

dissolution techniques are avairable which will quantitatively remove 

amorphous materiai without any effect on ~he crystal1ine material, thus 

the techniques use4 iR t,hiS study were chosen for their Ability to r~TIl()~~ ____ _ 

certain portions of the soi1 materia1 with a minimum of damage to the crys-

talline component. In addition to the examination of the plasticity of,the 

material befo;te and after treatillent, additional tests were performed which 

would yield information about the causes of the changes in plasticity, as 

weIl as tests ta monitor any changes in the mineralogy of the material. 

The next two chapters discuss the the ory and available experiment11 

data re1ating to soil plasticity and to selective ~issolution techpiques 

tespectively. The procedures and results of the present wcrrkn~ presented 

in the following three ,chapters and compared in the final chapter. 
o • 
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Chapter Two: 

PUs TI CITY "LIM! TS': THEIR MEANING AND CONTROLLING FACTORS. 

2.1 Dçfinitions. 

The concept of the upper and lower 1imits of plasticity was first 

introduced by Atterbe;rg in 1911 [Grim 1962, p. 205.1, for which renson these 

1imits are often termed "Atterb'erg limits". 
r 

They are used with reference 

to fine earth material (less than 420 microns) in a fully disturbed (re-

moulded) stàte. At low water contents, inadequate bonding exists among 

the fine earth part~es and aggregates of a remoulded mass to prevent 

crumbling tJnder pressure, and the material behaves "as a semi-solid. At 

slightly higher liater contents: however, cohesion lllOOng the constituents 

of the ma8S is increased, and the material 'behaves plastically, L·e., it 

will deform en ~ under pressure, but retain its n~w shape a~ter remo-
, ' 

val of the pressure. ~t very high water contents, this cohesion ~s reduced 

and the material will deform as a fluide The plastic limit i8 interpreted 

as a measure of the water content on the boundary between the semi-solid 

and plastic states; the liquid limit i8 regarded as the. moisture content 
. , 

at the upper limit of the range of pLasticity, i.e., between the plastic; 

8. 

and 1iquid states. The technique .for determining the plastic limit was con-
, 

ceived by Allen [1942]. an~ the apparatus and technique for"determining the 

liquid limit were developed by Cassgrande [1932]. Since then, these limita 

have been.standardized. and as presented QY the A.S.T.M. [l964} are defined 

as follows: 

/ 



c' 

) 
(' 

o 
.', 

( , 

and, 

t -, 

, 
"The plastic limit of a sail i8 the \-later content, ex-
pressëd as a percentage of the weight of oven-dried s~l. 
at the boundary between the plastic and semi-solid states. 
The boundary i8 arbitrarily defincd as the lowest water 
content at which the soil can be r~11ed into thrcads 1/8 
in. in diameter without the threads breaking into pieces." 
(p. 8S) 

"The liquid limit of a soil is the water content, ex
pressed as a percen~age of the weight of the oven-dried 
sail, at the boundary between the liquid and plastic 
states. The water content is arbitrarily defined as the 
wâter cpntent at whicn two ha Ives of a soir cake will 
flow together for a distance of 1/2 in. along the bottom 
of the groove separating the two halves, when the cup i8 
drQPped 25 times for a distance of 1 cm (0.3937 in.) at 
the rate of two drops per second." (p. 109) 

The plasticity index i5 simply the difference in water content between the 

liquid and plastic limits. When the liquid limit i8 less than the plastic 

limit, the plasticity index is recorded as being zero. 

1 

It should be recognized that the term 'water content', throughout soil 

9. . 

engineering practicé, refera to moisture removed by heating the 5011 at 105-

llooe [Gardner 1965]. Unfortunately, however, this temperature bas no spe-

cial, significance. in relation to the type of moisture extracted from the 

soil. Grim [1968, p. 235] makes a distinction between water lost at low tem

peratures (100-lS00C) and high temperatures (>300oC). The former includes 

"trte water in po.res, on the surfaces, and around the edges of the discrete 

,particles of mineraIs," as weIl as interlay.er water in the case of swelling .. 
clay mineraIs; the latter refera to lattlce water. In this context, soils 

.... ,,; 
eontaining allophane will loose structural water when heated ,ta -lOSoe, which 

in part explains th~ir peculiar plasticity limit values. The inferred 'pla-

.. ' 
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1 

teau' in dehydratiOp c:,urves from IOOoe to 3000 e is a reLiltive feature on1y, 

however, and, more important in this relation, there io8 no sharp break in 

dehydration curvcs at l05 0 e. Gardner [1965J adds that, on the basis of such 

curves, a temperature of 1650 e-17Soe would be more appropriate for most 

50ils, ensuring that aIl inter1ayer and adsorbed water is removed. He adds 

[Gardner 1965, p. 86], "However, excessive oxidation and decomposition of 

soil organic matter in this high temperature range would prevent its generai 

adoption." For this reason, a temperature of l050 C-llOoe is taken as a com-

promise. 

2.2 Theoretical Aspects of the Plasticity Limits 

At the plastic limit the water conten~ is sufficient to wet the surfaces 

of aIl the particles and to fill the pores between the particles, and in the 
, ' 

. . 
case of porous particles, sueh as diatomaceous sediment, to fill the pores 

within the particles; ln addition, sufficient water ls present to impart 

bonding among the cQnstituents of the sediments, but insufficient to provide 

excessive lubtication. The water contained in a soi1 at the liquid limit ih-

. , 

clùdes the same water_8S at the plastic limit, plus additional water to pro-

vide the increased 1ubrication necessary for the material to flow when tap- ~ 

ped. Warkentin and Maeda [1974] have shawn for certain ailophane 80i1s that 

the amount of water held at the liquid limit state correlatès quite closely 

with the water-holding capacity of these soils at a suction of 15 bars. How-

ever, the liquid limit i8 e8sentially a dynamic property of a sediment and 
" . 

i8 perhaps best interpreted in the context of the shear resistance of-a sa-
I 

turated remou1ded mass. Skempt~n [1953b]r for exampl~, has stated that the 

" .' 

, 
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liquid lirnit ls, in fact, a measure of the water content of the remoulded 

mateEial at a shcar strength of approximately 0.1 psi. The water content at 

the liquid limit can thus be viewed as the amount of water necessary to re-

duce the interaction among soil particles ta lower the sheûr resistance to 

this value. Any treatment which changes the resistance to shear of an uncon-

solidated remoulded sediment, without a change in water content, th us implies 

a ,corresponding change (in the same direction) in the liquid limit of the se-

diment. This premise ls used throughout the discussion below. 

In order to understand the hehaviour of cohesive material at the plastic 

and liquid 1imits, the nature of the interactions between particles must he 

considered. The water adsorbed on the clay particles. the forces generated 

by the electrostatic nature of the particles, the hehaviour of the diffuse 

double layer, and the resulting partie le interactions, 'as influenced by the 

sail minera10gy and the chemistry of the soil solution, will· be dlscussed with 

reference to the behaviour of cohesive soils at the plastic and 1iquid limits. 

2.2a Adsorbeè Water on Clay. 

The water within a few Angstroms of the clay surface has been shown to 

differ physlcally from "free" water, in that it is strongly bonded to the sur-

face of the claY'partlcles [Martin 1962, Rosenqvist 1962, Grim 1968, Mortland 

!! al. 1963J. Although the exact nature of the water adjacent to a clay sur

face is not clear, various models have been proposed. Martin [1962J has ana

lysed much of the data avai1able at that time and arrives at the ~onclusion 

that two of the models fit most of the dat~;' these are tha1:> the water adsorbed 

on the clay .is 1) a 901id-1ike substance, or 2) a two-dimensional fluid. 
,..." 
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Rosenqvis~ [1962] and ingles (1968] point out the importance of hydrogen and 

hydroxyl -bo-nMng het\·1een the liquid r.hase and the clay surfaces. Mortlahd et 

al. [1963J present evidence from experiments with thé adsorption of NH3 onto 

clay in a vacuum which indicates that water molecu1es adsorbed next ta the 

clay surface are highly dissociated, indicating ~ relativeiy strong bonding 

mechanism between the water and the clay surface. Water molecu1es exhibit 

dipole properties, which has led sorne researchers to conclude that the water 

adjacent to the clay forros an ordered net similar to a crystal structure. 

Grim [1968, Chapter 8J. who presents an excellent review of various theories 

on adsorbed water on, cIays, discounts this theory as being unlike1y; earlier 

[Grim 1962, p. 219-221], however, he utilizes the hypothesis extenslvely in 

his own discussion of plasticity limits, specifica11y' 

-
" ••• the plastic limit is a me~sure of the water content 
which the partie le surfaces c~n adsorb just slightIy in 
excess of that which can be fîxed in a highly rigid con
dition and whieh does not separate the particles tao much 
ta greatly reduce the attractive forces between them. In 
addition to the oriented water directIy adsorbed in the 
surfaces, there would be sorne pore water in a liquid or 
semiliquid condition enclosed in pores in sucij manner that 
had little lubricating' effect. It is difficult to esti
mate the thicknes8 of the water layers and the amount of 
pore water at the plastic limit, because the amount of ad
sorbing surface cannat be determined. However, the amount 
o.f ol'iented water ls p~bably of the orde'r of 5 to 10 1110-

1ecular layers, and the pore water probably ranges from 
about 2~ per cent of the plastic limit value in the case , 
of montmori~lonite to a major part fot, sorne kaolinite clays." 
(p. 220) 

The theory which has gained most favour f~am researchers who are attemp-

ting te explaln the Int~ractians of 'clay material in suspension, in sediments 

and in sOiJs, postulates that .immediately adja,cent to .~he clay particle sur

face, there ls a very strongly a4sorbed layer of watér of at 1east one layer, 

,/ 
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but &c likel'y severai Iayérs, thick [Ingles 1968, Yang and Warkentin 1975]. 

Jhis layer of water ls bondeù to the surface of the clay by hydrogen bonding, 

and possesses much greater shear strength than normal water {Rosenqvist 1968}. 

At 10w water contents, this adsorbed water may be responsible for rnuch of the 

atrength of a clay material as these water films begin to merge., This con-, 
~ ~ 

cept of partie le interaction i~ not accepted by sorne workers, however, for 

example Hichaels [1959}, who maintains " ••• interparticle-adhesion in clays 

occurs in spite of, rather than because 0;, the presence of water." At high-

er water eontents, in contrast, the decreased viscosity of water at larger 

distances from the clay surface, together with reduced attractive forces amang 

the particles due to their increased separation (see belet ... , 2.2b), lowers this 

strength, it ls believed, until ultimatély the liquid limit state is reached. 

'2.2b Attractive and Repulsive Forces Acting Between Particles. 

The interaction forces between partieles will depend on the relative 

'importance of the attractive Van der Waals.force and electrostatic attractive 

and repulsive forces, as influenced by the physical nature and chemistry of 
ù 

the fluid p\ase. The Van der Waals forces are generated internally in every 

atom, through a m.echanism related to the motion of the. electrons about their 
, )' 

nucleus [Fyfe 1964, p. 86]. The forces are electrical in nature, and dimi-
. ' 

nish~ery rapidly wf~h distance (inversely as the sevent? power of the sepa-
L 

ration distance) fo~ molec~les'but more slowly (as the third or fourth power) 

for plates [Ingles·1968]. Related to the other electrical forces on the clay 

particles, the Van der Waals force is strong. The rapid decrease in effect 

with distance ia, of great importance in the hehaviour of the clay particles, 

bath in terms of soil microstructure and pla~tic properties. This force i8 

. \, 

" 

< C 

" 

\' 

:\ 



. -

~. 

~. , 
~. 
~ 
1 ~ r ' 
k. 
~ 

" ~: 
1:1' ..... rJ~ 
~, ' ,> 

14. 

a1ways attractive [Rosenqvist 1968]. 

In the absence of aIl other forces~ these electromagnetic forces 'would 

pull' aIl partic~es in il suspension together; however, clay ~inerals exhibit 

net negative charges on the crystal faces and, as a consequence, repulsive 

forces act to counter this attraction (see below, 2.2c). A major source of 

this negative charge is isomorphous substitutton of lower valence cations 

within the crystal structure. The substitution may occur in the siliea tetra-

hedral layer, for example, trivalent Al for tetravalent Si; ~r in the octa
'\ 

hedral layer, divalent ca, Mg or Fe for trivalent Al'. In éither case. the . 
'electroneutrality of the crystal is disturbed. In addition, because the 

"structure of a clay mineraI is theoretically infinite in two dimensions. 

where the crystal ends there will be unsatisfied valence bonds which can add 
\ 

to the electrical charge on the particle. In the case of kaolinite, these 

edge charges are of particular importance aince there is very little isomor-

phous substitution'within the crystal and the edge surface constitutes a high 

proportion of the total surface'area. The edge charge on a clay mineraI has 

been shown to vary with the p~ of the solution (Figure 2.1). For kao1inite, 
, , 

at pH less than five, the edge bonds are positive; at pH seven and abav~, tpe 
. 

charge becomes negative [Schofield and SamSon 1954]. 
\ 

As a result, the âlec~ 
. l ' 

->'1 ,.~\ 
trostatic interaction between particles in so11s will depend on the pH of t~, 

fluid phase. This' variable pH-dependent charge can be expected to influence 

the behaviour of not only the 1:1 clay mineraIs such as kao1inite, but a159 
. 

the 2,:1 and 2:1:1 clay minerals, some c1ay-size non-clay mineraIs and amor-

phous inorganic ~terial [Van 01phen 1963, p. 18-20 and p. 90~93]. 

" .. 
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FIGURE 2.1 

<:; ldl f:.:.e pH< 5 ~H 7 pH 7 p'i < 5 R.~~I r~te 
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é 
CII<w~. on B'oltn [~~ .. 

Kaolinite structure showing probable breaking ~lane and mechanism 
for edge charge by picking up hydrogen or hydroxy1 from solution to 
give positive charge at low pH and negative charge at higher pH. 
[Yang and Warkentin 1975, p. 51] 

The exislence of both attractive and repu1sive forces among co1loidal 

particles controls, ta a great extent, the behaviour of suspensions subject 

15. 

to Brownian motion. In s~spensions of 'very di1ute electrolyte concentratiQns, 
o • 

the net interaction energy shows a repulsive barrier at a spacing of about --- ~ 
o ~ 

• 15~ t [Ingles 1968, p. 18], hindering floccu1atlon by kinetic motion. 

higher salt concenJrations, however, circumstances are quite different, as' 

out1ined below (2.2c). ~ 

" 
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- .' 
2.2è Diffuse Double Layer \heory. 

. In saline suspensions, the net negative ch~ge on the clay mineral sur~ 

face will result in the attraction of positively c~arged cations from the 

solution. According ta kinetic t'heory, the cations will not be held firmly 

ta the surface. but rather will form a diffuse fièld of ~ations, most dense-

ly packed at the surface, becoming more widely spaced as the distance from 

" the surface increase~ (Figure 2.2). The distribution of the cations in the . 
double layer can be expressed as a mathematical function of the charge at 

the surface, the valence of the cations and the concentrations of cations 

FIGURE 2.2 

The Diffuse Double Lay,~r. 
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in solution [Rosenqvist 1968, Yang and Warkentin 1975]. Increasing the elec-

trolyte concentration of the "free" solution (autside of the double layer) 

reduces the tendf'ncy of cAtions ta diffuse tO\vards it and thus depresses the 

thickness of the layer. Similarly, substituting divalent cations for mono-

valent cations jn the solution will decrease the thickness of the layer, 

sinee fewer cations will be required ta satisfy the electrical charge on the 

particles. 

The Gouy-Chapman theory of the diffuse double layer can be used in an 

exp1anation of many aspects of the interaction of clay particles in soi1s as 

influencéd by the cation concentration ancl valence. Increasing the salt con-

ee~tration of the porè fluid, or the valence of the cations in solùtion, will 

decrease the thiekness of the double 1ayer,as just indieated. The effeet of 

this ean be viewed in two ways, bath refleeting the decreased repu1sion in 

the inter-granular spaee (see Figure 2.3). First1y, the strength of the net 

energy barrier at about 15-500 g spacing is redueed, thus, in the case of sus-

pensions, increasing the probability bf flocculation arising fr~~ thermal 

movement across the barrier.- Secondly, in a sediment (with no thermal move~ 

ment) there is an incr~ase in net attraction among particles because of the 

reduced repulsive energy. From either standpoint, this would be expected ta 

increase the liquid limit of the sediment (on the basis of our initial pre-

mise) and experimental data confirm this in certain situations (discussed be-

low. 2.3c). 

Law [1959J and Rpsenqvist [1962J point out that two of the basic a~sump-

tions of the double layer theory are questionable: "These assumptione were: 

\ 
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Potential energy curves for ionie and atomie interaction [Ingles 1~681' 
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1) the potential energy of the exchangeable cations i5 influenced on1y by 

the electrical field ~f the clay particles; and 2) the clay surface itsclf 

does not attract water." [Rosenqvist 1962, p. 19] It is kno\~n that the 

exchangeable cations are affetted by the water due to hydration shells and ... 

that the clay does indeed attract water molecules. Despite these limitations 

the theory is used, mainly because it works when applied to the interaction 

of clay particles, as demonstrated below. 

2.3 Plasticity: Experimental Data 

2.3a The Effect of Parti~le Size. 

The plasticity of different clay mineraIs i5 partially a function of the 

difference in the size, and therefore the specifie surface area, of the clay 

mineraIs of a 

which clearly 

specifie species._ Table 2.1 pr~s data from White [~949] 

demonstrate that the plasticity is a function 'of particl~ size 

as weIl as of the species of clay mineraI. The proof that the size of par-

tic les ls not the only factor is observable from the differences between the 

Atterberg limits of the fraction less thah 1.0 micron in size of the diffe-

'rent mineraIs. This increase in plasticity with decreasing size is precisely • 

what wouid be expected from the previous discussion of adsorbed water. As 

the specifie surface area increases, the amount of water necessary to coat the. 

surface tncreases and, hence, the amount of water needed to attain plasti~ 

Itmit state 18 alsp increased. Th~ liquid limit also,increases with decreased 

particle size: at a fixed wat~r content, ~ larger proportion of this water 

-
ls "bound" to one or more particie surfaces, incieasing the resistance to 

shear and, accordingly, producing a higher Iiquid limit. The greater in~rease 



TABLE 2.1 
( 

The Effect of Partie le Size on Atterberg Limits. 

Clay Mineral 

111ite 

Grundy Co., Illinois 

LaSalle Co., Illinois 

Kaolinite 

Union Co., Illinois 

Montmorilloni te 

Pontotoc, Mississippi 

[From White 1949J 

Particle 
Size: 

Micnms 

who1e 
<1.0 
0.5 

whole 
<LO 
0.5 

whole 
<1.0 
0.5 

whole 
<1.0 

~ ...... " 
-. 

Plastic 
Limit 

35.70 
35.59 
52.27 

24.75 
46.21 
52.98 

36.29 
37.14 
39.29 

81.41 
109.48 

Liquid Plasticity 
Limit Index 

61.20 
83.00 

103.65 

35.90 
85.55 

111. 25 

58.35 
64.20 
71.60 

117.48 
175.55 

25.50 
43..41 
51.38 

11.15 
39.34 
58.27 

22.06 
27.06 
32.31 

36.07 
66.07 

q 

in the liquid limit than the plastic limit presumahly reflects the 1arger 

20. 

'
~~" 

number of mo1eeular layers of adsorbed water he1d hy the âdditional surface 

at ~he liquid limit tna~at the plastic limit condition. 

, 0 

2.3b The Effect of Mineralogy. 

The plastieity,of a clay material will also vary with the type of clay 

mineTa! and ~t~ the type of non-clay ~inerals found in th~ clay-size frac

tion. Table 2.2, after Soderman and Quigley [1965)~ summarizes some of the 

properties of the most-common clay mineraIs. 

., 
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TABLE 2.2 

Summarized Propert ie~ of Clay l-llnèr:.J 1 Grùui'~ 

-~- - r---- :'-~T' 5 
'1 2 3 6 

, 1 

1------- ----t-
1 .: l ' - ** l 1,1'., ,1, ; , 
1 

1 ~;i..!gtlll.VLl> C,ll JOli 
1 

* i 1'1..,ti. i,t," Clay 
Symbol ('11.1 r f" ~,t' r F xc- Il,lDf;l' 

1 l,' ~" \ 1 ,i!' ' .. l l .. . 
Type 1 n .tI.~l~. : l !'.l 

! li le!' ~ . 1 

: ',1 \ Cc' II C:~P.~llty 1 1'1<.' i t, l . ." 
1 , 

m.eq./100 grn 1 
1 1 

-
1 . 

~tr.(}ng 
, 

l 
29 l 

Kaolinite -0.01 3 20 to to 
E::::? H bond' 73 37 , & strong· . -1.0 

59 25 
l lUte 25 80 to to K+ bond 1 . --+- 100 58 

--
. strong bond , _~. , ,J p ,h"hl\ 

Chlorite 
~, Hg or Ft: .. J 

10-40 30 l ! ~ " yd't'oxide : _ ~ 1 1 [) 1 

1 III t 1.' 
shect 1 ' , 

-

~ weak 
- -o.S P rol",b Ly 

Verm1culite to . 150 150 betwl<2n Ltlitl! i: ~~g bond '-0.7 and mùntmorillonite 
-

~+-very weak 123 65 
Montmorill..:>niÎ:e -0.3 100 260 to to 

, ) ( bond 
700 600 

-
* c:::::::> silica she'et, c:::::::a hydroxide sheet 
**m.eq./100 gram = milliequivalents/l00 grams of dry soil 

[tolumns 1-4 from Soderman dl1J Quigl12.y 1965, 
Columns 5 5. 6 f't'orn Gr 1l'\ 1962] 
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Kaolinite, ilÜte and chlorite' are a11 non-swelling minel\als. Water and 

exchangeable cations do not penetrate bettveell' the crystal platelets. Thus 

the water content at the plastic and liquid limits Is, ta a large extent, 

controlled by the amo,unt of watei adsorbed on the external surface of the 

minerais. The values presented for glycol retention are a measure of the 

specifie surface area of the material (specifie surface area in m2/g Clay. 

mg glyeol/g clay X 3.2 approx.) [Mortland and Kemper 1965). In addition to 

differences in plasticity stemming-from the different specifie sur~ace area 

of different mineraIs, as previously mentioned, other factors, such as the 

cation and anion exchange capacities, plus the differences in the shape of 

the particles, will result in higher plasticity indices for illitic than for 

kaolinitic soils; chlorite (for which plasticity data are scarce) is thought 

[Soderman aqd Quigley 1965] to resemble illite in this respect. 

Vermiculite exhibits partis! swelling properties, depending' On the ex

changeable catio~ &nd ~e actuel charge per unit celI of the materia1 in ques

tiQn. Very little information i8 availabie regarding the plasticity indices 

of vermiculite, but it seems likely that the materia1 does not swell to the 

e~tent that a large quantity of water would be able ta penetrate the layer~ 

during t~e determination of the Atterberg limits. For this reason, the ma-

terial ls more likely to have properties more, similar to iUite than tomont-

morillonite. The surface area, as indicated by glycol retention. is rela-

tively high éince the glycol would form a mono layer on the internaI, as weIl 

as the externel, surfaces. . 
r 

Mont~orilionite; and other related higher-swelling clay mineraIs, cao' 
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adsorb i.fater and ,cations between the platelets of the crystal; thus the i"at~r 

a:ontent at the plasticity limits will be rela.ted to the amount of dispersion 

of the clay platelets. The plasticity index is very,large, corresponding ta .. 
, the large specifie surface area (glycol retentio?; Table 2.2), whieh 1n-

cludes bath internaI and external surfaces. The dispersion of the crystal 

plates will, however, depend on the ability of the cations in the pore vater 

to penetrate the interlayer space while retaining their hydration shell~, as 

discussed further belo\>,. 

2.3c The Effect of the Chemistry of the Pore Fluid. 

Moum and Rosenqvist [1961] present data on the effect of different mono-

valent cations on the water content of illite and montmotillonite clays at 

the liquid limit. The results emphasize the marke~ difference in response 

to varying cation species between these twa types of mineraIs. For illite, 

the liquid limit value increases with decreasing size of the hydrated cation. 

The sma11er cations (with the larger ~ydrated radii) Li and Na, cause greater 

separation at the particle contacts, and therefore the strength of the mate-

rial is 'less at a given vater content than with the larger monovalent cations 

(vith the s~ller hydrated radii) Rb and Cs. Thus the amount of water that 

the clay can retain, at the theoretical 0.1 psi strength at the liquid limit, 

inc-reases in the arder LI, Na, K, Rb,' Cs. For Illontmorillonite, the situation 

i8 slgnificantly'different. As Figure 2.4 shows, the water content at the . 

liquid li~ is hig~ for L~,. then drops with deçreasing size of the hydrated 

cation for Na and then Kj as the size of the hydrated cation continues to de-
, 

cresse, the liquid limit nov increases .frpm K to Rb and from Rb to~. This 

o pattern cdn be expiained by the different effect of the cations on the water 

r 
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FIGURE 2.4 
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Relation between liquid limit of montmorillonitic and illitiè elays 
and the polarizability of exchangeable cations: A. Montmorillonite 
B. App~oximately 40% illite. [After Rosenqvist 1962] 

content b~tween part~cles (intercrystalline) and in inter layer positions 

(intracrystalline). The trend of inc~easing water content at the liquid 

limit, for intererystalline water, i8 the same as for the il1ite. for' the 

sàme reason. The diffetence between the tw~~neraiS lies in the behaviour 

of the tntracrystalline water. The Li and Na catipns are able to penetrate 

the inter1ayer positions ~ile maintaining their hydration sheIla; thus the 
, . 

liquld Itmit ls higher for Li than Na, sinee the former i8 more highly hydra-

tea. Th~ monovalent cations K, Rb and Cs aIl lose their hydration sheIla 

when they take up Interlayer positions; thus the water content in the inter-
<,," 

lay,ers ~ ié sma11 ana the liquid limit values change as for illite. Ii" 
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~imilarly, the effect of changed salt concentration, or changed cation 

~alence, varies according to whether or not the clay mine~als allow penetra-

tion of water into interlayer (intracrystalline) positions. Warkentin [1961J 

and Yang and Warken~in [1975] make the comparison between montmorillonite and 

kaolinit~. For the former mineraI. a decrease in valence and decreasing salt 

concentration both increase the liquid 1imit. This is "consistent with the 

diffuse double layer 'theory: bo th changes produce a thicker' diffuse layer. 

and therefore a transfer of water from intercrystalline to intracrystalline 

spaces. This arises directly from the high proportion of the surface aiea 

of montmorillonite which is intracrystalline. As a consequence of this trans-

fer, at an unchanged water content, the amount of intercrystalline water ls 

decreased, resistance to shear is increased, and therefore the liquid liroit 

is also. 

For non-swelling clay mineraIs the pattern i8 not quite Ba simple. Data 

for iUite from Grim [1962], shawn in Table 2.3, indicate that substitution 

of monovalent Na or Li for divalent Ca or Mg decreases the 1iquid limit. 
~ 

Again, thia ~uld be expected from the diffuse double layer theory; the ~f~ 

fects are opposite ta the chan~es in montmoril1onite, because with illite 

only intercrystalline water is involved. The decreased valence increases the 

thiçkness of the diffuae layer and thu8 reduce~ intercrystalline bondin~~ and 

the liquid limit, for reasons given previously (2.2c). Similar changes, as-

sociated witn decreasing the salt concentration, have been dé8cribed by 

Rosenqvist {1955] for natural illitic-rich sediments in Norway. A sample of 

the clay was deposited under conditions of high salt content and 8ubsequently. 

divided luto two samples; one was leached for five months with distilled wa-

.ê 
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ter and the other was used as 'a control. The leached sample had a sensitivi-

ty of 90 at the end of the experilIIent. as compared to the control' sample. 

! 
which had a sensitivity of only 6.4: The plasticity values of the two sam-

pIes, as sho~vn 1'0 Table 2.4, indicate a large decrease in the liquid limit 

of the leached clay as comparad to the unleached sample. Similar experiments 

Sample 

Leacheq 

Unleached 

TABLE 2.4 

The effect of salt concentration pn Atterberg limits 
of a natural clay sample from Norway. 

Salt Concentration Plastic Limit Liquid Limit g/1 

1.0 18.0 27.4 

39.0 19.5 43.4 

(After Rosenqvist 1955) .1 

Plasticity 
Index 

9.4 

23.9 

by Pusch and Arnold [1969] with pure illitic materlal failed to produce a 

reduction in the liquid limit; their test procedures were somewhat contro-
< 

versial, hQwéver [Torrance 1970], and further discussion is deferred until 

Chapter 6. 

L 

Often kaolini~e is groupedwith illite an~ other non-swe1ling clay.mi-

nerals, but the.unusually"h1gh prOportion of edge charges of the former ren-

der its behaviour anomalous. 
{,j ................ , 

The natural fabric of remoulded kaolinite in 

pure water 18 edge-to-face {EF) [Sdhb.field and Sampson 1954] becauee of elec-

trostatic attraction between negatively-charged face surfaces and positively-
, , 

,charged edges. As pH increases, 'the fixation of edgè H+ ions is considerably 

, 
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weakened, and eventually disappC'ars, 50 that edges a1so acquire a negatlve 

charge. The effect i5 â transformation of the fabric to a face-ta-face (FF) 
~-:;f. 
~--- -

pattern, with, therefore, fe\.Jer "contact zones", a decreased resistance at 

an uncharged wateT content, and th us a decrease in liquid 1imit as indicated 

in Figure 2.5. This saille transformation in fabric from EF to FF a1so occurs 

as the salt concentration 18 increased [Schofield and Sampson 1954) because 

of the increased separation between the (thlnner) oppositely-charged diffuse 

layers in contact areas. This is consistent with the decrease in liRUid 1i-

-
mit w~ increasing salt concentration (unlike illite). The except~ in 

Figure 2.5 (for pH 10) represents the case in which aU fixed positive edge 

charges have been removed; in this case the completely negatively-charged 

kaolinite i8 now comparable with illite, and shows an increase in liquid 1i-

mit with increasing salt concentration, though unable to attain the ver~high 

liquid limit values ef ,dilute, lo~ pH solutions. 

2.3d The Effect of Amorphous I;.norganic 1'laterial on Plasticity. 
1 

Due to the paueity of expérimental evidence, no general conclusions can 

be reached as to the effeet 'of amorphous inorganic material on plasticity, 

although certain specifie ubservations can be made. 

Considettable res'eareh has been done on vflc.~nic ash soils containing 

allophane, 'and reviewed by Wada and Harward [1974] and by Warkentin and Maeda 

[1974] • This partieu1ar amorphou6 material has the effect 
( 

81ng 7 the water content of the.'soil at both the plastic and 
.' ., " 

of greatly increa
~ 

liquld limi~s, but 

only,if the determinations are performed on material which has not been dried. 

When a110phane !s dried, the material,dehydrates irreversibly with a result-
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( ant drop in the Atterberg limits. For soils which possess large quantities 

of allophane, the matcrial becames non-plastic on oven drying at 110°C 

[\olarkentin and Ma-eda 1974]. 

Moum [1968] has performed experiments ta study the effect of adding 

amarphous iron compounds on the plasticity of a natural illitic clay from 

Norway. The results show that the amorphous iron increased the liquid 1i-

mit and the strength of the remoulded clay. Moum [1968" p. 126] explains 

this as follows: "The iron gels thus introduced (FeC12' FeCl3 and Fe[OH)3) 

are be1ieved to have positive charges and being adsorbed ta the mineraI sur-

faces as clusters which could build bridges between the grains." Another 

experiment by the same author indicated that oxidation of the natural post-
n 

glacial marine clay results in a similar increase ia the liquid limit. 

The effcct of amorphous inorganic material on plasticity might be expec-

ted to depend on: 1) The water-holding capacity of the amorphous material 

as compared to the crystal1ine sail material, which will be a function of 

a. it'S specifie surface a~ea, and h. its surface chemistry (e.g., cation and 

anion ex change capacities); 2) The positional or structural arrangement of 

the ~terial, which could he: a. discrete particles, h. coatings' around in-

dividual part1eles, c. coatings around aggregates of partieles, or d. ce-

menting agents at the points of contact between particles. , . 
. 

Much more detailed study is required ta elucidate the effect that amor-

phous components have on the physical ,behaviour of materiaL, and on the phy-

o ,. sical and chemical nature of this material. The present study 1s intended as 

a contribution ta that end • 

. 
\ 
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Chapter Three: 

CHEHICAL DISSOLUTIO}l TECHNIQUE~ FOR THE EXTRACTION OF ANORPHOUS IRON, 
ALUMlt\llIH AND SILICON COMPOUNDS IN S011S AND SEDIMENTS. 

Definit,ion of Amorphous Material. 

The definition of amorphous material in soils, as presented by Wada 

and Greenland [1974] and used here, is materiai of less than 2 micron 

31. 

equivalent diameter, which lacks arder, as compared to crystalline material, 

~hich is well-ordered. Included in this term amorphous .is material which 

has short-range order only (due to atornic packing and covalent bonding) or 

has long-range arder in only one dimension, as opposed to crystaillne 

material, which has long-range arder and repetltion of unit cells, usually 

in three dimensions, but in,sorne cases (for example, single flakes of mont-

morillonite and r-andomly interstratified clay minerals) only in two. The 

degree of order in the mlneralogy of soils 18 a continuum, such that the 

boundary between amorphous and crystalline 15 arbitrary. Due to the dif-

ference in the degree of arder, the techniques used for the identification 

of crystallinè sail components are not always applicable ta the identifi-

. cation of amorphous material. Indeed, many works use the term amorphous 

specifical1y with reference to a particul~r method o~ identification. such 

as "X-ray amorphous material". 

3.2 Hethods of Identifying Amorphous Compounds. 

The clay-sized compounds in soi1s and sediments are identified by two 

1 
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methnds: 1) Physica1 examination of the material as it exists in the sail; 

and 2) Chemical dis&olution of the components by selective chemical pro-

cedures. 

CrystaI1ine clay compounds can be identified by X~ray diffraction, elec-

tron diffraction, differential thermal analysts, and inrra-red spectroscopy. 

In addition, electron microscopy c,o be of ~ssistance in recogni,zing crystal-

1ine rnaterials visually. Arnoçphous material do es not possess long-ranBe vr-

der and hence ls not indicated directly on X-ray diffractograms, aithough 

its presence rnay be suspected from the strength of background noise in sueh 

traces. In some cases short-range arder can be observed by electron diffrac-

tian. DifferentiaI thermal analysis and infra-red spectroscopy can be used 

ta a :timited extent to identify amorphous rnaterial, but in most cases the 

variable composition and the small amQunts of this materiai make positive 

identification impossible., Elect,ron microscopy has 'been used to show the 

occürrence of amorphous ma terial in soils (without identifying ft). and wi,th 

the use of shad~wing techniques, even ~lectr9n-transparent amorphous gels 

have been identified fJones and Uehara 1973]. Due ta the difficu1ties asso-

ciated with the identification of amorphous soil material by physical means, 

chemica1 dissolution ofthis material is the most eommon method of its deter-

mination. 

3.3 Chemical Dissolution Techniques a6'a Determinant 
of Amorphous Material. 

Because amorphous soil components are characterized by a lack of weIl
l) 

ordered structure, the component atams are less weIl bonded to one another 

than in a crystalline materia~. Chemical dissolution techniques make use 

of 'this property ta differentiate between crystalline and amorphous soi1 
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material. Extraction procedures, in general, are performed \·lith chemic:al 

reagents that are of sufficicnt strcngth to remove the amorphous phase, 

while doing the minimum of damage to tha crystalline component. Since the 

rate of rea'ction ls more rapid with the amorphous material than with the 

crystailine material. the time of the reaction i5 often limited to minimize 

the destruction of erystalline materials. It has previously been mentioned 

that there i8 a continuum in the range of crysta~linity of the inorganic soil 

material; the effectiveness of a chemical dissolution procedure in extracting 

amorphous material from a soil will depend on how closely the material ex-

tracted corresponds to m3terial which does not possess long-range order. 

3.4 Purpose of Chemical Dissolution Techniques. 
.... 

In addition to identification, scientists are interested ip the ex trac-

tian and analysis of amorphous compounds from soils for a number of other 

reasons: 

1) Pretreatment for. mineralogical aoa~ysis; amorphous coatings on 

crystalline mineraIs makes identification by means of X-ray diffraction and 

differential thermql analysis difficult due to aggregation of particles, 

the masking of signif.icant peaks by 'noisè' and dilution 'Of the crystalline 

components [Brewer 1964, Jackson 1956, Kittrick and Hope 1963]. 

2) Pedogenetic studies of s~ch processes as podzolizatioo and gleying , . 
require a quantitative measure of translocated sesquioxides in different 

horizons of the soil profile [B1ume'and Schwertmann 1969, McKeague and Day 

1966, Mitchell !! al. 1968~ Sneddon, Lavkulich and Farstad 1972]. 

3) Evalua&ion of the effect of amorphous material on the physical pro-

" 
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ft 

Ferties of soils; this can best be accompllshed by the comparison of phy-

sical properties before 'and after dissolution of the amorphous com~one~t 

[Follett et al. 1965 a & bl. TIle present study falls into this category. 

The requirement for aIl of the above purposes ls a chemical disso-

lution technique which effectively removes amorphous material while causing 

the least amount of disturbance to the crystalline component in the soil. 

If the chemical dissolution treatment is successful, then accurate measure-

ment of the extracted material ~nd analysis of the residual crystalline / 

materiai will give a quantitative assessment of the sail composition. This 

i5 not to say that the same treatment will be idèally suited to aIl of the 

above purposes; the requirements are somewhat different for each, particu-

larly for tèsearch on pedological proc~sses which require differentiation 

of a number of forms of sesquioxides in the soil. 

3.5 The Physical Form of Amorphous Iron, Aluminum and Silicon 
Compounds in Soils. 

\' 
" 

Amorphous compounds in soils have-been interpreted physically in various 

ways by different workers: as coatings around single-mineraI fragments; 

8S coatings around aggregates of mineraI fragments; as "bridges" between 

fragments, thus forming aggregates; as interlayer material in phyllos11i-
• 

cates; and as a separate particulate phase. \~ 

Follett ~ al. 1196'5b] performed chem1cal dissolution procedures in 

conjunction.with measurements of physical properties of a soil. An 1n-
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crease in specifie surface area follo,,,ing dissolution of the amorphous 

1 • 
material was interpreted as an improvement in dispers~on resulting from 

the removal of coatings on the clay mineraIs, or aggregates of clay mine-

raIs. Jones and Uehara [~973] used the electron microscope ta examine 

• 
samples of sail clay deposited on mounts with a holéy substrate, which 

:tndicated that the partic1es were surrounded with tlgelatinous material lJ
• 

In a separate phase of their study, in which Iron oxide samples were 

shadowed with platinum~ it was demonstrated that these partic1es '-are 

coated with electron-transparent material, presumab1y an iron oxyhydroxide 

gel. Fùrther evidence of surface coatings on individual clay particle 

surfaces was presented by Greenland and Wilkinson [1969] who studied car

bon replicas of clay particles before and after extraction of dithionite 

and alkali-soluble materia1. The authors con~luded on the basis of the 

effect of different treat~ents on surface morphology that the surface'coat-

.. 
ing was "composed of disQrdered silica and alumina rather than iron and 

aluminum hydroxide". 

Jackson et al. [1973], using a scanning electron microscope," identi-

fied hydrous meta1 oxide crusts, varying in thickness from 1-15 microns, 

intercalated between sequences of hundreds of vermicu1ite flakes. These 

packets conta1ned predominantly 14 Angstrom crystallographic 1ayers. Thus 

iroD and a1uminum oxyhydroxide compounds can form crusts within these 
1 

large partic1es, as weIl as surface"coatings. Following extraction with 

~a-citrate-bicarbonate-dithionite, the vermicu1ite pseudomorphs, weathered 

in situ fr~m biotite, dispersed, producing a large number of thin phyllo-

silicate flakes. Dissolution of this "interlayer" oxyhydroxide material 
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i8 another process which W'ou1d result in an increase in specifie surface 

are3. In a previous paper, Jackson [1964] refers ta "chloritizntion" of 

2:1 clay mineraIs in which the interlayer positions are occupied by iron 

or aluminum oxyhydroxides. In this case, the material is assumed to form 

a single octahedral layer which results in the 14 Angstrom basal spacing 

of chlarite. In ~ddition, these interlayers may be complete, in that 

they occupy aIl of the interlayeJ; position, or they may form islands a few 

Angstroms in diameber, thus producing a ~~eaker bond betw.een 1ayers, result-

ing in the "swelling chloritcs" found in sorne soils. 

Amorphous materia1 a1so exists as a separate particulate phase of high 

specifie area. Allophane, commonly developed in 80ils derived from vol-

canie ash, i5 charaeterized by high specifie surface area, a high value of 

pH dependent cation ex change capacity and AI-O-Si bonding. Allophane 

exist5 as a polymer of silica and alumina.over a ,range of Si02/A1203 

ratios of about 1.3 to 2.0 [Wada and Hatward 1974]. Hisingerite i5 an 

amorphous or "very finely crystalliné" iron silicat~ with mo1ar ratios 

of Si02/ (Fe203 + FeO) of between 1.4 and 3.2. The very weak X-ray dif-

'fraction patte~n of hisingerite is slmilar ta. nontronite, an iron-rich 

smectite, and may be related to lt éither structura11y or genetically 

[Lindqvist and Janssen 1962, Whe1an and Go1dich 1961]. 

In addition to the fact that the less weU-ordered material is more 
r 

, 
rea.dily soluble, d1,1e to the wea'fter bonding between atems or molecu1es, 

, 

there are two additiona1 factots which make the amorphous mat~ria1 more 
, , . 

susceptib1e\tp dissolution thah' the crysta11ine ~terial: 1) If the 
1 

1 

! 
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amorphous phase i5 a surface 2oatfng, then this material will be attacked 

Defore the underlying crystalline material i8 exposed to the ~hemical rea-

gents; and 2) If the amorphous phase is finely particulate material, th en 

dissolution will take place prefercntially, since there is more surface area 

exposed for the chemicals to attack. 

3.6 Types of Chemical Dissolution Techniques: 

AlI of the chemical dissolution techniques for the dissolution of amor-

phous compounds consisting of Si, Al and/or Fe are based on inereasing 

the solubility of these compounds by chemical means. At neutral pH, aIl 

of these compounds arC relatively insoluble in oxidized distilled water. 

/ A number of approaches are available. The pH of'~he system can be,ad-

justed such that the se compounds become much more soluble; for example, 

a high pH will markedly nerease the solubility of both Si and Al compounds, 

while under very acid con?itions bath Al and Fe compounds increase in 80-

lub~lity. ,'Another pproach available for increasing the solubility of ,Fe 

compounds ie the e of a powerful reducing agent, such as dithionite. sinee 

ferrous ;ron h S 8 much higher solubility than ferric iron. The third 
/ 

o employ organ1c Gompounds, such as oxalate an~ citrate, capa-.' approaf i8 

bie ~ fe lng soluble organo-metallic complexes with trivalent metallic 
/ 

c tions . 

Thè~e techniques are dlscu$sed below with specifie referenee to the 

,/ / advantages and dlsad~antages ,,~f the different procedures and to their ' 
/ 
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effects on different soil constituents. 

3.6a gH-Dependen~ Dissolution Techniques. 

The solubility of Si, Al and Fe compounds is relatfvely low at neutral , 

pH. Using chemical extr'actants of very 10\0/ or very hig~ pH increase~:th~ 

sa1tlbility of Fe· and Al compounds in the first .case and Al and Si compounds 

. in the latter. Jackson [1956, p. 72] sugge$ted tM use of 2% NaC03 to dis-

solve silicie cement aad thus aid in the dispersion of clay partic~es prior 

to X-ray ana1ysis. Hashimoto and Jackson [1960} employed a procedure which 

included a 2 1/2-minute treatment with boiling 0.5 N NaOH ta dissolve silica 

and alumina, including allophane. Follett ~ al. [1965a] performed a com-

parative study of HasHimoto and Jackson's NaOH treatment and_treatment with 
; 

5% Na2Co3' in which the sample was shaken for 16 hours, three or four times, 

at room temperature and subsequently treated three times on a steam bath for 

• • ~ two hours each time. The results of the study indicated that the much shor-

t.er treatment with 'NaOR is .liss dest'ru~tive to" the crystalline material and 

more effective in removing amorphous material [De Villiers 1971]. Segalen 
, , 

(1968), in his study of tropical soils containing relatively large amounts 

of sesquioxid~ and siliea, employed alternate acid and. base treatments: 

8 N Hel at room temperature' for 30 minutes, to dissolve Fe and Al amorph9us 

compounds; and 0.5 N NaOH in a boiling water bath for 5 minutes, to remove 

Al and Si compounds. The procedure is repeated until the amount of iron, 

~uminum and s11i~on in the extracts i8 low and relatively constant, usually ~ 

8 extractions. Up to 15% of these samples of tropical soi1s was dissolved 

by this tr~tment. Schwertmann [19731 has pointed out that Segalen's pro-

cedure is a much 8tronger extraetan~ than treatments normaIIy applied t9 the 

• 
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soi1s of temperate regions, although it has recently been applied to sam-

ples of post-glacial marine sediments in Eastern Canada [McKyes, Sethi 

and Yong 1974]. 

In aIl of the abo've procedures, the extraction -of amorphous material 

15 accomplished by increa5es in solubiLity resulting from extremes of pH. 
-

From the work of Follett'~ al. (1965a] end Wada and Greenland [1970], it 

can be concluded that the treatment in 0.5 N NaOH i5 ;ffective in dissolv!ng 

amorphous siliea in soils wi'thout causing significant damage to the crystal-

line phyllosilicate clay mineraIs. Segalen's (1968) technique is not in-

tended as a pretreatment for mineralogical analysis, but rather as a means 

of determining the amount of amorphous material in soi1s. Segalen [1968) 

points out that mineralogical analysis following treatment indicates that, 
• 

although illite and kaolinite were little affected, montmorillonite was 

attacked by the treatment, possibly because of the very small,particle size 

,and high specifie surface of this mineraI. The data presented by Segalen, 

indicate that the' dissolution of the amorphous phase i8 consid~rably more 

! 
rapid than the dissolution of most crystalline material. and thus the amount 

of amorphous material can be interpreted from the dissolution curve (Figure 

3.1). A number of the dissolution curves show that there are more than two 

degrees 'of solubility, 'and hence crystal1inity, in sorne soil ~mples ,(Figure 

3.2). Compound curves such as these 'cou1d potentiatly yield increased in-

formation on the variations in crystallinity of the 'soil material as it 

rela~ed to mtneralogy. This field of study requires further attention, 

and perhaps reftnement of the che~cal treatments, to ach1eve this end. 

-

" 
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FIGURE 3.1 
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Idealized dissolution curves: A. soi1 containing bath crystal1ine 
and SIOrphous material (intercept a indicates amorphous material 
content) B. soil containing only crystalline materia1 (intercept 
b indicates no amorphous materia1). 
[After Segalen 1968] 

FIGURE 3.2 

o 

3 4 5 6 7' '8 

EXTRACTION 

Dissolution curve exhibiting more than onè degree of sO,lubllity of 
the sail components. 
[After Segalen 1~68] 
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3.6b Reducing Agents for the Remova~ of Iron Compounds., 

'" Two methods involving the use of reducing ag~nts for the extraction of 

irOD from salIs are used in Canada at present. The technique of Mitchell 

and Mackenzie-t1954) and Mackenzie [19541 uses an extractant composed of 

sodium dithionite and 'veak sodium hydt'oxide at pH 5.8 to 6.0 to create a 

reducing environment in which ferri~ iron compounds are converted to the 

more soluble fenous fom. The dithionite treatment ls followed by a 0.05 

N HCI washing to re~ove the reduced irone The procedure is then repeated. 

This technique is still employed by some laboratories sinee the inorganic 

nature of the extractants a110ws for simpler determination of iron'in the 

·extracts [Stonehouse and St. Arnaud 1971]. 

The procedure of Agui1era and Jackson [1953], as modified'by Mehra and 

Jackson [19601. employa sodium dithionite in conjunction with the complexing 

agent sodium citrate. This procedure i8 discussed in the rtext section with 

the other procedures employ~ng complexing agents. 

3.6c Extraction by Comp1exing Reactions - Amorphous Iron and Aluminum 
Compounds. 

The ëomplexing procedures make use of the property of some organic 
'. .. -

anions to form compounds preferential1y with trivalent meta11ic cations. 

These anions form a number of bonds with the metallic cation such that tbe 

trivalent cations become enclosed witPin the organic mdleculE;; 

Three techn~ques for the dissolution of different portions of the amor-

phou~ iron and aluminum oxides, hydroxides and silieates are commonly being 
/ 

f
'~ . -. 
~ 

.~ 

i 
j 
J 



f 

o 

J 

.1 • 
... "t'''-~',-

42. 

erilp1oyed: Pyrophosphate preferentially extràçts organic complexed iron and 

aluminuro compounds [McKeague et al. 1971]; aeid oxalate extracts organic 

and inorganie complexed iron and alumi~um compounds but does not attaek 

crystal1ine forms such as hernatHe, g-oethite or gibbsite [Me~eague and Day 

1966]; the Na-citrate-bicarbonate-dithionite (CB~) treatment of Aguilera 

and Jackson [1953], as modified by Mehra and Jackson [1960], has been used 

extensively to extract iron oxides and hydroxides from soils: Hematite and 

goethite are partia11y disso1ve'd by the CBD treatment, depending on the 
, 

degree of arder ln the structure and the size of the partic1es. MeKeague 

and Day [1966] and Gorbunov, Dzyadevich a?d Tunik [1961] found that two 

extractions with CBD did not complete1y dissolve finely-ground samples of 

hematite and goethite, a1though Mehra and Jackson [1960] report thaf these 

compounds were comp1ete1y dissolved in three treatments. A1though consi4e-

rab1e amounts of a1uminum and siliea are removed by the CBD treatment, crys-

talline gibbsite ls little affeeted; allophane a1so appeàrs to be re.sistant 

tO,CHD [Hashimoto and Ja~kson 1960]. 

Several workers have performed studies of these treatments on different 

~oil m1n~ra1s in order to determine which s~il componehts are be~ng aifec-
,~ .. 

ted. The work of McKeague and Dày [1966] provides a eomparison of the 

effect of oxalate and CBD on crystalline and amorphous iron and aluminum 

oxides (Tables 3.1 and 3.2). 
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~ TABLE 3.1 

Effect of particle size on dissolution of hematite and goethite 
by dithlonite and by oxalate extraction. 

Particle Size 

Ibo mesh 

300 rnesh 

, 

Extractant 

Dithionite 
Oxalate 

/ 

Dithionite 
Oxalate 

[From Me~eague and Day 1966] 

TABLE 3.2 

Hematite Goethitc 

Fe ex~racted C%) 

28.8 
0.08, 

39.6 
0.16 

17.9 
0.12 

28.8 
0.58 

Fe and Al % dissolved from various substances (100 mesh) 
by dithionite and br oxalate. 

Dithionite 
\. 

\ 

Minerà1 Fe 
., 

Gibbsite 
Feldspar tr. 
Hornblende 0.3 
Muscovite tr. 
Olivine 0.7 
Kaolinite tr. 
Mon tmoril1oni t,e 0.4 
Illitè 0.3 
Amorphous Al-silicate* 
Amorphous Fe-si1icate** 14.6 

* Total .value - Al 7.2%, Si 24.8%.' 
** Total value - Fe !4.7%. Si 24.0%. 

[From McKeague and Day 1966J 

Al 

tr. 
tr. 
0.1 
0.2 
tr. 
tr. 
O~l 
0.1 
4.8. 

Oxalate. 

Fe Al 

,0.1 

0.5 0.2 

1.3 tr. 
tr. tr. 
0..2 0.1 
0.2 0.1 

7.0 
10.6 

43 • 

< 

From the data presented above, it can be concluded that neither oxalate 

nor dithionite (CBD) attacks ta any significant extent the crys~alline iron 
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and aluminurn silicates; dithionite i8 a stronger extractant of iron from iron 

ox;ldes <lnd amorphous Fe-sllicate than oxalate, while for a.1uminum compounds 
• • 

the rever~e i8 true. McKeague, Brydon and Miles [1971] present data on the 

effect of pyrophosphate, oxalate and di~hionite (CRD) on various synthetic 

hydrated oxides and iron oxide mineraIs (Table 3.3). 

TABLE 3.3 

Total an~ extracted Fe contents of synthetia hydrated oxides and 
) iroll oxide mineraIs. 

Fe oxide sol 
Amorphous Fe oxide 
Goethite (100 mesh) 
He~tite (100 mesh) 
Magnetite (100 mesh) 

Total Fe * 

16.4 mg Fe/ml 
54% 
63% 
70% 
72% 

Fe p .Feo Fed 
-----------%**---------

4.0 
0.5 
0.0 
0.0 
0.0 

100 
100 
0.2 
0.1 
8.8 

100 
100 

28 
,. 41 

2.4 

* Total Fe values for the Fe mineraIs were calèulated. 
** Fe extracted as % of the total Fe. 

[From McKeague, Brydon and Miles 1971] 

. Py.lophosphate (Fep) does not attack crystalline or amorphous iron oxides;, \ 

oxalate (Feo) and dithionite (Fe
d

) are equally capable ~f extracting the 
/ 1 

iron from the Fe oxide sol and the amorphous Fe oxide; oxalate removes s1g-

.' nificantly less Fe from the well-crystallized iron oxide mineraIs hematite 

and goethite, but more from magnetite, than does dithionite. The laboratory 

analysis of the effects of t~e three dissolution techniques thus indicates 

that t,here i8 some validity i~ using them to differentiate between the va-

rious forms of iron and aluminum organic compounds, amorphous oxide~ and 
, 

hydroxides and finely-crystalline co~onents in the soil. It would be a 

!Ja - -



1 
i 

45. 

, 
mistake ta assume that these three techniques cari be used ta differentiate 

prccisely bet,,,een the various forros of Iron compounds in soils [SchwertIlldnn 

1973, Arshad ~ al. 1972, Pawluk 1972]; nonethe1ess, a reasonable sepAra-

tian of well-crysta11ized Iron from comp1ete1y amorphous forms of Iron can 

be obtained from the use of complexing techniques. 

Table 3.4 presents a compilation of data on the effect of a number of 

chemical dissolution procedures on sorne crysta11ine and amorphous compounds 

from the work of recènt authors. 

3.7 Treatment Sequence Effect. 

1 

i 
1 • In many instances, it ls desirable ta extract as much of'the amorphous 

Il 

material from a sail sample as possible. Since the ex~raction procedures 

are usually specifie to iron/~luminum or silicon/aluminum, as has already 

been discussed, combinations of treatments are commonly employed. When it 

is desirable ta perform the minimum numbe~ of extractions ta a sample, i.e., 

minimizing destruction of crystalline species, the order in which the pro-

'cedures 'are performed becomes of SOrne importance. The structural position 

or arrangement of the amorphous compounds, as weIl as' the possible effects 

of one treatment on the material left in the sail by that treatment, re-

quires sorne consideration. If, for example, silica forms a coating around . 

the amorphous iron compounds, extraction of the silica will increase the 

extractability of the iron, but if the iron and silica are bath equally 

exposed, then the alkali, t~ treatment normally used to remove'silica, may 
" 

() cause partial crystallization of the amorphous Iron compou~ds, thus de-

. ~i.,~~l~ --, _._R-:-~-:",~~ Z.oii .... œ:'IiJ.iICII.IICI: ___ - .......... ; ________ a!!lII!IIISlllii!!llSIlliLl!!i(lllal!lll!llllll! .• 'I!I!&i""!._ .. ~-__________ .. __ 
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TABLE 3.4 

The Effeet of chemieal dissolutioQ techniques on 
SOrne crystalline and amorphous eompounds. 

CBna OXÂIATEb PYRO- NaOli d NaOH-CBDd KOH-
PHOSPHATEe OXALATEe 

CRYSTALLINE 

Kaolinite lb lb le 2d (2) (1-2) 

lllite lb lb (1) (1-2) 2e (1-2) 

Mica 3e 2e 

Chlorite (1-2) (1) (1) (2) 2e (1-2) 

M:>ntmorill. lb lb le (1-2) 2e (1-2) 

Nontronite 2d (1) 4e 3e 

Magnetit'e 2b 2b le (1) ( 2) (2) 

Qoethite 3b lb lC (1) (3) (1) 

" 3b lb Hematite lC (1) (3) (1) 

Gibbsite lb lb le Sd (5) (5) ... 
AMORPHOUS 

Al-SiliC:ate 4b Sb Sd (S) (5) 

1· 

Fe-Silicate Sb 4b le (5) '(5) 

Fe Oxide Sol SC Sb 2c (5) (5) 

Fe Oxide SC Sb lC (1) (5) (5) 
f Allophane 2d (1) 5d Se Se 

f 
r Effect on sail c~Eonenes: Legend: 
i ,. l - Unaffected, less tha~ 1% dissolved. a) Mehra and Jackson, 1960. 

~/ 

\~ 
2 - 1-10% disso1ved. b) McKeague and Day, 1966. 

1'< 3 - 10-50% disso1ved. é) McKeagu~, Brydon and Miles, 1971. 
~, 4 - 50-90% disso1ved. d) Hashimoto and ,Jackson, 1960. 
1. 

i> 5 - More than 90% disso1ved. e) Dudas and Harward, 1911. 

Parentheses Indicate best estimate 
of effect by author. 

~ 

0 



( 

1 

~' dt 
, '1" 

, -
~-

"'-

o 
-.. , 

• f.- -~; 
L, 1;, 

47. 

" 

creasing their solubility. The following i5 a brief summary of the available 

literature on this aspecl of dissolution of amorphous compounds. 

Hashimoto and Jackson [,1960] demonstrated that amorphous Al203, Si02 

and aluminosilicates such as allophane wer~ dissolved by 0.5 N NaOH followed 

by extraction with CBD. The authors indicated that the strong alkali re-

moved alumina and silica, while the CBn removed primarily iron oxides and 

hydroxides but also alumina from the soil. The NaOH treatment does not 

extract iron from the soi1 sa~le due ta the very 10w solubility at high pH. 

The dithionite treatment following the NaOH treatment i8 therefore necessary 
~ 

to prevent the depo8ition of the iton released from the alkali-soluble 

fraction.' Weaver, Syers and Jackson [196S] developed a simple technique 

for the determination of silica in CBn extracts and indicate that consi-

derab1e amounts of silica are re1eased by this treatment, even after treat-

ment with 0'.5 N NaOH. 

Fa11ett et al. [1965b] used 5% Na2C03 followed by the dithionite/acid 

1 

treatment of Mitchell and Mackenzie [1954] to remove amorphous coatings from 

\ " 
the crystalline mineraIs of two soil profiles, a podzol and a gley. More 

i~on was released from the samples by the dithionite treatment if the sam-

pIes were pretreated ~ith aikali. The authors attributed this increase to 

two factors: 1) The incre~sed dispersion that occurs with the Na2C03 treat

ment, and 2) the close association of the iron oxides with the silica and 

alumina. 

Wada and Greenland [1971} used chemical dissolution techniques, in con-

• 



( 

o 

• .. , ,1 

48. 

junction with infrared analysis of the resi~ue. in arder to determine the 

effect of the treatments on the soil material. They did not fo11o·-/ the 

same sequenèe of tredtmen~s as Follett .~ al. [196Sb]; the dithionite tr~at-

ment (CBD [Mehra and Jackson 1960]) preceded the extraction with alkali. 

Both the 0.5 N NaOH treatment [Hashimoto and Jackson 1960] and the 2% Na2C03 

treatment [Jackson 1956, p. 72J were emp10yed. It was found that the 

treatments effcctive1y removed the amorphous materia1 and no evidence of 

rep~ècipitated Iron hydroxides was found. The treatment with Na2C03 re

moved sma11er amounts of well-ordered material than NaOH, while the latter 

was effective in extracting allophane and gibbsite. 

Johnson and Ching-Hwan [1974] studied the effect of the order of treat-

ments on 'the amount of material extracted from a number of soil profiles. 

Identical samples were treated; in one case the NaOH treatrnent [Hashimoto 

and Jackson 19601 preceded the extraction with eBD [Mehra and Jackson 1960), 

whi1e in the other case the treatment sequence was reversed. Resu1ts showed 

that, in almast every case, the total amount of Iron oxide, silica and alu-

mina was greater when the CBD treatment was performed first. These results 
i 

are directly opposite ta the results of Follett ~ al. [l965bJ. Johnson 

and Ching-Hwan propose~ a number of reasons why the CaD extraction might 

remave more amorphous material if performed before the NaOH extraction: 

1) eBD-soluble material was coating the alumina and silica, thus protecting 

it from attack by NaOHj 2) Iron stoms incorporated into the amorphous phase 

reduce ~he solubility of the silica and alumina; and 3) Treatment with boil-

ing NaOH" causes the order pf amorphous iron oxides to increase, rendering 
.. 

them less soluble to CBD. The contradiction betw.en the results of Follett 
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et al. [1965bJ and Johnson and Ching-Hwa!l [1974] can perhaps be explained 

by the differences in the extraction procedures used by the re$earchers. 

Fol1ett ~ al. employed 5% Na2C03 to remove the silica and alumina» and 

dithionite/acid (HCl) ta remove iron compounds, while Johnson and Ching-

Hwan u5ed boiling 0.5 N NaOH and CBD. The other possiçility is that the 

soil samples used by the different workers contained amorphous materia1 in 

which the positional or structural relationship between the dithionite and 

alkali-solublè fractions was different. 

Dudas and Harward [1971] performed sequential dissolution treatments 

on a number of standard and s'oil clays. The treatments used consisted of 

extraction with CBD [Mehra and JacksoQ 1960] followed by extraction with 

49. 

boiling 0.5 N base, then a second CBD and boiling base extraction, followed 

by a further CBD extraction. Duplicate treatments were performed using 

Na OH and KOH, 50 that the different effects of the two treatments could be 

assessed. The five extrac~ions on each sample wou1d result in gr~er des-

truction of the crysta11ine phase than the two or three treatmeuts normally 

emp10yed [Hashimoto and Jackson 1960). The results of the study are a use-

fuI indication of the amount of damage that dissolution with hot base and , 

CBD have on phyllosilicates. Nontronite, an iron-rich smectite species, 

was severely attacked by the extraction p,rocedure, exhibiting a weight 108s , .... 
of 79%'with NaOH and 60% with KOR. Biotite and interstratified vermiculite-

mica samples showed weight lo~ses of 13 and 7% respectively, as weIl as minor 

vermic~litization wHh NaOH, as a result of Na substitution in interlayer 

positions. MPntmor111onite. ~hlorite, kaalinite and interstratified mi~a-

chlorite did not appear to be' appreciab1y affected by either of the disso-

~, 
.' 

, 
- .' 

" . 
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lut ion treatmcnts. 

Chemical dissolution using 0.5 N NaOH aod CBD i8 an effective menns of 

removing amorphous compounds of Fe, Si and Al, as weIl as some forms of 

crystalline iron and aluminum oxides. The damage done ta the phyllosili-

cate clay mineraIs depends on the mineraiogy, but in general will be sllght 

for most species. If the mineralogy i8 such that damage is Iikely to occur, 

then treatment by oxalate in conjunction with a hot base is probably a 

better procedure [Dudas and Harward 1971]. If the extended treatment of 

Dudas and Harward i5 ta be avoided 50 that damage caused ta the clay mine-

raIs is minimized, then it is important ta know whether the sample is to 

be extracted with hot base or CBD first. If the CBn treatment is performed 

first, then iron axyhydroxides released by NaOH are likely ta be deposited 

on the surface of the sail mineraIs. To avoid this, a final CBn extraction 

i5 required. The deci~ion as ta the order of treatments can be made on the 

basis of the amount of iron extracted with and without prior extraction 

with Na0H, the procedure which results in the largest amount of iron in the 

CBn extract being the most effective. 

3.8 Conclusions: 

Chemical dissolution techniques are available which will extract the 

amorphous material from soi1 samples without doing extensive damage to crys-
1 

talline clay mineraIs. Differentiation between different forms o'f amorphous 

and finely-crystalline mineraIs can b.e made, vith an acceptable degree of 

errpr. Certain limitations are inherent in the procédures, particularly 

... 
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for solls containing very poorly c~ypta~line or iron-rich phy11osilicate~. 

Further research into the structure and chemistry of th~ amorphous 

phase is'necessary before chemlcal annlysis of dissolution extracts can be 

51. 

used ta quantitatively define the nature of the amorphous material. Diffe-

rences in extraction techniques and the order of the'treatments signifi-

cantly chAnge the chemistry of the extracts, casting great doubt on the 

validity of statements about the chemical composition of amorphous mate-

rial based on such results. 



'\ 

1 

, 

/ 

o 

,.. 

52. 

Chapter Four: 

PROCEDURES . 

4.1 Introduc tion. 

For the purpose of the investigation, two samples containing a high pro-

portion of clay-sized material were selected. The sample referred ta as 

Queenston Shale ctay was chosen because of its strong red colour, inherent 

from the parent material fram which it had weathered, which indicated tl~t it 

contained an appreciable amount of ferric iron compaunds. The other sample, 

referred ta as èhamplain Sea Clay, sampled from the Gatineau region, was ex-

pected ta contain amorpho~s material on the basis of the study by McKyes, 

Sethi and Yong [1974J. A complete discussion of the~e samp1es will be pre-

sented in the appropri~te ihapters (Chapters 5 and 6 respective1y) on the 

resu1ts of their treatments. 

The procedures used ~hroughout are standard techniques for sail ana1ysis 

se1ected for their applicabllity to the experiment. This vas done for a num

ber of reasons: 1. in order that the res~lts 1F more readi1y comparable ta 

the resu1ts of previous researchers, 2. ta avoid controversy regarding the 

effects of the treatments on the materia1,and 3. to a110w other researchers 

ta ~pply the techniques ta their 
/ 

1 

l;sng procedural investigations. 

/ 

own research without beco~ing invo1ved with 

,The ,experiment was conducted in two phases; the first involved the se1ec-

tian of techniques from those uséd in past research, and the testlng of these 

/ 

li 
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techniques on small (usually 5 ~) samples. Following these tests, each of 

the samples t.,as examined ta determine the effect of the extraction procedure 

on the mineralogy, and the extracts were analysed for chemical composition. 

The results of Phase l were used ta choose the treatments ta be used on the 

200·g samples of Phase II. In this second phase, the treated samples and an 

untreated sample for each of the two clays were tested for their physical 

properties. These tests included the determination of the Atterberg limits, 

as weil as other tests to assess the changes in the mineralogical 9nd physi

càl prope,rties 'of the material. This chapter will outline the procedures 

used in bath Phase l and Phase II of the experiments. The results of Phase 

l, on uhich the treatments used in Phase II were selected, aré also presented 

here; the results of Phase II will be presented in Chapter 5 for the Queen-

stan Shale Clay, and in Cha~ter 6 for' the Champlain Sea Clay samples. 

1 
4.2 Collection and Preliminary Sample Preparation. 

The material used in the experiments was sampled in the field and stored 

in air-tight containers for transportation ta the laboratory. During the 

collection, transportation and prel1minary preparation, the water content of 

the material was ma~ntained at a leve1 equa11ing or exceeding the minimum 

water content that the materlal could have attained in the field, thus pre
Q 

venting any ~~evers1ble dehydrat10n of the suspected amorphous material. 

) 
, ' - \ 

Since Atterberg limita were ta be determined on the samples, it was de-

cided tbat the materia:L greater than the 40 mesh steve (420 miérons), the 

maximum size of materia1 used in the,plasticity determinations [A.S.T.M. 

" 
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1964] 1 should b'e removed prior io the s tart of the açtual experiment. The 

Queenston Sha~e Clay, which possessed SOrne material greater than 420 microns 

in size, was diluted with deionized, distilled water and passed through the 

40 mesh sieve as a slurry. The material was then dehydrated at 500 e with 

regular stirring, until the watet content reached approximately 100 percent. 

,The Champlain Sea Clay did not require sieving; the water content was raised 

ta' approximately 100 percent in arder that the material cou Id be homogenized. 

Bath samples were mixed thQroughly ànd divided into sufficient 200 g samples 

for use in the subsequent tests. Each of these samples contained the equi-

valent of 200 g pven-dried sail, calculated on the basis of the water con-

tent at the time the homogenized sample's were divided; the samples were never 

dried at any stage of the preparat~on, treatment or subsequent testing. 

These samples were stored in pol~ethele~e containers at approximatêly 100 

percent water content. J' , 

4.3 Phase 1: Evaluation of Test Procedures on Small Samples. 

" 

" 
In Phase l of the Experiment, the techniques used had ta meet twa basic 

requiremehts, in addition to being effective in remaving the soil componerlt 

they'were designed ta extract. These requirements were: 1. The sample ,had 

ta remain flocculated at aIl times since the samples contained material tao J 

fine to sediment in reasonable time in the dispersed state, and 2. The vo-

lurne of the ex~ractant had to be such ~hat when applied ta the 200 g samples, 

the volume of the extractant wauld be manageable. As a result af the latter 
r 

restriction, the procedures used were altered, 'wherever necessary, so that 

~. o "he e t ti ld b f d i f lit b k i~ the • ~ x rac ons cou e per orme n Qur- re pyrex ea ers, or, 

,;-
\, 

:~. 
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case of the extraction with boiling base, in an cight-litre stainless steel 

beaker. This aspect will be discussed more fully in the.description of the 

individual treatments t.,hich folloHS. 

Phase 1 also included a series of treatments in which the arder of the 

treatments was varied so that the treatment sequence effect could be asses-

sed. The prime consideration in this regard ~as the arder of treatments 

which would remove the largest amounts of material from the samples. The 

procedure used in this part of the experiment is discussed in Section 4.4c. 

4.3a Extraction of Soluble Salts. 

Soluble salts were extracted from the samples by the same procedure as 
. \ 

,is used to remove excess salts following homoionization procedures for X-ray 
,. 

analysis [t~lÏttig 1965) .. This procedure involves one washing with 50 per-

cent methano1, one washing with 95 percent methano1, and two' ~shings with 

95 peroent acetone.. (A detailed outline of aIl of the extraction procedures 

uséd in this experiment is contained in the Appendix.) The procedure has the 

advantages of: 1. preventing deflocculatioo of the sample during the treat

ment, and 2. preventing possible hydrolysis and alumination,of the soil com-

ponents which might result from attempting to wash samples with distilled 
r 

water. 

4.3b Homoionizat·ion:, NaCl. 

Slnce the plastlcity of clays is, in part» depend~nt on the cation ad-

sorbed op ~~I:te exchange c.omplex, éach sample was ~omoioni,zed follo.wing each 

extraction. Sodium.chloride was selected as the 9tandard for homolonization 
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since most of the extraction procedures employed reagents çàntaining sodium, 

and thus the number of salt W~ingS necessary to achieve homoionization 

could be reduced. As a basis ~r aIl of the determinations of physical pro-

perties, including the determination of plasticity, one sàmple of eacJil of the 

two claya ws homoionized ,.,ith NaCl, without any prior treatment. The pro-

cedure aaopted is similar to the standard homoionization procedures for 

soi1s [Whittig 1965]. The only difference was that only three NaCl washings 

were employed. Although three washings do not ensure complete homoionization, 

the number of washings was lirnitéd to decrease the risk of alteration ta the 

clay mineraIs in the'samples. The excess salt was washed fram sne'samples 

as in Section 4.3a. 

4.3c Extraction of Carbonate Material: Sodium Acetate Butter Solution (SAB). 

Preliminary analysis indicated that both of tbe samp~es containcd sorne 

form of carbonate material, therefore it was.deemed necessary to include in 

the extrac~ion sequence a treatmenttfàr the removal of carbonates. Two pro-, 

cëdures are commonly us'ed for the extraction of carbonates from soil samples 

as part of a pretrea";':;,~t proced~re .• · Tb~s.e ~reatments ar., 1. hydrochloric 

acid'(2 N HCl) [Pipe~ 1942], and 2. sodium aGetate buffered at pH 5.0 
r 

[Brewer 1964). Due to the suspec~ed presence of amorphous Iron compounds in 
1 

the samples, the use of HCl was avoided, since amorphous iron 18 highly sotu
\ 

ble in this medium. 

The procedure adopted for the exp~rim~nt ia from Jackson 11958], a~ modi

fied by Brewer [1964]. the ~amples were extracted twice with the sodium ace-

tate buffer solution, once on a ~~r-boiling water bath (90-950 C) and once at 
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room temperature. FollO\<ling these extrac .. tions. the samplcs were homoionized 

with NaCI (Section 4.3h) and the excess salt rem;veù (Section 4.3a) as has 

been out11ned previously. 

4.3d ExtractIon of Organic ~illtter. 

Two Jnethod::; for the extraction of organic matter were tested in Phase l 

of this experiment. TI\e first method, as out1ined belO\v, is the method of 

Hutton [1950J employing hydrogen peroxide as the oxidizing agent, while the 

second is the procedure of Anderson [1963], as modified by Brewer [1964], 

employing sodium hypochlorite at pH 9.5 as the oxidizing agent. Bath of 

these procedures were tested, for two reasons: 1. Both techniques have their 

disadvantages, the first because of the effect of the hydrogen peroxide scpa-

rating the clay-mineraI' flakes, and the second because the high pH is likely 

~~ to cause significant dissolution of silica from the samples; and 2. An effec-

tive treatment for the remova1 of organic matter is often necessary for the 

___ --~paration of repro'ducihle X-ray diffraction slides. 

(i) Hydrogen Peroxide. 
" 

The hydrogen peroxide trea~nt employed was taken from Kunze [196~]. 

The only adaptation necessary was the increase in the amounts of hydrogen 

peroxide used; the ratio of hydrogen peroxide to tt,J soil was not altered • ... 
This treatment i5 known to cause the formation of insoluble metallic oxalates 

i 

if there is carbonate or other easily soluble material present in the sail 

IFarmer and Mitchell 1963]. For this reason, the samples were treated with 
) 

the sodium acetate buffer solution as outlined in Section 4.3c prior to the 

peroxide treatment. Following the oxidation of the organic matter, the sam
.~ 
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ples were homoionized and washed free of excess salt. 

(ii) Sodiwn Hypochlorite. 

The sodium hypochlodte treatment as adapted by Bre"er [1964) conf., 

J' 
of three treatments, each comprising a 30--minute extraction with sod:i,.dm hy-

pochlorite in a boiling water bath, followed by threc washings with 1 N NaCl. 

The advantage of this procedure i5 that the samples do not need to be treated 

, 
to remove the carbonates prior ta the oxidation of organic matter. Follow-

ing the hypochlorite treatment, the material was homoionized and washed 

free of excess salt. 

4.3e Extraction of Iron and Aluminum Compounds: CBD Treatment. 

Several techniques are available for the extraction of iron and aluminum 

compounqls from soils as reviewed in Chapter 3. Of these techniques', the SQ-

dium citrate-bicarbonate-dithionit~ (CBD) procedure of Mehra and Jackson 

[1960] is probably the most widely applied. This procedure does not serious-

ly alter any of thé well-crystallized clay minerais found in weathered soils, 

with the possible exception of nontronite, an iron-rich variety of montmoril
~ 

lonite. In addition, it extracts iron from crystalline oxides and hydroxides 

in soils, sinc~ the size of these pardc1es i~ soils is usually quite small. 

Amorphous oxides, hydroxides and silicates of iro~ and al-Pminum are a1so ex-

Uacted. 
, . 
Tth1s treatment was selected because the Queenston Shale Clay. with, 

1 , 
its red 8t~n. contained the crystalline iron comp~und ,~ematite, idenrfied 

on a rand dm XRD trace (in Chapter 5). The soil:extraétant ratio was ithib 
1 

the ltmlts as stated by Mehra and Jackson. 

, 

'. 

.. 



1-- The CBD treatment ,.as cmployed in t,vo separate parts of Phase 1. One 
1 

1 

aspect was the production of a treatment-dissolution curve. by extracting 

one sample eight tirnc-s in sucçcssion, ~.,hile the other aspect was the study 

of the treatrncnt sequence effect, as oullined in more detail in Sections 4.4b 

and 4.4c respectively. 

4.3f Extraction of Silicon and Aluminum Cornuounds: NaOH. 

The final treatment tested in Phase l was the boiling NaOH extractibn 

procedure of Hashimoto and Jackson [1960J. In order that this procedure be 

used, the ratio of alkali:soil had ta be altered significantly. As employed 

hy Hashimoto and Jackson, the procedure specified that 100 mg of clay he ex-

tracted with 100 ml of alkali. In arder ta extract the required 200 g sam-

pIes at this alkali:soil ratio, 200 litres of extractant would be required. 

Fortunately the saturation levels for Al and Si in the base had been deter-
, 

mined as heing on the arder of 600 ppm. thus one of the aims of Phase l, in 

- -~egard ta the alkali extrac tian, was ta determine whether the saturation le-

vels would be reached when the alkali:soil ratio was altered ta an acceptable 

figure. 

\ 
Resulta of Phase 1. 4.4 

Chemical analysis of the treatment extracts was performed using atomic 

absorption spectroscopy (AAS)- on Jarrell-Ash, Dual Atom equipment for Ca, Mg, , , 

Na, K and Mn •. Fe and Al were also determined by AAS; Interference was sup-

pressed by the addition of 2000 ppm Na to those samples and standards ,,,,hich 

o did not already contain Na equal ta or exceeding this level. according ta 

< !, 

, 
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the procedure of Wehber ~~. [1974]. Si was 'determined colorimetrically 

by the rnolybdate blue rnethod of Wcaver. Syers and Jackson [1968). 

X-ray diffraction analysis (XRD) \-ras performed following the procedures 

of Whitti g [1965] on orienteçl aggregate slides prepared by placing 2 ml of 

2% clay suspension on a 34 X 37 mm glass slide and allowing it to evaporate 

at room temperature. Random powder samp1cs ,.,ere prepared by sift;ing air-

dried sarnples through a 70 micron sieve onto a glass siide coated with a thin 

film of vaseline. The slides were analysed on a Siemens Kristalloflex II 

diffractometer employing Ni-filtered Cu K~ radiation generated at 30 kV. 20 
~ 

mA with sUt widths of 0.6 and 0.4 mm. 

The oriented samples were analxsed under the following conditions: Mg

saturated in toe air-dried and ethylene-glycol-saturated states; and K-satul 

rated at room temperqture and after heating to 300°C and 550°C. The addition 

?f the 300DC heating stage, not included in the procedure.of Whittig, is ta 

ensure the col1apse of the vermiculite [Raman and Ghosh 1974], whi1e the heat ., \ 

treatment ta S500~ [Raman and Ghosh 1974] ra~er than SOOoC [Whittig 1965] 

was employed ta ensure that the kaolinite, if ~S1:!n{: was destroyed. In or-

der to' determine whether either of t;e clay samples contained ka01init~ the 

samples were heated for 1 ho ur in 1 N HCl. This treatment destroys chlorite, 

but does not affect the kaolinite, t~us positive identification of chlorite 

18 possible (Raman and Ghosh 1974]. 

t: 

4.4a Preliminary Treatments. 

The results on the chemistry of the extracts of the treatments, to remove 

., 
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soluble salts, to homoionizc the~le and to extract carbonates and orga

nie matter are presented in Table 4.1. 

61. 

The soluble salts extracted from the two clay samples were predominantly 

Na and Ca for th~ Queenston Shale Clay and Na for the Champlain Sea Clay. 

The large amount of Ca which was removed from the Queenston Shale Clay by 

the homoionization procedure i5 partially the result of the replacement of 

Ca by Na on the exch1nge complex and may be partially due to dissolution of 

a portion of the carbonate material. The Champlain .Sea Clay, on the ather 

hand, released primarily Ca, with smaller amounts of Mg and K, during homo-

ionization, which is due in part to the marine ~igin of this clay, and per

haps in part ta in situ weathering of primary mineraIs and carbonates. 

The extraction of carbonate materia! resulted in relatively'uniform a-

mounts of Ca, Mg and Fe for the Champlain Sea Clay, indicating that there is 

present in the sample crys~lline or amorphous carbonate compounds of thase 

metallic cations. The Queenston Shale Clay, on the other hand, released pri-

marily Ca, indicating the dominance of calcium carbonate in this sample. 

X-ray diffraction analysis (XRD) did not indicate the presence of crysta11ine 

carbonate compounds in either of the clay sampl~s, although calcite was iden-
, 

tified by }(RD in a ghale fragmént of the Queensto,h Sh~.1e Clay removed by 

sie~!ng during the init;a1 prepar~on of the mate~i:1. 

! 
1 

, 
lnorganic C was determined on the samp1es by the method of Bundy and 

'Bremner [1972,] before and after extraction with the sodium acetate buffer 80-

lution, which indtcated that prior to treat~ent the samples containe~ 11.2 

) 
,. 
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('- TABLE 4.1 

Result s of Treatments on 5 'g Samples. 

(Data cxpressed in mg/g aiJ;'-d ried sample) 

Ca Mg K Na Fe Mn Si 

Queeqston Shale Clay Treatment 

~ 
Remova1 of Solub1è Sa1ts .12 .005 .01 .14' .04 0 .01 .. 
Homoioniza tion 4.3 .10 . 42 .10 0 .02 

SAB 33.6 .57 .84 .36 .78 .17 

SAB + Hydrogen Peroxide 31.2 .39 .68 .31 .68 .17 
1 

Sodium Hypochlorite .57 .05 .76 .29 .10 'f~ 

Champlain Sea Clay Treatment 

~~val of Soluble Salts .06 .05 .02 .10 .06 0 .02 

H ionization 2.4 1.10 1.0 .10 0 .05 

SAS 3.3 2.25 1.1 1.85 .14 .34 

~. Hydrogen Poroxide 3.1 2.12 1.5 1.45 .14 .33 

dium Hypochlorite .60 .39 1.8 .20 0 .13 

~lytical Error ±10% ±5% ±10% ±5% ±s% ±5% ±5% 
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and .84 rng/g (inorgJnlC C) for the Quecnston Shale Clay and the Champlain 

Sea Clay respec.. tively; the corresponding values follow/ng the extraction 

were .05 and :1 mg/go \TIle data for the samples treated sequentially to re-
\. 

move the carbonate and<"organic matter (using hydrogen peroxide) resulted in 

J 
a significant drop (compared to the sole SAB treatrnent) in the amounts of Ca, 

Mg ,and Fe extracted fram bath of the samples. Although the procedure des-

cribed by Bre\ver [1964] (which involved one washing with cold sodium acetate 

buffer so~tion and one washing with NaCI, 'following the initial tr~atment 

to dissolve the carbonates, and prior ta the oxidation w1th hydrogen pero-

xide) was follmved, the data indicate that insoluble metallic oxalates were 

formed in the sarnple. These data confirm the work of Farmer and Mitchell 

[1963] which indicated this disadvantage of using the technique. The data on 

the mater~al rernoved by the sodium hypochlorite treatment are also confusing; 

for both sarnples, less Ca and 1'1g were removed by this treatment than by the 

homoionization procedure, thus indicating the formation of sorne insolubl,e 

compound containing these catio.ns. The explanation for this has not been 

rnentioned in the literature and no satisfactory explanation can be given here. 

For this reason, and because of the small amounts of organic C deterrnined in 

the clays by the procedure of Tinsley [1950] (.006 mg/g for the QSC and: 038 

rng/g for ,the CSC). it was decided to eliminate treatment to remove organic 

matter from subsequent experiments. 

, 
XRD analys1s of the treated samples of Phase l was performed to deter-

mine the effect of the tre4tments on the minera10gy of the clay-size fraction. 

ln order to identify the changes in physical properties associated with re-

moval of amorphous consti~uen~s. an importan-t... aspect of Phase l was to select 

.. 
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treatments which would cause a minimum of altcration to the crystalline clay 

minerals. Law-angle XRD traces of the treated samples in the Mg-saturated 

(air-dried) and K-saturated (heated ta 300°C) states are included here (Fi-

g(ire 4.1 for the QSC and Figure 4.2 for the CSC). A more complete discus-

sian of the mineralogy and a complete set of XRD traces arè presented in 

Chapters 5 and 6. 

The Queenston Shale Clay possesses an ~bundant 10.1 Angstrom mineraI, 

as indicated in both traces of Figure 4.1; the 14.3 Angstrom peak on the Mg-

saturated, air-dried trace virtually disappears in the K-saturated, 300°C 

trace, in favour of the 10.1 Angstr()JII peak, indicating the presence of ver-' 

miculite. Although the 14.3 Angstrom peak virtually disappears on the K-

saturated, 3000 e trace, the 7.2 Angstrom peak in bath ~races is interpreted 

as the second-order peak of chlorite, rather than a kaolinite peak, as evi-

den&ed by the elimination of this peak folJowing a I-hour treatment in hot 

l N Hel [Raman and Ghosh 1974]. The removal of soluble salts, the homoion1-. 
zation procedure and the SAB treatment (Traces A. B. and C Qf Figure 4.1) 

produce no significant alteration ta the m~neralogy. Variations in peak 
\ 

height, from one trace, ta another, are not positive identification of varia-

tians in mineralogy, since the slides were prepared without removal of orga-

nie matter which resulted in moderate variation in the surface smoothness of 

the slides. 

The difftactograms for the Champlain Ses Clay (Figure 4.2) indicate the 

presence of a 10.2 Angstrom mineraI, and a 14.3 Ang1Erom mineraI which col
~ 

laps!! ta 10.2 Angstrom on K-saturation an,d healjng to 300°C. As with the 
• • 

14.3 Angstrom peak of ths.,Queenston Sha1e Clay, the persistence of thé 7.2 
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XRD analysis of Queenston Shale Clay, at the,end of Phase l treat
mente: A. Removal of soluble salts. B. Homoionization. C. SAB. 
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XRD analysis of Champlain Sea Clay, at the end o{ Phase l treat
ments; A. Removal of soluble salts. B. Homoionization. C. SAB. 
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Angstrom peak on the K-saturated, JOOoe trace lndicates the presence of chlo-

rite, net kaolinite. The 8.5 Angbtrom peak, \"hich does not change, i9 iden-

tified us amphibole. The mineralogy is not changed significantly by the 

first three treatments, as is indicated by Traces A, Band C on Figure 4.2. 

4.4b Eight enD Extractions. 

The chemical analyses of eight CBD treatment extracts are given in Table 

4.2. In addition, Figure 4.3 shows the relationship between the number of 
II\. 

treatments and the CUmulative amount of iran removed. The rate at which ~if-

" ferent cations were removed yaries considerably for the two clay sediments. 

Examining the results for the Queenston Shale Clay first, it i8 apparent that 

the calcium carbonate is not destroyed by the CBD treatment until six or se- ~ 

/ 
-' 

ven~$xtractions have been performed, at which time the amount of Ca in the 
/ 

~xtract drops significantly; the amounts of ~g, Mn and Si in the extracts 

decrease as the number of.,rreatments increase8; K i8 removed rapidly during 

the first two extractions and then reaches a low but uniform value; Fe, on 
'~ 

the ether hand, is extracted very strongly by the initial treatment and then 

reaches a low but uniform value for the last four extractions. This last as-

pect indicates that the Iron in the 'sample is either amorphous or very pQorly 
~ 

crystalline, or. alternatively, i~ composed of extremely fine crystalline par-

ticles which dissolve readily in the first CBD extractions. This conclusion 

ls supported by the identification of hematite in the random powder XRD tra-

ces pr'esented and discussed in Se.ction 5.2a. The amount of Iron releascd ap-

pears to be independent of the amounts of Si removed tram clay, supporting 

the conclusion that the iron compounds are predominantly tron oxides or hy

~oXides, rat~r than amerphous or crystalline iron silicates. 

,," 
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(i TABLE 4.2 

Chemical Analysis of Eight CBD Extra.cts. 

(Data expressed as rog/g of air-dried samp1e) 

K Fe 
.. 

Mn Si Ca Hg 
/ .\ 

• ~ 
Queenston Sha1e Clay 

Extraction: 1 5.34 .12 .36 12.14 .50 .37 

2 7.70 .15 .18 1.82 .21 .24 

.J. 4.67 .11 .12 .42 .14 .21 
" 

/ 

4 3'.52 .09 .12 .42 .08 .30 ., 
5 3.03 .09 .12 .24 .07 .27 

6 1.52 .09 .12 .24 .07 .27 

7 .18 .04 .12 .24 .05 .18 

8 a .03 .12 .24 .02 .15 

" '- .. 

Champlain Sea Clay , 
\ 

~ 

Extraction: 1 .80 1. 35' .85 2.19 .09 .65 

l·· 
2 .02 .30 .55 1.25 .03 .67 

.., 

3 .01 .20 .85 .80 • Dl .60 
, 

4 0 .16 .90 .65 .01 ~65 

r: - 5 0 .16 .85 .65 0 .72 ~ r 1II~ t1-.. ,;. 

~.: 6 '0 .14 .85 • ..50 0 .65 , 
y •• , . 

.08 .85 _10 .40 .,'" 7 0 0 .. ' riv 
t . 

8 0 .10 :85 .50 0 .55 , 
l' , 

k' '. 
~J~'# 0 / Analytical Error ±lO% ±5% ±10% ±5% ±5% ±5% ,~ 

, 
, <, 
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EXTRACTIOi'1 

() Cumulativ~ extraction curve of Iron for eight CBD extractions: 
A. Queenston Sh~le clay, B. Champlain Sea Clay. 
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The Champlain Sea Clay sample exhibited significantly 'different r~sponse 

to the extr~ction procedure (Table 4.2, Figure 4.3). The am6unts of Ca and 

Mn droppcd off to zero after three and four extractions respectively, uhere-

as the K and Si levels remained relatively constant throughout the eight ex-

tractions. The initial extraction of iron from the Champla~n Sea Clay was 

appreciably less than that extr~cted from the Queenston Shale Clay sample. 

The amount extracted decreased gradually during the first four extractions, 

and thereaftet" varied in a~ manner corresponding ta the_ increases and decrea

ses of- the Si, as do the amounts of Hg. In addition, in the later extrac-

tians, the amourit of iron released was approximately tuice that o~ the Queen- • 

ston Shale Clay, indicating that there probably exists an iron~rich silicate, 
~;~. 1 

t 
such a$ biotite, which ls being bàth dissolved and degraded, as indicated by 

j 

the high but uniform arnounts of K in the extracts (seven times the amount ex-

tracted' from Queenston Shale Clay) .• . \ 
" 

... 

'\ 
For both clay .samples, tua CSD extractions appear to he effective in re-. ' . 4' 

moving the readily soluble portion of the i~on\compou~ds present in the sam-

pIe. ~ince the eight extractions employed in,this portion of the study are 

greatly in excess of the numher to he used on the 200 g samples, the residue 

" was not analysed by XRD. 

f 

4.4c Treatment Seguence'Effect: 

'Initial eXP:Eiments substantiated the findings of Follett et al. {1965b] 

that iron extraction was increased if the a1kali treatment preced~d the CBD 
, 

treatment (Tab1~ 4.3). Subsequent publication Qy Johnson and Ching-Hwan 

[1974]. after comp1~tion of Phase l of +he present work, indicated that the 
s 
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total amount of amorpholls iron, aluminun and silicon compounds 18 incrcased 

further ü the alkali extraction follo\-,1ed,t.he CBD extraction. The present 

study. hab no data on trw amounts of Si, Al and Fe extracteQ by CBD then NaOll 

procedure, but the dal,l cuntained in Tabie 4.3, \"hich indi.te that more iron 

i5 extracted after the NaŒ[ trcatment, plus the data of Table 4.4, and sub-

sequent data in Phase II which indicate that Iron is virtually i~solut;lc in 

trhe NaOH treatment, suggest that their fjndings are inapplicable with regard 

to theae ~lay sediments. 

TABLE 4.3 

The amount of Iron in eBD extracts of carbonate-free samples with 
and without -'Prior NaOH trea tment. 

. (Data cxpressed as mg/g air-dried sail) 

TREATMENT QSC cse 

~ 
SAB and eBn 14.2 4.6 

SAlt and NaOH and eBD 17.6 7.7 

Analytical error = ~5% 

The experiments summarized in Table 4.4, under ta discover the opti-

mum position of th~AB ex~raction in the sequence~ tested by extractions 

" in the following orders: A) SAB, ~aOH. eBD; CBD, SAB; ~nd C) NaOH, 

SAB, CBD. that Sequenc~ A is 

the best 

The r~lts. prel'e.ted in : 

in term~f its abilitX~~~~~~~ith the least amount of 

silica. The da~ indicate tteatment Sequence B extràcts less K from the 

sample, 
t 

destructive of th~ illitic or mica-

ceous rnaterial in the Champlain S'ea Clay sarnple. Examination of Mg-saturated 
} 

• 
" 
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).. 
sampI"" of this clay sedlID('n(: uSin~ XRD lndlcatc that in fact Sequence B pro-

duced a larw:~r degradat iO\l of tl1(> 10 An[;5trom mineraI than did Sequence A, 

despite the greater aroount of K extracted by the latter (Figure 4.4). 

The amounts of Si~~pd Al in the extracts From thé 0.5 N NaOH treatment 

vere less than 300 ppm for Si and 1ess than 200 ppm for Al; thus thE! extrac- .. 

tants removed only dbout half of the saturation capacity of !he extractant. 

Therefore the soil:extractant ratio emp10ycd in' Phase l clOu1d be applied to ,. 
Phase II of the study. 

\ 

d XRD traces D in Figures 4.1, and 4.2 refer to the residue at the end of 

the Sequence A extraction./ Examination of the Mg-saturated air-dried XRD 

trace for the Queens-F0n Sha1e Clay (Figur'e 4.1), which had undergone SAB, 

NaOH, and CBD èxtractions, r~vea1s a Blight increase in the 14.3 Angstrom 

peak 9t the expenpe of the, 10.1 Angstrom peak, indicating that slight degra-

dation or vermiculization of the sample has occurred~ as a resu1t of the re-

m~va1 of interlayer K from the 10.1 Angstrom mineraI. The asymmetry of the 

f10.1 Angstrom peak, tai1ing off in the direction of lov 2Q angles, indicates 

that the vermiculization ls a resu1t of random interstratification of the 

it1ite/vermicu1ite material, rather than the production of a separate vermi-

cuI1te phase. For the Champlain Sea Clay, th1s degradation is quite severe 

(Trace D, Figure 4.2), in keeping with the large value of K removal from the 

sample by the extraction procedure (Table 4.4). It has bcen ShOT~ tl1at the 

ease vith vhich interlayer K can be extracted iB a function of the mineralogy 

oi. the micaceouB material [Rousseau et al. 1972 and 1973]. The much greater 

degradation of the 10.2 Angstrom mineraI in the Champlain Sea Clay favours 



~. 
r· , 

-( 

o 

• <-

c.s. C. - M'g 

• 

<2.0lJ 

7.2 , 

.. 

8.5 
1 

FIGURE 4.4 

.1,\ i 14.3 
,1 

• 'L-~..---~I~-------~I~------~..---..-----~--..-------~I--..-----~j 
14 12 10 8 6 4 2 

Degrees 29 

XRD analysis of Champlain Sea Clay ~s p~rt of Phase l, determina
tio~ of t~eatment sequence effect: A. Effect o!·treatment sequence 
A •• /B. Effect of treatment sequence B.. (2 X 10 cpm Full Scale) 

74. 

.' . 
" 

;. 

j 



, 
i 

, 

() 

-----~~- -~~~~~--

75. 

the Interpretation thar this n1neral is 1 trioctahedral mica such as biotite, 

rather than a dioct~hedral soil illit~. To avoid this alteration in minera-
I , , .... -t" ~ ~ 

logy, an additiQnal trt.'atmènt I·ms perfor:ned on a 260 g sample of
tt 

the Chlllll

plain Sea Clay, crnpJoying KalI in place of the NaOH, and acid ammonium ç»(:alate 

in place of the CBn [Dudas and lIarward, 1971]. Thi~ latter treatm~nt, with 

the substitution of potassium and ammonium cations in place of sodium for the 

latter part of the extractio~ procedure, prevents the replacement of inter--
, fi 

layer K, and-thus prevents the extreme vermiculization of the 10 Angstrom 

mineral. Chemical and XRD data for t11is tre~.tmefff' are presented in Chapter ---
6. 

, , 

4.5 Phase 11: Procedures Employéd with 200 g Samples. 

Based on the ehemical analyses and X-ray diffraction analyses of Phase l, 

the following 200 g samples of eaeh of the two clays \Vere prepared for plas-

ticity analysis: 1. untreated; 2. soluble· salts extracted with sequential 

washings in 50% methanol, 95% methanol, 95% acetone, 95% aeetone; 3. homo-

.... 
ionized with NaCl; 4. carbonate materia1 extracted with sodium aeetate buffer 

solution (SAB); 5. alkali-soluble material, amorphous siliea and aluminum 

eompounds following extraction of carbonate material (SAB + NaOH); 6. Iron 
'1 

and aluminum compounds~xtracted with twc treatments of the sodium eitrate-

bicarbonate-dithionite reagent following extra~tion of carbonates and alkali-

soluble material (SAB + NaOH + CBD). In addition a sample of the Champlain 
, 

Sea Clay was prepared by the following procedure: 7. Iron and aluminum com-

pounds extracted w{th)aCid ammonium oxalate, following the extraetion'~f the 

carbonates with SAB and the extraction of alkali-soluble siliea and aluminum 

" 
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compounds using KOH in place of the NaOH (SAil + KOH + Oxalate). A complete 

outline of the laboratory extraction technjques is contained in the Appendlx. 

Chemical analysis \.,as performed on the extracts from each of the treat-

ments acco:t;ding to l-#he procedures outlined in Section 4.4, with the replace-

ment of the determination of Al colori~etrically by the xylenol orange pro-

cedure of Hesse [1971], since the chart recorder necessary for the analysis 

of Ar using AAS was no longer av:ailable. Bath techniques gave the same re-

sults, although the sensitivity of the colorimetrie technique was higher. 

"""'" 
Variations in the measurement of the amounts of mate rial removed in 

-\ Phase l as opposed to Phase II may have arisen for two reasons: 1. the 

200 g samples were treated, and the'suspended sediment allowed to settie for~ 

48 hours prior to deeantation, while the, smaJ.,1 samples of Phase l were cen-
( ; 

trifuged immediately, and deeanted, and 2. the analyses of the eKtracts for 

the smaii sampI es were combined prior to the analyticai determination, while 

the 200 g extracts were analysed individuaIIy. Therefore, the chernieai ana-

lyses for the Phase II extracts are more precise, whereas the possible repre-

cipitation of the materiai solubiIized by the extraction is more likely to . 

have occurred wlth toese larger samples. On the other hand, the longer treat-

ment cimes with the 200 g samplQ may have increased the amount_ of material 

brought into solution. 

X-ray analysis was performed on 9riented aggregate slides of the,2.0-0.2 
_!.' 

" 
micron and <0.2 micron fractions separated by centrifuge sedimentation, in f 

the Na-saturated air-dried and Na-saturated glycolated states. The decision 
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l to 3n<11) se the clay in the sod iwn-saturùted state was made sa that the beha-

• viour of theFlay, in the same state as during the Atterberg limit determi-

nations, could be assessed . 

. 
The p1asticity measurements were made. according to the procedures set 

forth by the A.S.T.M. [1964]: plastic limit and plasticity index of so11s 

(D 424~59) and liquid 1imit of soils (D 423-61T); three determinations were 

made of the plastic limit, and five values of water cont'ent at:., between 15 and 

50 blow~ of the liquid limit device were used in the construction of the 

flow-curve to deter~ine the liquid limit, 

10 

Partic1e siZé analysis was performed on the material smaller than 63 mi-

crans according to the procedure of Folk [1968), using sodium metaphasphate 

as a dispersant in a concentration of 2 g/l and 4 g/l for the Queenston Shale 

Clay and the Champlain Sea Clay samples respective1y. The sedimentation times 

were calculated according to the procedure of Tanner and Jackson [1947], in 
\ 

order ta determine the equivalent, spherical diameter of the particles by 

Stokes law. 

Specifie surface area was determined Dy equi1ibrating'air~dried samples 

over ethylene-glycol-saturated calcium chloride, according ta the procedure 

of Mortland and(Kemper [1965J. 

Cation exchange cap,acity (CEC) was determined by saturating the cation 

exchange sites with Na using sodium acetate buffered at pH 8.2 and then, fo1-
f: c) lowing washing with ethanol ta remove excess salt, exchanging the Na with NH4 
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(ammonill,l1 :H.ctate plI 7.0) according ta the proc:edure of Hesse [1971). The 

sodium content of the extracts W,"lS determlned by AA5. 

The pH of the sail was measured to 0.1 pH unit on a soil-water paste at 

twice the content at the liquid limit, using a Fisher Accumet pH metet. 

<, • 

" 

/ .. 
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Chapter Five: 

QUEENSTO~ SHALE CLAY 

5.1 Origin of Queenston Shale Clay. 

The material from which the Queenston Shale Clay sample i5 derived was 

originally deposited in alluvial fans br deltas, as a result of;. outwash from 

·highlands in the Appalachian geosyncline ta the east dUfing the late Ordevi-

cian approximately 450 million years aga. At this time the mineralogy of 

the material resembled a mixture of the sedimentary, metamorphic and igneous 

rocks of the Appalaèhian mountain system. According to Bradly and Dean C1966] 

the quartz and feldspars found in the coarse fraction of the Queenston Shale 

are ~ remnant of the primary mineralogy of this detrital material. 

( 

At the time of deposition this material undérwent weathering, which 
"-
" 

probably resembled alteration processes descrioed by Walker [1'967] in red 

desert sediments. Walker studied red beds associated with bedded evaporite 

deposits, and red muds of intertidal and shallow subtidal origin in which 

the detrital grains are'stained red due to the ~~ alteration of iron-

bearing detrital material, particularly the iron silicates hornblende and 

biotite. In an oxidized leaching environment, silica will be preferentia1ly 

removed as the weathering of ferromagnesian mineraIs progresses~ since the 

solubl1ity of Si is much greater than ferric iron under these conditions. The 

accumulated iron causes the red stain apparent in red desert s01ls and sedi-

ment similar to the Queenston Shale. The crystal~ization of hematite in 

these conditions can be considered a thTee-step process involving: 1. disso-
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lut lOn of gocthite or amorpholls fprric hydroxidcj 2. formation o} hematite 

nue1eij and 3. growth of hematite crystals. Thi& is similar to the proeess 

proposcd by Schwertmann and Taylor [1973) for the formation of goethite. Ac-

eording to Walker [1967], the formation of hematite rather than goethite as 

Jhe stable component is favoured under oxidizing conditions, even be10w the 

water table, a conclusion supported by the experimental work of ~ngmUir 
[1970]. Studies of red beds of varying ages indicate that- the crystallization 

of hematite is an extremely slow process, sinee it i5 controlled by t?e 801u

bility of ferric iron, and that red beds younger than about 10 million years 

are more likely to contain goethite than hematite. During the weathering 

process. the less stable trioctahedral micas would be expècted ta be replaced 

by d~octahedral soil illite and chlorite observed in the Queenston Shale, a1-

though the latter may also be the remnant of ptima~y chlorite related to the 

Appalachian geosyncline. 1 
, 

Following the depositio~ and in s~tu weathering of the material, the -, 
region was submerged and duriÎ"lg the S.ilu'l'1an, extensive beds of limestone, 

l 

do"tomite al)d sandstone were deposited over top of the r~d beds, which re8ult-

ed in the consolidation and induration of the material to produce the Queen-

ston Shale. 

The sample of Queenston Shale Clay analysed in this study was collected 

.. . 
from regolith o'f a steep vàlley-:::side slope of the Bronte Creek (Sheet 30 

~" 

MIS West, G.R. 972074) draining into Lake Ontario. The regolith comprised a 

poorly-sorted mixture of shale fragments and silty-clay matdrial overlylng 

flat-bedded parent shale at &depth of about 1 m. The presence of incomplete-

.. 2 ... E &3 lA &31 
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ly weathered shale debr~s in the regolith, which i8 typical of undercut 

slopes in the Bronte Creek and neighbouring streams incised into the shale, 

emphasiz~s the immaturity of the wcathered product. 

5.2 Results of Treatments on the Properties 

of the Queenston Shale Clay. 

The changes in physical and physico-chemical properties of this clay .. 
following each treatment will be discussed by treatment, rather than by pra-l ,. 
pert y, because of the obvious interaction among the different properties. 

The partieular changes in plasticity will then be summarized in Section 5.3. 
" 

The ext~aët1o~ocedures employed with the 200 g samples, as Qutlined in 

Section 4.5, are referred ta here aQ follows: 

QI: Untreated· 
Q2: Soluble ~alts extracted 
Q3: Homoionized with NaCl 
Q4: SAB 
Q5: SAB + NaOH 
Q6: SAB + NaOH + CBn 

5.28 Untreated Sample (QI). 

The chemical analyais of the soluble salts removed from the Q2 sample 

(Table 5.1) indicates that the salt concentration of the QI sample, calcula-

ted on the basis of the chlorides of the major cations, i5 about 1.6 g/l, 

, conaisting primarily o~ Na and Ca salts. 
f 

Un-oriented, random ~ ana1ysis was,performed on the 2.0-0.2 micron 

fraction of this sample, i.e., ?n about 20% of the total size r~nge. The XRD 

trace, preaented in Figure 5. le, indicates the presence of primary mineraIs in 
1 r 
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TABLE 5.1 

Chemica1 ana1ysis of PhasQ II extract s for the Queenston Shale Clay. 
(DdtR. expresscd as mg/g air-dried sample) 

Ca Hg K Fe Mn Si Al 

Q2 .1'5 .01 .01 .01 .003 .01 0 

1 .. Q3 2.83 .07 .32 .08 .08 .03 .09 

Q4 33.78 .58 .42 1.80 .53· .20 .09 

Q5 ' 37.1 .47 .98 1.13 .40 1.22 1.1 

Q6 37.7 .54 1.19 14.7 .56 2.17 2'.2 

Analytical Error ±5% ±5% ±5% ±5% ±5% ±5% ±lO% 
Il ' 

TABLE 5.2 

Summary of physical properties for Queenston Sha1e Clay. 

• 
% % . , 

% % SSA CEC pH 
sand silt clay fine soil Pw Lw PI 

, >63lJ 63-
<2.0IJ 

clay 
m2/g 

m.e./ paste 
2.0u <0.24u 100 g \ 

) 
, , \ 

Q1 
• r 

5.0 53.2 41.8 20.0 78 14.3 7.c 2 24.3 43.0 18.7 

Q2 4.4 5.2-.9 42.7 21.5 90 13.6 7.5 24.5 42.1 17.6 
, 

Q3 
, 

3.9 51.1 45.1 23.7 95 14.0 8.4 21. 9 31.4 9.5 

Q4 3.4 50.5 46.1 23.1 81 18.0 7.3 22.3 35.1 12.8 

Q5 2.6 51.4 46.0 20.0 94 15.5 7.7 23.0 35.6 12.6 
" 

Q6 1.5 50.8 47.7 26.1 7? 14.1 8.9 21.9 32.8 L(l.9 

Analytical ±.5 ±.5 ±.5 :!:.5 ±6 ±5% ±.1 ±.2 ±.2 ±.4 
Error 

() 

-
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~ 

the clay-s1zed traction. Quartz ls identified by the' weak 4.25 Angbtrorn peak 

and the strong 3.35 Angstrom peak, although this latter peak a1s'0 inc1udes the 

• third-order (003) peak of the 10 Anghtrom mineraI. 

are~nd~cated by the 3.21 and 3.03 Angstrom peaks. 

fied by the peaks at 2.69, 2.51 and 2.20 Angstrom. 

Minor amounts of fe~dspar 

HematJte is a1so identi-

The phyllosi1icate clay 

~inerals can also be identified by their hk1 diftra~tid~spacing~: diactahe-

• dral il lite is identified by the strong peak at 4.48 Angstrom and the (060) 

peak at 1.50 Angsttam. The peak at 1.54 Angstrom is attributed ta ch1arite. 

a1though it,is difficu1t ta be certain that this peak i8 not due ta triocta-

hedral mica or ta quartz [Grim 1968]. The eight CBD extractions, discussed 

in detai1 in Section 4.4b, revealed that K is not easi1y disp1aced from in-

terlayer positions. This additiona1 information substantiates the view that 

the 10 Angstrorn mineraI i$ dioctahedral, rather than trloctap~dral. i11ite. 

Since the vermicu1ite phase is'interstratified with the il1ite, the hkl dif-
" , , . 

~raction spacings will be the same as for the ~llite, since the structure of 

the octahedral layer is probab1y not affected by this interstratiflcation • 
. 

Discussion of the orientèd XRD samples which were pretreateq to remove solu-

ble salts is deferred until discussion of the Q2 samp1e. 

5.2. 

The physical P~Of the untreated sample are outlined in Ta~le 

The particle size an~1y(is reveals that the mate~ial la primarily' com.. 
" 

posed of silt-s.ized. material, while almost 50% of the clay-sized material is 

less ,than 0.24 microns in size. The pH of the sail, de!=ermined on a sail 
\ 

water paste at twice the water content of the liquid limit, is very close to 

neutral\, at pH 7.2. The CEC value of 14.3 m.eq./lOO g Is 'a little high con

siderin~ fhat" the sail contains only 42% c~ay-sized material and that ,accord-

-., 
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• 



• t 
1 
\ 

i 

l, 

1 
; 
J 

1 

, . ,! 
i '1 

"',' r· 1 
. I.~ ~_::;;j 

t' ~,~1 

o 

85. 

ing ta Grim [1968J, illite in the 1.0-0.1 micron s~ze range posse§ses a CEC 

af 13-20 ln. cq. 1100 g, indiçating that th~ silt:-sizcd matcrial may be rcspon-

sible for sorne of the CEC, supporting the conclusion develop~d below that the 

silt consists of cemented aggregatcs of clay size. This view 15 supported by 

the relatively high value of SSA (78 m2/g) which for an illitle material of 

only 42% clay size indicates that either the silt-sized ~aterial i8 contribu-

ting ta the 'SSA values, or that there is rnaterial of very.high specifie sur-

face area in the sample. 

The plasticity values (plastic limit = 2jY3 and liquid limit = 34.0) 

are in the range expected for material of this grain size and mineralogy. 

The aetivity (PI relative to the % clay-size? material present) ls 0.45, 

whieh iB slightly lower than might be expeeted (e 0.6) for illite aeeording 

to Skempton [1953a] and Soderman and Quigley [1965]. Thus, even though the 

silt fraction i5 suspeeted ta eontribute ta the specifie surface a~ea and 

cation exchange capacity of the material, it does not appear ta contribute 

ta its plastieity. This would be expeeted if the silt particles comprised 

porous aggregates of cemented elay-sized materials. 

5.2b Treated to Remave Soluble Salte (Q2). 

The data presented in Table 5.1 indicate that the chemistry of the solu-

ble salts extracted compares quite weIl with the values obtained on the sam-

pIes in Phase l (Table 4.1). Na was not, unfortunately, determined in 'the 

Phase II extracts but, on the basis of Phase l, ls assumed to share the posi-
. 

tion with Ca as the dominant cation in the "free solution. 
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The dominant clay mineraI in the c1ay-sizQù fraction is the 10.1 Ang-

strom mineraI, identHied as dioctahedral il lite; the 10.1 Angstrom peak ls 

present ~a 11 of the XRD traces for the Queens ton Shale. The traces of the 

fraction less than 0.2 micron in size indicAtes that the 10.1 Angstrom mine-

ra1 compIeteIy dominates the clay mineraI composition of this fraction. Ver-

rnicu1ite , is present as interstratified illite/vermiculite as indicated by the 

shift of the low 29 limb of the la Angst rom peak towards 12.6 Angstrom in 

the Mg-saturated, air-dried trace (Figure 5.2). compared with the K-saturated 

traces (Figures 5.3 and 5.4). The 14.3 Angstrom peak on the Mg-saturated 

trace collapses on K-saturation, air-dried and K-saturation. 3000 e traces, 

and 15 indicative of an interstratified illite/vermiculite phase rather than 

chlorite. The probaQle existence ,of a chlorite peak at 14.3 Angstrom (rnarked 

on the Mg-trace) becomes quite poor1y defined in the K-saturated, 3000 C t,race, 
. ( 

although the second-order' chlorite peak at 7.2 Angstrom remains. In order to 

detérmine whether the 7.2 Angstrom peak was chlorite or kaolinite, an un-

treated sample of the clay-sized material was treated with ~l N Hel for 

1 hour, to destroy the chlorite. The absence of a 7.2 Angstrom peak fol1ow-
, 

ing this treatment indieates that it is not due to kaolinite [Raman and Ghosh 

1974J. The K-saturated 550°C treatment results in-the élimination of the 7.2 

and 14.3 Angstrom'peakg:Yof chlorite, indicating that this was a "sail chlo-

" rite"'rather th an a primary chlorite [Grim 1968, Raman and Ghosh 1974J. 

The particle-s!ze analysis reveals that the treatment caused a decrease 

in the amount of sa~d- and silt-sized ~terial and an increase in the amount 

of clay and fine clay, compared to th~ untreated (QI) samp1e. This change 
~ 

Is rèf+ecteq in an increase in specifie surface area. In v1ew of the earlier 

1 

, 
,1 
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. Interpretation of th~ silt- and sand-sized classes a~ eemented aggregates and 

the nature ôf this pretreatment, those ch~nges are interpreted as a dispersion 

of sorne of those aggregates by the mlxing proéess. 

There i9 no signlficant (i. e., beyond expertmental error) change in ea-
, " 

tion exchange capacity as a resu1t of the treatment. On the assumptiod7that 

dispersion of the origInal porous aggregates occurred as a result of mecha-, 

nieal breakdown, rather than dissolution of cement (which might be neutrali-. '. 

zing exchange sites), no significant change in CEC wou1d be expected • 

• 
t 

The insignificant increase in the plastic limit, together with a small 

decrease in the liquid limit, resulted in a small decrease in plasticity; 

the change is consistent with the findings artd theory (described in Chapter 

. 2) dealing_with de~reasing salt conc:ntration of pore fluid for muds compri

sing illitic mineraIs. This drop may have been partially offset by the ln-

crease in clay content and specific surface aréa. 

5.~ Na-Homoion!zed Sample (Q3). 

The Na-homoionization pro~edure of Phase II resulted pri~rily in the 

removal of calcium (Table 5.1), although considerably less than was indicated 

in Pha8~ l of the study (Figure 4.1). The summation of the m.eq./100 ~ of 

80il i8 now very close to the calculated CEC value of 14.0, indicating that 

any dissolution of calcium carbonate during the homoionization procedure vas· 
\ 

insignificant. 

XRD analysls of Mg- and' K-saturated samples fol1owing homoionization re-
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vesls that no sign~ficant aiterntion occurs as ~ result of this treatmcnt 

(Figures·s.2 ta 5.4). Na-satur,ted slides of Q3 were prepared for the 2.0-

0.2 micron fraction and ~he <0.2 micron fracti~n; traces are pre~ented here 

(Traces A, Figures 5.5 and 5.6). In the Na-saturated trace of the 2.0-0.2 

fraction, the illite is identi~ied by the peak at 10.1 ~ngstrom and the chlo-
r 

rite by the peaks at: 14.3 and 7.2 Angstrom. The vermiculïte phase is. evl-
./ 

denced by the slight broadening of the 10.1 Angstrom peak in the direction of 

low 29 angles. The only change apparent on this samp1e, due ta the ethylene-

glycol saturation, is the decrease in the peak heights as a result of the 

disturbance of the orientation. The <0.2 micron fraction con tains primarily 

illite, as indicated by the dominance of the 10.1 Angstrom peak; this size -

fraction does not appear ta contain a swelling mineraI component, as indicated 

by the effect of the ethylene-glycol saturation treatment . 
• , 

'~ 

Disaggregatio~ of the sample by the increased number of treatments on 

Q3, compared with Q2, resulted in further decreases in the silt- and sand-

sized fractions, and corresponding increases in the clay and fine clay frac-

tions. In the discu~sion of Q2 it was indicated that this dispersion might 4t 
be expected ta produce a concomitant increase in specif~c sqrfacc area but 

not necessàrily a change in C~C of the sample. ln the treatment on Q3, nei-

ther property, in fa~t, showed a change in excess of the analytical error. 

The significant decrease in both the plastic and liquid limits, particu-

la~ly the latter, would be expectèd from the substitution of Na for Ca in the 

double lay~r of iiiitic mineraIs, ,S discussed extensively in Chapter Two • 
.; 

The mark~ r:se in pH ta 8.4 in this sample may a!so be significant; as dis-

cussed in ëHàpter 2, as the pH ls increased, an increasing proportion of the .. 

\ -

<, '<"-<:"',f~'" ,,- '"""';:'1 . • ......, '--":':,( 
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G~_"t 011 ~ 
~ ê'-Iay mineraIs, and perhaps of the chargeS on the iron oxide compounds, will 

, 
become negative, resulting in a less flocculated s'tructure. an~ hence a -Iower 

~ 
liquid limit. This increase in negativc charge would not be apparent from 

the CEC value, as this lA detèrmined at a constant pH 8.2 •. 

The reason for the rise in pH in Q3 has'not been established, but it 

could reflect the for~1tion of a very dilute solution of sodium carbonate, as 

à result of the 5ubstitu>tion of Na for Ca in the pO,re solution. 
~ 

\ 
5.2d Treated to Remove Carbonates (Q4). \\ 

The chemical analyses of the Q4 extr~~ts resulted in 'the removal of a 

large amou~t of Ca, believed to be dU~è Ù .. olution of calcium carbo

nate, which would cor~espond to ~Qut_9% QftQe 50il by weight. The relative-

Iy high amount of Fe extracted, aqd the felated ~~~se in Mn extracted, 

may indicate dissolution of an iron (add Mn) carbon~ "gr it may be the re

/ suIt of the dissolution of 1ron oxide and/or hydroxide ~~~bdS, ~he SAB 
'\ ", 

reagent. The Mg extracted probab'ly originates from imPurit~ in \~ calcium 

carbônate. The extraction cif K bY\he' 5AB treatment alone (i.~ in :"x~BS 
, '\ ""-

of Q3) l.s quite 8mall (0.1 ;,gig), but may inili~~~ some removal Of,\erl.ay~ 
K from the illite •. Examination of the XRD trac~~~r the SAB-treated $ample~ 

" »-i; the Mg- and K-saturated st~tes-"'('Fis~~;~~~;-to 5.'4)'ànd the Na-satur~~d . 
, \ 

state of the 2.0-0.2 micron and <0.2 micron fractions, howevex:.,. ind1cates n~\ 

significant change in the mlneraiogy of the clay-sized material. , 

Particle-size anaiyais reveals a further drop in the sand and silt frac

tions, arising from dissolution: but more probably disaggregation, of this 

.' 1 
l 
§. 

\ 
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/ 
material by the SAB treatment. The clay size fraction increases accordingly, 

although th,e fine clay fraction deereases siightly, perhaps due, ta the d1s-

solution of ve~y small colloida1 carbonate material. The significant drop in 
... 

- '}he specifie surface area from 9S m2jg (Q3) tb 81 m2jg f'~r Q4 implies that 
, a 

, 
the removal of material of relatLvely high specifie surface area which may 

in fact consist of amorphous or very poorly crystall~ne calcium carbonate. 

It 'also implies that the'major part of this colloidal carbonate materia1.was 

not attached ta other particle surfaces; if this were the case; exposure .of 

previously b10cked surface'area wou1d compensa te for 10ss of area with dis-

solution of the carbonate. Thus, although CaC03 may have existed as a cement 

in the silt fraction, the major par~ of the carbonate is believed to have 
\ 

existed as a separqte colloidaL phase. 

This removal of colloida1 carbonate would account for the observed ~r-

ked increase in CEC. According ta Krauskopf [1967, p. 157], c~lloidal carbo-

nate 1s usually positively charged, and in solutions of lo~ electrolyte con-

centration this would neutralize negative chàrges on clay plates, even w1th

out physlcal blockige of the exchange -site [Sumner and Davidtz 1965}. Rerno-

val of this material would thus be expe~ted to raise the CEe of the residue. 

1 

This increase in plasticity f0110wing the SAB treatment cannot be attri-

-
bùted conclusively to any of the other changes observe~, although it would ~'e 

consi~tent wi'th the return of the soil pH to' a more neutral levei. The effe.ct 
, 

of a change in CEe on the plasticity of a material dominated by non-swell-

1ng m1nerals of a constant size 18 not fully understood, but the ~ncreased 
" 

repulsion might be expected to lower the liquid limit. The variations in sail 

1 
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... 
fa\'ric whicl1 result from variàtion~ in pH.. and CEC will bebof considerable 

importance in determining the liquia limit of the material, although this 

aspect has not been ~dequately resear~hed in th) past~ 

S.2e Successive Treatrnents ta Remove Carbonates and Si and Al Compàunds (QS). 

~n regard to the chemical analy~s of the Q5 extracts compared to the 

'Q4 extradts (Table 5.1), the decreas~(in QS) in the amounts rif Mg, Fe and Mn 
;, 

extracted 15 of ~articular importance. TQe analysis of the extracts flom 

each step of the Q5 procedure indicates that the ~aOH treatment caused the 

precipitation of co~pounds involving these cations after previous compaunds 

had been dlsso1ved by the SAB treatment; presumably this precipitation in-
'-~ 

volved the formation of insoluble metallic hydroxides.' The increased Ca re-

leased by the Q5 sample ls related to the SAB rather than the NaOH treatment, 

indicating that the 200 g samples were not iQentical in size and/or calcium 

1 
carbonate content. 

, ' 

, . 
In additio~ to the effects mentioned above, the NaOH treatment extracted 

\ 1.2 mg/g Si and 1.1 mg/Yi Al; this material may represent dissolution of ei-
" , . 

ther amorphous or crystalline material in t~e so11., The sign'Uicant increase 

in the amount of K extracted i8 presumably due to the removal of inter layer 

K from the HUte; in view of the ~i and Al extracted by this treatment, the 
./ -

possibility that the il lite particles~ particularly those of ~.2 microns, 
" ' 

~re being at~acked by this treatment cannot be rûled out. This possibility 

was not verified. however, by' ~ analyais of the residues. 
~ 

• • 

The XRD analysi~ of the Na·satu~ated 8ampl~s indicates that ,the minera-

.~ -

, , 
~1 1 

" , , 
,i , 
, 
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logy of the sarnple ,..ras not altered br the NaOH eJttraction. The increased 
~ 

peak height of QS on Figure 5.5 for the 2:0-0.2 micron fraction is due to 

slightly differe~t l?reparation techniques employed \vith this samplei repeat
~ 

ed attcmpts to prepare the-slidc by evaporation a~ room temperature failed to 

produce a sI ide without the cla~ peeling, and the slide was therefore warmed 

at low temperature on a 'hot plate during evaporation, which produced a sati8-
. , 

faetory ~1ide, '·although the XRD trace fndicates that the orientation was 

somewhat better than that achieved with room' temperature evapor'ation. Ethy-

lene-glycol saturation has apparently disturbed the orientation slightly, 

"-sinee the peak heights for Q5 on Figure 5.6 are not significantly different 

" from those for Q4. 

Particle size analysis ~hows that further 10ss Qf sand-sized mater~al ia 
, 

balanced by an increase in the silt fraction, rather than by the clay frac-

tion as occurrèd during previous treatments. In addition, th~e i8 a shift 

in the composition of the clay fraction with a marked decrease in the fine 

clay. Both changes are interpreted as. a consequence of recementing of fine 

material due to the precipitation of metallic hydroxides. The increased spe-

cific surface area emphasizes the f1n~ness of this precipitation and suggests 

that' litt le clogging of the original surface ares in Q4 occurred, even though 

cemented aggiegateJ' developed. ,e' decrease in th~ CEC i8 interpreted ,as neu

trallzation or blockage of nëgatlv~ly-charged sites by'the Pos1tiveIY-Charge~ 

metallie hydroxides. 

\ 
\ 

" The amall, but signi~icant, increases in both th. l1qutd and plastic 11-

mit, but not the plasticit~ index, fram Q4 to Q5 may be taken to indicate 

1 

,1 

, , 
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that the precipitated material 1s acting as ,a cementing agent between parti-

cIec; nnd as sueh inereasing the amaunt of pore space at bath of the plasti-, 

city limits. 1'he cement presumably produces aggregates which are stable , 
mechanically and thus increase the arnaunt of pore water. The lack of any 

increase in the plasticity index would seern ta indicate, however, no develop-

ment of inter-aggregate bonding, as rnight be expected in electrostatic 

grounds. This increase in the lirniis would nat have been e~pected from the 

increased pH of the sail, and, the values abtained for the limits are there-

fore probably lower than would have been achieved had the precipitation of 

the hydroxide material occurred without a pH change. 

S.2f Treated to Rernove Carbonates, Si, Al and Fe Compounds (Q6). 

As for the prèvious semple (Q5), the increased amount of Ca extracted 

(compared ta ~) is the result of the SAB treatment rather than the NaOH or 

CBD extractions.- The large amount of Fe (14.7 mg/g) extracted by the CBn 
, 

treatment.occurred prirnarily (79%) during the first of the two CBD treatments. 

The Fe, believed ta have been ex~acted f,rom hematite and p~rhal?s amorphous 

iron compounds, would as Fe203 account for about 2% of the soil by weight. 

The CBD extraction completely removed the red pigmentation from the sample, 

leaving it grey i9 colour. The amounts ~f Al and Si removed by the CBD treat-

ments are similar in. ma~nitude ~o the amounts removed by the prior NaOH treat-

ment. In addition, the CBD treatment results in much more Al ~eing released 

during the NaCl homoionization than was released during homoionization follo-

wing the NaOH treatment. 

, 
XRD analyses performed for the sample treated with SAB, NaOH and CBD 

~ 
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show tha t there are sorne minor cnanges resu1ting from the extraction proce-

1 dure. Figtùe 5.2 shows that the 10.1 and 14.3 Angstrom peaks of ilUte and 
~ , 

\ chlorite, plus venniculite, 

. ~treated with SAB alonc; 

, 

respectively, are ~tter defined than for a sam-

this figure also demonstrates that there 15 no 

swelling clay mineraI present in the sample. K-saturation (Figure 5.3) 

shows the collapse of the 14.3 Angstrom peak, due to vermiculite; at this 

stage, the chlorite peak is apparently hidden by the background noise, al-

though the 7.1 Angstrom peak is still strong. The heat .. treàtment further 

collapses the vermicu1ite and causes the 10.1 Angstrom peak ta assume a much 

more symmetrical form. Heating to 5500 C (Figure 5.4) eliminates the 7.1 peak 

entirely, as a result of the destruction of the "soil chlorite", although the 

10.1 Angstrom peak i8 much less affectecf tl1an for the other samJ>les (Traces 
',' 

A, B, and C, Figure 5.4); this is indicated by the greater siZl::! of the 10.1 

Angstrom peak and the fac t that it has not shifted to 9.7 Angstrom as have 

the others. 

The Na-saturated sample of Q6, for the 2.0-0.2 micron and th'e <0.2 mi-

cron fractions, a1so indicates that the mineralqgy has not been changed 81gni-

ficantly by the treatment .as o compared ta the Q3, Q4 or Q5 traces on Figure 

5.5 and 5.6. The ethylene-glycol treatment apparently disturbs ~he orienta-

tion of the clay partieles, but does not show any evidence of a swelling com
t 

ponent in the samples. 

As with aIl the previouslY-n\.entioned samples, the treatment on Q6 re-

sulted in a decrease in the amount of sand-sized material. The amount of 

silt in Q6 1s less than in Q5, but not significantly different from the Q4 

sample. The amounts ôf clay-sized and, part1cularly, fine clay-sized material 

dl, 1 

11 
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were bath increased signifieantly. In light of these particle~size data, 
, ' 

the decreasc in specÛ1.'c surface area appea rs anomalous; these changes, how-

ever, are very similar ta rhose occurring after the' treatments on Q4 and can, 

perhaps, be expla~ned in a similar way. They are believed to reflect the re-
{ 

maval of compounds of high liipecific surface· area which were binding together 

the other sail conÎponents; in this case the compounds were predominantly iron 

ones. Support for this view is, provided by Deshpande, Creenland and Quirk 

[1968J. who :lndicated that, based on weight 108S and change in specifie sur-

face area resu1ting from the deferration of red soi1s. iron compounds in 

their samples had values of specifie surface area ranging from 100 ta 40~ 

m2 ~g, Simil" calculations for Q6 (assuming tha,t the Fe compounds .ct~ted 
for aSout 2% of the weight .. indicated previously) would in",cate a S":~f1C 
surface area of about 200 m2/g for the material extracted in 46, quite con-

sisteut with the figures above, even allowing for analytica1 error. 

The decrease in CEG as a result of the extraction procedures to a value 

well below that of Q4 snd slightly less than QS 18 not, however, entirely ~ 

keeping wi th the Pypothesis ths t iron compound8, borided to the clay particles, 

haVe been removed. The positively-charged iron oxide compounds would he ex-

pected to result in neutral1zed negative charges on- the 'surfaces of the clay 

mineraIs, and t:heir removal should, therefore, increase the CEC of the sam-

ple. The decrease can only be explalned by the removal of iron oxide com

pound" of high specifie surface arèa, which poss~ssed a slgnificant amount of 

negative charge. The determination of ctc using sodium ace.tate at pli 8.2 may 

hav~ caused the iron o~ide compounds ta deve10p ~gative surface charges sl-
o 

milar to those developed on the edges of clay partlo1es [Schofield 1949]. 

, . 
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The existence of negative charges in ferric hydroxi.de sols in alkaline solu-

tians, in contrast to the positive charge in aeid solutions, was noted by 

Krauskopf [1967, p. 158]. The similar pH-dependence d! the charge on alwni-

num hydroxide col1oids has been discovered by Van Olphen [1963, p. 20]. 

This may weIl have contributed to the high CEe value of Q4,~while removal of 

the fine iron and a1uminum '~ompounds would produce a decrease in CEe for the 

Q6 sample. 

The drop in the plastic limit, the liquid limit and the plasticity index 

to Iower values than obtained for Q4 or' QS, may be partially attributed te 

the removal of the iron compounds, binding together the soil partieles. In 

addition, the decrease may well'have been considerably enhanced by the con-

version of the positively-charged edge sites ta negatively-charged sites, 

thus causing the deflocculation of the sample durin'g the plasticity determi-

nations. The cause of this high pH is not weIl understoodi the CBO' extraction 

was buffered at pH 7.3; therefore the change in pH is due ta subsequent aIte-

ration in the H-OH balance. Adsorçtion of the bicarbonate radical on posi-

tively-charged sites during the CBD extraction may have led to the Iater se- • 
, , 

paration and dissociation to produce OH in the soil solution.' 

, 
Anothèr factor which may be of very great importance in explaining the 

decrease in plastic1ty for Q6 1s the adsorption of the organic citrate ion 

ante the edge sites. This would produce a very similar effect to that of a 

high pH, namely a system in which a11 of ,the ex,posed surfaces were negatively 

chargedj hence, dispersion would occu~ and the plasticity w~uld be great1y 

x:educed. 
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Taking aIl six samples together, no single variable offers a good cor-

relation with the plasticity index. In view of the fact that several factors 

affect plasticity, this ls hardly surprising. Cansidering the three varia-

bles, specifie 'surface area, cation exchange,capacity and soil pH, the latter, 

however. gives by far the ~st correlation. In addition, the discrepancies 

from this relationship can be accounted for by the more obvious other fac-

tors: QI and Q2, with pH value comparable to Q4 and QS respectively, have 

significantly higher plasticity indices. This i8 consistent with the fact 
/ 
) that these two samples (QI and Q2) are essentially Ga-aaturated, whereas aIl 

subsequent treatments created Na-saturated specimens. For i11itic-rich soi1s, 

the form~r should have higher PI values. It ia recognized, however, that with 

on1y six samples the statistical limitations of such conclusions are severe. 

'. 

Final1y, for t~e four Na-saturated samples, the amount of variation in plas- ".' 
1 

ticity ls extremely limited ln view of the magnitude of the extractions. 

" 

• ~ 

\ 

1 
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Chapter Six: 

CHAMPLAIN SEA CLAY 

6.1 Orisin and, Properties of the Champlain Sea Clay 

It i5 generally accepted that the sediments making up the Champlain Sea 

Clay are the result of glacial erosiaq of the tgneou$ and metamorphic racks 

of the Canadian Sh'ield [Brydan and Patry 1961, Gillott 1971]. That tliis 

material i8 generally unI.eathered i8 borne out by the facto that amphiboles 

and pyroxenes have been identified in the clay-sized fraction of the sedi-
, ,) 

ment, despite the fact that these mineraIs are very easily weathered (as in-

dicated by Jack~on's f1968] weathering sequence). The material, often refer

red to as 'Leda Clay', was deposited in the offshore waters of> the Champlain 

Sea, which encroached into the St. Lawrence, Ottawa and Lake Champlain basins 

immediate1y after the retreat of the Wisconsin glacier. The sediment was 

thus deposite~ under conditions of salinity, which varied both geographically 

and with time. 

/ 

This d'eposition of rock flour' in a saline envirorunest' has long been 

thought to be of major significance in the. production of the "qu~ck"" or 

highly sensit!ve, d~posits o~ eastern Canaqa and Scandinavia. lnasmuch as 

'sensitivity i8 strongly corre1ated with liquidity. index in these elays, and 

the deve10pment of sensitivity ~y be due to the decréase in liquid limit, 

any discussion of changes in p1asticity (as in this thes1s) must have impli

cations in t;he context of sensitiv+ty a1so. Rosenqvist [1955], Bj e~'rUlll and 

Rosenqvist {19S6], and Torrance [1974] have produced sensitive clays 

! ' r 

. 
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by the lcaching of natul,'"al Non.,regian clay, by scdimenting the material in sa-

line \vater, and subsequently leaching of the salt; the development of this 

sensitivity coincided with' a decreased liquid limit and in~reased liquidity 

index. Pusch and Arnold [1969], in contrast, failed to prod,uce a sensitive 

clay using illite hy siroilar means. In thesc latter tests, ,hm.ever, orga-

nie matter had been rerooved using hydrogen peroxide, and, as Torrance [1~70J 

has pointed out, the failure to produce a sensitive clay may have becn due 

to the oxidation, rather than due to the fact that a pure iUite had been 

used. Cabrera and Smalley [1973] emphasize a very different point, that the 

production of these highly 

these post-glacial marine 

sensitive clays isia result of the mineralOgy , of 

deposits, and 15 n01 strictly a function of the 

leaching of salt from the pore fluid. Considering that the material is coro-

posed primarily of rock flour, rather than the weathered clay. mineraIs found 

in most clay deposits, the comments of Cabrera and ~malley are perhaps of 

sorne importance, although this w~11 be discussed further in. Section 6.3. 

Although Rosen.qvist (1955) maintained the importance o.f leaching in 

changing the nature of interparticle forces~ he [Rosenqvist 1966) emphasizes 

th~t the primary consideration in thé formation of qutck-clays is the deve-. 

. lapment of repulsive forces (or the decrease in net attractive forces) caused 

by alteration ·of the pore fluid, whether ,they be ca.,.used by leaching or some 

other factor. l'n. support of t~is concept, Soderblo~ [1966] discusses the ef-

fect of dispersants on the sensitivity of marine claya ,)from SwedeQ. Natural-

ly-otcurring dispersants, such as some organic acias, soluble silicates, and 
, . 

some soluble carbonates, could produce the ,sensitivity observed in the post-

glacial clays. Similar concltlsions were made by Penner (1964) in relaUon to 
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• f 

the Champlain Ses Clays; samp~es of natural Champlain clay show a_poor cor

relation between s~sitivity and salt concentration, but a strong positive 

correlation between sensitivity and electro-kinetic potential-;-' a phenomenon 

co"!pletel~- cons t8 tent wi th Rosenqvis t' s [1966) more general thesis. The 
t 

findings of the presen,t research are a1so relevant ~n this context as dis-

cussed later in this chapter. 

McKyes, Sethi and Yang [1914) have suggested that the Champlain Sea se-

diments contain an appreciable amount Cc 10%) of amorphous material, eons1s-

ting primarily of iron and silicon compounds. The presence of this material 

in the sediments must be considered of sorne importance in relation ta it,s 
~ 

physico-chemical and geotechnical properties. One obvious effect of the pre-

. 
sence of amorphous cem€!nting material would be an increased s trength of the 

sample in an und1sturbed 'state, and indee<! Con Ion [1966] and Kenney, Moum 

and Berre [1967), almost a decade ago, attributed the high undist~rbed 

strength and apparent overconsolidation of Champlain Clay to cementation by 

iron, compounds. The existenc~6f 5ueh a cement might also account for the 

high void ratio (and thus high liquidity, index) of Champlain Clay. Finally, 

such amorphous mater1a1 ntig~t be expected to affect the liquidity index' 

through the liquid limit, the topie of this research. 

~though the origin of the amorphous phase is not yet known, the work 

of Loring and Nota [1968) and'Brewer, Macauley and Sundby [1974] on the-na-

ture of present-day sedimentation occurring in the Gulf of S~., Lavtence 1ndi-

cates that Iron and, to a lesser degree. mangan~se oxides are being precipi-

tated as coatings around partitles and/or as à' result of flocculation of iron 
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compounds near the junction of the fresh and saline Gulf water. Considcring 

the high content of lron in the amorphous phase, as discussed by McKyes. 
~ 

Sethi and Yong, the possibility that this amorphous material was deposited 

on the malerial pr~or to deposition may be of great importance when cons ide-

ring the observed open floccu1ated structure of the undisturbed Champlain Sea 

Clay [Gillott 1970]. 

Although laboratory studies, sucn as th7 1eaching experiments mentioned 

• previous1y, have resulted in alteration of the phy~ical propertie~ of the 

material, they cannot be expected to simulat'e the development of ;v?ry_ high 

sensitivlty values by pro~e~ses directly comparable with those ~~eurring in 

Nature. Several thousands of years of natural leaching may have produced 

changes not only in the pore fluid but also iri the minera~ogy of the material 

itse1f. For e~mple. the sensitive clays have been shown [Soderman and Quig-

1 ley 1965J to contain a small, but perhaps very important, portion of swel1i~g 

~lay mineraI; thls material i8 presumably due to in situ alteration. sinee ft 

ls not part of the Canadian Shield mineraI assemblage from whi<h ~he rock-
1 

flour has originat~d. 

, 
The sample of Champlain Sea Clay used in this study was taken from the 

• 
Gatineau regiont about six miles north of Ottaws'(Sheet 11 G/l2 Et CR 496404), 

fram the side of a fresh (about 2 years old) road eut, ~ampled at a depth of 

1 m, a1though this ie in fact about 10 m from the original ground surface. 

• 

.. 
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Results of the Treatments on the Properties 

of the Champlain Ses Clar' 

As was done for the Queenston Shaie Clay', the results of each treat-
. 
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ment on the prûperties of the ChampIai~ Sea Clay will be discussed indivi-

dually. The samples will be referred to as follows: 

Cl: 
C2: 
C3: 
C4: 

,,",CS: 
C6: 
C7: 

Untreated . ( 
Soluble salts ~emoved 

'Homoionized ,,,it~ NaCl 
, SAB 

SAB + NaOH 
SAB + NaOH + CBD 
SAB + KOH + Oxalate 

6.2a Untreated Sample (Cl). 

\ 

The chernical analysis of the extraets from C2 (Table 6.1 and the Na con-

centra tian determined in Phase 1) indicate the salt concentration of tpe sam

ple Cl to be about 1. 3 g/l, based on the calcui~ion of tl.1e chlorides of' the, 
, 

major cations. Bearing in mind that the sample was taken from weIl below the 

surface, extensive leaehing might searn surprising, although this would in any 

case depend on the detailed stratigraphie variation in the juxtaposition of 

permeable sand and l~ss permeable clay 9trata~ for which no information 18 

available. 

) 

. ' 
In the untreated state, the particle size analysis (Table 6.2) revealed 

( , ' 
that the material was predominantly clay-size, of which almost one-half (44%) 

o • , 

was <0.24 microns equivalent'spherical diame~er. The other 26.3 percent of 
. " 

the material was sUt" whlle the amount 'of sand-sized material was below the' 

range of accurate detection • 
. " 

>il .' + 

.1 
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TABLE 6.1 " 
- " 

Chemical analysis of Phase II extracts for the Champlain Sea Clay. eJ?' 

(Data expressed as mg/g air-dried sample) 

t 
Ca Mg K Fe Mn Si Al : 

C2 1 .08 .03 .03 .02 .003 .009 .05 

C3 1. 28 .71 .62 .04 .010 .05 .09 

C4 2.06 1.58 .81 1.54 .15 .31 .20 

C5 2.1 1.7 2.6 1.01 .12 6.8 3.9 

C6 2.1 2.0 2.,9 5.7 .17 9.8 5.1 

C7 2.9 3.3 nd 9.2 .20 9.6 1.6 

Ana1ytical Error :t5% ±5% ±5% :t5% ±5% ±5% ±IO%: 
,. , 

:;.~ 

TABLE 6.2 :) Summary of physica1 propertiès for Champlain Sea Clay. 
,~ 

. 
% % 

% % SSA CEC pH 
sand sUt clay fine • m.e .f soi1 • 63- clay Pw Lw PI 
>63~ <2.OJ,J m2fg 100 g 'f 2.011 .. -. .p<0.24~ paste 

, 

[ 16. 3 
( 

Cl <.01 26.3 73.7 32.3 '90 7.9 30.3 55.4 25.1 

C2 <.01 22.6 77.4 33.2 98 16.5 7.7 28.9 59.3 30.4 

C3 <.01 24.2 75.8 33.0 94 - 17.7 7.8 28.2 58.0 29.8 
. 

C4 ( <.01 26.3 73.7 30.4 82 ;22.2 7.4 27.9 50.2 22.3 

C5 <.01 25.6 74.4 30.3 78 ! 23.0 7.4 27.5 54.6 27.1 

è6 <.01 25.5 74.5 30.2 80 17.0, 8.5 24.6 42.9 18.3 

C7 <.01 24.0 ' 76.0 33.5 " 85 14.6 7.1 22.1 32.9 10.8 
! 

-0 
:At1a1ytièal 

1 . / 

t.S t.S ;;:5 t6 ±5% t.OS -±0.2 ±0.2 :tO.4 Error 
/ : 

, 

. . 
, 
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. I~'order to determine the minera1~gy of the Champlain Sea Clay, a random 

mount was prepared so -that the primary mineraIs ~nd phyllosilicates could be 

identifiêd. quartz is id-entified by the small peak at 4.25 and the much 

,stronger peak at 3.35 Angstrom, although this latter also coincides with the 

third-order peak of the la Angstrom mineraI; feldspar ia identified by the 

peaks at 4.04, 3.20, 3.15 and 2.95 Angstrom. The amphibole, at 8.4 An~strom, 

,shows up clearly on the oriented traces, i.e., Figure 6.2, but i9 ~ly pre

sent as a weak peak in Figure 6.1, indicating that this material 15 ~obably 
composed of cleavage fragments, such that the 8.4 Angstrom peak is enhanced 

by orientation of' these partic1es. 

\ 

The random XRD trace allows for the identification of both illite, a di-

octahedral 10 Angstrom mineraI, and biotite, a trioc~ahedral 10 'Angstrom mi-

nera1. The iiiite is distinguished, on the basis of peaks at 2.56 and 1.50 

Angstrom, from the biotite which has similar peaks at 2.64 and 1.54 Angstrom 

[Grim 1968]. Although ch10rite'is a1sq a tr~octahedral mineraI, it does not 

pO$sess strong peaks at either of these Angstrom spacings, altRough the chlo-

rite ls identlfied, on the random trace, by the strong but broap peak at~.48. 

Considering the high proportion of clay- and fine clay-slzed material, the 

specifie surface area of 90 m2/g la rather low. This perhapa reflects the unu-
7 

suaI shape of the clay-sized materials in the sample. For a constant "equ4.va-

lent spherlcal dlameter", it might be expected that, the specifie surface area 

would correlate inverselr with the actual fo~, or degree of equidfmensiona-

lit y, of the particles. Inversely, clay mineraIs have high specifie surface 
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area not only because of their small size but a1so because of the~r blade 

shapes. ·In contrast, roc,k flour, though angular, is believed to comprise. 

1 particles of 1l10re equant shape and, hence, lOi-ler specifie surface area. An 

exception ta this appears ta be quartz [Moon 1973, Smalley and Cabrera 1973J 
. 

which, on grinding, may attain plate shapes. Quantitative XRD analtsis of 

other Champlain Sea Clay samples [McKyes, Sethi and Yong 1974] lndicates, 

.hawever, that quartz i8 a minor (c 10%) constituent of the crystalline compo

Vnents of the sediment. The relaltively 10w CEe value of 16.3 m.e./IOO g is 

also indicative of the presence of non-clay~erals in the clay-sized frac

tion •. 
. ' 

The-values o~tained for the plasticity limits of Cl are 30.3, 55.4 and 

~5.1,for the plastic limit, liquid limit and plasticity index respectively, 

values which are considered low, in comparison tb material with a simi~ar 

percent clay from the Ottawa ar-ea [Sangrey and Paul 1971]. 

6.2b Treated ta Remove Soluble Salts (C2). 

, The chemical analysis of the treatment extracts are presented in Table 

6.1; as witp the"extracts for the Queenston Shale Clay sample, Na ~ not 

determined on the Cl extracts. The value obtained for Na from Phase I~ 0.10 

mals_ ls slightly higher Fhan the value for Ca in Phase Il; the concentrations 

of other cations are significantly lower than~' those of Ca. ,The value obtain

ed for Al extracted appears to be quite h1ghi th1s is not readily explained 

in light of the mVd nature .of the extractant~' 

XRD analysie on an oriented sample of the fraction Ies8 than 2.0 micron 
.' . 
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in siee, as part of the Phase 1 study, allows for the identification of the 

mineralogy.. Quartz 10 identlfied in Figure 6.2 by peaks at 4.25 Angstrom 

and 3.35 Angstrom, while the peaks at 4.04, 3.19 and 3.13 Angstrom are diag-

\ nostlc of feldspar. The 8.4 Angstrom peak has been identified as amphibule 
<::-./ 

by sorne authors, for example, McKyes, Sethi and Yang [1974],and others,. 

and as a regu1arly in~~rstratified clay mineraI by others [Soderman and 

Quigley 19651. The persistence of this 8.4 AngstroID peak in the K-saturatep, 

550°C diffractogram (Figure 6.4) favaurs the interpretation that this peak 
\ 

is due ta amphibole. 

The clay-sized fraction also contains phyllosilicates. The peak at 10.2 

Angstrom in Fi~re 6.2 indicates the presence of il1ite and, as demonstrated 

by the randam XRD trace (Figure 6.1), biotite. Vermiculite, or degraded'mica, 

i5 indicated by the asymmetrical 10.2 Angstrom peak and the peak at 14.3 Ang-

l;>tram in the Mg-saturated, air-dried trace, which co11ap5es ta 10.2 Augstrom 

in the K-saturated, air-dried~ and heated to 3000 C traces (Figures 6.3 and 
, 

6.4). Chlorite is identified by the persistence of the very small 14.3 and 

7.2 Angscrom peaks in the K-saturated 300°C trace, which disappear on heating 

ta 550°C (Figure 6.4). Soderman aud Quigley' [1965] identify this mineraI 

as an iron-rich chldrite, whic~ therefore exp1ains the 1ack of a we11-defined 
, 1 

14 Angstrom peak and the presence of a much stronger, second-order 7.2 Ang-

str~ peak. The presence of a swel1ing clay mineraI in C2 is indicated on 

t~Mg, ethylene-glycol trace by the rise in background noise between the 

14 Angstrom peak and lower 29 angles, which virtually "fi1'\s-in" the trpugh, 

visible in the Mg, air-dried trace (Figure 6.2). MOntmor11lonite has a 12.4 

to 12.8 Angstrom peak in the K-saturated, air-dried state; the very 1aw 

{, 

1-
'{ 

J 
'; 
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FIGURE 6.4 
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level of ba~kground in this region (7 0 29) in Figure 6.3 does not lend itself 
r 

ta the interpretation of the swelling mineraI as montmoril1onite. aithough 

it could be a swelling chlorite, or perhaps ~ portion of the mixed mineraI, 

i~lite/vermiculite, which has ha& SOrne of the net negative cqarge, satisfied 

by the adsorption of amorphous iron compounds"as indicated by Soderman and 

Quigkey [19651. This last aspect will he discussed st greater length in re-

lation to the extraction of iron and silicon compounds. 

The treatment, with its mixing steps, has caused noticeable disaggrega-

tion of the silt, with a corresponding increase in the amount of clay-sized 

material, and a much smaller increase in the fine clay fraction (Table 6.2). 

The increase in specifie surface area! from 90 (Cl) ta 98 (C2) mirrors this 

~isaggregation although the change i8 within the degree of analytical error 

inherent in the techniq~e. The slight in~e in CEG is not significant', 

in relation ta the analytical error. 

The increase in pla~t1city aS a result of the removal of the salt 1s 

'" ,the oppoeite of that expected by the leaching theory for illitic-rich mate-

rial. The reasons for this increase are DOt known. In part" it may reflect 

the disaggregation of sorne of the' silt into clay-sized materials» but in 

view of ~hè increase in activity (0.34 to 0.39), this ~s unlikely to be 

the major cause. -lt may reflect the existence of swelliug mineraIs in t~~ 

materials. A third possibility is tbat minor o~idation of ~ron compourids. 

oc~urred during th~ treatment, a'factor known to increase plasticity [Moum 

and Bosenqvist 1957] • 

'II 
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6.2c Na-Homoionized Sample (C3). 
J 

The homoionizatio~ procedure resu1ted in the extraction of a considera-

hIe proportion of Ca from the sample (1.28 mg1g) and lesser amounts of Mg 

• and K (Table 6.1). The amounts of the divalent cations Ca and Mg -form a 

larger proportion of the exchangeable cations than the monovalent cations, 

since the amount of Na origina11y on the exchange sites cannat be determined 

from the NaCl homoionization extracts; this ca1culation was based on the CEC 

and the m.eq./l00 & of the âivalent cattpns exchanged during the homoioniza-
, 

tion procedure. This i8 in keeping with the preferential adsorption of these 

divaient cations by clay mineraIs [Yang and Warkentin 1975]. 

The XRD traces (B) presented in Figures 6.2 to 6.4 indicate that the 

homoionization procedure does not affect the mineralogy, although Jor some 

unexplained reason. the 8.4 Angstrom peak of amphibole i8 virtually absent , 

from the K-saturated ,5500C trace (Trace 'B~ Figure 6.4). The Na-saturated 

traces, Figures 6.5 and 6.6 for the 2.0-0.2 and <0.2 fractions, indicate the 

dominance of the 10 Angstrom mineraI and the broad shou~der in the region of 

12.5 Angstrom indicates the presence of the vermiculite portion of the mixed-

layer mineraI./ The chlorite peak at 14.3 Angst~om is not defined, although 

the presence of this mineraI in the 2.0-0.2 mi ron 'fraction i9 indicated by 

the }.2 Afgstrom peak. The fO.2 micron fract on produces a trace with rela-

tively poor definition of any of the cla~ mi erais. confirming 

phous (ta XRD) ~ture of ihis materiai. 
1 
! 

the amor~-

k " 

The·partiel~.i.e ~nalyai~ data rev;L1S a lurpriaing inerease in the 

amount of silt-sized mateda,l. ind'icatipg that perhaps aggregation of the 

'. 

J .-
1 
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'. 
clay particles has taken place, since the amount of material extrac~ed is 

insufficient .to account for the relative drop in the amount of clay-siz'ed 

material. The other"possibility is that the sample was not completely homo-

geneous and the increase in the amount of silt ls independent of the treat-

ment. Despite the change in the grain size analysis, the specifie surface 

area does not differ significaptly from Cl and C2. The increa~e in CEe to 

a value of 17.7 compared to 16.3 (Cl) and 16.5 (C2) ls likewise not in ex-

cess of the ana~tieal error. 

There is a smal1 decrease in plasticity as a result of homoionization, 

but this may merely reflect the decrease in the clay-size fraction; the ac

tivity (0.39) remains unchangedl The actual decrease in both of the limits 

i5 mi1dly surprising in view of the possible aggregation of clay particles 

into silt aggregates, but in any case i5 not a major change. The minor ex-

tent to which Na-homoionization affects the p1asticity is somewhat surprising 

in view-of the predominance of divalent cations on the original exchange CQm-

plex. 

6.2d Treated to Remove C§rbonates (C4). 
il 

""" ..... 
Th.e SAB extraction, performed on C4, resulted in the extraction of a sig-

nif1cant po~tion of Iron and lesser amounts (relative to the homoionized sam-

pIe Q3) of Ca and Mg. This may be due ta the remaval of iron carbonates, or 

lt could be due to the production 0; ~oluble Iron acetate from the most rea-

dily ,soluble iron compoUnds in tpè sampI~. The amounts of Mn,· Si and Al are 
" < 

a1so greatly in excess of the amount removed by the homoionization procedure, 
1 

whl~h may indicate either cheœical or structural association b~tween the car-

" 
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bonate and Fe, Mn, Si dnd Al cornpounds in the materiai. The SAB treatment 18 

considered, to he too rnild to dissolve the crystalline silicates; thus the ma-

terial extracted i8 most probab1y amorphous. 

The XRD ana1ysis of the <2.0 micron fraction reinforces the conclusion 

that no significant a!teration in the mineraLogy of the phyllosilicates has 

occurred~ although the slight broadening of the 10.1 Angstrom peak tn Figure 

6.2 does indicate that the removal of interlayer K has resulted in slight 

vermicu1itization of the illite/vermiculite mixed mineraI. This vermiculiti-

zation is also observed in the Na-saturated (2.0-o.2~) ~race (Figure 6.5), 

whereas the Na-saturated «O.2~) trace (Figure 6.6) indicates that the SAB 

treatment has not enhanced the c}ay mineraI peaksj in fact, they are less 
. 

well-dêfined than for C3. although this could merely be a function of slide 

prepa ra tian. 

i 

The amount of silt has again increased at the expense of the clay-sized 

fraction, while much of this decrease (in clay) ls apparently due ta the re-

moval of material from the- <0.2 micron fraction. Quantitative analysis pf 

the extracts and assumptions regarding the cation:anion weight balance, indi

e 
cates that dissolution could account for a weight lOBS of about 2 percent; 
• 

...--
if this occurred primari1y within the clay-sited fraction it would easi1y 

account for the observed relative increase in siit. 'The drop ~n specifie 

surface area is a1so in keeping with the removal of very fine material of 

high'specific surface area. The CEe value increased signific~ntly, indieating 

that the removal of this fine ~terial has exposed a 9ignifica~~ly large num

ber of negatively-charged ~change sitss. As with the Queenston Shale sample, 

" 

,~ 
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,\ ! 

th/s is consistent with the removal of colloidal carbonate material 

[Kr~SkOPf 1967]. 

/ There is no significant change in the plastic limit. follmv-ing the SAB 

treatment, but the liquid limit, and hence pla5ticity, decreases markedly. 

Although this decrease coincides with a sharp decrease (2.1%) in the clay-

sizèd fraction, as noted, there i5 also an appreciable fall in the activity 

from 0.39 to 0.30. This drop can be explained, perhaps, by the removal of 

positively-charged colloidal carbonate compounds from among negatively-charged 

clay particles, thus decreasing the remoulded strength of the material. 

6.2e Successive Treatments ta Remove Carbonates and Si and Al Compounds (CS). 

The NaOH treatment, following the SAB treatment, resulted in the repre-

cipitation of Fe compounds (and to a much larger extent Mn compounds) which 

were not entirely removed from the sample by the SAB treatments. The large 

increase in the pH of the soil solution on the addition of the 0.5 N NaOH 

presumably caused the formation of insoluble iron hydroxides, which were not 

removed by the subseqùent NaCl washings. The increasê in the amounts of Mg, 

K, Si and Al removed may be partially due to dissolution of the trioctahedral 

mica; this is'consistent with the decrease in silt-sized material and the 

lack of incr~se in the fine clay fraction «0.24 microns). Additiona! data, 

not presented, on the <0.12 micron ftaction, indicates that there was in fact 

an increase of 3 percent in the ~unt of this very fine material. This lat-

ter data, therefore, does not indicate the dissolution of fine mineraI grains. 

o The XRD analysis of the Na-saturated samples indicates a significan~ 

• 



o 

o 

-

123. 

" change as a result of this extraction procedure. On the 2.0-0.2 trace (Fi-

gure 6.5) the 10.1 Angstrom peak is broadened considerably in the dir~ction 
\ 

of low 2e angles, aJthaugh the absolute magnitude of the 10.1 Angstrom peak 

is not diminished compared to the C4 sample, indicating a degradation or ver-

miculitization of the mica fraction. The emergence of a strong 14.7 Angstrom 

peak indicates that deposition of iron hydroxides in inter1ayer positions has 

-caused the production of a new chlorite phase; this is also suppo~ted by the 

increased size of the 7.1 'Angstrom peak. The 1ack of 'sign1.ficant change be-

tween the Na-saturated and Na-saturated, ethylene-glycol traces for thls sam-
, 

pIe indicates that the swe1l1ng-minera1 portion of the clay materia1 has been 

stabi1ized by the precipitation of the iron hydroxides. The XRD of the fine 

clay fraction (Figure 

severely degraded (as 

6.6) indicates ~hat the 10.1 Angstrom mineraI. although 

ind~cated by th: broad plateau from 10.1 àngstrom to 

iow 29 angles) is emerging ~n this size fraction. 

~ 

The decrease cific surface area is not significant, nor ls the 

increase in CEe. ably the CEC would have increased still further had 

the Na OH treatment reprecipitation of iron hydroxides on the 

mineral surfaces. 

The inSignif~nt decrease in the plastic l~m~ is accompanied by a 
/ , 

8ignl~lcant ~~y~e ~ the liquid limit, and hence plasticity. The only ~lg-

nificant ~ânge~@'J~ed in comparing C4 and C5 are, firstly ~ the precipita-

'. 
UOn Qf the iron o~idesJ and, secondly, the large increase in fine colloida1 

materaIs, believed to be ., dispersed' b~otite. Those changes would provide 

opposite effects in te~s of electrostatic surfaee charges; hence; perhaps, 

, . 

\ 
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• the lack of ~ significant change in CEG. The increa~e in abundance of bath 

,positive/and negative electrostatic charg7s would be expected, however, to 

augment resistance to shear and hence increase the 1iquid 1imit. ln addition, ! 

thechloritizatlonof the vermiculite,'and the stabl1{zation of the swelling 

mineraI, would act to decrease the 1iquid limit by reducing, the amount of 

intracrystalline water during the plasticity detèrminations. 

6.2f Treated to Remove Carbonates, Si, Al and Fe Compounds [NaOH-CBD] (C6)~ 

The data '6n the chemical analysis of the C6 extracts are presented in 

Table 6.1. The most significant effeet of the treatment is the removal of 

a large amount of Fe and lesser amounts of Si and Al. The relatively small 

increase in the 'amount of K extracted ean be considered to support the con-

cluaion that the CBn treatment has not greatly attacked ~he phyllosilicate 
, 

mineraIs, although an alternative explanation is that' the treatment dissolved 

the phyllosilicate flakes dispersed by the NaOU treatment, sinee if the propor-

tion of (Mg,Fe)Al:Si ls considere4 the composition can be seen to be rela-
c 

tively close to that of a (trioctahedral) biotite mica\ The dissolution 

versus the extr~ctiQn curve presented in Cnapte.r 4 (Figure 4.3) ind,iestes 

, that the iroD removed initlally ls much more readily extracted than the iron 
(: ,-

in the later ex~ractions; thus the CBn treatment 18 felt to remove a signi-

ficant proportion of amorphous mat~rial, although the NaOH-CBD treatment has 

been shown to have an adverse effect on the biotite mica [Dudas and Harward 

l~71J. 

o ~e XRD analysis of Mg-and- K-saturat" ~ 'didee indicates thaJ: 
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the miner,alogy has been somewhat transformed by the NaOHïCBD treatment.. Fi-

gure 6.2, Trace Dt for the sample ln the Mg~saturated, air-dried state indi-

cates that the mica has been large1y transforrned into vermiculite. The 14.3 

Angstrom peak is 1arger than the 10.1 Angstrom peak; that this 14.3 Angstrom 

material is large1y vermiculite is demons,trated by the strong 10.1 Angstrom 

peak follotJlng K-saturation (Figures 6.3 and 6.4). The 7.1 and 14.3 Ang-

'\.. 
strom peaks on the K-saturated 300°C and 5500 C traces indicate that the chlo-

y 

rite ls not severe1y affected by this treatment • 

. 
The diffractogram of the Na-safJtated samples for the 2.0-0.2 micron 

fraction shows strong 10.1 and 12.3 Angstrom peaks indicating the vermiculi-

tization of the materia1 as mentioned above. Glycol saturation of this sam-

pIe results in a shift of the 12.3 peak ta 13.6 as a resu1t of sorne minor 

swelling of the vermiculite, but no chang~ in the intensity of the background 
, , 

• 
in the region of 18 Angstroms. Soderman and Quigley [1965] have observed a 

similar change in a sample of "Leda Clay'; of very similar minera10gy to the 
. 

Champlain Sea Clay sample studied here. They attributed the elimination of 

... the swelling mineraI, listed as montmorillonite fSoderman and Quigley 1965, 

p. 182], ta the remaval of interlaye~ Al and Fe hydroxide cornpounds, which 

had acted ta reduce the net charge per unit cell, and hence allowed the un-

extracted material ta sweli to 18 Angstroms on ethylene-glyeol-saturation. 

Jackson {1968J terms this type of mineraI swelling chlorite, a distinction 
-

that seems appropriate ~ere, in light of the rock-flour origin of the sedi-

ment. 

o The particle size analysia indicates that no significant changes have 
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taken plan> in the partic1e sizE' analysis, indicating that the'omaterié;tl has 

been reffiOt'eJ relativcly unif0IJ!Ù-1"Jrom a11 size fractions, or, more 1ikc1y, 
( ...... - ' 

that" the material has been extracted primarily from the clay size fraction 

and the particle size distribution has been adjusted by means of disaggrega-

tion of the larger particles, due to the remov.-J.l of cements, to I?roduee the 

sa me distribution. 

The specifie surface area has not changed significantly from the value , 

obtained in C4; on the other hand, the decrease in CEG is quit~ significant. 

This decrease is similar to the change observed in the Queenston Shale Clay 

~s a result o'f the eBD treatment; and rnay similarly be attr'ibuted ta the re-

moval of rnaterial with a high negative charge. In this regard, Herbi110n 

and Tran Vinh An [1969] have discussed the form of "silicon-iron mixec1 hy-

dro-xides" which, if present in the Champlain Sea Clay samp1es, as proposed 
• 

'by McKJes, Sethi and Yang [1974] would possess a large negative charge. The 

data for the amount of silicon extracted by the CBD treatment, which was not 

l ' 

removed by the alka1i dissolution procedure: would seem to favour the inter-

pretation that there ex~sts a mixed silicon-iron ~hase which, on the basis 

of its ease of extraction, might weil be amorphous. 

The "'plasticit y of. the C6 sample is considerably less than that of c4 

or CS; a number of possible explanations for this are availablè: The re-
l 

maval of material witho,a high CEC, such as the amorphaus iron-silicon ~ydro

X1des suggest~d by the wark of H~rbil1on and Tran Vinh An [1969J would de-

crease the electrostatic forces acting between particles. and thereby reduce 

the strength of the material. The increased pH and the concomitant increase 

.. , 

'. 
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in negative1y-charged edges, as indü:ated for kaolinite by Schofield and 

Samson [1954) would cause the sample to deflocculate. In addition. as men-

tioned for sample Q6 ln Chapter 5, the adsorption or fixation of the citrate 

ion on edge sites would have the same effect as an increase in the pH, name-

ly the dispersion of the material. In this èontext. the successive change 

in sedimentation volumes (in 1 N NaCI) after each treatment from C3 to C6 

(discussed in Section 6.3) supports this conclusion that the drop in liquid 

liroit arises fram a marked defloccu1ation of the sediment. 

Quigley [1972], in li discussion of the possible effects of the CBn treat-

1 
ment (and an EDTA treatment, which is also a complexing technique for the 

removal of iton and aluminum compounds) on the resistance of a remoulded 

Champlain Sea Clay (and by inference on its liquid limit) interpreted a de-_ 

crease in strength. at constant water content, as a result of conversion of 

the swelling clay mineraIs present ta vermiculite; the reduced interlayer 

water \.ou1d produce an inerea'se in intererystalline water and thus a decrease 

in resistance (and also liquid limit). Such a change should aiso produce an 

increase, in CEC, as a result of the removal of the iron and aluminum hydroxi-

des from negatively-charged sites; this did not oecur in sample C6, and fails 

to substantiate this view. 

6.2g Treated to Remove Carbonates, Si" Al and Fe Compounds [KOH-oxalate} (C7). 

The increase in the emount of Ca remQved by· the C7 treatment 16 not dug 

to the effect 'of the KOH-oxalate, but rather represe~ts an increase in the 

amount of Ca extracted by the ~ni tial sAli treatment. The discrepancy with 

the other SAB-treated samples is thought to be due p~imarily to inhomogeneity 
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among the samples. Significantly more Mg and Fe were removed by this ~reat-

ment although Dudas and Harward [1971 J found that the KOH-oxalate treatment 
• 

Wàs less destructive to the phyl1osilicates, particularly in regard to bio-

tite, than the NaOH-CBD treatment. Sorne of the differenc.e is pr'obably due to 

the more rapid treatment of this sample in which a centrifuge was employed to 

sediment the material. avoiding the prolonged gravit y sedimentation. The a-

mounts of Si and Al are less than the amounts removed by the NaOH-GBD 

treatmént, which supports the cono.lusion that 1ess of the phyllosilicate 

clay mineraIs were destroyed. In particular the amount of Al at 1.6 rng/g 

re~ved is less than the v~lues of 3.9 rug/g (CS) and 5.1 mg/g (C6). a1though 

McKeague and Day [1966] present evidence tha t the- oxalate is a stronger ex-

tractant of Al than i5 the eBD. 

The XRD ana1ysis indicates that the 10.1 Angstrom mineraI was not serious-

ly degraded by the KOHroxalate treatment; the increased intensity of the 10.1 

Angstrom pèak (Trace E) in the Mg-saturated state, over the homo:i.oniZed and 

SAB extracted samples (Traces Band -C in Figure 6.2) is believed to be pri-

. marily a ,consequence of removal of amorphous material rather th an K-flxation 

of vermiculite. The Mg-saturated, ethylene-glycol trace in Figure 6.2 indi-

cate~ that the swelling minerai was not drastical,ly affected by the treatment, 

sa that the, original mineralogy is largely unaffected by this extraction pro-

cedure. The Na-saturated trace of the 2.0-0.2 micron fract-ion confirms this 

\ 
for the material in the Na-saturated state (Figure 6.5), although the swelling 

~ 

component is not readily identifiable. The finè clay fraction possesses a 

Ils 

much stronger clay mineraI peak in the region of 10-14 Angstrom» although this 

materia1 shows the largely in~erstratified. nature of the illite/vermiculite 

\ 

" 

, 
t 
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.-

clay mineraI assemblage of this small size fraction. Of the treatments ca-

pable of remaving the amorphous iron, aluminum and silicon compounds, this 

treatment apparently causes the least amount of degradation of the clay mine-

raIs, as indicated earlier by Dudas and Harvard [1971}. 

The increase in the amount of clay-sized materië:tl is in keeping with the 

hypothesis that the material removed in excess of that removed in C6 was pre-

sent as coatings on the clay particles. The increase in the SSA is less than 

the analytical error, but there is a large drop, in the CEe f0110wing the 

treatment, which is attributed ta the removal of negatively-charged particles 

from the materia1, as was the drop from C5 to C6. 

, 
As a result of the KOH-oxalate extraction, the plastic and, particular1y, 

the liquid limit values decreased; the plasticity index in fact decreased ta 
\ 

a very low value (10.8), equivalent ta an activity of 0.14, bath considerably 

less than the control sample (C3). As with the CS sarnpIe, this decrease may 

be due ta the removal of, the amorphous material which contributes significant-

1y to the CEe value and to the electrostatic interact}on between grains; or, 

on the other hand, it may he due to the dispersant action of the oxalate ion, 

becoming very strongly bonded anto the edge sites of the octahedral layer and 

resisting exchange for cl during the NaCI homoionization washings. Schofie1d 

and Semsoff [1954] have previously emphasized the ability of oxalate adsorp-

tian on edge sites to neutralize positi •• edge charges on.kaolinite, and hence 
, 

causè deflocculation of th~se suspensions, and the same mechanism 15 probably 

of morè general applicabïlity in creating dispersed fabrics and low liquid 1i-

mita than r-eported in,geotechni~l li~~rature. 
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-
, 6.3 Summary of the Factors Affecting the Plasticity 

of the Champlain·Sea Clay. 

In,an examination of the various factors affecting the plastieity of the 

seven Champlain Sea Clay samples,.the most obvious correlation i5 the decrease 

in plastieity whieh oecurs on removal of Fe. Whether any conceptual signif!-

canee can be attached in this i8', howevel', dubious in view of possible dif-

ferenCles in the ehemistry and physical charact'er of Fe compaunds extracted 

in each treatment. For the last four treatments, the changes in plastic~ty 

are strongly correlated with changes (in the same direction) in CEC. However, 

,bearing in mind that CEe was determined at pH 8.2, that pH values of the soil 

\~ 
paste after treatment~ged from 7.1 ta 8.5; and that CEC is a function of 

pH, it would he dangerous to draw conclusions from this pattern. 

In looklng at the seven samples as a whole, the C7 sample is distinctive 

in the extent of the decrease in its liquid limit and the faet that this oc-

curred at neutral pH; it i5 suggested here that specifie adsorption of the 

pe-ptizing oxalate ion is the major reason for this. The other six samples 

show a reasonable inverse correlation hetween plas~icity index and pH, but, 

C4 and CS fall sotnewhat belaw the "best fit line". This depe~dence on pH 

again suggests that suppression of positive edge charges and,éonsequent de-

flocculation appears to he an important mechanism in lo~ering the"liquid 11-

mit. Sedimentation volumes '(after the final washing with l N NaCl), "-1hich 

are availahle for Q3 ta Q6, agree with this Interpretation. The changes in 

volume (875 ml; 700 ml; 950 ml; 775 ml} follow the changes in liquid ~imit 

(58.; 50; 55; 43) and the pattern ie consistent with ,the view that dispersion 
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(Le., deflocculation) and plasticity are invetsely related, whatever the 

reasons for the change in dispersion might be. 
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Chapter Seven: 

CONCLUSIONS 

The application of selective dissolution techniques ta the study of the 

raIe of varibus soil constituents has produced data open ta â number of in-
1 

terpretations. The treatments applied to the Queenston Sh~le Clay sample, 

which contained primary and se~ondary mineraIs, of a type fou~d in weather~d 

soils, did not result in a~ unexpected alteration of the mineralogy. This 

i8 not surprising, sinee the techniques used in the study were developed for 

the pretreatment and analysis of "soi1s" (used here in the pedala,gical sense). 

The effect of some of the treatments on the Champlain Sea Clay sample pro-

duced severe alteration qf the mineralogy. In particular the treatment se-

quences u8ing SAB + N.oH and S,AB + NaOH + CBn resulted in the vermicul1ti-

zation of the biotite mica, as indicated by XRD analysis and by the amount. 

of K extracted by the treatments. The use of KOH in place of the NaOH and 

acidified â~onium oxalate in plac~ of the sodium citrate-bicarbanite-dithi- '1 , 

onite reagents alleviates this problem; although the possibility that natu-

rally degraded, or vermiculitized mica, will "fix" potassium or ammonium in 

interlayer positions with this treatment cannot be ruled out. The mineralo-

gy of the Champlain Sea Clay is very readily altered by any pretreatment -, 

capable of removing Iron a~d aluminum hydroxide material. sinee it i8 ap-

parent that these metallic compounds are in some way responsible for the pro-

duction of the swelling clay mineraI componerits. 

As ori8inal~y co~ceived, the purpose of the study was ta det~rmine the 
.. 

effect of the amorphous soi1 constituen~s on the plastic!ty o~ the ~wo clay 
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soils, one for which there are virtually no geotechnical problems, and the 

other for which the.geotechnical problems are severe. Although the treat-

ments used in this study were fÇlund ta he effective in extracting the amor-

phous components with limited alteration of the mineralogy, ap discussed ab-

ove, examination of the experimental results does not allow for a simple 

intetpretation of the raIe of the amorphous phase. The variations in pro-

perties not related to the amorphous material appear ta be of equal, if not 

greater, importance in determining the plasticity of the material. 

The raIe of the amôrphous phase (disregarding for the moment the other 

changes which have resulted from the treatments of the material) can he seen 

as one of a "binding" agent between the particles, thus fonning stable ag-

gregates. This "binding" can occur in two distinct ways: 1) as cement be-

tween particles, or 2) as material which contrihutes significan.tly ta the / 

e1ectrochemical interactions among particles. The first has the effect of 

forming stable pores within aggregates, thus increasing the plastic and li-

quid limits by approximately equal amounts, while the second increases the 

"activ'ity" of the clay-sized mater;ial in the sensé. l'rOposed by Skempton 

[1953aJ, in that it causes the material ta behave in a more "active" manner. 

This higher activity of the original untreated material is ind1cated by 

both its higher plastic and liquid limits, particularly the latter, thereby 

accounting for the higher plasticity index. 

Of the other changes in properties caused by the treatments, the effect 

of increased pH and the adsorptioQ of organic anions on edge sites of the 

clay minerals are consldered ta be of the greatest importance., The resulting 

neutralization and perhaps reversaI [Van Olphen 1963] of the positive edgé 
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charge has the effect 0,\ peptizing, or def1oc~ulating, the sediment. This 

mechanism has been demonstrated for kaolinite by Schofield and Samson [1954], 

and the effect of pH alone on the plasticity of kaolinite 'was discussed by 

Warkentin [1964J. The effect of deflocculation of non-swelling clayon the 

-liquicf limit, in particular, i6 significant. 
J 

The elimination of the edge-

ta-race bond as the dominant fabric interaction, in a soil being tested for 

p1asticity, results in a decreased resistance ta shear at an unchangcd water 

content and hence a concomitant decrease in liquid limit and plasticity. 

The significance of peptizing agen tg on the sensitivit.y of naturally-

occurring il1itic clays from Sweden has been recognized by Soderblom [1959 

and 1966]. Since the sensitivity is largely a result of a high liquidity 

index, any a'lte;ration in t;he chemistry of the pore fluid, which affects the 

net interaction forces among clay particles and results in a reduction of 
1-

the liqui~ limit without changing the water content, will increase the sen-

sitivity of the material. The presence of minor amounts of organic material 

in much of the post-glacial clays may b~ of more significance than'it has 

been accorded, Sinc~me- organic acids are noted for their peptizing abili-. 

~y. Other peptizing agents, such as Mg and Na carbonates and some 501ubl~ 
1 

silicates) can be expected ta be found in trace quantities in these post-

glacial sensitive elays. 

Although the peptizing agents can atcount for the post-depositional 

decrease in liquid limit, the presertce of amorphous material acting as cemen-

ting age~t8 during the deposition and consolidation of the sensitive clay 

fram eastern Canada must be téken into consideration in arder ta account for 

/ 

,~ 
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the high undisturbed strength and the very limited decreasc in void ratio 

during consolidation. As mentioned in the introduction ta Chapter 6, evi-

dence is available to support the theory that i!on compounds are sedimented 

with the detrital material; thus the origin of the amorphous ~aterial cau 

be explained on these grounds, although the possibility exists that in situ 

weathering results in the release of iron, aluminum and silic9n which sub-

sequently polymerizes into the amorphous state. 

, 

The inability to distinguish between the roles of the intrqduced pep-

tizing agents and the extracted material is attributed to the lack of praper 

control samples. The effect of pH, and hence the effect of deflocculatio~, 

could have been investigated, as could the raIe of a peptizing agent on 

samples not treated to remove the amorphous material. There was no reason 

ta expect that the final pH would be anythingbut 7.0; perhaps the variations 

indicate inadequate washing during the homoionization of the samples. In 

~ddition, 'chemical dissolution techniques which do not contain the o'rganlc 

\ 
;} 

i 

~ 

complexing a&ents could have been used; however, it should be em~hasized that } 

those techniques employed were chosen precisely because of the limited extent 

ta which they were known to aff~ct crystalline silicates; alternative disso-
.. 

': 
lution techniques may have avoided the problem of peptization but create~new 

ones of mineralogical damage. In this context it is perhaps'signiflcant that 

not only d{d tbe treatments U4ed he(e extract considerably less Fe, Al and 

Si compounds than the treatment employed by MCKJes. ~ Sethi and Yang (1974) 

~ (c 10% compared ta c 3.8%), but that the balance between peaks of p~imary 

and clay mineraIs on XRD tra~es was unchanged in this study, in contrast ta 

the marked enhancement of the primary mineraI peaks in KCI-NabR treatment, 

) 
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---
on a simila~ sample. by those authoTs. This latter change cou1d have been 

due te the mueh harsher extraction procedure [Schwertmann 1973) and a con~ 
\ 

sequent enrichment of primar~ minerals~ relative to clay mineraIs, in the 

residues ana1yzed by these werkers. The choice of dissolution techniques 

used in the present studv was made precisely .to avoid this possible develop-

ment. 

Time limitations tn the execution of this research, combined with a 

failure to anticipate the possible importance of "edge charges" on the 

plasticity of these materials, have led to the situation in which a number 

of interpretations are possible from th,: experiment;:al tlata. Subsequent \wrk 

will hopefu11y c1arify this ambiguity • 
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APP.ENDIX 

Part 1. TREATMENTS USED IN PHASE l 

Preliminary Treat~ents: 

Treatment 1. Washing out soluble salts. 

1.1) 5 g sample placed in a 50 ml centrifuge tube with 25 ml of 50% methanol; 
mix. centrifuge and decant. P 

1.2) Add 25 ml of 95% methanol. mix, centrifuge and decant. 

1.3) Add 25 ml of 95% acetone, mix, centrifuge and decant. 

1.4) Repeat step (1.3). 

Treatment 2. Homoionization with NaCl. 

2.1) 5 g sample placed in 50 ml centrifuge tube with 25 ml of l N NaCl; mix, 
centrifuge and decant. 

'. 
2.2) Add 25 ml of 1 N NaCl, mix. centrifuge and decant. 

2.3) Repeat step (2.2). 

2'.4) Wash out excess salt as in (l.1) to (1.4). 

Treatment 3. Removal of Carbonate Material. 

3.1) 5 g sample placed in 50 ml centrifuge tube with 30 ml of 1 N Sodium 
Acetate buffer solution pH 5.0; mix and place in a 9rulc water bath for 
30 minu~es. cool, c~ntrifuge and decant. 

3.2) Wash \nth 30 ml of, sodium acetate buffer solution, centrifuge and de
canto 

3.3) Add 25 ml of 1 N NaCl, mix, centrifuge and decant. 

3.4) Repeat step (3.3). 

3.5) Wash out excess sa1ts as in (1.1) to (1. 4) .. 

Treatment 4. Removal of Carbonate and Organic Material. 

4.1) Proceed as for (3.1) 'to (3.3). 

4.2) Add 10 ml of 30% hydrogen peroxide and place in a 650 C water bath; add 
5 ml aliquots of hydrogen peroxide until reaction slows down (total 
hydrogen peroxide employed was 20 ml), add 25 ml of l N NaCI; mix. 
centrifuge and decant. 

4~3) Add 25 ml of 1 N NaCl, mix. centrifuge and decant. 

4.4) Repeat step (4.3) ... 

4.5) Wash out excess salt as in (1.1) to (1.4) . 
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APPENDIX - TREATMENTS 

Treatmcnts Used in ~lase l (cont'd) 

Treatment 5. Removal of Organic Na ter ial. 

5.1) Place 5 g sample in 50 ml centrifuge tube with 10 ml of sodium hypo
chlorite buffered at pH 9.5; mix, place in a boiling wa~er bath for 
30 minutes, cool, centrifuge and decant. 

5.2) Add 10 ml of 1 N NaCl, mix. centrifuge and decant. 

5.3) Repeat step (5.2) twice. 

5.4) Repeat steps (5.1) to (5.3) twice. 

5.5) Wash out excess salt as in (1.1) to (1.4). ( 

Eight CBD Extractions: 

Treatment 6. Removal of Iron Oxide and Hydroxides. 

6.1) 2 g samp1e p1aced in 50 ml centrifuge tube with 20 ml of 0.3 M sodium 
citrate, 2.5 ml of 1 M sodium bicarbonate; place in BOoC water~bath, 
when solution has reached BOoe. add .5 g of sodium dithionite, stir 
constantly for] minute and occasionally for 15 minutes; cool, centri
fuge and decant. 

6.2) Repeat (6.1) seven times. 

6.3) Add 10 ml of 1 N NaCI, mix, centrifuge and decant. 

6.4) Repeat step (6.3). 

6.5) Wash out excess salt as in (l.l),to (1.4). 

Part 2. TREATMENTS FOR THE SEQUENCE TREATMENT EFFECT EXPERIHENT 

TreatSEnt A. Removal of Carbonates. 

A.l) 0.5 g sample of homoionized sàmple placed in 50 ml centrifuge tube with 
3 ml of 1 N sodium acetate buffer solution pH ?O; place in a 900 C 

A.2) 

A.l) 

A.4) 

water bath for' 30 minutes, cQo1, cen~rifuge and decant. 

Add 5 ml of sodium acetate buffer solution, mix, centrifuge and decant. 

Add 10 ml of 1 N NaCl, mix~ centrifuge and d~capt. 

Add 10 ml of 50% methanol, m~x, centrifuge and decant. 

Treatment B. Removal of S1l1ca and Alumina. 

B.l) Place 0.5 g of homoionized sample in a 50 m~ centrifuge tube with 15 ml 
of 0.5 N NaOH; place in a 900 e water bath for 15 minutes, cool, centri-
fuge and decant. ~ .. 
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~PENDIX - TREATIŒNTS 

Treatments for the Sequence Trcatment Effect Experiment (cont'd) 

B.2) Add 10 ml of l N NaCI, mix, centrifuge and decant. 

B.3) Add 10 ml of 50% methanol, mix, centrifuge and decant. 

Treatment C. Removal of Iron Oxides and Hydroxides. 

148. 

C.I) Place 0,5 g of homoianized sample in a 50 ml centrifuge tube with 5 ml 
af 0.3 M sad'ium citrate, ,6 ml of sodium bicarbonate; he8:t to BOoe in 
a water bath a~d add .125 g of sodium dithionite, stir constantly for 
l minute, and occasionally for lS minutes, cool, eentrifuge and decant • . 

C.2) Add 10 ml of l N NaCl, mix, centrifuge and decant. 

C.3) Repeat steps (C.l) and (C.2), 

C.4) Add 10 ml of SOi. methanol, mJx. centrifuge and decant. 

Part 3. TREATMENTS USED IN PHASE II 

Sample 1. Untreated. 

Treatment 2. Washing Out Soluble Salts. 

2.1) Place 200 g sample in 4-1 beaker, add l litre distilled water and l 
litre Methanol; mix, settle 48 hours, decant. 

2.2) Add 1 litre 95% Methanol, mix, settle 48 hours and decant. 

2.3) Add l litre 95% aceton~, mix, settle 48 hours, and decant. 

2.4) Add 1 litr~ 9?% acetone, mix, settle 48 hours and decant. Evaporate 
excess acetone at air temperature adding enough water to prevent sample 
from becoming dry. 

" 
Treatment 3. Homoianization with NaCl. 

3.1) 

3.2) 

3.3) 

3.4) 

Place 200 g sample in 4-1 beaker, 
mix, .settle 48 hours and decant. 

Add 1 litre N NaCl solution, mix, 

Addl litre N NeCl solution, mix, 

aèd 2 litres of 

settle 48 hours 

settle 48 hours 

ta 
3.7) 

Wash out soluble salt as per (2.1) to (2.4), 

N NaCI solution; 

and decent. 

and decant. 

. ' 
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APPENDIX - TREATMENTS 

Treatments Used in Phase II (cont'd) 

Treatment 4. Removal of Carbonate Material. 

4.1) Place 200 g sample in 4-1 beaker, add l litre sodium acetate buffer 
solution (pH 5.0), digest for 30 minutes in a 90°C water bath, 
settle 48'hours and decant (2-1 used for Queenston Shale Clay). 

4.2) Ad4 1 litre of sodium acetate buffer solution, mix, settle 48 hours 
and decant. 

4.3) Add l litre N NaCl salut ion, mix, settle 48 hours and decant .• 

4.4) Add l litre N NaCl solution) mix, settle 48 hours and decant. 

4.5) 
to Wash out soluble salts as per (2.1) to (2.4). 

4.8) 

Treatment 5. Extraction of Siliçon and Aluminum Compounds. 

," 

5.1) and 5.2) As per 14.1) and (4.2). \\ 

5.3) Transfer ta 8-litre stainless steel beaker with 5 litres of water; 
heat to boiling, add 120 g solid NaOH disso1ved in 1 litre water. . 
boil 2~ mins., place in a cold water bath, settle 24 hours and decant. ~ 

5.4) Add 1 litre N NaCl solution, adjust pH to 7.0', set tie 48 hours and 
decant. 

5.5) Add 1 litre N NaCI solution, settle 48 hours and decant. 

5.6) Add 1 litre N NaCl solution, sett1e 48 hours and decant. 

5.7) Add 1 litre N NaCl solution, sett1e 48 hours and decant. 

5.8) 
to Wash out soluble salt as per (2.1) to (2.4). 

5.11) 

Treatment 6. Extraction of Silicon, A1uminum and Iron Compounds. 

6.1) 
to 

6.4) 

6.5) 

6.6) 

6.7) 

6.8) 

. 
As per (5.1) to (5.4). 

Add 2 litres of .03 M Na-citrate and 250 ml of 1 N Na-bic4rbonate, 
heat to 85°C in a water batn, add 50 g Na-dithionite, stir constantly 
for l minute and occasionally for 15 minutes, place in a cold water 
bath, settle 24 hours and decant. 

Add 1 litre N ~aCl solution, sett1e 48 hours and decant. 

Repeat (6.5). 

Add 1 litre N NaCl solution, sett~8 hours and decant. , 

/ 
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APPENDIX - TREATMENTS 

Treatments Used in Phase II (cont'd) 

6.9) Add 1 litre N NaCI solution, settie 48 hours and decant. 

6.10) Add 1 litre N NaCl solution, settle 48 hours ~nd decant. 

6.11) 
ta Wash out soluble salt as per (2.1) to (2.4). 

6.14) 
1 
1 

Treatment 7. Extraction of Silicon, Aluminum and Irob Compounds/ 

150. 

7.1) Place 200 g sample in a 3-1 beaker, add 1 litre of sodi~ acetate 
buffer; place in 900 C water bath for 1 hour, cool, centfifuge and 
decant. 

7.2) Add l litre 'sod~um acetate buffer, mix, centrifuge ar;rd decant. 

7.3) Transfer ta a 8-1 stainiess steel beaker with 5 litres of H20 and heat 
ta bailing; add l litre of KOH (with 168.3 g KOH), boil for 2:5 minu
tes and immediately place in a cold water bath; sertIe 1 hour, centri
fuge and decant. 

7.4) Add l litre N NaCI solution, mix, centrifuge and decant. 

7.5) Add 2 litres 0.2 M ammonium oxalate (pH 3.0) and shake for 4 hours 
in _darkness; centrifuge and decant. 

7.6) -Add l litre N NaCI solution, shake, centrifuge and decant. 

7.7) Add l litre N NaCl solution, shake, centrifuge and decant. 

7.8) Add 1 litre N NaCI Solution, shake, centrifuge and cfecant. 

7.9) Add l litre 50% methanol~ shake, centrifuge and decant . . 
7.10) Add 1 litre 95% Methanol, shake, 1 centrifuse and decant. 

7.11) Add 1 litre 95% acetone. shake, centrifuge and d'ecant. 

7.12) Add 1 litre 95% acetone. shake, centrifuge and decant. 
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