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ABSTRACT 

Combined X-ray powda dltTr,u;!Jon (XRD) ami hlgh-IcslllulHln 11,\llM1llSMnll dl'l'lll'Il 

microscopy (HRTEM) \Vere used ln lùe11l;1') anù characlctllc lhl' day mincI ;\1 ,1!'I!'Il'mblagc!'I 1lI 

0.05-0.1 1-t111 and < 0.05 Mm !'Iize 1'racllOlI' scparated tWill ~:la\cs ni llnce dCPlhs (41\00, 1\700-

8750, and 12500-12550 ft) from lhe kel11deer D-n wclI III the Bcaulot l-Mad.cnllc aH'a, AIl'l Il' 

Canada. Ethylene-glycol solvated samples lllùlcated a two-collll'0ncnl nm.cd-Iayel Ils system. 

whereas glycerol so;vatlon suggesled an addil\llnal hlgh-chatgc expandahle colllponl'nl F\dl,mgc 

with octylammonium (ne = 8) and octaùecylam111olllullI (n( "'" 1 H) Ions 1 C\ calcd thc l'l e~cllœ ni t I\'C 

distinct types of layer structures. (1) law-charge SllleClttc-group. (2) IlIgh-chal gc 'illleCllll'-glllup 

or vermiculite, (3) ùOlJble-layers or rel..torite-hkc. (4) expandahlc Ithtc. amt (5) lIoll-cxpamtahk 

itlite. The presence and abundance of each type of layer structure changed with hUllatllcpth 

A comparison of untreated and sodIUm hexamctaphosphale-lleated ,(0) 11111 MIe 

fractions revealed modIfications 10 the structure of Illlxed-layer Ils III holh cthylenc-gIYl:ol 

solvated and alkylammol1lum-ion exchanged specimens. Change!'l III pcak pO'illton. IIl1ell!'llly allll 

breadths are apparent in XRD, and these modIfIcations l'an also he otN:lved IIII1RTFM Lalllcc

fringe images revealed that pretreat111ent resultcd in (1) lIlcrcased ahundancc 01 2 1 layel ~lltc,Ile 

packets with expanded interlayers, (2) 1I1creased RI-ordcred !'Iequcncc!'l, and 0) Ihlllllet packct!'l 

of non-expanded iltite interlayers. The use of ~(1diull1 hexamctaphosphatc as a pcplil.et altet ... Ihe 

interlayers and modifies the stacking arrangement of the layer struclure... Il the pt IIn:1l y sil IIct ure 

is altered. the disruption may be irrf'versible. 

It is evident therefore, that reliable ratio determinatton hetwecn expantlahlc amI 11011-

expandable components in mixed-Iayer liS tS dependent on charactcrizing ail the cOll\pollelll!'l alld 

resolving the effects of chemical pretreatment. 
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RESUME 

Nous avons identifié et caractérisé par diffraction de rayJns X (XRD) et par microscopie 

électronique par tran~mi~slon à haute ré!.olution (HRTEM), l'assocIation de minéraux argilleux 

c\)rre~pondante aux fractIons 0.05-0.1 JA.m et < 0.05 I-tm des schistes argilleux du forage Reindeer 

D-27 (profondeur~ 1453, 2652-2668, et 3810-3826 m) situé au Bassin Beaufort-Mackenzie aux 

Canada artique. 

Les échantillons traIté à l 'ethylen glycol-sol vaté indiquent la présence du system à couches 

IIllxtes Ils à deux composants. L'étude après échange à l'ion octylammonium (11c=8) et 

octadecylammonium (nr = 18) montre la présence de 5 types de smectites encouche: (1) smectites 

il falhle charge, (2) smectites ou venmculite à haute charge, (3) rectorite à double couche, (4) 

iIIite expandahle, et (5) iIIite non expandablc. La présence et l'abondance de chaque type de 

structure en couche varie avec la profondeur. 

La comparaison des échantillons tel quels et traités par Na-hexametaphosphate « 0.05 

I!m) a révclé des modifIcations de la structure à couche mIxte liS dans ceux glycolé-solvatés et 

dans ceux soumit à l'échange avec l'IOn alkylammonium. 

La variation de la largeur, de la position et de l'intensité des pics déteclé par XRD a été 

ohservée en HRTEM aussi Par les images des franges du réseau on réleve: (1) l'augmentation 

de l'ahondance des couches 2: 1 avec intercouche expandable, (2) l'augmentation de l'abondancee 

des séquences ordonneés RI. et (3) la dimInution des paquets d'illite intercouche non-expandable. 

L'utilisation de l'hexametaphosphate de sodium altère l'intercollche et modifie 

l'empilement des structures en couche. Le rapport entre composants expandables et non

expandahles des couches mixtes Ils dépende de caractéristiques des composants et du traitement 

chllnique soubit. 
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"We sl1(111 Ilot cel/se 1,.011/ ('\!,Ioraliol/ 
And in Ihe end 0/ ail 0/11' ('\plorill,!!, 
Will be Iv arrive wh!'re Il'(' startt'cI 

And kI/Olt' the plllce loI' I!J(' /irs/ 11/1/(' " (/1 

(1) Excerpted from "Little Gidding" by T.S Eliot (1942) Sclccted pocm 1'> l'rom ('ollected 
Poems 1909-1962 by T.S Eliot, copyright 1936 by lIarcourt Braee Jovanovlch, Ine, wpynght 
1943, 1963, 1964, by T.S. Eliot: cOPYright 1971, by E.,me Valcrle Eliot. Ali nghl'> rc~crvcd 
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CHAPTER 1.0 - Introduction 

Shales are the most predominant rock type in many sedimcntary basins. hut hccausc uf 

their generally heterogeneolls and variable mineralogy and extrcmcly tine grain-si/c. ma"c Il 

difficult to decipher their response to burial diagcncsis. Idcally. lInderslllnding diagcnclic 

changes reqllires an a priori knowledge of the initial mincralogical composilion al lICI,osilinn. 

which may not always be available. Investigations into shalc diagcncsis havc shlnvn Ihat 

variations in mineralogy and composition of minerais with dcpth may rcsult t'rom c1umges in 

provenance, weathering, transport and depositional cnvironmcnt (Pollastro 19"(). Blnch mllt 

Hutcheon 1992). However, contemporary rcsearch has also shown thal the originillly divcrse 

assemblages at deposition become simpler and convcrgc with dcpth of buria!; .. mectilc and 

kaolinite diminish, whereas iIIite and chloritc bccomc cnrichcd \Vith depth (e.g. IImvcr d al. 

1976; Ko 1992; Awwiller 1993). 

Clay-diagenetic studies have oftcn relied on "bulk" mincralogical and chcmical analysis 

of shales and clay-size separates, lIsing X-ray powdcr diffraction (XRD) IInd sumc sCllnnlllg and 

transmission electron microscopy (STEM) to characterize and dctinc thc nature ofthc dil'gcnetic 

processes. These processes are often inferred l'rom changes in thc relativc mincral, c1emcntal 

and isotopic abundance in ditTerent grain-size fractions (pye ct al. 1 98(). Invcstigations into 

clay mineraI diagenesis in variolls sedimentary basins trom uround thc world ... uch as the 

Rhinegraben (Heling 1974, 1978), Vienna Basin (Johns and KlIrlweil 1979; lIorton ct III '985, 

Johns and McKallip 1989), Paris Basin (Lanson and Champion 1')') 1), varioll., ha .. in!'. (If the 

North Sea (Pearson and Smalt 1988; G1asman et al. 1 989a, 198%: Joncs ct al 198'J: lIansell 

and Lindgreen 1987, 1989; Lindgreen and Hansen 1991), Montanu hasin .. (McCarty and 

Thompson 1991), Denver Basin (Elliot et al. 1991), Beaufort-Mackenzie Basin (l'owell ct al 

1978; Ko 1992; Ko and Hesse 1992), and San Joaquin Basin (Rmnscyer and Bolc!'. 198() have 

contirmed initial studies done in the Gulf of Mexico (Burst 195'), 1')6'); Powcr., 1 % 7; Pcrry and 

Hower 1970, 1972; Hower et al. 1976) that iIIitic material, !tmectite-group mincral .. and 

iIIite/smectite (liS) mixed layers are the most adundant clay mincrals and that the principal 

diagenetic reaction in mudrocks is the iIIitization of smectite. A maJor a"''illmption III mu .. t 

burial diagenetic studies is that clay minerai assemblages arc in equilibrium with thc prc.,cnt 

thermo-chemical environment and changes in the liS ratio result from progrcs!.lve change .. in 

the basin environment through time (G1asmann ct al. 1 989a) . 
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Significant consequences which may result from the physical, chemical and 

mineralogical modifications during the smectite-to-illite (S-I) conversion in sedimentary basins 

include: development of geopressure, hydro-fracturing, hydrocarbon migration, and solute 

tran'\port. '1 he relea'ie of interlayer water in temperature-controlled reactions at great depths 

during illitil.ation may or may not be an be important flushing mechanism for hydrocarbons and 

lor transporting inorganic and organic substances (Powers 1967; Burst 1969; Bruce 1984). 

Despite the increascd rescarch activity into mixed-Iayer Ils within the past two decades, 

unccrtainty remains conceming its structural and compositional state, the definition of 'phase', 

the characterization of smectite-group minerais, iIIite and IlS, with emphasis on the existence 

of interstratification, the composition of the expandable components, the nature of particle 

houndary coherency, the relevance of short- and long-range order, and sam pie preparation 

artifilct'\ (Nadeau ct al. 1984a,b,c; Alm and Peacor 1986a; Eberl et al. 1987; Eberl and SrodOil 

1988, Iluff et al. 1988; Altaner et al. 1988; Ahaner and Vergo 1988; Ransom and Belgeson 

1 98l); Alm and Buseck 1990; Guthrie and Veblen 1989, 1990; Veblen et al. 1990; Reynolds 

1991, 1992; Allcn 1992; Vali ct al. 1993a,b) Warren and Ransom (1992) insisted that it is 

impcrativc to dctcrminc the stuctural state of mixed-Iayer IlS, i.e. mixtures of two or more 

separate phases when interstratified (Garrels 1984; Sass et al. 1987), end-member compositions 

of onc 1lI more sol id-solution series (Aagaard and Helgeson 1983), or multi-phase intergrowths 

(Roscnberg ct al. 1990; Aja et al. 1991a,b; Vali et al. 1991). 

lIIite/smectitc has been interpreted using the Markovien model (Mac Ewan 1956, 1958; 

Reynolds 1980) which suggested that Ils was a mixture of two layer types, i.e. smectite-group 

and iIIite. and stac~cd perpendicular to the Z-direction within a single crystal or ditTracting 

domuin. As a coherent minerai however, it should not be easily broken down into its 

constituent laycrs (Reynolds 1992). MacEwan crystallites consist oftwo thermodynamic phases, 

smcctitc-grnup and illite layers, which behave differently because of ditTering chemical and 

"itl'llctura1 compositions, and which can separate along smectitic interlayers during sample 

I.,rcparation (A!tancr and Vergo 1988; Ahaner et al. 1988; Ahn and Peacor 1989; Veblen et al. 

Il)l)(). Nadcau ct al. (1984a.b,c) proposed that disordered mixed-Iayer Ils was a random 

mixture of till1dmncntnl particles of smectite and illite, whereas ordered mixed-Iayer Ils 

conslsted solcly of fundamental iIIite layers and was a single thermodynamic phase of constant 

cumposition Fundal11cntal illite layers are capablc of adsorbing water or organic molecules at 

thcir c~pandablc intcrfaces which l11imic a smectite-group component in XRD. From 
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equilibrium studies, Rosenberg et al. (1990) and Aj,l cl ~II. (19'>la,h) mgm'd Ihal l1Ii\c,'-la~,,'r 

I/S consisted of a mixture of multiple, dlscrete stolchiomclric nllca-hkc pha-;cs. AccordlIIg 10 

the multiphase mode\. natural iIIite was compose" nI' t'lm pha-;e~ havinl:!- li wllIpll-;il WI1 of 

S(RO), IS(R 1), ISII(R~3) and 1 Lippmann and .Il1hns (1969) su~gc~lcd thal dllllllg chcllIlc;ll 

alteration of an interlayer, modification of the tetmlwdral shccts n1:l\ OCCIII, \\llIch can Ic ... llh 

in the 2: 1 layer acquiring a polar character, leaving adjaccnt laycrs IInmoditied (iilvcl1 ( 191) 1) 

emphasized the nature of the interlayers in ordcrcd l1Ii:\cd-la~cr Ils and conccplllah/ed Ihe il

layer mode!. A polar layer has one tetrahedral shcct wilh ln\\' 01' no chargc (~mectlllc), \\'hclcas 

the other tetrahedral sheet carries a high charge (lIhtic). 'J'hlls nll:\cd-Iayer Ils ilia)' consi ... 1 ot 

both polar and non-polar layers. 

As diagenetic studies of shales, sand stones and bentonitcs havc illll~lIatcd, amhlgllillcs 

remain conceming the sequence of mlllemlogicai changcs, thc rcactiol1 mcchmllsms and 

thennodynamic conditions driving thc smectite-to-illite (S-I) conversion. Scveral IlICChalll<;lII'i 

are proposed: (i) solid-state transf(mnation (Iayel'-hy-Iayer), in wll'ch iUllIc SlIhstitlltHlII'" a l'l' 

inferred to occur within thc 2: 1 laycrs (c.g., lIowcr ct al. 1976~ SrndOll ct al. 19X(,), (II) 

dissolution-reprecipitation (neofonnatlOl1), whcreby !>Illcctitc or SlllcctitC-IICh Ils <hs'i',llvc:. alld 

iIIite or iIIite-rich I/S precipitates (e.g., Nad~au ct al 1984a,b,c, Y;m ct al 1(87), (III) mineral

ripening, whereby thicker iIIite crystals grow at the expcnsc of thillncr iIIitc cry~tals (e g Ehcll 

1993); and (iv) a combination of the three modcls (c g, Bolc'i and Franks 1979, I)olla'itro II)X5; 

Pye et al. 1986; Inoue et al. 1987, 1988). 

X-ray powder diffraction is the principal analytical techniquc clllploycd to idcntl'Y and 

characterize IlS. The S-I transition has becl1 infcrrcd l'rom the migration nI' rcllcdlOn ... trolll 

lower to higher 29 angles. with retlection shape clucidating the dl'vcloplllcnt of o;h0l1 and thcn 

longer ranges of iIIite stacking in Ils mixed-Iaycrs (Reynolds and lIower 1 <)7()~ IloUlllan alld 

Hower 1979; Reynolds 1980~ Bethkc ct al. 1986). Tmditiollally, ethylcnc glycol or glyccrol 

solvation ha., been routinely used to characteri7c the cxpandahlc cOlllponcnt III Ils 'or XRI> 

analysis, but gives no evidencc on the laycr chargc. Ilowevcr, expundahlhty 1 ... dcpendent 011 

layer charge, type of interlayer cation and relative humidity (RII) (SrodOll 1 98(). '1 hc'te organic 

molecules may not be able to distinguish hctwccn "llIcctitc-grollP and vefllllclIlitc componcnl'i 

(Mali a and Douglas 1987a). Thus, XRD may not he ~en'iitivc cnough to rcveal thc degrce or 
compositional or structural hcterogeneity in Ils (Drile; 1987). 

Increasingly, lEM has been u~cd to study the "tructurc,> ulld COlllpo,>,tlon ... of fille-

3 
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gralncd mineral'i formcd under the relatively low temperatures characteristic of sedimentary 

cnvironmcnt... Iflgh-rcc,olutlOn TEM allows the direct observation of layer structures at the 

... cale of illitc and ... mectite-group Iélycr~, and can theoretically image both layer heterogencity 

and ordcnng III Ils a ... wcll a ... changc~ 111 layer ... tructure. The mcthods of specimen preparation 

and 'ocu ... condition ... arc ... ignificant factor~ in the differentlatlOn of smectite-group and illite 

cOll1p()ncnt~ 111 Ils a~ weil a~ in the detection of ordcring in HRTEM (Bell 1986; Alm and 

Peacor 1 986a,h, 1989; Klimentldi'i and MacKinnoll 1986; Hansen and Lindgreen 1987, 1989; 

Gutlme and Vchlcn 1989, 1990; Vcblen ct al. 1990; Alm and Buscck : 990; Lindgreen and 

Hanscn 1991; Amouflc and Olivc'i 1991, Vali et al. 1991, Freed W~U Peacor 1992). Attempts 

tn reconcilc the discrcpancies betwcen layer proportions obtained from XRD and TEM (Nadeau 

mul Bam 1985; Eberl ~md SrodOll 1988; SrodOil et al. 1990; Srodon et al. 1992; Murakami et 

at 1(93) havc not becn entirely Sllcce'isful and the two analytical methods may prove ultimately 

to hc incomparable (Scars and He!.se 1992; Sears et al. 1 993a). 

ApplicatlOll of the n-alkylammonium ion technique (Lagaly and Weiss 1969, 1970; 

Lagaly 198 J, 1984, 1(85) ha~ been increasingly used to both characterize expandable 2: 1 layer 

SIlicate,; lI111iM (Lee and Peacor 1986; Bcll 1986; Klimentidis and MacKilllloll 1986: Vali and 

Kùstcl' 1986; Vali and Hesse 1992; Vah et al. 1990, 1991, 1(92) and to detennine the 

interlayer-charge dCllsity and deduce layer charge of soil and sediment clay minerais in XRD 

(Lagaly 1979. 1981. Rilhhcke and Niederbudde 1985; Malla and Douglas 1 987b,c; Laird et al. 

1987, 1988. 1 989a; Marc,,"s ct al. 1989; Ghabru et al. 1989; Chen et al. 1989; Stanjek et al. 

19(2) Thcre 1'; a systematlc arrangement of the large anisometric organic ions in interlayer 

space of e~pandable layer SIlicates will ch results in a well-defined increase in the interlayer 

,;pacing (Lagaly and Weiss 1(69) The application of the n-alkylammonium ion-exchange 

technique to mlxcd-Iayer clay I11l11crals has r~vealed heterogeneous interlayer-charge densities 

of expandablc componcnts 111 mixcd-Iayer structures (Lagaly 1979; Laird et bl. 1989a; Vali and 

lIes~e 19l)(). Vali ct al. 1991; Vali ct al. 1992; Sears and Hesse 1992; Sears et al. 1 993a). This 

technique howevcr. ha~ not been uscd to qualitatively identify the components in mixed-Iayer 

Ils on the hash. of mtcrlayer-charge densities in a burial diagenetic sequence in both XRD and 

TI:M stlldies. 

An ancillary consequcnce of the development of the fundamental partic\e concept of 

Nadeau ct al. (1984a,h,c, 1 (85) has been the increased awareness and con cern for artifacts 

in!rodllced intll mixcd-Iaycr Ils by sample preparation techniques especially for XRD and TEM 

4 
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(Reynolds 1991: 1992). Reynolds (1992) suggestcd that t\\O t~ p~'s nI' artitil\,t~ ma~ he p"'duced 

in interstratified Ils c1ays during preparation (i) a changc in thc \\ay la~c" me stac,,",'d "ithm 

a sequence perpendicular to (00/), and (II) a changc in the ~tac,,"lIlg angll''i (1 e IIllalloll) ol'Illica

like stacks which may producc turhostratic defccts 1'0 mil tinc- and ullialine-p:ulldc 'il/e 

separation and promote sample homogenelty uSlllg COIl\ cntional ccnlllltige h.'chml)ue'i, chcllllcai 

pretreatmenls and peptizcrs arc lIsed 10 rcmo\ e ;;arhonatcs. 0\ ganÎc mallel, Fc-o"lIc~ allli othel 

micro- and crypto-cryslalline phases. and to promotc ~tahlc dl .. pcr'ilnn of chi) su .. pen .. ion'i (l' g 

Jackson 1969; WhiUig and Allardlcc 1986. Moorc and RCyllold~ 1(89). PICHOU .. XIU> amI 

TEM studies have demonstrated that aggrcssivc chenllcal pretrcatmcnl-. "i Il nlll rCll1o\'c lllHUl/, 

feldspar, magnetite and other contaminant phascs, hut lIIay .. ignilkantl) allci the dJcmlcal 

composition and structure of clay minerais and create the appcarancc nI nc\V pha:-.e .. III XI{1l 

(Harward et al 1962; Fenner 1966; Jackson 1969; Thore1 1975, 1985, Brcw .. lci 1 98tl, Omucll 

and Lavkulich 1988; Sears and Hesse 1992. Vali ct al 1993a) Of pllmary COnl:C11l 1 .. the 

potential for the alteration of layer charge and thereti.lrc cxpandahllity 01 .. mecllte-).;l'OlIp III 

vermiculite componcnts in mixed-Iayer clay minerab (Bi~h and Ih:ynold.. II)H9) Smlllllll 

hexametaphosphate is still used mdiscrimillant1y a" a peptlll,r wllhlllll con'ildclIllV, II-. cllcd:-. tin 

the layer structure or the mterlayer charge of intcrstratlfied Ils (c.g .. Blnch and IIulchcoll l'J'):.!. 

Bühmann 1992; Reynolds 1992). 

It has become imperativc to accllrately idcntlfy thc componenl<; III nm.cd-Iayer Ils in 

order to unravel reacllon mcchanisms and sequcnce~ of structural and cOlllpo~itional chanv,c .. 

in burial diagenetic environments. To achieve these aims. Il IS nCCC'i'iary to I,>nlalc a ncolonned 

component of Ils by separating fine «0.1 ~lJn) and ultratine «(; ()5-~lIn) daY-'ii/c Il acl Hm .. lrom 

shales. Howevcr, any investigation of possible artifact~ induccd III nllxcd-Iaycr Ils dllrlllv, 

sample preparation must inc1udc a detailed exal11inall()\1 and re'iOllltioll of any cllCl:h IC .. IIII illg 

from chemical pre- and post-treatments by characteri/ing ail the expandahle and non-cxpandahlc 

componcnts. 

The objectives of this research arc. 

(1) to identify and characterize the clay minerai a~~cmhlagc~ of thc,>c IIltratinc day 

separates using X-ray diffraction (XRD). high rc,>ollltion tran'>II1I<;..,IOII clcctron 

microscopy (HRTEM) and n-alkylal11l11onllll1 lon-cxchangc trcalmcnt. and. 

(2) 10 compare the effects of the addition of .,odium hcxal11ctapho'>phatc a,> a pcplllcr 

on selected sample<; during clay mmeral ,>cparatlon with chcmlcally untrcatcd 

5 
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CHAPTER 1.0 - Beaufort-Ma~kenzie Al'ea 

1.1 Regional Setting 

The J\eaufort-Mackenzie mea, located in northwcst Arctic Canada, c"ntains scveral 

major depositional basins with estimatcd rccoverablc rcservcs of 1 Il " Hf' m' nI' ml ami 1.917 

x 1012 ml of gas (Dixon ct al. 1988, 1'>9:!b) Il IS ineorporated wlthin parI of Ihe fou:land 

thrust-and foldbelt north of latitude 60"N of the eastcrn C'nrdillcran Orogenie ~yslcm (Nnrris 

1985)(Fig. 2.1). The Beaufort-Mackenzie area cxtends nlTshorc l'rom thc AnHlIll .... cn (iulf al 

128°N to the Alaska-Yukon border at 141 "W, and onshore l'rom ncarly 6R"N tn Ihc tCIIIIlllllS nI' 

the Mackenzie Delta's sedimentary cone north of 73"N (llaimila ct al l'Nil) Il is 

physiographically bounded by the Anderson Plam to the cast, the Peel Platcau 10 Ihe ~olllh, the 

Richardson, British and Bam Mountains to the south and west, and the Pmellpine Plaleall to Ihc 

west and northwest (Figs. 2.1 and 2.2). Landward, the Beaufort-Mad.en/ie area lI1c1udc'i Ihe 

modern Mackenzie River delta, Richards Island, thc Tuktoyaktuk Pcnni'illia and Ihe Y"kon 

Coastal Plain, and extends northward and scaward over the Bealllilrt Sea Shelf and Siope tn Ihe 

southem edge of the Canada Basin (Young ct al. 1976; Dixon and Dlelrich 1985, MajolOwicl 

et al. 1990). The depositional basll1s of the Bcaufort-Maekcn/ie area conlain a 'iIlCeCSSlon nI' 

Jurassic to Recent sediments which rcach a thicknc<;s of at Icast twcnty kilol11eter~, norlh of Ihe 

present Mackenzie River delta (R. Stevenson as cited by Majorowicl. ct al. 1 C)l)O). 

1.1 Geotedonit Evolution 

The Mesozoie and Cenozoic tectono-stratigraphie history of thc Beaulilrl-Maekcnl'ic 

area is due to the complex interaction among three major lithosphcrie c1cmenl'i; the North 

American Craton, the Cordilleran Orogen and the Canada Basll1 (Jonc., 1 c)SO; Dixon and 

Dietrich 1990). The identification of major interregional unconlormitic~ whieh 'iiglllly teclollo

stratigraphie boundaries, cnable the area to be subdivided into lour nUlJor depo"ltional ha., 111.,: 

Brooks-Mackenzie Basin (Hettangian-Aptiall), Brooks-Yukon Ba<;in (Ialc Aphan-mid-A Ihian), 

Porcupine-Mackenzie Basin (carly Cenomanian-early Maastnchtmn) and Bealltè:Jrt-Mackcn/lc 

Basin (mid-Maastrichtian-Holocene), each characterlzed by a dominant .,trllctural style and 

sedimentation pattem (Dixon et al. 1 992a). 

Although many dynamic model~ havc been proposed to explaill the dcvclopl11cnt of the 
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Canadian Basin (sec Lawver and Scotcse 1 (90), consensus exists for the continental margins 

of the Canadian Aretic to be considered as a rifted (passive) pull-apart margin, with the pal eo

polc for rotational rifting located in the Mackenzie delta area (Carey 1958; Tailleur and Broges 

1970; Tailleur 1973; Bruce and Parker 1975; Grantz et al. 1979; Grantz and May 1983; Embry 

and Dixon 1(90). The opening of the Canada Basin and the formation of the Beaufort Sea

Mackcnzic Delta arc are intrinsically linked and yet have very different crustal structures 

(.Jackson ct al. 1984; Swccncy 1985; Majorowicz ct al. 19<)0). ft appears that the principal 

structural controls for the incipient development of the Beaufort-Mackenize area were the 

opcning of the Canada Basin and Cordilleran orogenesis which themselves developed in 

responsc to subduction in the Pacifie and sea-floor spreading in the Atlantic (Smith 1987). 

The regional tectonic history is highlighted by the following stages (Dixon and Dietrich 

1985; Dixon and Dietrich 1990; Dixon et al. 1 992b): in the Jurassic to Early Cretaceous, 

northcrn Alaska was adjacent to the Canadian Arctic Islands, and northern Yukon and adjacent 

Northwest Tcrritorics are part of the North America craton with coarse clastics deposited on a 

broad cpicratonic shelf with easterly and southeasterly sources. These deposits are referred to 

us the Brooks-Mackcnzie and Brooks-Yukon basins (Dixon et al. 1 992a). Continental rifting 

bcgan in carly B~tioclan time creating the Amerasia Basin, foJ:owed by rifting, breakup, and 

formation of the Canada Basin by sea-floor spreading, beginning in Hauterivian (Grantz and 

May 1(83) or Late Albian-Cenomanian time (Embry and Dixon 1990). The onset of continental 

brca"-lIp in the Mackenzie Delta area may be marked by the Middle Hauterivian unconformity 

nt the base of the Mount Goodenough Formation (Dixon 1982). Initiation of thermal subsidence 

of the newly created continental margins began. In Aptian, extensional tectonics created a 

series of horst and graben structures, the most prominent of which is the Aklavik Arch Complex 

(I-Ilibbard ct al. 1987; Embry and Dixon 1990). In Late Aptian and Albian, a second 

cxtcnsional phase rcsulted in a series of east-west trending trollgÎls from the Tuktoyaktuk 

Peninsula (Kugmallit Trough) to the Ilorthern Yukon (Blow, Klili and Kandit trollghs). Coeval 

with rifting \Vas the development of the Columbian Orogeny and a foredeep was created in front 

of thc palcn-Mackenzic Mountains (Peel Trough). Although sediment was shed principally 

l'rom thc North American craton, westerly-derived coarse c1astics began to fill the northern 

YlI,,"on trollghs \Vith sediment gra\'ity-flow deposits. As the Canada Basin continued to develop 

dllring the Cenomanian, the Cordilleran Orogen tnigrated to the north and northeast compressing 

stmta in northem Alaska. northent Yukon and southent Beaufort Sea. During the Cenomanian 
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to Campanian. sedimentation shed from the rising Cordillera to the :>llllth and slllltim ,-"1 intil "-'li 
the foreland basins on the craton in northern YlI"on and adJaccnt NIlIII", cst rl'ITlt{lIlC... l'hc,c 

deposits are referred to as the Porcupine-Mad.cn/ic Ba~1Il (D"{ln l'\ al 191)2a) l'hCll' arc ,,\ ° 
unconfonnities in the Early Cenomanian and Middlc Campanlan \\ Illch dCH'lopcd dllllllg. 

perFlds of uplift and erosion and may be lelatcd 10 thc tcrlllllHlllon llr ... ca-1l0{11 "'plcadttlg ttI Ihc 

Canada Basin (Grantz ct al. 1(90) As Ihe Canada Basin dc\ cl0l'l'd. COlllpIC" .... {)Jl IWIll Ihc 

Cordilleran Orogeny dunng the Late Crctaceolls to Paleogcnc bccamc Ihc dOlHtnanl tillcc 

(Dietrich et al. 1 989a; 1 989b; Huhbard 1(88). rhis reslllted III Ill.llor "lIb~lllcncc dlllttlg thc 

Late Eocene to Pleistocene. 

As a foreland basin developed in front of the Cordillcnln ()Illg.cn. II ",as proglcsslvcly 

infilled with southerly and southwesterly derived sediments A long Ihe conlttlcntal Illargin of 

northern Yukon and Northwest Territories, outcr sllclf to ha ... inal. organlc-lich ... halc ... \\l'Il' 

deposited (Boundary Creek and Smoking 11111 .. sequcnce,,). In I.atc Maa:-.t IIchl Hill. Ihe 

depocenter of the c1astic sedimentation migrated 10 the thermally ... uh'ldtng contlllcntallll:lIgtn .... 

where the combination of tectonic and sedllllc.lt loading crealcd a thlc" wl'lIge 01 Ilppel 

Cenomanian to Recent siliciclastic sediments. 1l1csc depo'ilts :m' Idcned tn a ... the Beautllrt

Mackenzie Basin (Dixon et al. 1992a) . 

During thi:) period, hydrocarbons were gencratcd and geopl'c ...... llIc devcloped (Ilitchon 

et al. 19(0). In the mid-Eocene, the Laramide Orogeny endcd dlll.' 10 change" III Pacllic platc 

motion (McWhae 1986). The tinal. major tectonic pha ... c. the Carlldcn ()1OV,Clly ("uhbard ct 

al. 1987) began in northeastern Alaska in the Neogene and l'i contillllll1g thtoup,h to thc plc,,"elll 

creating the Romanzof Uplift and the fold and thrust bclt III the lIol'lhern YII~on alld adjaccnt 

offshore areas (Grantz et al. 1986; McWhae 1986). At the cnd 01 Ihe MIOCCIIC. IIplllt alld/or 

eustatic lowering of sea level caused slgniricant ero .. ion of Ce1101ll.\lIlilll tn Lucelle ,>edilllenh 

(Bujack and Davies 1981; McNeil et al. 1982, Dixon ct al 19H4. J)lxon and Dietrich l 'JI)O) 

This resulted in a v.ell-defined anglliar unconformity to dl ... contllflllitv whlch wa ... the la ... ' malor 

hiatus in the sedimentary history of the Bcauf()rt-Mackenllc area (Dlxon and Dletnch 1 <)1)0) 

Extensive recharge of meteroic waters at the ba"l11 marglll" 1 ... thoul_"lt to have occurrcd durlllg 

this period which may have led to the biodegradation of hydrocar Il')11'> (Illtcholl ct al. 19IJ() 
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Fig 2.1 Regional extent of the Beaufort-Mackenzie arca (aller Young ct al. 197(), DIX"II 

and Dietrich 1985; Norris 1985: Majorowicl cl al 1990) . 
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Fig. 2.2 Tectonic and structural elements of the Ileaufort-Mackcnzic arca (Dixon and 

Dietrich 1985; Dixon et al. 1992b; Enachescu 1990) . 
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2.3 Lithflstratigraphy 

Dixon ct al. (1992) re-evaluated their earl ier studies and summarized the Upper 

CretaCC()II~ to Plebtoccne sequence stratigraphy of the Beaufort-Mackenzie area. Sediments 

dcpositcd in the Poorcupinc-Muckenzie and Beaufort-Mackenzie basins arc characterized as 

oceanwmd prograding sequcnces. onen dominated by large deltaie complexes_ Regional 

unCnnf(lrmitles and maximum flooding (hiatal) surfaces enable the stratigraphic successions to 

he .. ub-divided into transgressive-regressive (depositional) sequences. The descriptions of the 

cleven sequenccs in the Upper Cretaceous to Holocene strata of the Beaufort-Mackenzie Basin 

arc o,;ummarized 'rom Dixon ct al. (1992a). 

The lowermost sequences are the Upper Cenomaniall to Turonian Boundary Creek and 

the Santonian to Clllnpanian Smoking "ills sequences. which consist of predominantly organic 

lIIatter-rich dark grcy to black ~hale!> interbedded with bentonite beds. They were deposited in 

a low cnergy. anoxic, outer shelf to slope enviromnent. characterized by periodic ash falls from 

local volcanic activity. Thl~ following eight sequences represent very thick tluvio-deltaic clastic 

depllsits: The Upper Maa~trichtian to Lower Paleocene Fish River Sequence unconforrnably 

overlics the Smoking I-lills Sequence and represents a thick progradatiolial wedge of shale

domimlted deltaic st rata which overlie prodelta shelf sallds and shales. The Fish River 

dl'positllmal facies range frol11 deep-water sediments~ gravit y tlow deposits, through slope and 

shelf ~halcs to delta front and delta plain sandstones and shales (Dixon et al. 1992b). The 

'Jpper 11aleocene to Lower Eocene Aklak Sequence is the lower member of the previously 

nUlllcd Rcindecr Sequence (Dietrich el al. 1989b). It consists predominantly of interbedded 

slIndstonc. conglolllcrate, siltstolle. shale and coal, deposited in a delta-plain to delta-front 

environl11'!nt wilh fluvial channel deposits. The Lower to Middle Eocene Taglu Sequence is the 

upper unit of the Reindeer SlIpersequence (Dietrich et al. 1 989b) and cOllsists predominantly 

of illtcrheddcd shale and slIndstone dcposited in delta plain and delta front to deep slope or 

inter-fun environl11cnts. The Middle to Upper Eocene Richards Sequence conformably overlies 

the Taglll sequence and is cOll1prised prcdominantly ofshale and siltstone ofprodelta and shelf 

Ilrigm \Vith localilcd sand stone and conglomeratic beds. Extensive erosion occurred during the 

Lule Eocene The Oligoccnc Kugmallit Sequence confonnably to unconfonnably overlies the 

Richards Sequencc. Il represcnts progradational deposits ranging from delta plain conglomerate, 

gmvcl ~lI1d sandstllne to oftShore basinal shale. It contains the Kopanoar subsequence consisting 
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Fig.2.3 Table of sequences (Dixon 1991; Dixon et al. 1 992a) and corresponding formational 

tenninology (Dixon 1982; Young and Mcl''1eil 1985) (moditied from Dixon et al. 
1 992a) . 
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of a thick accumulation of mud-dominated sediments of submarine-fan lll'igin. l'hl' t 'PPl:1 

Oligocene to Middle M iocenc MackenllC Ba~ Sequcnce is dom ll1aled h~ ~hale \\ ilh lU 11101' hcds 

of sand stone. Its depositional cnVlronmcllt is consldered 10 he proddla/shclt: sloJle. (\litt deep 

\Vater. The Middle to Upper Miocenc A~pak Sequcnce is predol11inallll~ cOIllPo ... ed ot shale 

interbedded with thin siltstone and sandslone SedilUl:nt'i \\'el'e depo~lted in a prnl1c1ta/~hclt: 

slope and basinal environment. In the Middle t~l Latc Miocene. uphti nI' IIl\\'clcd o.;l'a Ic\'d 

resulted in significant erosion of the Tertiary dehatc sequences. l'he Plillcene to '.'10\\ l:1' 

Pleistocene Iperk Sequence \Vas uncontormably deposited on older ~elluencc ... and .... a thick. 

mildly deformed sequence of deep-water mudstone. unconsolidated "andstonc ami congloll1l'latl: 

It was deposited over a broad delta comple:\.. The ?Plel~tocene 10 Ilolnccm: Shalln\\' Bay 

Sequence is the yOllngest sequence and consists of unconsolidated sediments Clllllill'ised of mud. 

silt, sand and grave!. 

Previous petrographie studies of Maastrichtian to Oligocel1e strata reveillcd a rciallVcly 

homogeneous mineralogical and texturai composition of Ihe mudstonc~. :-.iltstollc ....... allll'itllne ... 

and conglomerates of tluviodeltaic and perideltaie marine origlll (Schmidt 19N7) Smublnne ... 

are predominantly indurated arenites (quartz. feldspathic. lilhic), and arc cOll1po ... ilionally ... inllial 

in the Fish River, Aklak, Taglu, Richard" and Kugm;llHt sequences. \Vith the exception oflower 

volcanic contents in the latter two seqllences (Ncntwich and Yole 19N2: Sdullitll Il)X7, 

Nentwich 1989). Detrital mineralogy inclllde~ qllartl.o~c grain" (nulIIocry ... tallillc and 

polycrystalline quartz, clear and black chert) ranging l'rom 15 to 40 volullIe ');." lIIillor tu 

moderate amounts (2-15%) of K-feldspar and plagiocla~c Volcanic, ~cdllllcntary ami 

metamorphic rock fragments vary hctwecn 5 and 45%. K-Icld ... par and plaghlcla ... c. olten 

occurring together with minor albite, have been pre-;crved through to dcplh ... 0' 440(l III, wllh 

little alteration except for some replacement by carhonate mmcral., alld alhltl/alinn (Nclltwicl, 

and Yole 1982; Schmidt 1987; Nentwich 1980, 1(89). K-tcld!.par and alhite range trulli 1 lu 

10% and plagioclase reaches a maximum of 6% X-ray diffraction .. 1U(hc~ IIldicate a total 

feldspar content of 5 to 30 %. Mica (muscovite and biotite) i~ pre ... ent 111 IIlll10r 10 llIodcrale 

amounts, to a maximum ur 13 %. DlIrmg bunal, ",ome di .. .,ollltion of mica and chlorile 

occurred. The siltstones, sandstones and conglomerates arc ccrnented hy calcile and dololll ile 
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cemcnts, who'iC precipitation was accompanied by dissolution of silica and aluminosilicate 

mineraI!.. Minor cement'i include silica, iIIite, chlorite, montmorillonite, illite-smectite, feldspar 

und pyrite. Thc sand~tones of the Richards and Kugmallit sequences are much less consolidated 

than the older sandstonc'i 01 the Aklak and Teglu sequences (Schmidt 1987). 

On QFL and Qml·Lt provenance-discrimination diagrams of Dickinson and Suczek 

(1979) thc sand stone data for the Beaufort-Mackenzie Basin plot in the fields ofrecycled orogen 

und tnlll'iitionai and lithic rccyclcd orogen, rcspectively. In LsLmLv and QpLsmLvm 

provcnuncc-discrimination diagrams of Ingersoll and Suczek (1979), the sandstone data indicate 

Il rilicd continental-margin origin. 

Mudstoncs and shules are dominated by fine quartz silt and clay minerais, with abundant 

.. ilt-sized mica and fcldspar. Authigenic minerais identified within these rocks includc quartz 

and pyrite, with u notable absence of calcite which is present in adjacent sandstones. 

Mudstoncs and shales contain eogenetic siderite, and occasionally dolomite. Schmidt (1987) 

atlrihutcd the absence of calcite and scarcity of dolomite to dissolution and removal from the 

shules. Clay minerais comprise kaolinite, chlorite, iIIite and interstratified illite-smectite 

(Schmidt 1987~ Nentwich 1989). 

Powell ct al. (1978) using cores from Reindeer D-27, Taglu C-42 and Taglu G-33 wells, 

ohserved nHxed-laycr mincrals consisting of tlnee minerais, smectite, verrniculite and iIIite in 

the <.().2-~lm si7c fractions. If the amorphous inorganic material was not removed from the 

samples prior tn analysis, u chlorite-like component was identified creating a pseudo-four 

cmnponcnt interstmtified cluy system. The authors suggested that with depth there is a 

progresslvc decrease in the expandable component in interstratified iIIite-smectite with a 

concomitant increase in the non-expandable component, but that the verrniculite-like content 

Icmained constant. The O.2-2.0-,..un clay fraction consisted of quartz, feldspar, kaolinite, 

chloritc, iIIite, 2'1 expandable and interstratified smectite-vermiculite-illite (Foscolos and Powell 

1(80). 

The alllorphous inorganic component initially increased with depth then decreased and 

is dcscribed OIS an unstructurcd fluffy material, which may have been derived from algae and 

hncteria and may have a composition similar to allophane. Foscolos and Powell (1980) 

slIg,gested that the mnorpholls inorganic material resulted either from initial deposition or from 

silicate diag,enesis. It cannot be completely removed with chemical treatments. 

ln the tirst in-depth study of the iIIite-smectite transition in the Beaufort-Mackenzie 
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Basin, Ko (1992) used the <0.1 ~lIn fraction as Ihe optimal sile thldion 10 com:enlHlte ''''lt 

characterize interstratified iIIite-smectite (I-S) minerais. The analyses induded .. ampks thml 

22 wells, both onshore and offshore in tenns of XRD. geochemistry and oxygen ISlltupCS. l'he 

progressive iIIitization of liS with depth was idcntilied as It procceded continuousl)' thmugh 

four distinct interstratified Ils interlayer arrangements l'rom: (1) a nmdom Ils stlUcture. through 

(2) a mixture of random and ordered Il!'' structures, (3) R I-ordercd Ils structures, and lu H) a 

R>I-ordered I/S structure. The chemieal composition of the Ils mixed-Iayels dlanged 

continuously together with increasing percent Illite. Other minerais identitied III the' (1.1 ~llll 

fraction include kaolinite, chlorite, and discrete iIIile. Ku (1'>'>2) and Ko and lIes .. c li ')'>2) 

')uggested that illitization is more advanced in otlShore wells than onshore, a., il cnll~elillencc 

of higher geothennal gradients, as weil as in geoprcssured shales eompilled 10 nnl'lllally 

pressured horizons, due to higher waterlsolid ratios. 

1.5 British American-Shell Oïl-Imperial on Exploration Exploratory Weil Reindeel' 1)-27 

The British American-Sheli Oil-Imperial Oil Exploration (B.t\.-Shell-I.O E) Rcindccr 

0-27 was the tirst exploration weil drilled in thc Beaufort-Maeken7ie Basin. This wlldeal weil 

was spudded July 26, 1965 and completed Novembcr 24, 1965. I{cindeer 1l-27 1., located at 

latitude 69"06'05" N and longitude 134"36'54" W. Thc top kelly hllshing elevalinll wa., 1595 

ft above sea level, and the weil was drilled to a total dcpth of 12,6t18 Il (3862 Ill). l'wcllly-IIIICC 

cores were recovered for a totallength of about 571 ft (174 ml, whieh repreo;cllts ahoul 4%, of 

the total depth drilled. The weil was abandoncd and pluggcd allcr ~howing only a hydrllcarhon 

flow of gassy mud to the surface l'rom the depth interval of 6,838 ln 6,856 li (20H5-20l)O Ill) 

(British American Oil Company 1966). Previous published research l'rom this wclI illc\udc., 

biostratigraphy (Chamney, 1970), clay mineralogy (Bayli!.~ and Levil""lIl 1970, l'owcll ct al. 

1978; Foscolos and Powell 1980; Dean 1985; Ko 1992; Sear~ and IIc"se 19(2), ge()chellli~try 

and stable isotopes (Ko 1(92), K-Ar ages (Sears cl al. 1993b). 

The Reindeer D-27 weil penctrated the normal downhole ~Iratigraplllc .,ucce"'iion of 

Holocene to Albian age (Fig. 2.4). Sequences identified in the Bcaul()rI-Mackcn,dc lIa.,1I1 hut 

not present in the Mackenzie Delta area include: the Shallow Bay, t\kpak, Madell/ie Bay, 

Smoking Hills and Boundary Creek sequences (Fig. 2.3). The weil penetraled tn the Barrcmmn 

to Albian Mount Goodenough Formation orthe Brook'i-Mackenl.ie Ba"in (Ilitcholl ct al. 1990; 

16 



• 

• 

• 

Dlxon ct al. 1992a). 

The tirst ~equence encountered is the 16 ft (5 m) thick Iperk Sequence of Pliocene

'!Early Pleistocene age. It consists principally of weakly consolidated to unconsolidated 

sandstone, conglomeratc and interfingering with shale and siltstone deposited in a tluvio-deltaic 

cnvironmcnt. At its base is a basin-wide erosional unconformity. The Late Eocene or Early 

Oligoccnc Kugmallit Sequence is present to a depth of 440 ft (134 m) and consits of upper delta 

plain deposits predominantly of shale, siltstone and sand stone. The Kugmallit Sequences 

lInconformably ovcrlies the Middle Eocene to Late Eocene Richards Sequence, present to a 

dcpth of 1740 ft (531 m). It consists of prodelta deposits of shale and siltstone with sorne 

illterbedded sand stone and conglomerate within the shale succession. The tirst coal beds are 

f(lUnd at a depth of 825 ft (251 m). The sequence originally named Reindeer Sequence was 

subsequcntly raised to supersequence status and subdivided into the Aklak and Taglu sequences. 

The thick Early to Middle Eocene Taglu Sequence contains delta and prodelta shelf successions, 

with fluvial-dominant sediments present within the deltaic deposits. The sediments are 

predominantly shale with interbedded fine to very tine grained sand stone, siltstone and minor 

COti 1 beds. Unconsolidated sands are present from 4,000 ft (1,220 m) to 4,760 ft (1,451 m) and 

conglol11emtes at 6,960 ft (2,129 m) and 8,884 ft (2,709 m). At a depth of 8898 ft (2717.7 m), 

an angular lInconformity separates the overlying Taglu Sequence from the Late Paleocene to 

Early Eocene Aklak Sequence. The Aklak Sequence is present to a depth of 9544 ft (2909.7 

Ill) ,and consists of shale with interbedded sand stone, siltstone. The Aklak Sequence 

lIncontllrlllably overlies the Mid-toLate Maastrichtian to Early Paleocene Fish River Sequence. 

Thc Fish River Sequence is present to a depth of 10,727 ft (3270.5 Ill) and is interpreted as a 

shalc-dominant shelf or possibly slope deposits with mudstone, claystone and interbedded 

siltstone (Dixon et al. 1 992a). An erosional unconformity separates the Fish River Sequence 

l'mm the underlying Barremian to Albian Mt. Goodenough Formation. The Reindeer D-27 weil 

pCllctrates the Mt. Goodcnollgh to a depth of 12668 ft (3862.2 ml. Il consists predominantly 

of shule wlth interbedded siltstone and sand stone. The tirst clean sandstone with glauconite is 

present l'rom a depth of Il,098 to Il,440 ft (3,383-3,488 ml. This is followed by a medium 

10 darl grey, silly shalc 10 a depth of 12,668 ft (3,862 ml. 

Vitrinitc rellectance studies from the Reindeer D-27 show an initial increase of Ro of 

0.3% at 1,000 ft 100.5% at 4,100 ft, and then a fairly linear increase from 0.47% at 4,600 ft 

100.66 al 10.500 Il (Gunther 1975). However, the present day thennal gradient may not reflect 
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Fig. 2.4 Cross-section of the Beaufort-Mackenzie Basin through the Reindeer D-27 weil (after 

Hitchon et al. 1990) . 
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the paleothermal regime (Ko 1(92). As therc were at \cast t",o pcriods of uplili alld crnsinll, 

contilluous burial cannot be assumed. Majorowicz ct al. (1988. 1989, 19(0) concludcd that thl' 

paleogeothermal gradient \Vas no greatcr than the present gcothermal gradlcnt 

The Reindeer D-27 weil "as drillcd with wciglttcd mml to control S!Ollgltlllg of 

IInconsolidated sands. Variou" compollnds used in dnlling mud are Illtcn \\ atcl .. oluhlc allo\\ Ing 

liquid infiltration into weil cutting .. potcntially causing contaminaI IOn. Dn Ihng 111\".\ u~cd '" thl' 

Reindeer 0-27 weil included: Aquagel, Baroid, Q Broxin, Lignitc, Carhollo\, ('cll\-, I{cgular 

and bicarbonate of soda, with lesser amounts of othc\' cOl1lpollnd~ (Briti-;h Amcrican Oil 

Company 1966). These drilling muds contam ahundant K' and arc IIsed IUlller conditions of 

high pH (>11). Thus drilling mud may indm.:e diagcnctic alteration in wcll cllttings (Bmct()ot 

and Van Eisberg 1975: see also Dypvik 1981). This must he considc\'cd \Vltcn pcrtill'lniug any 

geochernical analyses . 
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CHAI''fER 3.0 - ANALY'fICAL METHODS 

J.1 X-Ray Powder Diffraction Analysis 

The preche characteri/ation of clay minerais and especially mixed-Iayer illite-smectite 

(IlS) is diflicu It hccau,>c of thcir finc-gramcd nature, poor crystallization and association with 

othcr cry~talhnc and amorpholl~ matenals X-ray powder diffraction is the primary technique 

f(lr routine inve!>tlgatioll of oriented clay minerai specimens by determining the (00/) or basal 

diffraction serie!> which i~ diagno'itic lor cach discrete clay mineraI. The crystallography of clay 

minerai., i~ such, that the X-Y planes are simllar and the average orientation of the crystallites 

arc parallel to the mounting surface, whereas the Z direction has dlffering thickness. 

3.1.1 Fllclors InOuencing XRI) Line Profiles 

X-Iay powder diffraction is probably the most widely used techlllque for obtaining 

qualitatlvc and quantitative inl<mnation on multiphase clay minerai mixtures. As there are 

1Il1illy rclclcnce~ de~cribing the theoretical (and mathematical treatment) and practical aspects 

of XRD analy~l" I<lr clay Illll1crals (e.g. Klug and Alexander 1974; CuUity 1978; Moore and 

Rcynold .. 1989; Drits and Tchoubar 19(0). 1 will not provide a detailed ù'view. 

ROlltllle II1terpretation of III ixed-Ia~ cr Ils is essentia lIy achieved through the visual 

ill~pcction and study of one-dimcn~ional diffraction protiles. There are many factors, however, 

which can IIlflucncc the charactcristb of XRD profiles and which may be divided into two 

groups (unel' correction for lI1:.trumcnlal distortion) (1) crystallography-dependent factors, and 

(2) spccimcn-dcpélldent factor., Crystallography-dependenl factors are: (1) particle size, (2) 

detect dcn~lty. (3) rartlclc quahty, i.e., non-llnifonn and unifonn strain; (4) chemical 

composition, and (5) nm.ed-Iayenng (Jackson 1969: Reynolds 1989a, 1989b; Drits and 

I\:houbur 1(90). Specllnen-depcndcnt factors include: (1) sample size, (2) sample thickness, 

(3) pallicle orientation. i e. randolll versus oriented mounts, and (4) dilution by amorphous 

matenal (Culhty 1978: Moore and Reynolds 1989: Bish and Reynolds t 989; Reynolds 1989a). 

1 he,",e panllllcter .. will he evuluatcd in dltfraction protiles through changes in 1 Ille shape, i.e. line 

hrnadcnin)!., or III the change III tine shape \VIth respect to the diffraction angle 2E>, i.e. peak 

dbtnrlion rcsulting filml incrclIscd background intensity at lower angles. They may include 

dinliUlshed pcak intensity, pca~ broadening, peak shifting and the generation of irrational 
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reflections (Reynolds 1 QSQb). I-hme\'cr. as peak helght~ arc a lilll\'lwn 01 N (Il li 111 hCI (lI' laH'r.,) 

per particle and the peak brcadth (In IllcaslII'ed al hall' helght. the IIltcgrall'd ;\1 ea IIl1del thl' (ll'ak 

remains constant and thus the inten"it~ is independcnt of N (Re~ nnld.. IIJINh) 

J.l.1.1 C rystallographic-Dependcnt Factors 

There have bcen many IIlvcstigations of the eflcd'\ of pmtJde ~l/e Rc~ nold ... (\ %~) 

did this for iIIite, Ross (1968) for biotite. Illll~eo\'ite. l11onlnHlllllollllc. m l'\cd-Ia) CI da\ ". 

graphite and periclase. Kodama ct al. (1 <>71) for mll~CO\ Ile. l'ellcnhOl"t and Roill'I"'OII (1 ()n) 

for ethylene-glycol solvatcd 1l1ontmorillonitc and 111111/ (\976) t'li k,11l11ll11l' "-llIg alld 

Alexander (1974) asserted that to aclllc\'c a cohcrcnt 'icallcnng domalll. 1:1) ... tallltl'" III ,1 Po\\ dl'I 

or a ~ingle crystal mll~1 have a minimum 01 ... " unit ccII tlal1"latlon" 111 ail) "'lIIgle dllCl'IlolI 

Thus dependlllg on thc 111111 ccii ~ilC and the ... eattcrlllg pm\CI of Ihe attcndallt :ltlllll'" III thl' IlI\lt 

cell, coherent domains a~ ~l1lall a~ 2 10 20 111 Il 111 dJalllctcr cali he dctcdl'd h) \RI> Il (lll'''l'lIt 

in sllfficicnt quanlilies 

Stlldies ofmonominerahc phasc~ have ~hllwn. a ... partlclc... bCClllllC thmllci. thc IlIlIlupal 

retlections broadell, and the intcn~ily varie ... III \\\0 re"'pcch (1) the IdlcdlO!l'" alc dl ... plaù'd . 

generatillg an apparent series of irrallonal (or llon-lIltegral) rctlectJon .... alld (II) the 1 etkLlIOII" 

are less symmelrical. rnml (1976) dClllon~lratcd 101 kaolinltc that tlK IclkLlIOI .... (001, (002). 

(004), and (006) are dl~placcd lo lowcr 2(-) angle ... (1,lIgcr "-\allle .... ', whclca.., (001) ,IIHI (OO~) 

retlections arc displaccd lo hlghcr 2(-) angle,> hmaller tI-valuc,,) 1 he nci IC<.,lllt 1" " ..,ct III 11011-

integral reflections 

Erglln (1970) rclcrrcd 10 defcel den~it) a ... randoml) or Irlegularly d I..,t nhllted ... tad IIlg 

defects in the /, direction wlllch cffectivcly divlde<., a large cr) ... talllito an a.,..,clllhlagc ni -,lIIallel 

scattering domains The.,e detect~ Illay affect (1) the laYl'r ... thcllI ... clve..,. (2) 111\'( d, e IIltcrla)'cl 

spa'-c, e g. the ',ü,>illon ofcatiom or .,olvated III 0 IcClI b. or (III) ... taü.lIlg lalll ..... e ~ the relatlvc 

position and/or typc of ,UCCC"'>I\'e layer,> (1 chnuhar 1 9H4) 

Erglln (1970) al,>o rcfcrred 10 ~tralll hroadel1lng. whlch 1 .... a COlI.,cqllcllLe ()I 1 a 11<1011\ 

displacement'i of unIt layer'i t'rom thcir Ideal pO'>ltIOIl'l. 1 C the ..,eparatloll hcl\\ecll Iwo IlIlIt 

layers (eells). Reynolds (1989a) demomtlated that ,>tralll broadelllllg rC'lldtcd III dlfiraLlIOII 

patterns dlsplaymg dimini'ihcd IIltell'iltic., and IIlcrca,>ed hroadne'l'" <1'> a fllnLlllI1I 01 IIIcrca'llllg 

unit layer separation . 
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Differing chemical composition of the silicate laycrs or interlayers of the same species 

ancl pO'>ltlon,> of the atom .. in the unit cell may affect the intensities of retlections, but appenrs 

10 have mmor effect on the position'i of the'ie retlections (Reynolds 1989b: Drits and Tchoubar 

l 'J'JO) 

Intcr,>tratified mineral'i such as mixed-Iayer Ils are corn mon in weathering, sedimentary, 

dmgellcllc, hydrolherrnal and melamorphic cnvironmenls However, in contrast to most 

l11ineral~, Ils clay~ have X-ray particlc thicknesscs which are equal to or larger than the 

lhicknc~~ of thcir con .. titucnt partlcles (Tettenhorst et al 1990). Mixed layering results in non

mtegral .. cric .. of rcflcctions and IIlcreased peak brcadths which are a function of the endmember 

componcnt, The greater the separation, the broader the peaks. 

3.1.1.2 Specimen-Dependent Fadon 

Conventional XPIl requires a minimum of 10 mg of crystalline material in order to 

ohtain mcasurahlc diffraction intensity. For quantitative analysis, sample length becomes 

cspccially important. At low diffraction angles the incident beam must not exceed sample 

Icnglh or diminished reflection intensity results (Bish and Reynolds 1989; Moore and Reynolds 

198'». Samples that are "infinitely" thick at low angles may be too thin at higher angles for 

maximum diffraction effects, resulting in loss of refleclion intensity at higher 2E> angles. 

lIomogcnelty m '\&Implc mincralogy is also required for quantitative analysis. Whittig and 

Allardicc (1986) "uggcsted that aggregating and cementing minerais in a clay sample will result 

m dcletcrious cm.~cts III XRD studles and include. (1) the dilution of clay minerais which result 

in dccrcascd diffraction intenslty of crystalline phases: (ii) lack of ideal orientation of clay 

minerais: (iii) aUenuation of the primary X-ray beam; (iv) an increase in the general level of 

"calter l'rom thc sam pic being analyzed by X-rays, and (v) amorphous material causing non

directional .. calter of X-radiation from a sample which results in increased background radiation 

(scc also ('Impter 4). 

3.1.2 Estimation of Layer Proportions in Mised-Layer IIlite-Smectite (IlS) 

l'he routine analysis of mlxed-layer Ils usually requires a determination of the nature 

and number of types of layers present, their proportions, and the presence or absence of order. 
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This may be achieved either throllgh direct or indirect Illclhl,ds. Direct IIll'llll,ds IISl' IIlfllf'lnalilll1 

from peak positions and intensities of basal rctlcctlOns (MacE\\iUl 1956. 195K) \\hl'ICas 1I11lircC\ 

methods apply structural modcls to calclliatc XRD patterns "hich me then compal'ed Il' 

experimental patterns (Reynolds 1980: Rcynolds and lIo\\er 1970: Plmll;on l')KI. Plm,~on el 

al. 198\ 1984: Corbat6 and Tcttcnhorst 1987; reltcnhlw .. 1 ct al l 'NO) l'he ad\'antage of IIsing 

indirect methods lies in the ability to study ditTraction cm~et .. of individual paramcters. e g 

types of interstratification, distribution of cohercnt domains. thic"nes .. es of diflclent laycr types, 

etc. on the resultant XRD pattern (Drits 1(87). It is important tn note howcvcl', thal Ihe 

original structural model used for calculatcd profilcs musl bc sllnilal' 10 Ihe Ical mincntl 

structure. 

Identification of smectite iIIitization has been bascd principally on the intcll1lclalion of 

XRD patterns. Moore nnd Reynolds (1989) have sumnulrilcd the melhod .. tI~ed l'lI' Ihe 

identification and interpretation of mixed-Iayer Ils l'rom XRD prolilc.. An adelltlale IIlclhnd 

to determinc the amount of the cxpandablc (smeclile-group) and nnn-e~pandahic (1Ihlc) in 

mixed-Iayer Ils is to use both peak migratIOn and t\2H method!> on ethylene-glycol solvalcd 

samples (Moore and Reynolds 1(89). Thc (002)1(/(003)17 retleclion i .. Ihe mn!>1 .. en"'liVl' 10 

composition and the least sensitive 10 partlc1c size, whcrcas lower 2(") angle retlectUlIl" arc 1110 .. 1 

sensitive to ordering type. 

Ordering is defined by the term Re;c"welle, or R, which descrihe .. the prohahilily of 

nearest neighbour arrangements. Reynolds (1980) described Ihree type .. of nHxed laycrlIIg (or 

interstratification) apparent in diffraction patterns which mclude: (1) mmlom (irreglliar 01 

disordered), having no periodic alternat ion m the sequence of eomponenl layer .. (lW), (2) 

regularly ordered having a periodic alternat ion of componenl laycr .. (1{....- 1), and (1) flill1ially 

ordered, which is intermediate between random and ordcred. In XI{D. randnm nllxcd-Iaycl' day 

minerais produce two distinct phenomena: (i) aperiodic or Irrational (00/) cl!lfraellOIl !-.Cfle .. , and 

(ii) peak breadths which are broader lhan those of their pure componenl pha.,c.,. Di.,ordercd 

mixed layering shows peak positions that are an average of thc Iwo mineraI'> pre.,ent and arc 

dependent on the proportions and spacillgs of thclic componcnl... Ordered Illlxed-layer clay 

minerais produce new renectlons which contain componen'" of a .,uper!>tructurc. or the .. 1I1ll 01 

the cI-spacing values of both layers. Ordcrmg in mixed-Iayer Ils 1'1 delermmed hy Ihe po .. ili()n 

of the reflection between 5° and 9" 20. Random ordering can he a .... umed Il aller elhylellc 

glycol solvation a peak is present near 5.2" 20; a rctlcction near 6.5" 2(00) indicate .. I( I-ordermg, 
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with the peak diminishing and broadening as the composition becomes more iIIitic, and; a 

reflection at an angle greater th an r 29 suggests long-range-ordering, or R> 1, and the 

appearancc of the (001) 1 r/(004)1 7 peak is diagnostic. 

3.1 Transmission Electron Microscopy (TEM) 

Therc arc numerolls references that outline the principles and techniques of electron 

microscopy, mcludmg preparation techniques. For layer silicates, these include McLaren 

(1991), Iluseck (1992), and Rot,ards and Wilson (1993). 

Allen (1992) states that mineralogical studies involving the TEM have basically focused 

on eithcr minerai properties (i.e. structure and chemistry) or minerai behaviour (i.e. 

identification and relationships). The TEM can be used to facilitate minerai identification and 

the investigation of thcir textures, fabrics, intergrowths. replacements and other relations. 

Within the past two decades, much of the microstructural TEM studies have foeused on rocks 

and mincrnls fonned at relatively low surface and sub-slIrface temperatures. These are areas 

where convclltional techniques have limited application because of the fine-grained nature of 

the minerais, which often arc structurally and chemically disordered, heterogeneous and 

metastable (Allen 1992). Sedimentary rocks resulting from weathering, diagenesis, 

hydrothennal alteration or deposition, and low-grade metamorphism are ideal subjects for the 

TEM. A significant advantage of the TEM is that it allows direct observations of microstructure 

at a 2: 1 layer scale. I-Iowever. an important ancillary goal has been the attempt to reconcile 

TEM images of mixed-Iayer clay minerais with structures deduced by X-ray powder diffraction 

(Vcblen ct nI. 1990; Srodon et al. 1990; Srodon et al. 1992). 

I-IRTEM, as opposed to conventional transmission electron microscopy (CTEM), refers 

10 Ihe use of the TEM at higher resollltions to observe the layer structures of minerais as lattice 

fringes lIsing bright-field illumination. As such, it is an imaging mode in which at least two 

bemns pass through the objective lens, and the resultant lattiee fringe image reflects the 

perindicity of the cr}stal (Veblen 1983). A distinct advantage ofHRTEM is its ability to image 

cryslallinc and non-cryslalline matenals directly, in the case of clay minerais their individual 

In)'crs. stacking sequences, ordering and coherency. at a scale at which they exist. This far 

excceds the capabllity of conventional analytical techniques (e.g. X-ray diffraction or electron 

microprobe) which can only glve infonnation on average structural or chemical properties of 
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a minerai specimen. HRTEM can investigate lattice or structural fringes of crystnlhtcs 01' smllll 

areas of larger crystals \Vith a point-to-point resolution of at leust 0.2-0.3 m11. 

3.2.1 Salllple Preparation 

Sam pie preparation methods and techniques for thc TEM arc of fundamcntal 

importance, especially to studies concerning the nature and charactcrilation of mixcd Illycl' IlS. 

Buseck (1992), Peacor (1992) and Robards and Wilson (1993) provldc mtrlllluctions to thc 

common p"eparation techniques for the TEM. from which most of the tè.lllmving IS SUI1lI11:11'i/Cd, 

except where otherwise noted. Buseck (1992) notes that to optimlle data colledion, prepared 

specimens require proper crystallographic orientation. uppropriate thinncss. lInti must hc 

somewhat stable under vacuum and the electron beam. Latticc fringes clin only hc ohtllincd lInd 

correlated with the layer sequences when the clay particles arc oricntcd \Vith thc (ClO/) 

perpendicular to the electron beam. Sample thinness is li prercquisite to pl'cvcnt ... ignilicant 

refraction of the electron beam when passing through the sam pic and thus. l1linimuing sam pic 

and beam interaction. Four methods of sample preparation for clay mincrals includc' (i) gram 

mounts; (ii) beam milling: (iii) ultramicrotomy, and (iv) replicu techniques . 

3.2.1.1 Gnin Mounts 

Crushed or ground bulk samples and clay sepumtes may bc mounted dircctly on TEM 

grids supported by structureless film such as formvar or amorphous carhon hy direct disper~al 

or evaporation of a fluid dispersed sam pIe. The sam pie is usuully projeclcd over a ho le III the 

support film (e.g. holey carbon) and a grain is locatcd which has the proper orientation, or hy 

tilting the stage until the critical zone axis is parallcl to the optic axi ... of the TI~M. '1 he 

advantage \.lf this technique is that specimens can be prepared qlllckly Di .. advlIntage .. include 

the long time generally required to tind a properly oriented grain and the pos"'lhle dehydration 

of hydrated clay mineraIs. During preparation, the original "in situ" .. patial interrclation ... llIp<;, 

i.e. texture or fabric, may he destroyed as ln the ca sc of clay mincrals, where the layer <;lacking 

sequences may be altered by plastic dcformation (Buscck 1992). J lowcvcr, the ~ample may 

provide information on stacking sequences, crystal morphology and partlcle tlllcknc ..... (Peacor 

1992) and the method provides a way checking for artifact .. from beam-nlllling 
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3.1.1.2 Beam-Milling 

Beam-milling (atom- or ion- beam) is the most common method of preparing minerai 

!-ampleo;, polycrystalline materials and glasses (Barber 1970). A sample, usually a thin disk or 

piecc of polished thin section, is placed in a beam mill and bombarded by a low angle stream 

of ions or atoms while the specimen rotates in its own plane. The surface is gently eroded until 

Cl hole is produced. The thinn.;'d edges around the hole are then examined by the high-resolution 

TEM. Beam-milling implants 3as atoms and produces heating, and thus may produce artifacts 

in specimen preparation. This is apparent in the loss of interlayer water from expandable layer 

silicates and subsequent collapse of the interlayer, and other lattice damage. An advantage of 

this method is that, as thin sections may be used for the initial sample, the original minerai 

rclationships and textures may be observed. 

3.1.1.3 lJltrami~rotomy 

Numcrolls sam pie preparation procedures for ultramicrotomy and various epoxy resins 

for cmbcdding clay powders have been outlined (Eberhart and Triki 1972; Tchoubar et al. ] 973; 

Brown und Jackson 1973; Lee et al. 1975; McKee and Brown 1977; Tessier and Pédro 1982; 

Vuli and Kostcr 1986; Laird et al. 1989b; Srodori et al. 1990). Spurr low-viscosity resin is the 

1110st oftcn used embedding resin (Spurr 1969). The ideal resin must be stable under TEM 

conditions and impregnate the clay minerais without modifying the layer structure and creating 

~,rtifacts (see Vali and Koster 1986; Laird et al. 1989). Peacor (1992) outlined a mcthod 

whcrcby powdercd and ground or crushed sarnples are sedimented in methanol onto a flat

surfllce of curcd epoxy resin. followed by the addition of another layer of uncured resin, the 

slimple is allowcd to polymerize, and the block is trimmed and thin-sections eut with an 

ultram icrotome 

Vali and Koster (1986) treated freezed-dried clay material once or twice with propylene 

oxidc. then dispcrsed the material in Spurr low-viscosity resin twice at increased concentrations, 

nllowing sutlicient lime for infiltration and impregnation. After curing, the block is trimrned 

und ultmthin sections. 50 to 100 nm thick are eut with an ultramicrotome. Laird et al. (1989b) 

outlincd li similur procedure for sample preparation that allowed investigation of the sarne 

sllInplc by both XRD and TEM llsing n-alkylammonium ions. Vali and Hesse (1990) 
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demonstrated that IIltrathin-sections could be trcated with n-al~ylanllnoniUln ions to stabilitc 

expandable interlayers. 

ln an attempt to maintain the original smnple texture and "abric. Sl'Odon ,,·t al. (19,)H) 

employed a technique whereby bentonite roc" chips were air-dried and suhsequcntly rchydmted 

after having been coated with agar to ensure homogenous rchydration. The \Vatcr was rcplaced 

with methanol which in tu", was replaced by slow Impregnation \Vith L.R. White vcry-Io\\' 

viscosity resin Sections were then cut with an ultramicrotome. 

3.%.1.4 Repliea Techniques 

Reference is made to this technique as it \Vas used to determinc the SilC fractIOns of the 

clays separated from cores and weil cuttings and thcir purity. Replic~. techniques image the 

surface features or microtopography of clay mineraIs in conventionul TEM. Correlations may 

be inferred between crystal morphology, growth mcchanisms of basal n,ces and polytypism 

(Baronnet 1992). 

Powdered, crushed or ground sample materiul is spreud over a Ihlll cuver glas~ 

(Baronnet 1972, 1973) or mica tlake (Nadeau 1985). The smnple is coated with a ICI-IS 11111 

thick platinum-carbon layer and the layer coating the crystals and .. ubstmtc i~ flualed on dilllte 

hydrofluoric acid. The substrate is removed by dissolution of the crystals and thc platinum

carbon film is washed in deionized water, placed on standard EM grido; and cxmnincd hy 

CTEM. 

Bassett (1958) and Sella et al. (1958) applied a gold-decoratiol1 tcchmquc to powdercd, 

and crushed or ground samples after they were dispersed in deionizcd watcr .md collccted on 

a coyer glass and air dried. The glass was subsequcntly heatcd to 300-350"(, Il)r one 1o two 

hours under vacuum, allowed to cool to 1 OO-150"C, a gold decoralion was flash evapnrated, and 

followed by a 10 nm thick carbon coating. The rcmainder of the !Jtcp .. f()lInw~ the procedure 

outlined for platinum-carbon coating. 

Vali et al. (1991) used freeze-etch replicas to sludy thc microtopogmphy 01'2:1 layer 

silicates. Clay minerai samples were dispersed into a dilute o;u'ipen'ilon of deinnitcd water, 

sprayed with an air-brush into a cryomedium containing a mixture of propanc-propylene at 

-196°C, and the droplets were instantaneously frozen without cryoartlfact~. "Iler evaporatioll 

of the propane-propylene mIxture, the frozen droplet!l arc mixed with one or two drop" of ethyl 
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henzene at; a cryoglue and transfcrred to a gold specimen holder and placed in a freeze-etch 

unit. The droplet surface wa!. fractured, etched by ice sublimation and Pt-C shadowed at an 

angle of 45° and coated with a 10 nm thick carbon layer. The replica was tloated on deionized 

1I10 and dropped 111 dilutc IIF to dissolve adhering silicate particles. Freeze-dried images are 

prcparcd in a <;imilar manncr ex ce pt the ice is removed through very low-temperature 

suhlimation. 

3.2.2 Identilication of Clay Minerais from Lattice-Fringes 

Bcforc the advent of computcr-image simulation, identification of layers of lattice-fringe 

images were hased on intuitive interpretations. Values for d(ool) of a pair of fringes were 

mcasurcd directly from thc latticc-fringe image. At approximate Scherzer defocus, dark fringes 

ovcrlie rcgions of rclatively high-charge dcnsity, e.g. 2: 1 layers, and bright fringes overlie 

rcgions of rclativcly low density, c.g. intcrlayers. Conventional interpretation, therefore, posited 

that dark laycrs that \Vere 1.0-nm, 0.7-mn, and O.5-nm, were 2: l, 1: 1 and brucite-like sheets, 

rcspcctivcly. 1-lo\Vcver, the positions of dark and light lattice fringes arc a function of operating 

instrumcntal characteristics such as accelerating voltage, beam divergence, spherical and 

chromatic abcrration coefficients, o~iective aperture, size, as weil as focus conditions, and 

crystal thid,ness, orientation to the electron beam, and the possible collapse of expandable 

laycrs when subjectcd to the high vacuum of the microscope or heating effects (Kohyama et al. 

1982: Guthrie and Veblcn 1989, 1990). In other \Vords, latticc fringes change their shape and 

position as cxpenl11cntal il11aging conditions change. 

Il has bccn infcrred that untreated smectite-like layers in mixed-Iayer iIIite-smectite 

which have a basal spacing value of 1.4 nm detennined from XRD, may collapse during ion

milling prcparation techniquc or under high vacuum of the TEM (Lee et al. 1985; Klimentidis 

and Mackinnon 1986: l-IutT et al., 1988) giving a thickness of 1.0 nm (Page and Wenk 1979; 

Alm and Jleacor 1986a) and making it indistinguishable from illite. 

Attcmpts to sustain expansion of the smectitic layers were made by intercalation of 

organic Ions such as lauryllllnine (Yoshida 1973; Lee and Peacor 1986) and n-alkylammonium 

ions (Bcll 1986, Vati and Koster 1986; Vali and Hesse 1990; Vali et al. 1991) which are 

rclativcly stablc undcr TEM operating conditions. The use of these organic ions is limited to 

grmmd smnplcs or clay separates as intercalation in whole rock samples causes a disruption of 
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the original fabric, or the failure of smectite Inyers to swcll allcr treatment (Alm nnd l'cac or 

1 986b). 

3.1.1.1 Calculated Lattice Fringe Im'tgcs 

Gut"rie and Veblen (1989) emphasizcd that dar" fringcs arc not spccilic till" :!.I laycl's 

in the illite-smectite structure but rathcr arc "Iattice fringcs", and thc rclation'ihip hctween thc 

position of tlte fringes to the crystal structure is .. complcx function of Illany paramcters 

including operating conditions of the rEM. Howcvcr, the pcriodlcitics of thc lattlcl' li'ingc~ 

retlect the periodicities of the real crystal structure. For rcliahlc intcrprctation of the layci 

structure of clay minerais, it is essential to compare experimcntally ohtained Imagc.. with 

simulated images generated by computer simulation (Guthrie and Vehlcn l'>IN, l'NO, Vdllcn 

ct al. 1990). Guthrie and Veblen (1989) concludcd from image simulation that If cxpandahlc 

layers unifonnly collapse in untreatcd mixed-Iayer IlS, the only dillcrence hctwccn the two 

layers is composition. To obtain information rc':;arding compositional dincrcncc~ tilr onc

dimensional nnages, even when the specimens are not in pcrlcct oricnt&ltlon, Icquirc .. a changc 

to "unconventional" overfocus conditions which displays Ihe ~lrungesl conlra~1 dlllclCIICC.. Il 

is inferred from a study of Ils that thick dark (inten!.e) fringes overlic smectite-la"c intellayer~ 

and thin dark (Iess intense) fringes overtie iIIitc-like interlaycrs for highly ordered I-S (Outhrie 

and Veblen 1989, 1990; Ahn and Peacor 1989). 

3.3 Interlayer Complexes 

As a result of the weak bonding between silicate laycrs, III contrast to thc strong lonic

covalent bonding within and between tetrahedral and octahedral shccb, intcrlayer complcxcs 

can form as a result of the incorporation of inorganic and organic ions. l he t()rmation of 

interlayer complexes involves interaction of the duce componcnl~ wlllch define thc .. tructure of 

2: 1 layer silicates. Ionie substitution within the octahedral and/or tctrahedral .. hect .. in 2'1 layer 

silicates may result in an overall negative charge. This ncgativc charge may hc compcll'iated 

by the introduction of exchangeable cations withm the II1terlayer~, and nClitral l1Iolecule... Watcr 

is incorporated within the interlayers in the form of hydration .,hell .. of the cation .. and Ihe 

layers. Naturally occllrring interlayer cations, e.g., Mg2
, Ca2

', Na', elc., may he exchanged hy 
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other inorganic cation., or replaced by organic cations of varying complexity, i.e. methyl 

ammonium to long cham poly-functlonal cations (MacEwan and Wilson 1980). In tenns of 

ncutral molcculcs, water may be replaced in the interlayer by other neutral molecules, e.g., 

aJcohols, glycols, glycerols, amines, ketones, sulphur compounds, or may ev en be replaeed by 

inorganic salts (Bloch 1950). 

3.3.1 Ethylene Glycol and Glycerol 

Therc are a number of diagnostic tests used in XRD to identify and characterize soil and 

sediment clay minerais, to detennine layer charge, and to facilitate an understanding of their 

physical and chcmical properties. For 2: 1 layer silicates, these tests inc1ude: the routine 

solvation with glycerol or ethylene glycol, which are used to characterize interstratitied clay 

minerais with smectitic or venniculitic components (Hower and Reynolds 1970: Srodori 1980). 

and (in the use of n-alkylammonium-ion exchange to deduce the magnitude and homogeneity 

(or hetcrogcncity) of the layer charge (e.g. Lagaly and Weiss 1969; Lagaly 1979; Laird et al. 

1989: Vali d al. \99\). 

Glycerol and cthylcne glycol can only be used to distinguish expandable from non

cxpandahlc layers and gives no cvidence of the am ou nt or magnitude of the layer charge. 

Smectitc-group mineraIs and venniculites tend to show opposite behaviour with ethylene glycol 

and glycerol solvation Magnesium-saturated smectite-group minerais can form two-Iayer 

complexes with cthylenc glycol resulting in a tirst order reflection in XRD of between 1.68 to 

1.72 nm, depending on the exact layer charge and humidity conditions. High-charge smectite

group minerais or low-charge vermiculites will have a two-Iayer complex giving a tirst order 

retlection of 1.60 to 1 63 mn, whereas a high-charge vermiculite will form a one-layer complex 

having basal spacings or 1.43 11111 (Brindley 1966; Suquet et al. \ 975). However, with Mg2
+_ 

'Illturation and glycerol solvation, smectite group minerais generally display a two-Iayer complex 

giving an increased hasal spacing of between 1.77 to 1.80 nm. High-charge smectite-group 

minerais or venniculite fonn a single layer complex with a spaeing of between 1.40-1.43 nm 

(Rrindlcy \ 966: Sllqllct et al. 1975). 
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J.J.l n-Alkylammonium Ion Exthangf 

The n-alkylammoniul11 ion cxchange technique (Lagaly ,md Weiss 1969; 197()) hus hC~1l 

increasingly used as Il technique to both characterJl'e e'p,mdahle ::!.I lay\.'1 silicat\.'s in 1'1·:1\'1 

(Alm and Peacor 1986a; Bell 1986: Lee and Pcacor 1985: Klil11cntidis mut MacKmnlln 19M(,; 

Vali and Koster 1986; Vali et al. 1990, 1991, 1992a; S\.'ar!> \IIlllllessc 1992) and tlllkl\.'J'lnin\.' 

the layer charge density and estimate intcrlaycr charge in XRD (Lagaly and Wei!>, 1 %l); 1 agaly 

1979; Laird et al. 1988. 1989a; Mards ct al. 1989; Uhabru ct al 1989; Oli, ct al. 1 (Nt). Stail Id, 

et al. 1992). Inorganic ions within the intcrlayer space of 2' 1 layer "Ilicate, JUay he c,chang\.'d 

for the larger n-alkylammonium ions. The n-alkylal11l11oniulll IOn-e:\change t\.'dllmille l'JUplo~'" 

the quantitative relationship between layer charge denslty, sh~,..,c ami .. rea (mienlalJon) Ilccllpied 

by the organic molecules and thcir etTects on the basal spacings of Ihe day-organic col1lplex 

(Weiss 1963; Lagaly and Weiss 1969: 1(70). If expandable layer .. ihcat\.'s .. lIch a .. 'l1Iecliles 

and verrniculites are treated with aqucous solutions of n-alkylammonllllll hydrochlonde of shOl'I 

and long alkyl chains (n( =6 to n( = 18, wilh n, being the nUlIlhcr of carhon atoms per alkyl 

chain), the inorganic ions (e.g. Na', Ca~l, Mg~l) arc lIslmlly cxchangcd \\Illhm a le\\! hOllrs. 

When the c1ay-alkylammonium complexes arc evaporated to drynes!>, there ... a -;y,lel1latlc 

arrangement of the large organic anisometric ions between the inlerlayers which leMllb III a 

definitive increase in the basal layer spacmgs. Thus, the cxchangc lechnique IS a diagno .. tie lonl 

f.Jr the characterization of clay minerais. 

The interlayer charge density retcrs to the number of inlerlayer e .. llon .. per ()III«()II)" 

and is not necessarily equivalent to the layer charge, whieh i .. the neg"live charge of the layer 

per 01O(OH)2' The arrangement and orientation of alkyl chains wilhm Ihe mterlayer "'pace i .. 

a function of the ratio of the area occupied by flat-Iying n-alkylal11l11onilln Ion, (AJ, and the 

area available for each monovalent interlayer cation in Ihe interlayer "'pace, if Ihe callon ... arc 

thought to be arranged in a monolayer, and is rctcrred to as the eqllivalenl area (AJ (I.agaly 

and Weiss 1969) (Fig. 3.1). The area rcquired tor the nat lying cation (AJ 1 ... defined hy the 

equation; 

A. = ne (0.127)(0.45) + 1.4 nm 2 (1) 

where n(' is the number of carbon atom .. in the alkyl chain, 0.127 mn i ... the IIlcrcase in cham 

length per carbon atom in trans-trans configuration, () 45 nm i!> Ihe !>horte ... t distance hetween 

the chain axis estimated from the C-H distance and the van-der-Waal!> radii, and 1.4 nm l is the 
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area occupied by the end group". The equivalcnt area (Ac) is defined by the equation; 

I\c = a"bj2(x+y+z) (2) 

wherc a" and h" are the lattlce constants (dimensions of the unit cell in a and b directions), and 

(x t-y-I--,.) repreo;ent<, the charge density. When Ac is le~s than Ac, the alkylammonium ions 

hetween the intcrlayero; arc arranged in monolayers, but arc not c1ose-packed. For short alkyl 

cham ... (Il( '-=6 to n( =9), the basal spacing is between 1.35 to 1.37 11111 (Lagaly and Weiss 1969). 

With increa!ting alkyl-chain length, the area Ac of the ions increases and at Ac equal to Ac' the 

Illonolayers hecollle c1o'icly packed If Ac is greatF.r th an Ac, the ends of the alkyl chain would 

cxtcnd beyond the monolayer. Jlowever, beYOl,d the threshold of Ac=Ac (i.e. longer chain 

length!t), a monolayer is rearranged into a bilayer (double layer) of flat Iying alkylammonium 

iOIl'i giving basal spacings between 1.75 to 1.77 nm (Lagaly et al. 1976). If A< is greater than 

2A" hJlayers 'lecome lInstable and because tlnee layers of alkylammonium ions are energetically 

unstable as a result of clectrical repulsion, further increases in alkyl-chain length causes the 

chain to assumc a pselldotrimolecular structure, which belongs to the c1ass of kink isomers, and 

gives a basal o;pacing of about 2.17 nm (Lagaly et al. 1976; Lagaly and Weiss 1975). ft is 

delillcd as po;elldotrimolecular becausc it has the basal spacing ofthree alkyl chains but it is not 

actually arranged in thrce layers. This relationship may be expressed as: 

NJO.127)(0.45) + 1.4 = N(ao)(bo)/2(x+y+z) (3) 

where N-= 1 fi...,r the monolaycr-bilayer transition, and N=2 for the bilayer-pseudotrimolecular 

transition, and (a.,)(b,,) is equal to 4.65 nm 2 for dioctahedral minerais and 4.9 nm2 for 

trioctahcdral minerais. When AL is greater than 2Ac' or if the charge density of the minerai is 

vcry high, the alkyl-chains form a "paraffin-type" structure (i.e. a tilting of the alkyl chain 

uguinst the Silicate layer structure) in the interlayer space (Brindley and Ray 1964; Brindley 

1965; Johns und Sen Gupta 1967; Lagaly and Weiss 1969). The tilting angle is given by 

sinS = Cd/1.26 (4) 

whcrc Cd is the change of basal spacings \Vith change in ne and 0.126 nm is the change in 

Icngth (lI' chain per c-atom. 

If the layer charge is homogenous th en the interlayer cation density should he the same 

lU each intcrlaycr and the transition from monolayer to bilayer, and from bilayer to 

pseudotrimolecular spacing should occur sharply, i.e. at a critical chain length (n('). However, 

.. mcctilcs and low charge vermiculites do not show a sharp transition, \Vhlch is indicative of a 

variable intcrl~lycr cation density. As a result 0" the variation of layer charge within and 

32 



• 

• 

• 

between interlayers (i.e. layer charge and chemical compo!>itlon are hctcl'llgeneous: 1 agal) mul 

Weiss 1976; Lagaly 1 (82), the transitions occur over a ccrtalll range nI' al\..) lammoniulll illns 

of different chain length. This will result m the appcarallce llf lllln-lllll'gmi mtcl'.tJatitied 

spacings on the XRD pattern (see Ohs ct al 1 (90). 

The procedure for n-al\..ylammolllulll c:\change has been rcvl~ed ~c\'clal timc:-. tu aCC\lUllt 

for some discrepancies in the pac\..mg density nI' alk) I-chams m thc IIltcrla~ CI "pace nI' 2 1 laycl 

silicates. Studies have indicated that minor correction nlchu!> arc rcqlllrcd li li thc cllllcai A" l,li' 

small particle sizes « 80 11111 in diameter) afler e:\panslOn of thc IIItcrla) cr volumc (1 a!-',aly and 

Weiss 1970; Stuhl and Mortier 1974; Lagaly ct .. 1. 1 Q76: I.agaly Il)N 1) to Iccnncile "mali 

displacements of the interlayer cation~ as the intcrlayci callolls hOUllll IIcm tlw cdgc'i III th", 

silicate layers may not occupy an cntirc equivalent ",urfacc (/\) of Ihc layci l'lili .. , Ihe 

consequence is a slightly increased interlayer spacing. Laird ct al. (19N9a) also :-.u!,'.!-',cslcd an 

empirical equation to reconcile difTerences in layer charges dctcl'IIlIncd 110111 Ihc 

alkylammonium-ion exchange technique \Vith those calculatcd l'rom .. tl'llctuml formulac . 
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Fig. 3.1 Arrangements of alkylammonium Ions in 2.1 <:lIicatc IIlterlayer<, (alter Lagaly and 

Weiss 1969). 
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CHAI'TER 4.ft - REVIEW OF CLA \' PREPARATION TECHNIQUES 

A prerequbite 10 Ihe characterization of mixed-Iayer I/S ie; an understanding of artifacts 

produccd during ... amplc preparation. Various ... ample preparation procedures may account for 

<iotlle of the die;crcpancic'i observcd between different clay minerai investigations (e.g. Ransom 

and lIc1gce;nn 11)89). Cltemlcal pretreatments, for example, have specifie effeets, and thus it 

le; important ln outlme the changes in mineralogy that may result from their use, as weil as the 

mmification~ If prctreatments are avoided. 

Numerous workers have emphasized the need for careful consideration of preparation 

and prctreatment of clay minerai samples for ail types of analyses (e.g. Harward et al. 1962; 

'''cnner 1966; Thore;, 1975, 1985; Bish and Reynolds 1989). Whittig and Allardice (1986) 

strcs~cd the need for continued research into possible modifications and alterations of clay 

mincrals by mechalllcai and chemical treatments especially with respect to XRD and TEM 

studics. The kind!'l of problems encountered were stated by Whitehouse and Jeffrey (1955)' 

"An aqueous suspension of clay material is fundamentally 
different from a suspension of clay material in an electrolyte 
solution. Afier the addition of a chemical agent to an aqueous 
suspension of clay, the clay particle is no longer the same 
particle and the suspension is no longer the same system. 
These ditTercnces, chemical in essence, vary in degree if not in 
kind as the electrolyte and/or clay concentrations of the 
suspensions are varied". 

4.1. Dispersion Me'hods fur Clay Minerais (partiele Size Separation Procedures): 

Gcneml procedures for clay m ineralogical analyses may be found in Jac~son (1969), 

KUI11e and Dixon (1986), and specifically for XRD in Starkey et al. (1984), Wittig and 

Allardice (1986) and Moore and Reynolds (1989), and Nadeau and Bain (1986) for TEM. 

The degrec to whieh clay bearing samples must be physieally and chemically treated 

pnor to mmlysis is dependent upon: (i) the objectives of the study; (ii) the methods of analysis, 

(iil) the matcrlal heing mvestigated; and (iv) instrument availability. Irrespect ive of the 

o~leclives. the gentlest procedure for dispersion which will limit compositional and structural 

changes should always he used. 
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To analyze clay minerais l'rom soils, sediments und t'Oc" smnplcs (I.C nlln-consolidlltCll 

and consolidated or indurated samples). it is often neccssary tn Isolatc the clay mincmls Ii'ont 

other non-clay crystalline and non-erystalline (crypto-crystlllline .md all1orllhous) malermls, i.c. 

quartz, feldspar. zeolites, carbonates. gypsmll, pyrite, mm m.ides. 1I111111inuI1I Il~idcs, mg.lInic 

matter, and eoncenlrate Ihem. Although clay minerai separai ion mul puritication may he 

accomplished through centrifugation and chcmical prctrcatmcnl. carc is rClluired 1I111'in~ 

centrifugation and sample preparation 10 prcvent contmninatilln l'rom coarser particlc~. Specifie 

species of clay minerais may exist in wcll-dcfincd size frnctions or in a rclativcly widc lange 

of particle sizes, and thus fractionation into variolls sizc .. is esscnlial. SIJ:C thictillllalllln alsu 

has the potential advantage of eliminating contaminant plmses. In the pn~t. this ha~ hccn 

accomplished through physical and/or chemical procedures. Whcrcas contmninant ph'lscs may 

exist in concentrations below the detection lim it of the XRIJ, the TEM mny he IIsed lu a~scss 

the purity of individual fractions. 

An important consideration is the degree and typc of honding hctweell clay crystalhtcs. 

ln soils and sediments, cementation of clay minerais Illay he Ihe rcslllt of crystal gwwth of 

carbonates or iron oxides, or clay aggregates may form from muorpholls coalillgs of nrgmllc und 

inorganic material. Clayaggregates mayalso fonn as a rcsllit of high-Iaycr dlllrgcs with smne 

non-ionic Londs between particles (Norrish and Tiller 1976) ln argillaccolls rod.s, day 

minerais can form bonds as a result of compaction and crystal growth l'hllS, Ihe goal in 

separation is the complete disintegration of samples into thcir primury con"titllcnl particles. 

However. minerai separation procedures by their very nature destroy the primury samplc labrie 

and texture and thus, in the end, may not represent an "in situ" or "natural clay o;ystcln" 

(Brewster 1980). 

4.2 Comminution 

As a result of the increased difficultics in disaggregating indufllted or lithificd l11utcrial~, 

Fenner (1966) argued that structural, genetic or diagenetic implicatlol1<; may be cuslly attrihutcd 

to samples which do not warrant them. While therc is no prelèrred Illethod lin the 

disintegration or crushing of soils and sediments, the ideal method 'or the i!.olutioll of dlugellet ic 

minerais is one that will not cause excessive abrasion cr fragmentation of dio;crcte purticlc". 

Ultrasonic vibration using high-powered ultrasonic probe or ultrasonic bath io; the prcfèrrcd 
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method over crushing (i.e. mortar and pestle or percussion mortar), or rubbing and grinding 

(mcchamcal stirrcr and automatic grinding, rolling or shaking machines)(see Bish and Reynolds 

1989). 'lhcrc is broad consensus that mechanical disaggregation applying prolonged shaking 

docs not rcsult in true particle size distribution but rather an accumulation of rnechanically 

ahraded and fragrnented clay-sized particles. Physical disaggregation is best achieved through 

impact ratller than grinding methods. Crushing and/or grinding with pestle and monar can 

hreak or alter the original clay particles. Excessive dry grinding may result in phase changes 

and crystal strain, and ev en in the production of X-ray amorphous matcrial. Consequences of 

thesc actions may he line broadening of X-ray peaks and increased background-to-peak ratios 

(Moore and Reynolds 1989). 

The energy released in u Itrasonic vibration breaks the bonds between individual 

pllrticles, causing dispersion (Adams and Stewart 1969). Ultrasonic vibration isetTectively used 

lor two purposes: disaggregation and dispersion. Howcver, as Gee and Bauder (1986) have 

noted. no stllndard procedures for ultrasonic vibration have been adopted. Depending on the 

frequency, intensity and duration of ultrasonic treatment, and the concentration of suspensions, 

high-powered ultrasonic probes can rupture individual clay particles and may heat the clay 

suspension 10 undesired temperatures (Pusch 1966; Halma 1969). Gipson (1962) reported that 

ultrasonic vibration preferentially abraded cleavable minerais such as calcite and mica especially 

in the clay-size range. Saly (1967) noted an increase in the amount of potassium released from 

hydromica (mixed-Iayer vermiculite-biotite) with exposure 10 ultrasonic vibration. 

".3 Chemical Prelreatment 

According 10 Love and Woronow (1991), if a change was observed in the chemical 

composition or structure of the clay material resulting from chemical treatments~ it may be 

cither the result of (i) the removal of the accessory/contaminant material~ (H) the alteration of 

the clay material itself by the chemical treatment, or (iii) sorne unknown combination ofthese 

tàctors_ 

To aid in separation of the fine and ultrafine-particle size of the clay aggregates, 

chein ical pretreatments and peptizers are often lIsed to disaggregate clay particles~ to remove 

coatings and cements. and to promote the stabilily of dispersions of constituent clay separates. 

Contamil1l1nt phases liS coatings or films on clay minerais may act as a cementing agent binding 
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individual clay particles together into larger IIggreg~ltcs. Thorci (1985) cllIlIpmcd X-ra~ dlllll 

of soil and clay minerais from wcathering. diagenetic and 11111rinc cnvil'OlIlIIcnls pl'cllIIred wilh 

distilled water and without chemical Ircalmcnts and conlmslcd Ihcm wllh 'lC\ clllccn 

"conventional" chemical pretreatmclIts. He concluded Ihllt thcrc wcre tluce majuf nlllllitk'itillns 

and/or alterations resulting from chcmieal prctrcatmcnl: (1) an incl'case in Ihc mUllunl uf slnllie 

well-crystall ized minerais, with the loss of labile and fmgi le lIIi:\cd-laycl's, (:!) Ihc Ilccurrcnce 

of new minerai phases such as vermiculitc lInd/or slllcctitc. and the lranstllrmalillll of SnllIC 

mixed-Iayer I/S into vermiculite or secondllry chloritc. and (3) Ihe IIlcreasc in expmulllhie hlycl's 

in mixed-Iayer liS and/or the transfonnation of smeclitc lOto li chloritic slructure. 

4.3.1 Oraanic Matter 

Organic matter may he present as Il conting or IiIm on clay pm1icles nnd IlIl1y :tet liS Il 

cernenting agent binding clay particles into aggregatcs. Initially Ihis coaling ma~e'l sal11Jlles 

more difficult to disaggregate, but after the particles are in suspcnsion il C~lII increasc Ihe 

stability of the suspension (Emerson 1971). Orgallic matter may also oc prescnl in Ihe 

interlayer space of expandable minerais and prevcnt expllnsion in slllvatioll cxpcrimcnls . 

Organic matter may produce a high background/peak ratio in XRD by illerca~ing Ihe intensily 

of the Compton-modified scattering (Cullity 1978) resulting in broad diffhlction Jlea~s. 

Oxidation and removal oforganic matter can he achieved with Ihe tl)lIowing Ircatmcnls' 

hydrogen peroxide, hydrochloric acid, Na2EDTA, sodium hypochlorite (Andcrson 1963, Mikhail 

and 8riner 1978), sodium perrnanganate-oxalic acid (Dümmlcr lInd Schrocder 1(65), sodium 

hydroxide in methanol and benzene (Farrington and Quinn 1971), brom inc and sodiulII 

carbonate (Mitchell and Smith 1974), sodium hypobromite (Trocll 1(76), carhon dbulphidc and 

ethanol (de Lange 1976) and low temperature ashing (G1uskoter 1965; l'ricc and Jenkin ... 1 (JHO). 

The most widely used among these treatmcnts for organic-mattcr rCllloval i'i ,Iill 

hydrogen peroxide. However, hydrogen peroxide has been shown to cause dcgradation or 

dissolution of lattice components in clay minerais and in Fe- and Mn-oxidcs (I.avculich and 

Wiens 1970; Thorez 1985). Other reported effects include, exfoliation (rcductioll in partic1c 

size) of mica or iIIite (Drosdoff and Miles 1938; Prolz and St. Arnaud 1(64), vcrmiculiti".atiol1 

or smectitization of chlorite (Thorez 1985), modification of clay cxpandahilily (Pcrcl-Rodriguc/. 

and Wilson 1969), the formation of calcium oxalate trihydrate or calcium oxalate l11onohydmtc 
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if calcium -bearing minerais are present (Martin 1954; Farmer and Mitchell 1963; Bourget and 

Tanner 1953; Jones and Beavers 1963), or alteration of amorphous material (Mitchell et al. 

1964). Douglas and Fiessinger (1971) demonstrated that without the addition of a buffering 

agent, hydrogen pcroxide treatment caused small degradation in peak intensity in vermic:ulite 

and bentonite phases. The use of Hel and Na2 EDTA would incompletely remove organic 

material l'rom the interlayer spaces and prevent expansion with ethylene glycol or glycerol 

(Pcrez-Rodriguel and Wilson 1969). van Langeveld et al. (1978) compared the etTectiveness 

of the various procedures for removing organic matter and suggested that ail treatments alter 

or modify clay minerai expandability, but that even the most effective method left about 20% 

of the non-carbonate carbon. 

4.3.1 Inorganie and Amorphous Material 

Iron oxides and hydroxides occur in clay samples as coatings and discrete particles, 

including hematite, goethite and various iron-manganese com pound s, which represent 

interlayered materials. Decause these inorganic materials may act as cementing agents binding 

individual crystallites into larger aggregates, removal of inorganic matter, therefore may result 

in an increase in the smallest size fractions (Barberis et al. 1991). Iron oxides also may obscure 

XRD patterns because: (i) Fe absorbs Cu Ka radiation which in tum fluoresces and emits its 

own non-directional. characteristic X-radiation increasing the general background radiation 

(Brown and Brindley 1980); and (ii) Fe-oxides interfere with the orientation of clay minerais 

during specimen preparation (Hendricks and Alexander 1939). Townsend and Reed (1971) 

suggested that the removal of iron oxides uncovered peaks that had originally been obscured 

and intensified other peaks. Recently, graphite monochromators have been employed to 

separate Ku X-mys from fluorescent X-radiation, and this eliminates most of the background 

from Fe minerais. 

The removal oHe oxides aids in dispersion of the inorganic components which is often 

essentiul for ctlcctive particle size separation. Mehra and Jackson (1960) suggested a sodium 

dithionite citrate solution butTered with sodium bicarbonate (SDCSB) for the solubilization of 

Fe oxides (as weil as calcite and phosphates) (Jackson 1969). Ferric iron is reduced with 

sodium dithionite and the ferrous iron is complexed with sodium citrate. Sodium dithionite 

eitmtc solutions dissolve some silicon and aluminum and mayattack the clay minerai structure 
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(Newman and Brown 1';87). SDCSB alters biotite to a venniculitc-likc minerai as a rcslllt of 

the removal of K. Mg and Fe due to the chelating action of citmtc (Douglus 1l)(.7: SlIwhney 

1960). This could resllit in the misidentitication und overcstimution llfwrmiclIlitc 111 "smnple. 

ather etTects include increased expandability in mixcd-Iayer 2: 1 minemls and thl' e'traction uf 

iron from micas and nontronite (Thorel 1975: 1985). 

The removal of carbonates aids in eusier size fractionutioll. Retention of carhonates enn 

prevent clay dispersion and create scatter in XRD reslIlting in pour ditl'ractlon protile ... 

Removal of carbonates can he achieved through the use of HCI, EDTA or heating with ace.ie 

acid butTered to pH 5 with sodium acetate (Grim ct al. 1937: Jurik 1964: Ellinglloc mul WiI"on 

1964). The use of HCI results not only in release of Ca and Mg which can Ile Ilrelcrentinlly 

exchanged for interlayer cations in the clay minerais und whieh may interlcre with cation 

exchange capacity and elemental analyses (Carroll 1959: Eslinger Ilnd Pevcllr l')KK), hut will 

also leach AI, Fe and Mg ions from the clay lattice stmcture (Mllthcrs ct ;11. 1(55). Coo" 

(1992) demonstrated that nontronite treated with NaOAc will extract exchlmgcahlc K tiuln 

smectites. However, it should be noted that with these two treatmcnts, ditlèrcnccs in the XR () 

patterns were negligible. although peak intensity wus diminishcd (Mathers ct al. 1955: Coo" 

1992). Ethylene-dinitrilotetra-acetic aeid (EDTA) is proposed as un alternative IlIcthod 10 

rem ove carbonates (Bodine and Fernald 1(73). ~Iowever, the EDTA mllon can ICllch irnn, 

barium. strontium and magnesium from the octllhedral layers of chloritcs and somc Slllcclitc 

minerais, especially hectorite and saponite (Starkey et al. 1(84). Jackson (1')6(» suggesled, 

however, to use acetic acid with a sodium acetate buffer of pH=5. 

Other chemical pretreatments include the use of alkaline solutions '0 n:movc amorphous 

compounds of silica, alumina and alumino-silicates from clay samplcs. Amorphous componenls 

in clay fractions can prevent the characterization of the layer silicates hy XRD hy llcting as 

coatings and films on clay particles as weil as cementing agents (Follct ct al. 196511, 1,)65h: 

Chichester et al. 1969). Dudas and Harward (1971) showed that the u .. e of ~odium hydroxide 

or potassium hydroxide resulted in the removal of interlayer compound, in clay m incral!o, and 

induced alteration of biotite. Acid ammonium oxalate solutions huve becn used ln dissolve 

amorphous materials. Additional modifications include the incrca'ie of cxpandahle luycrs in 

mixed-Iayer Ils and the vermiculitization of chlorite and mica (Thorez 1(85). Olher rcagcnts 

include Na2C03 (Follet et al. 1965b) which may he effective in dis'iolving free Si und AI 

compounds, but again may remove these elements from the clay lauice . 
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4.3.3 Peptizers and Dispersion 

Clay minerais, dispersed in deionized water have colloidal dimensions and thus. may 

be treated as colloidal systems. The discussion of colloidal systems is limited to the effects of 

pcptizers (or di~per'iant!t) on clay minerais because colloidal systems are not investigated in this 

study. The tcrminology used follows van Olphen (1977; 1987). 

Aggrcgation describes the coalescence of several multilayer particles as weil as the 

dcgrec of blyer stacking in a single particle. Flocculation (or coagulation) denotes particles 

which stick together upon collision in loose agglomerate!. (or flocs) and sediment under gravity. 

Vun Olphen (1977) distinguished edge to face (EF) and edge to edge (EE) association as 

Ilocculation, and face to face (FF) association as aggregation. The reversai or restoration of the 

original dispersion of individual particles is referred to as detlocculation, peptization or 

stubilization. Il is important to keep in mind that disaggregation and peptization are not 

concomitunt phenomena (Juhâsz 1990). 

Purticle size separation can only be achieved if the individual components in a clay 

suspension are stuble. The stability ofa clay colloidal system is a function of the mineralogical, 

chcmical, and concentration characteristics inherent in the system. Clay particles which are 

dispersed in deionized water are classified as Iyophobic colloidal systems. In natural clay 

suspensions there is a tendency for clay partic\es to flocculate to minimize Gibbs' interfacial 

energy. V un Olphen (1977; 1987) explained that the stability of clay suspensions is a function 

of two opposing particle interaction forces: the electrical double layer which acts as a repulsive 

force between particles and the van der Waals'·London dispersion forces which represent the 

cumulative attractive torce of ail the atoms of one particle and ail atoms of another particle. 

Bowever. an additional complication for clay suspensions is a result of the distinct morphology 

of clay mineraIs which contain faces and edges. The electric double layer and the van der 

Waals' torces will be distinct for each exposed face. A reduction in the face charge or edge 

charge of clay particles decreases the range of their repulsive forces and promotes tlocculation 

through van dcr Waal's attractive forces (for further details see van Olphen 1987). 

The <!-~ll11 size fraction of soils and sediments is frequently in a coagulated state which 

rcquires further dispersion. as particles smaller than 2 J.lm tend to agglomerate due to the 

adsorption of soluble salts and polyvalent cations. This is a consequence of surface charges 

(Halma 1969). Pusch (1966) argued that the size and distribution of particles determined from 
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dispersed suspensions do not represent the real distrihution in the sedimenl during t{mllalioll in 

situ, regardless of the method of dispersion. 

To achieve a stable clay suspension. cxccss dcclrolylcs must he remnved. l'his clin hl' 

accomplished through washing, either by ccntrifugation. ultmcentrifllt\alilln. ult .. ,lihmti'lI\ 01 

dialysis (Jackson t 969: van Olphen 1977: Schrmnm and K wak 1980). Iln",ever. Ihis procellure 

may not achieve the desired reslJIt as other factors play an lIuportant role, as noled III I,n'vious 

sections. The addition of a peptizer may also he requircd to promote dispersion (.Iacksol1 1 %(): 

Moore and Reynolds 1989). The advantagc of using pepti7crs to main!:lIn su"pension is Ihe 

greater ease with which larger amounts of fine partiele sepamtes ~tre ohlained Il is possihle 10 

disperse clay minerais without removal of electrolytcs by simply increasing Ihc amount of Ihe 

peptizer. Even afier the removal of cementing agents ~U1d the addition of pepli/ers. COIllI,lcle 

dispersion may not be achieved if the pH of the suspension is cither 100 acidic 01' haslc (Pro!./ 

and St. Arnaud 1964). 

There are no universally accepted peptizers. as difTercnt octahedral cations arc cxposed 

and different cations adsorbed on the clay face, and the complexing ahility of aillons is 

dependent on the type of cation. Thus, the composition of the clay mineml dctcrmincs the Iypc 

of peptizer used. Generally, the peptizers suggestcd for dispcrsing clay mincrals includc' 

sodium pyrophosphate. sodium hexametaphosphate. and sodium carhonate (Jackson 1 ()69). 

To achieve a stable clay suspensions in which to separalc diffèrcnt clay-.,ll.c l'raclions, 

it is necessary to reverse the edge charge of the clay particlcs (van Olphen 1(87). Anions nf 

an appropriate peptizer are chemisorbed to broken clay partiele edges where Ihey lilrm 

complexes with the exposed cations of the octahedral sheet. Reversai of Ihc cdgc chargcs Ihus 

eliminates tlocculation and creates a sufficient charge levcl to prcvent attraction hy van der 

Waals' forces. This eliminates EF and EE particle associations. The dispersive hehavinur of 

peptizers, such as sodium hexametaphosphate and sodium pyrophosphate may rcslIlt l'rom Ihcir 

replacement of exchangeable cations and the formation of soluble undio;sociatcd complexes wlth 

the various cations (Tyner 1939; Hatch and Rice 1938). 

As stated in previous sections, the addition of any chcmical reagcnt changes the 

properties of the clay system, and peptizers such as sodium hexamctaphnsphate arc nnt dillcrcnt 

in this respect. Sodium hexametaphosphate (NaP01)(J' will not disperse ail clay mincrals (c.g. 

kaolinite). There is still controversy over the use of "Calgon" as a pepti,-cr (Yaalon 1976; 

Veneman t 977). Calgon is a polymcr of 15-30 P01 groups, and in !.nlution conlains 
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pyrophosphate and orthophosphate (Whitehouse and Jeffrey 1955). Treatment with Na-EDT A 

ha~ becn shown to result in the partial exchange of interlayer cations (Thorez 1985). Harward 

ct al. (1962) demonstratcd that there is an increase in the ability of expansion or collapse of 2: 1 

layer silicate" after dispersion trcatments. The phosphate ion may complex with saturating 

cations reslilting in the appearance of additional XRD reflections (cf. Lindgreen and Hansen 

1991 ). Umlleti and Lavklllich (1988) demonstrated that for soils containing layer silicates, 

particularly chloritized montmorillonite, dispersion with sodium pyrophosphate resulted in XRD 

profiles with displaced reflections and the appearance of additional peaks not belonging to the 

original sam pie. ThllS, it has been sllggested that following the addition of a peptizer, agitation, 

centrifugation and washing be performed at least three times to remove excess phosphates 

(Nadeau and Tait 1987). ln addition, peptizers such as sodium hexametaphosphate are 

chemisorhed on clay faces or edges and may result in erroneous interpretation in the SEM 

(Robert 1987 as cited by Malla 1987, p.35). 

ThllS, any operation, be it physical or lhemical, which prOlllotes disaggregation at low 

sodium concentration can have a beneticial effect on the dispersive quality of a clay suspension 

(Juhâsz 1990), but it is suggested that sodium pyrophosphate and sodium metaphosphate should 

only he lIsed as a peptizer when performing particle size analyses, as was originally intended. 

Thcse peptizers should not he used indiscriminately for dispersing clay minerais (Fenner 1966; 

Pcrcz-Rodriguez 1969; Thorez 1975; 1985; Omueti and Lavkulich 1988) . 
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CHAPTER S.O - Mat~rials and Methods 

S.l Characteristi~s of Samples 

Samples for this investigation were taken from drill core and \Vell cuttings of the l.n.E.

Shell-B.A. Reindeer 0-27 discovery weil cliratcd at the corc repository of the Institllte tlll' 

Sedimentary and Petrolellm Geology (I.S.P.G.) of the Geolllgicai SUI'Ycy Ill' t. 'anada « I.S.t.'.), 

Calgary, Alberta. Composite samples from cuttings \Vere combined hy weight at SO-Il intel'n.ls 

(Ko 1992). Criteria for smnple selection \Vere: (1) the amollnt of sam pie matcl'ial avmlnhle tlll' 

a given depth, (2) depth of the sample and (3) the c10seness to samplc dcpths tlll' wluch hui" 

chemical analyses were available from Ko (1992). Initially. drill core !>~imJlles were availahle 

from a depth of 2985 to 9561 ft and composite weil euttings l'rom 6150-(,200 li tn 125 S(}-12(,nO 

ft, but as material \Vas also being used for otller investigations (Ko 1(92). smnplc matcrial th"" 

sorne depths became exhausted and no longer availnble tl-n this pr~icct( 1 1. As samplcs \Verc 

prepared for multiple analytical pllrposes, but specilically 'ln isotopie anah SC'i (Rh-SI'. K-Ar), 

the overriding constraint on sample preparation and separation technilJuc~ \Va" to Illinillli/c 

modification or alteration of the originalmaterial, especially to loss (II gain III intel'layci catlon'i 

by sample pretreatment (see Chnpter 4). Composite weil cuuings were generally cho'iclI at loon 

ft intervals from an initial depth of 6650-6700 to 12550-12600 n. with Iwo core sample~ locnted 

at 2945 and 4800 ft. Additional sam pie depths were chosen whcrc ahundant mnterial was 

available, regardless of olher criteria. Drill core s3mples had a eharacterislic greyish-hmwn 

colour, with a fairly lIniform grain sile. Most weil cuttings consisted of clay"tone and 

mudstone. with a fairly uniform clay sile fraction, although some !.mnple~ \Vere Illlld!.tones with 

clay and silt-sile fractions. There were some problems in choosing composite samplc'i 'rom 

depths of 9250-9300 ft to 9750-9800 fi because of the high silt content of Ihc ~halc material. 

S.l Sample Preparation 

To eliminate other detritalminerals and contaminant phasf",s, C.g quartz, fcld:-.par, mica'i, 

kaolinite, chlorite, orgunic Illuttcr, etc., Ils mixcd layers wcre ic;olated and cOllcclltrated hy 

separntion of the fine size fractions, \Vhcre thcse I11l11erals are 1I10'\t abllndant (.10h11'> and 

(1) The original depths of the samples were delineatcd in 'cet, and are rctaincd throughout this 
thesis to avoid artifacts that might be mtroduccd by converting tn meters . 
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Kur/wcill 1979; Brewster 1980). Kittrick and Hope (1963) stated that X-ray diffraction (XRD) 

.. tudics seldom rcveal clay minerais in the <0.08-f.lm fraction that are not found in the 0.08-0.2 

,.lIn fraction. IIowcvcr, the hypothesis for the Isotopie analyses originally planned for this study 

was that the ultrafine fractions may represent a neofonned component. The <0.1 /-lm and <0.05 

f.lm 'iizc fractions were considcred the ideal fractions to isolatc mixed-Iayer I/S. In particular, 

il was thought thal I/S of the <0.05-f.lm size fraction might be the neoformed component, 

whcrcas delrital liS would occur in the coarser fractions (Morton 1985; Ko 1992; Sears and 

I-Iessc 1992; cf. Ohr et al. 1991). 

5.2.1 Clay Separation and Centrifugation 

Separation of clay minerais from composite shale weil cuttings required approximately 

100 g (90-120 g) of sample material. Composite samples were passed through 150 mm and 

1.14 mm sicvcs to achievc a relatively uniform cutting size and to eliminate larger and finer 

clltting~ which may give contamination from cavings or drilling mud (Ko pers. comm. 1990) 

Thesc samples were thcn hand-picked to further remove extraneous material (i.e. drilling mud, 

iron-oxides. sulphides. carbonaceolls material) and coarser-grained clastic sediments (e.g. silt

and sandstones) and other rock fragments (black and white chert). Following this procedure, 

weil cuttings werc thoroughly washcd (three times) through agitation and decanting in deionized 

watcr in an attcl11pt to remove contamination from drilling mud (see Dypvik 1981). In the 

proccss, smnples werc transferred to 250 mL centrifuge boules and filled with approximately 

150 ml, fresh. dcionizcd water. Deionized ultrapure water was produced by the Millipore™ 

Milli-Q water-purification system consisting of reverse osmosis, organic scavenging, and ion 

cxclmngc cartridgcs in the McGiIl University Geochemical Laboratory. The drill core was 

scrubbcd in deionized watcr to remove possible contamination from drilling mud. broken into 

smullcr fragmcnts to fit the opening of the 250 mL centrifugc boules, which were tilled with 

150 mL of dcionized watcr. Ideally, the central parts of thc core should be sam pied while 

aVlliding matcrial near the: cdges, in order to minimize drilling mud contamination (see Barefoot 

and Vlln Elsberg 1975: Ko 1992). However. due to the limited amount of core material 

availablc. this WIlS not possible. The drill core and weil cutting samples were disaggregated by 

phlcing the centrifuge boules illto a mechanical shaker (Red Devil Paint Shaker) and agitating 

them. At 15 min. intervals. the suspended contents were decanted and fresh deionized water 
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added to the remaining cllttings. This procedure was repeated llntil 1110st of Ihc clittings Wl'n.' 

reduced to their constituent particles (up 10 2 hrs for mon: cOllsolidated samples, i.l'. Il,"all~ 

deeper samples). The suspendcd tnatcrial \Vas tnlnsferrcd inlo :! 1. hollies which \\cre Iilled 

\Vith additional deionized \Vater. Alternativd~, ccntrifuge bottle .. cOlltamlllg "cil ClItllII!,\S \\cre 

rolled gentlyon mechanical rollcrs overnight to disintegrate Ihe cult ing'i 10 thl'ir CIlI!'.t itllcnt c1a~ 

particles. Again. the material was thcn tmnsfcrrcd to :! L houle .. \\-hich weil' tillcd Wlt" 

approximately 150 ml deionized water. If flocculiltion occlllred aflcr .. edllm:nl agitation, Ihe 

suspensions \Vere cleaned of cxccss elcctrolytes cililcr h~ washing thl'llllgh rl'pcated 

centrifugation and washing or dialysis until effective partiele dbpersHlIl \Vas achieved. A'i thl're 

is still limited standardization betweell ditTcrent clay labomlories, an attellIpt \Va .. made 10 

minimize ehemical pretreatment (see Chapter 4). Peptizcrs wcre nol uscd to indllce dispe ..... oll 

of elay-sized particles. Perusal of the a\'ailablc htcrature showed Ihat conVl'nt ional clay 

separation techniques onen include chemical prctrcatmcnls and pcptll'ers (e.g .lac" .,on 11)69. 

Moore and Reynolds 1989) for removul of Fe-oxidcs, organic lIlatcrial, carhonate .. , alll(lll'hnu~ 

material. and dispersion, respectively. However, ail of thcse prclrcalmcnls willmodity Ihe c1a} 

mineraIs, especially their expandability as shown by the work or Johns and KlIr • .wcill (11f19). 

Thorez (1985) and this study. 

The <2.0 f..I.m size fraction (equivalellt sphcrical diamcter or e.s.d ) wa ... collecte" hy 

sedimentation in water using Stokes' law for the calculatioll of scttlillg limes (.Iac""," 1%9). 

The procedure was repeated 3 to 5 times to ensurc the complele collcction of thi~ fi act 1011. 

The 0.05-0.1 ~lIn and <0.05 J.1m clay separalcs werc obtaincd u'iing a SllIval SS-llahle

top centrifuge with a tixed angle rotor and 250 mL eenlritilge hotlle'i (Dr. John Morton wnl 

comm. 1990). Clay suspensions were dccanted altcr caeh t'lili into 2 L boUle'i, addillOnal < :2 () 

f.lm clay suspension was added and resuspcnded Ihrough mcchanieal agilation. '1 hi .. procedure 

was performed from 6 to 8 times per sample to cllsurc the complcte colleet iOIl of t hc .. e ullrali ne 

clay separates. No ultrasonic vibration \Vas l\~cd to resuspclld ,>cdiment .. hclwcen cClllrifllf.!,C 

runs. 

5.%.2 Chemieal Pretreatment 

To assess possible structural changes induced as artifact ... in m ixcd-Iaycr Ils as li 

consequence of ehemical pretreatments, sclected clay !>uspension,> wcrc split inlo halvc ... (approx 
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50 g clay cach), one di'iper,>cd in dcionizcd water only, the other treated with a 10% sodium 

hcxamctapho.,phate for Improved di~persion (10 ml of 10% [NaPO,l, per 2000 mL clay 

"1I"pcn~lOn) 1 he day fractlOlls were then collected following thc procedures olltlined above. 

5.3 Reduction of Watcr Volume 

Fractionatioll of clay separates reqllires large volumes of water. To reduce these 

ml10unb of watcr and at the saine timc, to minimize the loss of ultrafine c1ays, many benign 

proccdure~ were attempted betore frceze drying. The tirst attempt was to use the Millipore 

mcmbranc-tittration sy.,tem, whlch I~ the same procedure as that tor ereating oriented XRD 

"Iidc:-.. A., the smalbt lilter sile available had a pore size of 0.1 /-un, there was an initial large 

I()~" III thc <Il 1 "llll traction until thc clay !leparates c10gged the pore space. The procedure was 

abo vcry timc con~lIming to collect upwards of 300 mg of clay separates. The second 

procedure a1temptcd was to frl!eze the clay suspensions and then allowed to thaw, which 

l'csultcd in day flocculation (LaIrd ct al 1991). The excess watcr was decanted and the clay 

thlctioll collccted and subsequently frccze-dried. However. often the finest fractions were lost. 

The thinl and most efticacious (although again very time consuming) method was to freeze-dry 

the large volumc ofvery dilute solution as collected without intermediate water reduction steps. 

Dilutc <;uspen~ion'i were Iyophilized in a Labconco 6 L freeze-dryer, model 77530-01 at -55°C 

and a vacuum of between 10-20 III icrotorr. As Ihe Iyophilization process is depelldent on the 

~urtilcc area and thic~ncss of samples. the condenser temperature and vacuum, and the melting 

tempcralure and ~olutc concentration of the clay suspension, approximately 2L of clay 

suspensions were dividcd into four 500 mL wide-mouth polyethylene containers. These samples 

n~quircd lIppro\.imatcJy 1- 1 /2 to 2 weeks to sublimate ail the water. One disadvantage to this 

II1cthod is thal il concentrates ally remainillg electrolytes which may be adsorbed to clay 

Slll nlccs (see Chapter 4). This wi" havc a deleteriolls em~ct on the Iyophilized clay particles 

hy increasing l1occulation potentia!. Freeze-dried samples were stored III plastic vials with snap

lid~ undc!' IHlrnUII lahoratory humidity conditions (50-60% R.H.). 

5.4 '-repnnltion of n-Alkylammonium Hydroehloride 

Octylamine hydrochloride (11('=8) and dodecylamine hydrochloride (N('=12) were 
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obtained from Dr, G, John Ross (Ag,ticlIlturc Canada. Otll1\\a) and \\crc l'll'l'atl'lI and l'tlIIIÏl'd 

frol11 their respective amines by thc procedurc olltltncd h~ 1 agal~ ami \\ l'I .... t Il)hl)) .lItd 

modified by Rlihltcke and Kohler (1981) AdditlOnal llct~lal1lll1c h~dwchllllldc tN, ln and 

octadecylamine hydrochloridc (NI =18) \\CIC dlO~cn Inr dlalactl'll/lIIg th\., npalldahk 

components becausc oftheir commcrcial :l\,allablltt~ lillm "a .. tman !...Ilda\" Olg,\Illl' lïlcllllcal ... 

Rochester, New York: these chemical., mc di .. tnblltcd h~ r ... hcl SClcnttlic alld nl'cd Il III Ill' 

synthesized from their respective amine~, rhc~ \\cre lI~l'd a .. IccCI\'cd Ilo\\c\cl. a .. (lit" cl ,II 

(1990) noted. t1c= 12 is prcferrahle to nI -= 18 hccall~c of di IIkIlItIC" tn tlll' c\challgc 1 l'ad lOti dtll' 

to stearie hindranee in cxpanding the ttlh:rlayer and dlfticultlc" tn \\a"hmg thl' ,,:tlllpk .. 

Alkylaml1lonillm hydrochlonde ~ollltion .. \\CIC plcpalcd a~ ICqllllCd amI Ihc"c .. 11h11 101 ... 

were stored at 65"C and renewed cvcry 3-4 month~ 1 hc cllnccnlt at 101... lm Ihc 1 c"IK'l'Il\l' 

alkylammonillm hydrochlorides are gi\'en 111 Table' a" calculatcd hy l.agaly and WCI"" ( 1 %IJ) 

Table 1. ConcentratIons of Alk~lalllmonlllm Ilydtochlot'ldc 

Chain Length Molecular Wcight Mulanty ( il al1l~/ 1 1111 ml, 
(CnH2nIINH1'HCn 

6 137,66 " 275 
7 151.68 n,s 76 

8 165,71 0,5 X l 
9 179,73 n,5 l)() 

10 193,76 0,1 2,0 

1 1 20779 n,l 21 

12 221,82 n, 1 22 

13 235,84 0,1 2 Il 

14 249,87 0, 1 25 
15 263,89 0,1 26 

16 277,92 () OS 1 4 
17 291,95 O,OS III 
18 305,98 n,os l ') 

The concentrations of the organic "ait .. wcre varied accordll1g 10 Ihelt .. olllhlllly III walel 

Alkylammonillm-ion solutions of the required molarity wcrc prepared hy dl..,,,olvlllg a welghled 

amount of the n-alkylamonilllt1 hydrochloridc in dClolltled water preheatcd to 65"(' Illgher 

chain lengths are le'is soluble and wcre dis'iolved in water over a pertod of t\Vellly-four !tOUI .. 

in an oven at 65°C, 
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5.5 XMl) l'reparation (Post-Treatment) 

()ricntcd !>amplc~ '()r X-ray diffraction (XRD) analysis were prepared frorn 12-15 mg 

of frcc/c-dricd clay .,cparatc~ in 5 mL of deioni1.cd water using a moditied version of the 

mcmhranc-tiltcr tran.,tcr mcthod of Drever (1973; modified by Pollastro 1982). The Millipore ™ 

tilter wa .. rchlin,-'d and mountcd on a glass slide with dilute white glue. Sorne samples 

containing highly expandable clay .. required up to 1 hr of vacuum-suction before ail material 

wa!> trun!-t'crrcd to the filtcr (see Bish and Reynolds 1989). This approach is justified on the 

ha!-ti., that thc finc and ultra-tine particles of the clay separates are of fairly uniform size and 

thu .. thcrc is III111tcd partlclc-slze ~egregation Filters were initially eluted with 5 ml deionized 

watcr tn rcmove po~siblc chemical contaminants from the manufacturing process and from 

possible sub<;cqucnt contamination during handling. For samples exchanged with n

alk}lammonium Ion!> prior to embedding 111 Spurr VCD resin (see below), si ides were made by 

di .. per .. ing the organic-c1ay complexes m an 85: 15 ethanol:methanol mixture and evaporating 

thcm to drync!>~. Other sclcctcd samples were saturated with Mg2
+ for determination of 

cxpandabihty 101l0wll1g the method of Moore and Reynolds (1989). Following the transfer of 

the clay matcnal hl the Millipore 1\1 tilter, 5 mL of 0.1 M MgCI was suctioned through the clay 

cake. Tlm was followcd by 5 mL of 50'50 mixture of 85'15 ethanol:methanol and deioni7ed 

watcr to rCl110vc cxccss chlonde anions Ali samples were air-dried and stored under humidity

controllcd conditions (R 1-1 50-60%) and solvated with ethylene glycol by the vapour pressure 

method at 60"(' lor 24 lus, except for the samples exchanged with n-alkylammonium ions. 

Immediately Illllowing ethylene-glycol solvation, the samples were transferred to the X-ray 

diffractomctcr Selected samples \Vere solvated with ethylene-glycol for 72 hrs to compare the 

result \Vith specimens treatcd for 24 hr. No changes were apparent. 

Glycerol solvatiol1 \Vas perfonned by placing a few drops of glycerol on the Mg2
+_ 

saturatcd clay cake and carefully smearing it over the entire clay surface. The slide was 

translcrred to a dc!>iccator contaillll1g glycerol \Vhich was placed in the oven at 60°C for 48 hrs. 

Bcfllrc XRD, the mOllnts \Vere allowed to equilibrate to room temperature and the excess 

glyccrol rCl1lovcd ily carefully placing a tissue over the clay surface. 
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5.6 n-Alkylammonium Euhange and Sample Prepllration 

Two preparation mt!thods using n-al~~ lammonium ions "ere us\.'d on free/c-dl'icd CI:I) 

material. Clay samples "cre treated with n-al~ylmnl11onlllln Ions (Vali and ,,",istcl' It)K(l) li) 

prior to XRD analysis and HRTEM imaging. and (ii) aller cmhcddmg in a lu" -vi .. cnslly l'c~ill 

and ultrathin sectioning (Vali and Hesse 1'l'lO). Vali and lIes .. e (1l)l)2h) l'I:pm1ed 110 vislh"'

differences in the layer structure of particles of phlogopite and wl'l1lieuhte hct\\cen Ihe 1"'0 

preparation techniques 

Selected clay samples were saturated ",ith n-al~ylammnnlllln IOn~ Itllln\\ illg Ihe 

procedure of Riihlicke and Kohler (1981). Appro,imalcly 50 mg of Ircc/c-dried d .. y 'iCI,amlc 

were weighed and placed into 35 ml heavy-duly glas, centnfuge te~t tuhe'i wllh .. cre\\' cap'i 

Approximately 5 ml of the approprl3te n-alkylmnmonmm ion (n, .:-8 and n, -1 H) \\'a~ addcd 10 

the tubes, closed and shaken vigorously fl,r a fc", minute~ 10 sU'ipend Ihe clay llIa""l'Ial 

Samples were incubated in an oven at 65"C for 48 hrs. and perimheally agitatcd ln IC'iu .. peml 

the material. The suspensions were then transfcrred to polypropylene ecnt! ifuge luhe .. \Vllh 'inap 

caps and centrifuged for approximately 3 lus at 10,000 rpm l'he ~upernatanl wa ... decanled and 

replaced with 5 ml of fresh aliquot of the appropriatc al~ylammnl1lum ... nlutlnn, vlglllou .. ly 

agitated and transferred back to the glass tubes. Thc !.ample!. wcre mcubated al (,)''(' Itlr ail 

additional 48 hrs. Following the incubatIOn, the samplcs were Uan'iferred 10 the polypropylclle 

tubes and 1-2 ml of 85: 15 ethanol:methanol wa .. addcd l'he sample'i were agam cclliritllged 

for approximately 3-4 hrs, the supernatant decanted. then replaccd \VIth 5 ml 01 Ihe 

ethanol:methanol mixture. This washing procedure was repe~lted (, tllne .. 10 elNlre the removal 

of excess alkylammonium chloride. After the final wash \Va ... performed, 1-2 ml, of elhanol wa ... 

added and the clay material resllspended by mechanical agitation 1 he "u"'peINOIl .. were 

lransferred 10 5) x 51 mm glass shdes with dlsposable polyethylene pIpette ... and the ethanol \Va~ 

allowed 10 evaporate. After the samples were air dried, they were placed III a l'ree,e-drycr and 

subjected to a high vacuum of between lOto 20 mlcrotorr for /' 12 hr... 1 he ... Iide ... were kepl 

in vacuum until X-rayed 

During test runs for thls procedure, Il \Vas dl!.c(wered that there may he an IIllcraclHIII 

between n-alkylammonJUm and the polypropylene mlcrote'it tube... AI~ylamm()11I111ll .. olulIon ... 

stored in glass tlasks with yellow polyethylene cap'" leached the colnur 'rom the cap". 

Subsequently, solutions \Vere stored 1\1 glass tlasks wlth gla!.!. ,>loppcr ... and hcavy-duty 50 ml. 
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glass te.,t tubes with screw-caps, containing rubber insets were used. To minimize alteration 

of cxpandable layers in mixed-Iayer IlS, the procedure of Rühlicke and Kohler (1981) was 

modified to exclude Na-saturation. The interlayer cations of the clay material were exchanged 

with the appropriate n-alkylammonium-ion solution. 

~. 7 ":mbedding Procedures For HRTEM 

Freeze-dried clay material was embedded in a low viscosity (60 centipoises) thennally

curing cpoxy rcsin (Spurr 1969) following a modified procedure of Lee et al. (1975) and Vali 

and Ki)ster (1986). Low viscosity is required for attaining complete impregnation, preventing 

Ihe formation of gas vesicles and achieving parallel orientation of the layer silicates during 

scdimcntation III the uncured resin (Marcks et al. 1989). In addition, strong bonding at the clay 

mincral/rcsin interb.:e prevents thelr removal from the cured blocks during ultrathin-sectioning. 

I)ri'ima Universal Bond (manufactured by Dentsply International, Milford, Delaware; available 

in Canada through Henry Schein Inc, 151 Carlingview Drive, Suite 5 Rexdale, Ontario M9W 

5S4), a dentin/enamel bondmg agent for dental applications, was used as an embedding 

mcdium. Il is cured with high-intensity blue ultra-violet light. 

The components for Spurr VCD resin are extremely toxic (mutanogenic and 

carcinogcnic) and were carefully mixed under a fume hood using rubber gloves in the following 

nUiss qUllnt itlcs; 

1 - Flexibilizer: Diglycidyl ether of polypropylene glycol 
(DER 736: 6 units) 

2 - Epoxy Resm: Vinylcyclohexene dioxide 
(ERL 4206: 10 units) 

3 - I-Iardener: Nonenyl succinic anhydride 
(NSA: 26 units) 

4 - Cure accelerator: Dimethylaminoethanol 
(nMAE S-I: 0.4 units) 

(The componcnts for the Spurr VCD resin are manufaetured by Polyscienee, Ine. 

Warrington. Pcnnslyvanir- 18')76-2590 and are available in Canada as a complete low viscosity 

rcslll kit from .I.B. EM Services Inc., Mail: P.O. Box 693, Pointe-Claire-Dorval, Quebee, H9R 

4S8 - Otlice: 4280 rue Serre. St. Laurent, Quebee H4T 1 A6: Order No. JBS #052). The 
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hardness of the embeddins block is controlled by the amollnt of diglyccdyl cthcr uf prupylcnc 

glycol. Lee et al. (1975) suggested 5 units mixed \Vith the othcr l'eagcnts in the ahll\'C 

proportions \Vere optimal. 

Two methods of impregnation and intiltmtion of the freclc-dlied cla) matclÏal ",ith 

Spurr resin were tested. The first involved a five-day procedure involving .. Ill\\ Inliltratlon an,1 

impregnation with intennediate solutions of Spurr resin (Vali and Kllster 198(,). l'he second 

was to immerse the clay materi.ll immediately in pure Spurr resin. l'he live llay emhcddmg, 

method is a procedure allowing slow, complcte dchydration, impregnation and Inliltmtion of the 

clay material by the resin. Ten grams of clay sepumtes \Vcre placed 111 1.5 ml. l':ppendorf 

microtest tubes with snap caps and dehydrated by "dding 1 ml, propylene n:\oule ( ... torcd umlcr 

refrigeration) equilibrated at room temperature under a fume hood l'he caps were cln .. ed and 

test tubes were agitated by placillg them in a mechanical rolling maclunc ('iue IlII1 .. t he taken 

to dehydrate the samples and to avoid excessive exposure to mOisture as the emhcdding medium 

may not polymerize completely. Propylene oxide is also used as an intermedliltc solvcnt that 

allows rapid infiltration of the clay material by the Spurr resin. Altcr twn hour .. , thc micrntc ... t 

tubes were centrifuged and the propylene oxide was decanted und frcsh propylenc oxidc addcd 

and left for 24 hrs. On the second day, following the decanting of propylcne oXldc, 1 1111, of 

a 20/80 mixture of epoxy resin and propylene oxide, respectivcly, Wi'" addcd to the nHcrutc .. t 

tubes, the caps closed and the microtest tubes shaken until ail the clay llIatcrial wa .. dl .. pcr ... cd. 

The samples were attached to a single-speed rotary shaker ovcrnight Day tlncc, the nHcrnte'it 

tubes were centrifuged and the 20/80 resm/propylene oXlde nHxture Wil'i rcmoved "nd replaccd 

by a 50/50 mixlUre. The same procedure was followed as outlined "hovc 1111 ... wa ... lollowed 

on days four and five by an 80120 mixture and then the final infiltration of lOO/y., cpoxy rC'iIn, 

respectively. Prior to the addition of 100% resin and after centrifug,ing and dccantlll!!" thc 

microtest tubes were put in the freeze-dricr ovemight to evaporatc (lny rcmilllllllg prnpylcnc 

oxide. The epoxy resin/clay mixtures were transferred to the .. iliennc ruhhcr Ilat cmheddin!!, 

molds with an Eppendorf pipette or disposable polyethylenc pipettc ... and polymcl'Il'cd in illl 

oven at 70°C for 24 hrs. This slow curing allows the clays to Orlcnt thcm ... clve ... wlth thclr a-h 

plane parallel to the bottom of the cast. Gcnerally, cu ring IS compl\!tc wlthm te hr ... , hut curll1g 

time can be reduced elther by mcreasing the temperature or through addltumal m:cclcrator 

(Spurr 1969). 

The second method for embedding clay material using Spurr reo;lI1 wa .. tn Impregnalc 
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the samples in 100% resin immediately after treating with propylene oxide, without the 

intermediate .,teps of resin/propylene oxide infiltration. After immersing the clay material in 

the re~in, the microtest tubes were agitated for 24 hrs on the mechanical roller to ensure 

complete dispersion and then transfcrred to the embedding molds and cured in oven for 8 hrs 

at 65"C. This method is preferable as it preserves the original texture produced for XRD 

specimens and is much less time-consuming. 

The Prisma Universal Bond 3 is non-toxic and was used directly as received from the 

manufàcturcr. To test the efficacy of using the Prisma Bond as an embedding medium, lOg 

of fi'eeze-dried clay separates were p1aced in the microtest tubes and 1 mL of the Prisma Bond 

was added. The contents were attached to a single-speed rotary shaker for 24 hrs, then 

transferred to the embedding molds by pipette and covered with a transparent plastic cover slip. 

The mixture was cured by exposing the samples to high intensity blue ultraviolet light for 1 hr 

until the blocks hardened. As these blocks polymerize rapidly. the clays remain in a highly 

dispersed state and do not settle to the base of the blocks. Although the blocks after hardening 

remained sticky to the touch. this is not a serious problem and the bonding agent is an adequate 

alternative to embedding resins. The Prisma Universal Bond 3 is stable under the electron 

bcam. A disadvantage is that not ail the clay minerais may have proper orientation due to rapid 

curing. 

5.8 UI'I'II'hin-Sec'ion Prepal'll.ion 

From the embedded blocks of both untreated samples and samples treated with n

alkylammonium-ions. ultrathin sections were cut with an LKB Ultrotome III ultramicrotome 

equipped with either a Diatome diamond knife or a glass knife. The procedure is to trim the 

resin hlocks with a razor blade normal to the a-b plane of the clay minerais in the approximate 

shape of a truncated pyramid with a side length of no more than 0.6 mm. The top face of the 

truncated pyramid was initially trimmed using a glass knife until very smooth and regular and 

then ultrathin sections were eut with the diamond knife. Ultrathin sections 70 to 100 nm thick 

arc cut l'rom this tàce. with the basal plane surface oriented perpendicular to the knife edge and 

to the cutting direction. Other orientations may result in distortion of the silicate layers. 

Seleetcd sections were transferred onto the center of 300 mesh copper TEM grids by carefully 

touching the grids to the surface of the water on which the sections were floating. Samples 
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requiring post-thin sectioning treatment with n-alkylanunoniul11 ions were Imnsfcrrcd onlo 300 

mesh carbon or fonnvar substrate copper grids. The excess walcr wus carefully rcmovcd with 

blotter paper. 

S.9 VlInthin-Section Trealmenl With n-Alkylammonium Ions 

For clay separates not previously treated with IHtlkylammoniull1 ions. stablc cxpansion 

of expandable layers was achieved by n-alkylammoniul11 treatl11cnt orthe ullrathin scctions (V ali 

and Hesse 1990). For this purpose, the ultrathin sections on thc ccntcr of coppcr clcclron 

microscope grids with fonnvar or carbon subslratc were lranstèrred 10 1.5 ml. I~ppendorf 

microtest tubes containing 0.5 mL of an aqueous n-alkylamlUoniul11 ion soluliun (n,:-oK ami 

n('==18) with 30-40% of the concentration suggested by Lagaly el ni. (1l)76) rhc lids wcre 

closed and then placed in an oven at 60"C for 15 min. The micmlcst tubes were carcfully 

shaken (to avoid loss of ultrathin sections) ev cry tive minules 10 cnsure complele cxchange wilh 

n-alkylammonium ions. Ailer removal from the microtest luht:s. Ihe grids werc washed in 

deionized water. Washing was perfonned by tuming the microtest tubes upsulc down nntillhc 

grid settled to the cap. Then the microtest tube was carefully rightcd so Ihc grld rcmmllcd 

illside the cap. The cap was opelled, preheatcd water (65°C) was droppcd inlo Ihc cap uSlIIg 

a disposable pipette and the water carefully removed This procedurc wa.. 11crtl,rlllcd 11 

minimum of 6 times. The grid was held by Ileedle-poinl tweclcrs and Ihe excc!.s mixlurc ut 

n-alkylammonium solution and water remaining on the grids was rCll10vcd hy touching 'illcr 

paper to the upper edge of the grid. It is important not ft> removc this exccss willcr l'rom 

undemeath as the water may be suctioned through the ultrathin scction, rcmoving thc cmhcddcd 

clay material. 

This method requires extreme care. If thc conccntration of thc alkylammonium 

ions/deionized-water solution is too high. precipitation on thc ultrathill-'icctions rcsult .. ilnd 

prevents imaging of the layer silicates. 

S.10 XRD: Daia Aequisition, Reduclion and Treatment 

To facilitate comparisons between samples, diffraction conditions and clay specimcn 

dimensions were kept constant to provide reproducible results. Sample length parallel to thc 
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X-ray bcam was about 25 mm. A specimen length of 25 mm ensures that the reflection 

positioll will Ilot dcviatc more than 0.02° 29 over the length seanned. XRD analysis was 

performcd on a Sicmcn!l D-5000 ditTraelometer (Cu Ku radiation with a Ni-filler) al 40 kV and 

20 mA, cquippcd wlth a graphite-ditTracted bealll monochromalor. The diffraction geometry 

consistcd of Iwo di ffractcd-beam SoUer si its ot 10 width eaeh, and 1" beam- and O.OSO (or O.IS" 

for glyccrol solvation) detector-slits. Samples were step-seanned by computer control from 2 

to 40" 20 using li step-sizc of 0.01° 28 and a counting time of 1 sec per step. Data acquisition 

was controllcd hy the DIFFRAC/AT software program whieh ineorporates a DACO-MP 

programmmg curd (Socabim, 9 bis villa du Bel-Air, 71250 Paris, France). The experimental 

difTraction data werc trcated using the EV A2 graphies evaluation program whieh displays the 

unprocessed X-ray diffraction patterns and facilitates data treatment, i.e. graphie representation, 

smoothing, integultion, fit, superimposition of seans, 28 peak deterrninations. background 

suhtraction, etc. The ditTraetograms are reduced hardcopies displayed by EV A2 and printed 

using a UewleU-Packard PaintJet. Layer proportions and ordering of mixed-Iayer Ils for the 

ditTcrcnt dcpths were dctcrrnined from Mg2
+ -saturated, ethylene-glycol solvated samples. The 

pcrcentagc of expandable layers in mixed-Iayer Ils was resolved by the L\28 method of Moore 

und Reynolds (1989), and ordering type (Reichweite) as defined by Reynolds and Hower (1970) 

and Rcynolds (1980) and was confinned using NEWMOD. Layer proportions were determined 

l'rom the diflèrcnce (.1) in XRD peak positions for the (001)101(002)17 and (002)1 0/(003)17 peaks. 

Additional intllflllation \Vas acquired by comparing the experimental patterns with calculated 

patterns gcncrated by NEWMOD (version 2; Reynolds 1985). The ealculated patterns of 

NEWMOD \Vere convcrtcd to DIFFRAC/AT files using the CVDAT utility program which 

enablcd both the expcrimcntal and ealculated profiles to be displayed by EV A2, faeilitating 

direct comparisoll" (J. Ko pers. comm. 1993). 

5.11 High-Resolution Trnnsmission Electron Microscope (HRTEM) Data Acquisition 

Ali ultramicrotoll1cd samples were examined in bright field illumination at high

resolutlon with a .IEOL .IEM-I 00 ex Il TEM at 100 kV and with a point-to-point resolution 

of O.J nm and a 40 ~lIn objective aperture. The phase contrast of the lattice-fringe image taken 

in thc Schcrzcr ddtlCIIS dcpends on the structure of the specimen and instrumental conditions 

(Vuli ct al. 1991). Thc rEM IS equipped with a side-entry sample stage which can be tilted to 

55 



• 

• 

• 

30 or 60°. The magniftcation was between 20,000 to 100,000 to minimizc bcmn dlllungc to the 

sam pies. In addition, the negatives \Vere enlarged 2 or 6 times, depcnding on the imngc. 
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CHAPTER 6.0 - RESUL TS 

X-ray powdcr ditTraction (XRD) and transmission electron microscopy (TEM) were 

pcrformed on 0.05-1.0 J.1m and <0.05 J.1m clay separates fractionated from shales with and 

without the addition of sodium hexametaphosphate as a peptizer, and either solvated with 

cthylcnc glycol or glycerol, or exchanged with an n-alkylammonium-ion solution. Comparison 

hctwccn XRD and TEM results is possible because analyses were performed on dispersed and 

si1.c-tractionated materials, which is the conventional sam pie preparation procedure for XRD. 

Clay separates in ultrathin-sections and imaged in the HRTEM, however, do not display the 

original "in situ" texture or fabric. 

6.1 Clay Mineral Separation 

Ideally, any attempt to assess the smectite-to-illite (S-I) conversion as weil as the layer 

structurcs or sequences of mixed-Iayer I/S requires an a priori knowledge ..,f the composition 

of the precursor clay minerais deposited in a sedimentary basin. Detrital I/S may have 

undergone iIIitization during an earlier burial cycle. Pollastro (1990) noted that expandability 

and order type of I/S in a given sample may he heterogenous due to possible multiple origins 

of thc clay material, such as multiple source areas, detrital versus neoformed origins, recycling, 

and wcathermg. XRD studies give average results for ail grains of a given species, even though 

thcrc may he multiple origins for ditTerent populations of the same material. In addition, weil 

cuttings m .. ,., introdllce uncertainty in expandabihty measurements as contamination results from 

c~,vcd material at shallower depths in the weil or from a smectite-group component in drilling 

l11ud. 

The imtial pllrpose for clay separation was to isolate the 0.05-0.1 J.1m and a <0.05J.1m 

clay fractions for isotopie analyses, i.e. Rb-Sr and K-Ar analyses (in preparation). The reason 

t()r collcctmg these particular size fractions was to concentrate the I/S component white 

redllcing the amounts of other detrital and contaminant phases to minimum values. Implicit in 

this procedure i!> the assumption that separation of the ultrafine fractions isolates a neoformed 

clay (illite) from coarser-grained detrital iIIitic phases (Morton 1985; Ohr et al. 1991). To 

cstahlish u burial-diagenetic trend in the S-I conversion, it is essential to eliminate the detrital 

nu,terial, othenvise any Inherent diagenetic trends such as minerai alteration or neoformation 
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may be overwhelmed by the detrital signal. This is an inherent problem with ail sile l'met ions 

> 0.1 !lm. 

The separation of a diagclletic component for isotopie analyses thus impo .. ed a set ,lI' 

criteria or conditions on the clay fractionation procedures. The cl'mpletc isolation of diagenetic 

and detrital components in shale clay separates is mueh more ditlicult thml in .. amlstoncs, whcrc 

diagenetie components are usually mueh tiller-gmined tlmn the dctrital muter ... 1 (e.g. Licwig cl 

al. 1987). As a result of the size similarities hetween diugenetic :mll detrital c1ays, sample 

contamination remains a significant and consequcntial problem ".)r determining hurml diagenetic 

trends. An aim of the clay minerai fractionation process was to :lssess the etlicacy of cullecting 

a <0.05 f.lm fraction without aggressive chcmical pretreatments, IIltrasound or extensive 

mechanical agitation (Dr. Norbert Clauer, pers. comm. 1991; Dr. James Aronson, written comm. 

1992). As outlined in Chapter 4, the effects of chcmicul and ultrasonic treatmcllt on thc 

chemistry and structure of clay mincrals is not wcll understood, :md puhlishcd rC'iults arc uncn 

contradictory . 

Initial attempts at disaggregation and clay separation without chcmical prctrealment 

began with 6 weil cutting samples, caeh weighing approximately 20 gm. Sample .. were rolled 

in polypropylene bottles ovemight, until the cultings wcrc reduced to thcir constituent parliclcs . 

Dispersion was attempted by removing excess clectrolytcs through centrifugation, dec:mtillg of 

the supematant and replaeing with fresh deionizcd water. Ilowever, :lll (, ... ample'i flocculatcd 

within a few hours. The pH of the deionized water was mcasurcd and '''lUnd tu he aCldic 

Extensive dialysis was performed and dispersion was improvcd The < 2 ~lIn fraction was 

sedimented by dispersing in large quantities of water. A'i a direct result of the ditticulty in 

maintaining dispersion, additional samples were treated with a 1 N Na-EDTA solution f()lIowed 

by dialysis. However, dispersion was not sigllificantly improvcd. 

An attempt was made to use the continuous-tlow Sharplcs T-I Superccntnlilge tu collcet 

and concentrate the <O.05-f.lm clay fraction and to remove contaminating phase~, heeuusc It WU'i 

thought that a conventional table-top centrifuge was insufficicilt to gcneratc thc aceclcration 

required to sediment the <0.05-f.lm fraction from suspension. The \upercentrilugc wa ... cho'icn 

as the best and quickest means to achieve the separation of the ultralinc clay particlc'i hCCUII'iC 

of its high-speed operation (i.e. 50,000 rpm in contra~t to a maximum of S,OOO to 1 n,OOf) rpm 

for the Sorvall SS-3 table-top centrifuge). Proper 'iize fractionatlon is attained through the 

variation of tlow rate and input nozzle diameter. Ilowever, the U'ie of the 'iupcreentflfugc 
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proved unsuccessful duc to (i) a lack of adequate particle dispersion, and (ii) contamination 

resulting from coarser particles (e.g. quartz, feldspar) that was apparent from subsequent XRD 

analysis. The problcm results from the initial small sample mass of less than 25 g. Other 

difficulties with the supercentrifuge included excessive amounts of water required for small 

sam pie sizes, with significant loss and/or contamination of clay material during transfer from 

the cellulose acetate clarifier bowl liner to the storage container. Chemical treatments are 

rccommcnded with the supercentrifuge to achieve best results (Jackson 1969; Whittig and 

A liard icc 1986). However, chemical pretreatment would have been counter-productive 

concerning the above stated objectives for viable clay analysis. 

Following an earlier suggestion of Dr. Joi.n Morton (written comm. 1990), it was 

dccided to attempt ultrafine clay separation using an IEC Centri-7 table-top centrifuge, but 

without the addition of chemical pretreatments. The IEC centrifuge had a maximum speed of 

approximately 2500 rpm. Clay separation was improved, resulting in minor quantities (10-40 

mg} ')f clay scparates dispersed in large quantities (2-4 L) of water. 

An assessment of the clay separation procedure for shales from the Reindeer 0-27 weil 

and the associated results suggested that the separation of ultratine material was possible 

without chemical pretreatments. However, the results implied that larger quantities of initial 

shale matenal were required to obtain satisfactory amounts of clay separates, i.e. 80-125 mg. 

ln addition, a Labconco freeze-dryer, a Sorvall SS-3 table-top centrifuge with an angle 

rotor und a top speed of 6500 to 8500 rpm and a Bamstead water deionizing system were 

acqllircd und instulled. Following the procedure outlined in Chapter 5, sufficient quantities of 

0.05-0.1 Ilm (100-200 mg) and <0.05-llm (125-300 mg) of clay separates were obtained 

principally lor Rb-Sr and K-Ar analyses, and any remaining material was used in XRD and 

IIRTEM in order to characterize the nature of the material. 

6.1.1 Physi(al Nature of Clay Separates 

Treatments to rem ove hydrocarbons from the clay-sized separates were not employed 

(c.g. Lindgrccn .1I1d Hansen 1991). Ollring the <0.05 Ilm clay minerai separation (but not 

dllring the 1.0-0.05 ~lm fractionation). organic material was released from the shale samples, 

which slowly coalesced and floated to the surface of the water. Thus the physical appearances 

of the clay separates included a change in colour of the tinest fractions compared to the coarser 
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ones. The 0.05-0.1 ,.un fractions \Vere generally dark brown bec!' 1C gcncral rctcntÎun 

of organic material, whcreas the <0.05 ~lIn fraction was tan tu hc: ;i.e. l'hc samplcs fhlctionated 

with the addition of a sodium hexametaphosplmte solution \\ere consistcntl) Itghtcr in colnur 

than their untreated counterparts. usually heing light beige tn white. Allcr tI·cc/c-drying. the 

untreated samples were tluffy whereas the treated smnples were gcncrally more powdcl'y ami 

compacted (see Section 6.4 for TEM description). 

6.1 Terminology 

The descriptive terms and clay minerai nomenclature used lin the XI~D l'csults of thls 

thesis generally follow Brown (1984), AIPEA recommendations (8ailey 1980. 1982: Halley ct 

al. 1982) and the classic mixed-Iayer tenninology established by Reynolds and Ilnwcr (197()) 

and Reynolds (1980). However, the term "smectite" is avoided in preference to "smcctlte-gwup 

phase" (Vali et al. 1 993b ). Without accurate chemical compnsit ion of thc cxpmilled phase. 

accu rate species identification is not possible. Both illitc and smectitc-group IlllnClal'i me 

considered to have extensive variation in ionic substitutions and IIItcrlaycr chargc'i (Lagaly 

1979; Nadeau and Bain 1986; Meunier and Velde 1989; Rosenberg ct al. 1990; Aja cl al. 1991a • 

1991b; Vali and Hesse 1990; Vali et al. 1991). 

6.3 XRD Analyses 

Samples from 20 depth levels in the Reindcer 0-27 weil were analy/cd hy XIU) filr 

clay minerai composition, using the 0.05-0.1 Ilm and <0.05 ~lm .,i/c fractiolls Ihal wele 

subjected to various post-separation treatments, i.e. air-drying, ethylene glycol .,nlvallon, Mg"

saturation, glycerol solvation, and alkylammonium-ion exchange. As a rcsull nI' thc compcting 

requirements for the various analytical methods and the limitcd amount'i of clay material 

available, only between 12-15 mg of material COli Id be assigned 'llr XRD ~pecllnen muunt. 

Oriented clay specimens prepilred for diffraction were inlinitely tlllck wlth re~rccl 10 ('uK" 

radiation for the scanning range of 2"-40"29, but were much shortcr (25 mm) thall the laierai 

spread of the incident beam on the specimen for diffraction anglcs of Ic'i'> thall ahout 12"2(00). 

At low diffraction angles, the spread of the incident beam I~ grcatcr than thc extcnt of thc 

sam pIe and resulted in loss of reflection intensity. Since ail the 'iamplc., wcrc '>lIhJcct ln the 
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,>amc condition,>, no corrections were performed. 

l'igures 6.1 a,h and 6.2a,b represent sets of one-dimensional XRD profiles for selected 

downholc dcpth,> l'rom the Rcindcer D-27 weil. Figures 6.1 a,b illustrate profiles of <0.05 /lm 

and O.OS-I () ~lm '>I/C fractions !.eparated without chemical pretreatment, whereas Figures 6.2a,b 

reprc,>ent the samc fractions scparated with the addition of sodium hexametaphosphate as a 

pcptil.cr. '1 hc !ClUr ,>ets of patterns have been solvated with ethylcne glycol to distinguish 

hctwcell cxpalldahlc ('>mcctitc-group phase) and non-expandable (illite) compollents in mixed

layer IlS, and exlllbit snllliar depth-depcndent trends (see section 6.3.2). 

'1 he lIlltleated 005-0.1 ,.un and <0.05 /lm diffraction profiles indicate that mixed-Iayer 

Ils 15 the dominant m1l1cral present in these slze fractions, with illite increasing \VIth depth. 

Ilowcvcr, strong rcflcctioll intcnsitles of approximately 0.98 I1In and 049 nm in the 4800 ft and 

7650-7700 ft depth ~amplcs of the 0.05-0 1 f.lm fraction are indicative of a component of 

di~crctc illitc Abo prc'ient in this fraction are retlectlons of approximately 0.72 11111 and 0.355 

11111 1I11llcative of kaolinitc or chlorite, depending on sample depth. Kaolillite was determined 

in smnplc'i above IOROO ft, whereas chlonte is indicated below 10800-10850 ft (Ko 1992). The 

11111101", hroad reflcetiol1!> of kaolinitc or chloritc were not displaced with ethylene glycol 

,>nlvatlon, and arc 1~IIr1y broad, \Vhich indicates thcy were not significantly interstratified with 

Illite 01 ,>lI1cctlte (Lindgleen and Hansen 1991). Chlorite \Vas also imaged in HRTEM. 

6.3.1 IJurticic-Sizc IUlccts 

1'0 chminate or minnntzc thc presence of the detrital and contaminant phases such as 

discrcte ilhte. chlollte and kaohllite in the clay separates, a <0.05 ~lm fraction was separated 

hOI11 hoth the IInth:atcd and treated <0.1 ~lIn fractions (Figs. 6.1 a and 6.2a). Diffraction patterns 

lil!' thb <,0 OS ~111l li ad ion (Fig 6.1 a) show that, even in this size fraction, it is not 

pO"'~lhle 10 completel)' chminate these discrete minerai phases lIsing only deionized water and 

li CCl1tlÏfllgC. 1I0\\evrl" the amount of discrete illite has been significantly reduced, but as is 

cVldcnt III latticc li'lIIgc IIlIages this phase is never completely removed. 

As a con~cqllcncc of size fractionation, there are other distinct changes in the XRD 

pattcrn~ hetwccn thc 1\\0 1I111rcated size fractions. which may only be partially explained by the 

partlcJc '\Ile cflèel (hg (, la,b). Comparison bctween lIntreated 0.05-1 0 ~lIn and <0.05 ~lm 

IinettOns Icveals 1ll1l1111 dll'tèrcnccs which indude dllllinished peak intenslty, increased peak 
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Fig 6.\ XRD pattems of ul1treated ethylene glycol-solvated samples: (a) <0.05. and (h) <0.05-

0.\ ~lm size fractions. Lines designate the locations of the 001 reflcctions for pure 
smectite (long) and iIIite (short) . 
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I:ig. () 2 XRD pattems of sodium hexametaphosphate-treated, ethylene glycol-solvated samples: 

(II) <0.05, IInd (b) <0.05·0.1 ~un size fractions. Unes desigllate the locations of the 
00/ rctlectiol1s for pure smectite (long) and iIIite (short) . 
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breadths, and slight displncements of 29 angle peak positions in the tiner fractions. 1 hm CVCI' • 

background intensity remains approximately the same. The 4ROO and 7650-7700 ft dcpth 

samples for example. exhibit diminished intensity of the (001)1/<002)1 7 pca~ IIldicating a 

significnnt redllction in the contribution from a dlscrctc illitc clllllponcnt (~IlI1lJla .. e Figs. (,. la 

and b). This retlection appears as a broad plateau that cxtends tllwards highcl ~( .. ) anglcs \Vhell 

compared with protilcs of the 0.05-1.0 ~lIn fractions. In the decl,cr ~(\Illplcs. the (001)1 AOO' )\7 

peak is generally stronger in this finer fraction. The (002)101(003)17 and (OO.H I j(O()S)17 l'C ..... S 

have relatively the same position, but intensity in the tiner thlctlon was dnllmished wlth 

increased broadcning An exception is the 12500-12550 ft dcpth sample. Itlr wlllch the 0 05- \.0 

!!m fraction exhibits diminished intcnsity. whercas thc <0.05 ~Im fraction di~Jllays a lotally 

degraded pattern (Fig. 6 la.b). 

ln general. the effect of decrcasing particlc SilC in the untrcatcd difliaclIon pattern ... I~ 

mf''lifested by slight peak dlsplacements. mainly the (00 \ ) \ J(()02)1 7 flea~ a" a leslllt l)f a 

decreased discretc illite component, with significant diminishcd mtcnsity and IIlclea~cd peak 

broadness. 

6.3.2 ElTects of Sodiu m Hexamet.phosphate Treatment 

Although samples \Vere prepared followillg idcntical proccdures with the exccptlon or 

the addition of SOdllllll hexametaphosphatc as a pcptizcr, comparison hetwccn the lInlrcaled alld 

treated 0.05-1 .0 ~111l S ize-fraction profiles arc rclatively congrucnt, "lIch Ihat nearly iden. ical 

values for percent I.:xpandabihty (± 10%) and ordering could he obtalllcd (cf 1· ig~. (, 1 h and 

6.2b). A treated 005- 1 0 ~lm fraction for 4800 ft wa~ unavaihlblc. Replicatc sample mutlnl!> 

gave identical results. Visible but IIlconsistent differcnccs occur wlth rcl1cctiOll'" in the lowcr 

29 anglc regions which display slight dl .. placcmcllts in 2(-) reflcclion Jl0..,ilion. peak hroadening 

and dll11illished intcllsity. The most signifieant difTerence wa., the \0'"''' of the (002)lj(()()J)17 

reflection. reslilting III a broad peak of 0.50 11111. 

Differcl1l:c~ arc mOle readily apparent whcn comparing the paUern" for 1I11treated (1·lg. 

6.1 a) and treated (Fig. 6.2a) <0 OS ~lIn fracllon.., With thc exception of Ihc o1XOO ft dcplh 

samplc, the intcfmcdiatc and decp trcated ~amplc'i ail 'ihow exh.,II.,IVC d'''placemcnl'' of the 2(-) 

reflections, and markcd increase in peak brcadths and dimini'ihcd Jlcak intc" ... lly. Il i ... 1101 

possible to accuratcly asscss the positions of the (001)1 J(002)17 or the (O()2)1 /«()II1)1 7 pcak!> 
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in order to apply the C) 29 method to evaluate the amount {lf expandable component. However, 

with the possible exception of the 12500-12550 ft depth sam pie, it is still possible to detennine 

the Rcichweitc values. The diffraction profile for the treatcd 12500-12550 ft sample is totally 

degraded. 

Measurcd peak breadths for the (002)10/(003)17 reflection could not he made on the 

treated samples and crystallite thickness values cannot be detennined. Sorne XRD patterns of 

Ihe trcated samples for the <0.05 Ilm fraction give the impression that layer silicate minerais 

are not present, e g. Fig. 6.2a, 12500·12600 ft. However, this is a preparation artifact (bad 

orientation'!) as abundant 2: 1 layer silicates are observed in the HRTEM. It appears that the 

addition of sodium hexametaphosphate, especially to ultrafine fractions, produces artifacts on 

the 001 diffraction series of dispersed mixed-Iayer I/S~ and that the minerais are not reconstituted 

into coherent X·my scattering domains after air drying. 

6.3.3 <0.05 ,un Untreated, Mg2+-Satlrated and Ethylene-Glycol Solvated Fradions 

The <0.05 J.lm size fractions were Mg2
+ -saturated to achieve homoionic interlayer 

occupancy and subsequent uniform expansion of ail expandable layers. They were then 

solvated with ethylene glycol to detennine the percent expandable component and ordering. As 

"consequence of the apparent discrepancy betwecn unlreated and treated samples, the treated 

smnples could not be used 10 detennine the layer proportions. 

The Mg2'.saturated ethylene-glycol solvated profiles show that mixed-Iayer liS is the 

dominant minerai with a systematic increase in the iIIite component with depth (Fig. 6.3). The 

non-expandcd '-t1mponent increases from 24% at 4800 ft (core) to 43% at 6650·6700 ft 

(cuttings), and 53% at 7650-7700 ft, ail with random (RO) interlayering. Samflles from 8650· 

8700 n and 9650·9700 Il have 65% and 71 % non-expandable componenl, respectively. and 

show RI ordering. The 10650- 10700 ft sample d isplays an apparent decrease to 67% non· 

cxpandahlc matcrial with RI-ordering. The 11650-11700 ft and 126550-12600 ft sampll's have 

shght incrcases in non-cxpandability 10 78% and 82%. respectively, with R>I ordering. Using 

Il grcatcr I1l1mher of samplcs, Ko (1992) was able to recognize a significant discontinuity in the 

11llllcrniogy hetwccn 9800 to 10800 Il, whlch IS not as readily apparent from the 8 samples 

prcscntcd here. The overall trend, however, is one of a systematic decrease in expandabilily 

and a change from RO to RI to a depth of 9800 ft. Below this depth, a sudden increase in 
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expandability occurs with RI ordering, then the systematic decrease in c~J,andabiiity continucs 

to about 20%, with R>\ ordering, in accordance \Vith Ko (\992). which rcmmns constant tn 

12500-\2600 n. 
A determination of the expandable componcnt was nOll1Hutc \Vith illr-dl'icd spcdmclls. 

as RH cou Id not be strictly controlled. Eberl et al. (1987) dcmonstmtcd that :til'-dncd Mg". 

saturated samples gave different amounts of expandability as COIllI)<lrcd 10 thclr cthylenc-glycol 

counterparts. However, resu Its of Lindgrecn and Hansen (1991) d isplaycd hetlcr lIgrccmcnl 

between the two methods and suggested that RH was a dominant faclor 

6.3.4 Simulated Patterns 

Layer proportions were detennined using the L\29 rnethod, whercas the Rcidl\veitc or 

ordering value and the amount of detrital iIIite wcre obtaillcd wlth the nid of Ihe NEWMOI) 

program. Figures 6.4 n,b,c represent thrce examples of the correlations hctwccn cXllcrimcnlal 

and simulated patterns from different depths and Rcichwcitc valucs Any ~amplc could have 

been chose n, with the possible exception of the 8700-8750 n sample which di'ip\aycd slightly 

broader peaks. Simulated and experimental patterns exhibit apparent congruence, cxcept 101' the 

intensity values, which are rnuch stronger in the simulated profiles. Clcarly thc cxpcrimcntal 

and calculated ethylene-glycol solvated patterns indicate Il two-compollent 'iystcm From 

numerous studies which model X-ray diffraction patterns of mixed-Iayer IlS, Drlls and Tchouhal' 

(1990) assert that its Ilot essential to obtain a perfect match between simllbtcd and cxpenlllcntai 

values for the positions, profiles and relative intensities of the reflectioll'i hccall~e of the large 

number of parmneters intluencing the patterns. Howevcr. lor a ~eml-qllantllatlvc c ... t imatc of 

the proportions of the expandable components, the results appear rcliablc. Thc "illlulalcd 

profiles suggest that the <0.05 J.lm clay fraction conslsted almost clltirely of IlS, wllh a minimal 

contribution from detrital mica. As weil, the layer proportion valuer; compare lavourahly ln 

those estimated by Ko (\992) for the <0.\ 'Im size fraction lIsing an alternative IlIcthot! I()r 

detcrmining expa'lùability. 

6.3.5 <0.05 "m Untreated, Mglt-Saturated and Œycerol Solvated 

Smectite-group layers in mixed-Iayer I/S were idcntitied in lIntrcated, Mg]' ·";aluratcd 
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Fig. 6.3 Experimental XRD patterns of Mg2t-saturated ethylene-glycol solvatcd !>amplcs fi'om 

the Reindeer D-27 weil. Perccntage values are for non-cxpandahlc componcnt 
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and ethylene-glycol solvated samples by d(ool) spacings of 1.6-1.71 nm. It is apparent that sorne 

high-charge ~mectite group or vermiculite component may also expand to more than 1.6 nm on 

ethylene glycol 'iolvatlOn (MacEwan and Wilson 1980) resulting in misidentification of a 

'imectite-group comp<lnent. Ideally, after Mg2t -saturation and glycerol solvation, a low-charged 

smectite will expand to about 1.8 nm. whereas a high-charged smectite-group minerai or 

vcrmiculite will expand to 1.4 nm (Brindley 1966). Thus, if only a low-charge-smectite group 

phase is present, the XRD profiles should compare favourably to the ethylene-glycol solvated 

profiles. If only a high-charge smectite-group phase or venniculite is present, the XRD profiles 

will be similar to the air-dried diffraction patterns. 

The diffraction patterns however show that the smectite-group minerai exhibits a two

layer complex with ethylene glycol solvation (Fig. 6.3), and may exhibit characterictics of a 

high-charge smectite-group or vermiculite-like component after glycerol solvation (Fig. 6.5). 

Overall, the diffraction patterns of glycerol solvated samples appear to have produced spacings 

characteristic of one- and two-Iayer complexes in the random Ils structures and predominantly 

as one-layer complexes in ordered Ils structures (cf. Bühmann 1992, figs. 3, 6, 7). 

The XRD profiles of the glycerol solvated sample from 4800 ft clearly show a two-Iayer 

complex with glycerol having a d-spacing of 1.76-1.78 nm, indicating a low-charge smectite

group component (Fig. 6.5). The intermediate and deeper samples, however do not display such 

a regular rcsponse to glycerol. The 6650-6700 ft and 7650-7700 ft depth samples have a very 

broud reflection at about 5.2 20 and a series of broad overlapping reflections between 150 to 

30" 29. Thesc broad retlections are characteristic of one- and two-Iayer complexes which may 

indicate an additlonal high-charge expandable component of 1.5-1.6 nm. However, Laird et al. 

(1991) showcd XRD profiles for ultrafine fractions «009 to <0.02 J.lm size fractions), which 

arc infcrred 10 be rail dom mixed-Iayer I/S structures, but which failed to display retlections from 

an iIIite component (sec their fig. 2), but the higher 29 angle retlections are very similar to the 

random patterns presellted here. 

The illtermediatc and dcep Mg2t -saturated, ethylene-glycol and glycerol solvated samples 

display similarities in the low allgle peaks. The positions of the two reflections between 70 and 

10" 2(M) ure tiurly ·;oincident, suggesting a trend towards a one-layer glycerol complex and an 

incrcased abundance in the high-charged smectite-group or vermiculite component. The 

reneetions at 7" 29 in the 11650-11700 ft and 12550-12600 ft are very broad and thus, the 0.98 

mn eomponcllt is more intense. It is important to note that the 0.98 nm iIIitic peak is more 
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intense for ail glycerol solvated samples th an in ethylene-glycol solvutcd smlll,lcs. althollgh Ihis 

may be the result of the \\'eakening and broadcning of the rctlection al 7" 2(~. 

The reflections between 15° 10300 20 for ail RI and R-"', mi,ed luycrs (as delcrmincd 

from ethylene-glycol solvated samples) ure nol congruent wilh a h\o-cllIl1lloncnt Ils !oystcl1l t,)f 

glycerol solvation. Il was suggested by Lindgrecn and Hansen ( 1991 ) that Imv-charge smcct ile

group layers could be similuated using d(OOI)-=1.78 11111 (d«(lOI) of slncetlte-group laycrs III 

glycerol solvated samples) and ethylcne glycol hetween lhe laycrs Il \Vas ctlllcluded that thc 

error in using ethylene glycol instead of glyccrol in thc slIlllllation wa~ a!o'iumcd lu he '\mall. 

as the scattering ability of organic compounds is lo\V comparcd to the scaUering ahilitv nf the 

2: 1 silicate layer and the interlayer calions. This III .ly he an IIlcorrect assumption. 

There were sorne similarities bctween the cxpcrimental and calculatcd pwliles (Ilot 

shown) for low 28 angle reflections but not for retleetions bclween 15" tu JO" 2H. 'l'lus 

suggests that a high-charge expandable component is present in Ihe mixed-Iayci IlS. The 

proportions of each component cannot be delcrmined. howcvcr. without thrce-cullIponent 

modeling. 

An additional complexity that must he eommented on at lhis lime is the presence 01 

high-background from the possible adsorption oforganic malenal on the clay material (Fi!!,. 6.6) 

The organic material which was removed during the <O.05-~1Il1 clay separation procedure has 

a diffraction profile indicated by a broad ret1ection hetween 12" and 24" 2(") l'hi ... broad 

reflection was not apparent in the diffraction patterns of lhe ethylene-glycol solvatcd 'iamplcs 

but may influence the position of the retlections III the glycerol solvated sall1ple~. ThiS hroad 

reflection tends to overlap the reflections in the diffraction profiles of the glYl:C101 'iolvatcd 

samples. 

6.3.6 Alkylammonium-Ion (n('=8 and nc=l8) Exchangcd Ils 

The alkylammonium-ion exchange technique has principally been u'!cd to dClerminc the 

layer-charge density (and to deducc laycr charge) of expandable clay minerais in ... oils and 

sediments. This has enabled the distinction bctwccn tra. ,itional 2: 1 .. lIicate layer ...... uch a~ low

charged smectite-group, high-charged smeetite-group m ... rais and low-charged vernuculite 

(Senkayi et al. 1985; Malla and Douglas 1987b; Laird cl al. 1988a; Ghabru ct al 191«9; SlanJck 

et al. 1992). Recently, the method has bcen u .. cd 10 di .. tinguish betwcen high-charged 
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vcrmiculitc and cxpandable iIIite, and to detcnnine the layer structure of rectorite minerais 

(Lagaly 11)79~ Laird ct al. 1989a; Vali et al. 1991). As the method only measures the mterlayer 

charge gcncrated hy adjacent layers, the proportions of ditTerently charged interlayer spaces 

cannot he dlrcctly obtamcd by thi~ technique (Lagaly 1979) Vali et al. (1991) also stressed that 

the truc .. tructurc and composition of individual component 2: 1 silicate layers of a mixed-Iayer 

I-S cannot be dctcrmined. 1I0wever, the method can be used to qualitatively characterize the 

differcnt cxpandable components in I/S as they change with burial depth. 

The <0.05 /lm sile fraction from three sample depths, shallow (4800 ft, RO), 

intcrmcdmtc (8700-8750 ft, RI) and deep (12500-12550 ft, R> 1), fractionated without chemical 

trcatment and treated with sodium hexametaphosphate solution were investigated. Each set of 

samplcs (IIntreated and trcaled) was exchanged with solutions of octylammonium (nc=j;n and 

ocladccylanllnolllum (n( = 18) ions, resulting in Iwo sets of XRD patterns for each sample depth 

(Figs. 67a,b, 6.8a,b and 6.9 a,b). In addition, the air-dried and 

cthylenc-glycol solvated patterns are shown to facilitate comparison with nc=8 and n('= 18 

profiles. 

Ideally. octylammoniulll ions (n('=8) have a monolayer arrangement in discrete low

charge sl11ectite-group minerais (q < -0.46 per half unit cell) giving a basal spacing of 1.3-1.4 

11111 They have a bilaycr arrangement in high-charge smectite-group minerais or vermiculite 

(q = -O.4S to -() 7 () per hall' unit ccII) with a basal spacing of 1.7-2.0 nl11 (Lagaly and Weiss 

1969). Octylamllloniulll ions will not expand very high-charged components (q > -0.8) such 

as !llile 01' muscovitc. 

Idcally. octadccylammonium ions (n(=18) would have a bilayer arrangement in a 

SIllCct Ite-group minerai giving a basal spacing of 1.7-2.0 nm whereas high-charge smectite

group and low-chargc vermiculite minerais would have a pseudotrimolecular or paraffin-type 

arrangemcnt of oct,ulccylallll1lonium ions giving a basal spaCÎng of 2.2-2.6 nm (Lagaly and 

Weiss 1969, Lagaly 19R 1. 1982: Senkayi et al. 1985). High-charge vermicilite and expandable 

illite wOlild have li paraftin-typc arrangement orthe octadecylammonium ions for a layer charge 

of at \cast 0 75 per hait' unit cell giving a basal spacing of about 2.9-3.5 nm (Macintosh et al. 

11)71; 1 agaly 19M2; Laird ct al. 1987: Vali ct al. 1991). High-charge venniculite can be 

diffcl'cntiated l'rom cxpandable ilIite because It will expand with n('=8. whereas expandable illite 

will nnt tl am.! ct al. 1989: Vali ct al. 1991 ~ Vali et al. 1992) . 
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4800 ft depth sample 

The untreated 4800 ft sample shows the predominance of il 10\\ -charge Sl1Icct ite-!!l'lllIJl 

component indicated by the presence of the 1.37 nlll rcl1cction allcr n l -8 c,changc (Fig 6.7a) 

This broad peak may mask the presence of u discrctc 11Igh-charge non-c,panl.kd cnmpolll'ni. 

i.e. analogous to the air-dried specimen. l'he retlection of 0 334-0.3JS 11111 III the n, N ... al1lplc'i 

is almost coincident with the (003)101(005)17 peak of the ethylcnc-glycol ~ol\' .. h:d s:ll1lplc'i amI 

is present in the untreated sam pies of other depths (Figs 6.7a. 6.8a and 6l)a). l'hi ... pea~ and 

the broad peak arollnd 0.46-0.47 m11 suggest a compllsitc pea~ consisling of 11Ighcr-OIdcr 

retlections of 1.8,1.37, and 1.0 I1In first-ordcr retleclions The absencc \ll'a retlcctloll al U-2.1 

nm indieates that either a discrete 11Igh-charge e:\.panduble compollcnl is 1101 prc~cllt 01 Ihal il 

did not respond in a consistent manncr to n, =8. 

The XRD pattern of the treated 4800 ft samplc exchungcd \\ ilh Il, . X i" Idcllhcal lolhc 

untreated sample with the addition of a nearly integral set of retlcctions of 2.4 11111 ,lIld 0 1'1-111111 

(Fig. 6. 7b). This suggests two possibi 1 itics; (i) an R I-ordcrcd slructurc (douhle laye .... of Iwo 

2: 1 silicate layers coordinated bya K intcrlaycr with cxp<uulable illtcrt~lcc",) cOl1'oi ... ling of a 1 () 

mn non-expandable component with a \.4-1.5 11111 low-charge cxpand.lhlc IlIlclnlCC, 01 (il) 

coherent domains of a high-charge smectitc-group or vefilliculite wlIlpOllcnt wllh a 

pseudotrimolecular arrangement of the alkyl-chains in the interlaycr ~pace. 

The diffraction pattern of the untrealed 4800 n sam pie cxchanged with lit 1 X dl~play ... 

fairly broad peaks with the exception that somc of the lugh-charge layer., have cxpalldcd 102 2-

2.4 nm (Fig. 6.7a). A low-charge smcctltc-group componcnt is illdicatcd hy ail illerca ... c III Ihe 

basal spacing to between \.73-2.00 11111. A sel of IIltcgml rellcdioll~ 01 applUxllllalcly 

3.51/(1.75)/1.\6 nm may be 1 .(I·t, but duc to ovcrlapping retleetiolls cannot he dcclphelcd. 

The 1.0 nm peak characteristic of non-expandcd i lIilc i., mmt likely conlallled wilhlll 1 he hroad 

plateau at 1.16 nm (Fig 6.7a). lhe retlection at 3.51 nm i'i lIncxpcctcd al Ihi ... depth and lIIay 

correspond to one of two, or perhaps both, pO'isibilillc'i. (1) an RI-ordered ... tnldlllC comhll\l~ 

of a 1.0 nm non-expandable component and a 2.5 nl11 high-charged expandahlc wlIlpollcnl. 

giving rise to a 3.S nm retlection. Lagaly (1979) dem()n~tratcd that an R I-ordcrcd ... trllcllll'C, 

i.e. rectorite, after exchangc with ne = 18 had first-ordcr retlcdion .. 01 hclweclI î î lu J '1 11111 

(his fig. 3). (ii) The second possibility b the 3.51 I1In rellcclloll lIlay he ail IW- .. trllclllre 

consisting of a non-expandcd 1.0 nm componcnt and an expanded 2.5 11111 COl11pOllcllt wllh an 

intermediate interlayer charge density and a pscudoparallin-typc arrangemenl (lf oetadccylalll 111011111111 
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Fig.6.4 Simulated and experimental XRD patterns indicating pcrccntagc of the l1oll-cxpandahle 

component for: (a) 4800 ft, (b) 9650-9700 ft, and (c) 11650-11700 IL (cl... - cOllnl ... 
per se(,'ond) . 
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Fig. 6.5 Experimental XRD patterns of Mg2'-saturatcd glyercol ~olvatcd ~arnJllc ... fj-{1111 the 

Reindeer D-27 weil. 
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Fig. 6.6 Experimental XRD pattern from 9650-9700 ft of organic matcflal rClllovcd l'rom 

supernatant after the <0.05 f.lm fractionation . 
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ton,>. 1'111'; may be an expandable illite or detrital origin. 

i he XRD pattern,> of the ~odiul1l hexamctaphosphate treated 4800 ft sam pie exchanged 

with Il, I!! dt"play addttional peak~ that are difficult ta eorrelate beeause of low-angle seatter 

and peak overlap Rellectlllll'>, however do not appear to be integral, but a number of peaks in 

the XRD pattern, cg 1.26,1.12, O.9\, and 0 7611111, are also present in deep.er 'iamples. 

H700-8750 Il depth salllple 

1 he XR D pattern of the untreated 8700-8750 ft sample exchanged with Il,=8 is very 

"imilar to the 4800 ft 'Iample, exeept the lirst-order retlection b shlfted ta slightly hlgher 2E> 

angle,> (l, ig. (, Sa). l he 1.24 nm refleetion indieates the presence of a law-charge smectite

woup componel1t and Illay mask a 1 0 11111 non-expanded component of illite (e g. slln i1ar to air

dried Ils pattern) A~ no reflectlon at 1.7-2 0 mTI was present 111 the diffraction pattern, a high

charge cxpandahle componel;t did not expand in a consistent manner with n( =8 or the retlectlon 

''1 ma ... kcd hy l(lw-angle seattenng. The Mg21 -saturated ethylene-glycol solvated pattern clearly 

'Ihowed an R I-ordered 'itructure 

The XRD patterns ,-)f the sodium hexametaphosphate-treated 8700-8750 and 12500-

12550 fi salllple,> exchan5ed with n{ =8 dlsplay the same series of integral retlections of 

approxll11atcJy 2.5/1.25/0.843 nm (Figs. 6.8b and 6.9b) This IIltegral series of retlections was 

al50 present in the 4800 Il sllmple, except the broad peak of 1.34 11111 masks the second-order 

1 25 11111 peak. In contra~t to the 4800 ft sample, the diffraction patterns of the intennediate und 

deep ~al11ples do not sho\\' retlcctions of their 1I1ltreated counterparts. However, in the 8700-

H750 Il sal1lplc, thc 'Iecond-order peak of 1.25 11111 of the trcatcd sample overlaps the first-order 

pea" of 1 14 I1m of the untreated sample. Additional samples (not shown), intermediate 

bctwcen H70(}-8750 and 12500-12550 ft, also displayed approximately the same series of 

integral rcl1ectlOlls 

l'he XRD pattern of the untreated 8700-8750 ft s3mple exchanged with n( = 18 revealed 

Iwo scts ol'approximatcly 111 tegra 1 rctlectlons: (i) 3.72/1 88/1.24/(0.93)10.74/(0.62)/0.54 11111, and 

(ii) (5\.9)/(259)/17 3/1 28/1.04/(0.87)/0.74 nm (bracketed retlections not observed) (Fig. 6.8a). 

Thc~c integra\ Icllcctions arc consistent with R 1- and R3-ordered structures, respectively. The 

\{ I-ordcl'cd layer ~tructllrc would consist of a non-expanded component of 1.0 IlIn and an 

ôpandahlc cOIllponent of 2.711111 having an intermediate to high intcrlayer charge density and 

a paratlin-t~ pc arnmgcl11cnt or octadecylaml1lonium ions. This would resllit in a total thickness 
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of3.72 nm. and thc 1 88. 1 2-l. 0.74 nm rcllcction .. \\ollid hc thl' .. ccond-. thlld- and lililHlldl'1 

refleetions of sllch a stlllctlllC. rhc ~c'~nnd "cncs Ill' IIll\'gtal ICtll'CIII'l1". \\I!lch \\.1 .... 11,11 Pl\ .. "l'nt 

III the 12500-12550 ft ~al1lple. ~ugge,b rcllcctlon'i l'will an 1{ j-llllklCd :-'lIpCI ... tIIlCtlllc "Ith a 

first-order retlcctlon of 5 1911111 1 hi" ~cqllcncc \\llulll Wlhl,1 III 1IIIl'C 1l11II-l"P:llldcd I.I\~" III 

3 0 I1m and an expamh:d layer \\lth a tllld.ne, .. of ~ 1-2::! 11111 \\ ll1ch lI1a~ ':1lIll"Pl11ll1 hl.1II 

intermediate IIltcrla)cr chmgc den'ilt) \\llh a p"endllparaltin-Irh' :1II.III!!.l'nH.'nt 01 the 

octadccylal11l11onilllll Ion ... The 1.73. 1 28 and 1 O-l 11111 lellcclion, \\ollili he Ihl' Ihllll-, Ii.lwlh-, 

and fifth-order lelkction" of ~uch a supcrstructure Il 1" l111pOII.\I11 10 IHlll" Ihal III llrllial'llllli 

patterns ofsamples Intellllcdlatc (not "ho\\l1) beh\ccl1 8700-8750 Il and 1 ~5()() 12""11 II. Ihl' lil,t 

set of integral peaks dilllinbhes \VIth depth 

Thc XRD pattern of thc ~Odllllll he:\:Illlctapllll',phate IIcah:d 8700-875/) Il ... alllple 

exchanged wlth n( = 18 reveab increascd complc'\.ities (FI!!.. 6 8h) dllc 10 Ill'ak ll\ l'Ilap II 

appears howcver. 1 hat two 'iet~ of appro:\lmately II1tcgral Iclkc1lOn' :11 e pH.' ... Cl1t (1) 

4.04/(2.03)/1.36/1.02/0.81 11111. and (ii) ( .. 46)/(2 23)/1 46/ 1 12/0 1) 1 /0 76/0 (,'i 11111 (hl acl-.cll'd 

reflectiol1s are nol obsclved) (Fig. 6 Sh) Inaecuracie'i arc prohahl) dllc to pcak (Ivl'Ilap 1 hl''''c 

aSSlII11ptlOI1S l'an be made bceausc two '-ch. of intcgral Icflectlon ... :lie pll',enl 111 the 111111 calet! 

samplc, and thc sccond ... et or reflectiol1<" 1<., abo dlsplaycd III the 12500-12"'i() Il ... ample a .. \'l'I~ 

sharp, l1oll-ovcrlappmg IIltcgral retlcctioll~. J'hc tir .. , 'ict of rellec!lllll<" lIlay he the 1{ 1-IIHlell'd 

strul'tlilc of the lIntrcatcd smllplc which ha" bccn dlsplaecd III Ihc tlcatct! ... alllple 1 hc lil'1l

arder reflcction of J 72 11111 of the untrcated 'iamplc i., di'iplaccd to a lowcl 2H an!,'.1c III tltc 

treated "ample glving a lil~t-ordcr Icflel'tion of 4 05 11111 1 hc ... Cl:ond .,el 01 leflec!lon., lIlay 

correspond ta the R3-OIdcred structure of the 1I11trcatcd ~amplc 1 he lil.,t-(Il1lcr Icllcct 1011 01 

approximatcly 5.2 I1m 111 the 1I11lreatcd sam pie ha~ bcen (!t"placcd tn a hlgher 2H :tn)!.1c III tlte 

treatcd sam pie givlllg a fir.,t-order rcflectlon of approximately 4.46 11111 

12500-12550 n depth ... ample 

The XRD dll'fractlon pattcrn of the 12500-12550 ft ... alllpic exchanged wllh Il, 11 1 ... 

charach:rized hy H bload peak of 1 14 nm, which 1., do<.,c tn the 1 () 11111 peak 01 1IIIIe (agalll 

similal' to the alr-dricd ... ample) (Fig. 6.9a) The diffraction pattern 1'> '>lI11ilar 10 the I\XOO and 

8700-8750 ft ~ample,> \VIth the lirst-ordcr rcflccllol1 .,hiflmg tn hlgher 2(0<) an!,'.le ... wllh (Iepllt 

There i5 110 indication of a high-charge cxpandablc componcnl 01 1.7-111 11111 in Ihe XI{I) 

pattern . 
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'he .JIITrm:lioli pattern of the trcatcd 12500-12550 ft sam pie (Fig 6.9b) was disclIssed 

wlth the tleated X700-X750 fi ,>ample 

., he dtffraclu)JJ pattern of the lIntreated 12500-12550 ft sam pIe exchanged with 11(=18 

(l'ig () 9a) ~hO\",cd 11 '>1I11pler pattern than the 8700-8750 fi sample (Fig. 6.8a). It displayed ol1ly 

two rclatlvcly ,>harp peaJ..~ at 1 73 and 1.04 m11, which arc similar to the second set of integral 

reflcction,> dl,>played III Ihe 8700-8750 ft "ample and would be the third- and fifth-order 

leflect ion,> of an RJ-OI dered !.Irllcture (thi., structure has becn cxplall1cd \VIth the 8700-8750 ft 

... ample) Il i,> ,>ugge.,tcd that the IIltellllcdiatc and dcep !.mnples consist of similar components. 

'1 hele 1" no IIIdlcatioll or a 'Mung componcnt from domains containlllg expandable Illite, which 

wOllld give a fir,>t-ordcr Icflection at 29-3 1 I1m after n( =18 exchange (Laird et al. 1989a; Va" 

et al. 1(91) (FIg fi C)a) 

'1 he XRI> patlel1l of the !.odium hexametaphospate-treated 12500-!2550 ft sample 

exchangcd \VIth "( - 18 ha<; a .,enc~ of integral pea"s \Vith a fin~t-order reflection of 4.46 mn. 

'l'hi., IIltegral !>eJ'lc~ ,'> (cl 46 )/2 23/1.49/ 1.12/0 89/0.75/0.64 11111 (brackcted vailles not observed) 

(hg. (,. 9h) l'ompar 1~()11 bctwcel1 the 1I11tlcated (Fig 6 9a) and the treated (Fig 6 9b) samples 

Icvcals te\\' "imllmitieo.; Ihe ~lIlall 0.4511111 peak IS present 111 both samples, but the strong 1.73 

alld 1 04 IJlII peaJ..s of the unlrcated .,ample are Ilot present 111 the treated sample. It is apparent 

that the ~ellcs of IIItegral peaks \VIth a first-order renection of 5.1911111 in the untreated sample 

ha~ heell dl~placcd III a hlgher 2E> angle \Vith a tïrst-order reflection of 4.46 11111 in the treated 

sam pIc 

(,A TEM uf F."Cl'lC-Etcli :111(1 Frcczc-D."icd Rcplicas 

Flcc/c-elch rcplicas can hc lIscd to vlew the surface microtopography of the clay 

mineraIs as "cil a~ to detellninc particle dimensions. Figure 6.10 is an HRTEM freeze-etch 

lepliea of an 1I11tlcatcd <(l.05 ~1I11 size fraction from 11650-11700 ft depth. This untreated 

s:lmple dl~plays dl~1 IIlcl agglcgation of ail the particles which makes individual particles 

difticliit to discClIl l'he erystallites appear to be randomly superposed over one another, 

l'c,,,ltillg in l\l~" of deI"" and the appearancc of irregular grain shapes. However, the majority 

ot Ihe gta,n~ in tlm ~I/C "'actlon appear 10 be suhhedral to anhedral equant particles with minor 

:lIlHlllllts of II reglll:u I~ ~hapcd partlcles fhe al1hedral nature of the partic\es may result from 

pm'lIck li agl11cl1taliol1. \\ Illeh 1110st li"c1y oecurred during disaggregation . 
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Figure 6.111" :JnIIRTJ:M imagc ofa licc/c-dl'lcd ~all1pk :\11 allcrnall\c h.'dlllilJu~' 

\Vas attemptcd to bcttcl isolate IIldh Idual cl'~.,lallltc~ 11\ l)nlCI III nlN.'I\l' Ih~' nalUll' ll( Ihl' glalll 

morphology and dilllcn ... ions rhc samplc ha ... bccn PI-(' ,hadll\\ cd al al :III .mgk' \1(' ·1 ",". and 

the darkcl aleas Icpn:'icnt the 'ihadm\~ of Ihc èl~,I:IlIlte, Ihc el~.,lalllll'" l'\I.,1 III .1 landlllllh 

connectcd 3-dimen .. ion.llnct\\0I\.. and con ... eqllcnll:. I1nl aIl CI~.,la'" alC Ideal" IHll'Iltcd SlIllllar 

to the IicC/c-ch:h lepllca IHl\\c\cl. IhclC i ... a tcndcnc) l'H IIl1lrcak.1 . (l05 fllll "'~'p:llall'" hl 

aggrcgalc dllrlllg ~al1lpk plcpmation Sharp-cdgcd lalh-lIkc and clillant p:\lllck' ... arc \ l'Ihk (1 I/!, 

6.1 L solid al'I"O""'). 1 h1\\cvel'. ~nl1ilal '.) the frcc/c-clch tlllagc. cl'~.,talltll'''' .lIé .,lIpctPll'>l·d 11\'l'l 

one anolhcr somctllllC'" gi\'lIlg thc appearancc of IlIcglllar parllclc .,hapc., 

It is diflkult to IIlcasun: pmliclc diIllCn.,IOn., 11\ thcsc IIl1agc" huI 1 II{ l'Fl'vl lattlcl'-lIln/!,l' 

images (ncxt section) gcncrally sllggc~t thal Ihc glalll ~i/e ... ale \\ ilhlll the rangc prcdldcd hy 

the moditicd Stokc's cqllation for ccntrlfugal gravit)' ~ettllllg. 

6.4.1 Ll,ttice-Frill~c 1 mages 

Samples Hom the ~amc dcpths invcstigated hy XH.D were al .. o IInaged Il'''111).'. 1 lin I·,M 

Although only a limited nllmber of images have hecn ~c1eclcd '(ll Ihl ...... Iudy. rc.,lIlh 'IIC ha ... ed 

on hunclrcds of images taken and art! rcprc.,cntativc of cOl11l11Only oh",clved !cal III C'>. Il 1 ... 

important to ell1pha~l/.c the difficlIlty III atlcmptlllg 10 invc,>tlgalc ami IIl1agc lIlllalinc clay 

minerai fiactions slieh as tho~e slmhed herc Il wa<; cxaccrhated hy the linlllet! quantily o. 
ll1atenal, wluch prevclltcd rcplicatc allaly~e~. Sample rcplOdllcihllly 1 ... dlllïcllil 10 adllcvc :1 ... 

the largc surl~lce mea orthe ultrafinc-clay '>Ile partlclc,> makc Ihem chelllll:ally Icactlve and very 

fragile (\Vhcll comparcd to the <0 1 ~ll11 ... llC fraeti()n~) III additIon, Ihe uillalinc '>I/C lIIakc ... 

measurcl1l~nt of the 1Ilh:t1aycr ~paclIlg" Il11prCCI"'C, ,b Ihe dOlllam,> do 1101 rcact cOII ... I ... lclltly Wllh 

alkylamll10nium iOIlS, and thu~ ~ome a~"umptions had lo hc IIIcOIporatcd l'rolll prevlou,> work 

(Vali ct al. 199\: Vali ct al 1 992b) 011 coar~cr fractlOlh. 

6.4.1.1 Tcrminology 

For the dc,>criptioll of thc layers or intcrlaycr~ wilhin clay parllcle ... oh ... crvcd in the 

HRTEM alter n-alky\al11l1lol1lllm Ion cxchan~c. the nomcnclature of Valt cl al (l')I}I) l', 

followed hcre. l'article i., a gcncral tcrm appltcd to ail coherent 1I111t<, m:cllrrtllg 11\ IIltralhll1-
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,>eet ion Ident i fication and charactcri/atlon of clay particlcs was based on the respoase of the 

Intcr!ayer., tll alkylammoniuJI1 1011., of dl ffcrenl cham Icn!.'th~, The 'imallcst clay particles 

vlc\Vcd 111 ultrathin .,CctiOIl cOIl'>I,>ted of a ,>ingle layer. whereas the largest particles in the 

Bcaufort-M,: • .:kcn/ie JI1atcnal c()n~i,>ted of about eight 10 ten 2 1 .,ihcate layers It is misleading 

howcvcr, ln rcfer to the Ihickne'i'> of a ... ingle layer A'i a re'iult of many factors ~uch as 

vMJahJllly in 11 ,M operatll1g and irnagmg condItions a~ wcll a~ adsorption of lIlorganic and 

orgalllc malcnaL ~ingle layer~ have variable thickne'is Only sequences of layers with unitorm 

layer '>pacmg can he n.ea~ured 

l'he tcrm nack,~t i~ u,>ed to describe a uniform ~equcnce of parallel 2.1 silicate layers 

will ch lIIay havc cxpand<lhle or nonexpandahle interlayers, or both. Thin coherent sequences 

of non-cxpandcd intcrlayer~, consistillg of thrce or more 2: 1 layer" after trcatment with nc= 18 

arc con.,idcred a,> ilhte Expandable "ilhle" refers to coherent sequences of uJliform layers with 

IIItcrlayers that expandcd with n(=18 but not with n(=8 (Vali et al 1 993b). This distinguishes 

Ihcm Hom high-chargcd Slllcctlte-group or vermiculitc phases which expand \VIth both n(=-8 and 

n, -- 1 R Low-chmge ,>mectite-group pha'ics may appear as single isolated 2: 1 layer silicates or 

a~ :-,cquence,> wlth Irreglliar layer ~paciJlg. Higil-charge ~meclite-group or vermiculite phases 

appcaJ as coherent sequences with uniform layer spacing 

(,.4.1.2 f4'OClIS Conditions 

A cont inlling debate regarding HRTEM imaging eoncerns the conditions of focus i.e. 

~tructllral (lInderfilCll'i) versus compositiollal (overfocus) imaging. This has sigllificant 

implications Ilot only for the diffcrentiaIJon ofsmectite-group and illite layers or interlayers, but 

nlsn Il.lr thc existence of ordered ITIlxcd-laycr Ils (e.g. Guthrie and Veblell 1989~ Veblell et al. 

1990, Ahn and Buseck IQ90: Vali ct al. 1991), Figures 6.12 and 6.13 are t\Vo lattice fringe 

images of untrcatcd, n( = 18-e,"changcd clay samples from 4800 ft deplh imaged under exactly 

the sallie TEM t'pcrating conditions, except lor a change in focus from underfoclIs (Scherzer 

dcfllClIS) (Fig 6.12) to ovcrloclIs (Fig, 6.13), The images werc taken within seconds of each 

11thcr. 

Companson hct,,"ccn the two Images reveals stnking, fundamcntal differcllces in the 

morphology and composition of thc 2: 1 layers present. As the 4800 ft depth specimen was 

origimllly dispcrscd and separated l'rom a moderately illdurated shale, the expectatioll is that 
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Fig. 6. 7 E~pcril1lcntal XRD patterns from 4800 ft of air-dned, ethylene glycol solvated, 

l~ctylmnmonilll1l-ion (n( =8) exchanged and octadccylammonium-ion (ne = 18) exchanged: 
(a) untrcatcd, and (b) treated \Vith sodium hexametaphosphate . 
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Fig. 6.8 Experimental XRD pattems frolll 8700-8750 ft of air-dried, ethylene-glycol solvated, 

octylaml11oniul11-ion (n('=8) exchanged and octadecylammoniul11-ion (n('= 18) exchanged: 
(a) un'reatcd, and (b) treatcd with sodium hcxametaphosphate . 
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Fig. 6.9 Experimental XRD patterns from 12500-12550 ft ofair-dried. ethylene glycol solvated, 

octylammonillm-ion (nc=8)exchanged and octadecyhmmonium-ion (ne= 18) exchanged: 
(a) llntreated. and (b) treated with sodium hexametaphosphate . 
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single layers of smectite will be present and ohsel"\ cd. At appl'O,imatc Schcr/cr dclilCII.,. dar" 

frillges overlie regions of relatively high-chaJ'ge density. e.g. ~'I laycr". and hright fringl's 

overlie regions of relatively lo\\' dcnsit). c g interla~ crs. l'hc undcl'li.)CIIS latt Icc-li lII~l' inHlgl' 

(Fig. 6.12) reveals the presence of predominanll~ smglc CUI "cd and ,,:1\ ~ 2.1 laycl., 

characteristic of smectite-group phascs (hlac" arm\\'s). isolatcd non-c,palllkd llouhlc la~el'i 

(solid triangles) and packets of thrce :2.1 silicate laycr'i wlth nnn-npal1ded IIltcrla~cl'i 

characteristic of Illite (solid dimnonds). The overfoclIs micrngraph (Fig 6.1 J), howcvci. Icvcal'i 

the predominance of two 2'1 silicate layers \Vith thic"er pac"ct~ of 2 l 'ilhcate la~ er'i wllh nOI1-

expanded illterlayers. The single layers observed in undcrlllcu" arc rcplaccd h~ Iwo layel" III 

overfocus (white arrow~,. Il b important to reiterale thal single hl~CI" arc ncvcr Oh.,l'IVC" ill 

ally sample at overfocus conditions. A!. single layers of ~mectitc-group pha.,c., arc cxpcctcd 10 

be present at certain depths (e.g. shallow depths) and since single layer., :II c oh.,el vcd only al 

the Scherzer defocus, it is concluded thal thi" is the propcr and corrcct Illlag,rng, condllion 10 

study smectite-group and iIIite layers. Lattice fringe image!. in OVCrl(lCIIS cOlldillOIl., d,) nol 

represent "real" layer images. The lInderfoclI~ condition 1" III dircct conlla'il 10 (illlhllc alld 

Veblen (1989a, 1990) and Veblen et al. (1990) who used ovcrfi.lCII'i condillon ... 10 dl~ccln 

compositional differences bctween smectite-group and illitc interlaycl" ln addition. Ihclr 

approach required the generation and usc of calculatcd imagc" to cmrcctly rntclplet onlcre" 

mixed-Iayer IlS. 

These two images are evidcncc that Ihe Schcr/cr detilcu", rn con 1 1 III ct 1011 wllh 

alkylammonium-ion exchange techniqucs cnablc!. a di"tinction 10 hc madc helweclI ... mcdlle

group phases and iIIitic material strictly on the basis of interlayer C~pall'iIOn and WlthOll1 Ihe 

need of employing image simulation. 

6.4.1.3 Sample Impurities 

XRD of untreated and treated 0.05-1.0 ,.un cthylcnc-glycol ,>olvaled ... cparate ... ,,"ggesled 

the presence of a significant discrete !llite (or mica) component III addltioll 10 Illlxed-Iaycr Ils 

This was also rnvestigated using the HRTEM. Thc pre,>cl1cc of dl,>crele rade .... 01 IJlICaCCOII'> 

material was c\early evident in the 0.05-1 () Jlm fraction ... of ,>hallow depth ... "'nple.... M IcaCCOII ... 

material usually occurred as thick packets contaming 1 (h of non-cxpanded 1I11erlaycr ... 

Figures 6.14 and 6.15 are laltiee fringc Image,> from 480() li dcpth 01 Ihe (UIS-I fi Jllll 
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Fig. 6.10 TEM image offreeze-etch replica from 11650-11700 ft (sec text for di'icussion). 
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Fig. 6.11 TEM image of freeze-dried replica from 11650-11700 ft. The c;hadowing is from the 

bottom right corner to the upper teft corner of the photograph (see text for 
discussion). 
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Fig. 6.12 Lattice-fringe image from 4800 ft at Scherzer dcfocus or undcrfoclls condition., (~cc 

text for discussion). 

86 



• 

• 

• 

" (.' 
1 ... .t,t;, , "1 

\ ", ";' ~ 
';' l • '§' r ' 
"i· "20nm' ': ,. ' r. , 

. , ft l' ,;\ ~" .. 

..; \ 



• 

• 

Fig. 6.13 Same image as Fig. 6.12 except al overfocus condition" (c.,cc text for dbcllc.,c.,IOIl) 
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.,i.le fraction, untreated and exchanged with n( = 18. Figure 6.14 represcnts a latticc-fringe image 

.,howlIIg aggregated partlclc.:<, which exhlblt coherent 'iequellces of 2.1 layer sIlicate') \VIth non

expanded Intcrlaycr<" and coherent <,equence" of n( = 18 e'\.panded intcrlayers having a uniform 

e.,paclllg of approxllnatcly 2 4-2 5 11111 tlllckne..,,,. Origlllally depo'iited detntal partlcles must have 

cOIl"ie.,led of 111Ick "equences of non-expanded interlayers and Ihus, arc here con~idered to be 

IllICaCCOII., Il le., very unllkely that neoformed IIl1te would attain such tlllckllesses at thls shallow 

depth '1 he .,o"d arrow IIldicate~ an area charactenzed by frayed and wispy layers at the 

terllllllation of a nllcaccou,> pm1icle that appear~ to display dissolution of some of the layers 

(Fig 6 14) Il tlm Interpretation ie., truc, this ob'iervation may have significant consequences for 

the Beauli.)rl-Maclœn.llc Bae.,lIl, a<, the dls~olutlon of dctntal micaccous mlllcrals would provide 

a ,>ource (pcrhap~ the only one) of K' for l''ite neoformation at depth. Figure 6.15 provides 

addillonal eVldence of the pre'ience and apparent alteratioll of dctritalmica This image exhibits 

coherent ~eqllencee., nfpackeh of e:\panded and non-expandcd IIlterlayers, similar to the previous 

IIl1age ln addition, III the lower center of the image is a large ~lI1gle pat11cle consistlllg of a 

corc of a 111Id-. <,equcncc of non-e:\p:lIlded interlayers \VIth c:\panded intcrlayers at the outer 

marglll'" (Fig 6 15, wlllte anow,,) 'l'hi ... detrital micaceous particle is apparently undergoing 

(llagenclic altc.atlOn of the interlaycr'i "lI1l1lar to weathcrlllg (Vall et al 1992). Also present are 

thc liayed and wl~py layers at the termll1ation of the micaceous partlc\c (Fig. 6 15, black arrow) 

IIldÎl:atlve 01' layer dissolution that wa~ present in the previolls image. Thesc diffcrent kinds of 

alterahon of detntal IllICaCCO\lS partic\'?s at shallow depths makc it dlfficult 10 dlstmguish in 

XI{D allaly~ls betwcen dmg,enl'lIC processes of alteration. dl~~olution and crystallization or 

lleOIOl'lllatlon of dllte and thu" would be percelved as a nmdom ordered (RO) structures 

6.4.2 llntrentcd nnd Trented Snmplcs 

I\s the <() 05 ~ll1l ~ILe fract Ion is expected to contain the least amount of impurities and 

detrital materwl and the IlHIXllllUm amollnt of homogeneous neoformed material, it was used 

to lI1\'esligalc thc effects of the addItion of sodium hexametaphosphate as a peptizer on the 

arrangemcnt of layer!. III IlS. 

4ROO li ... ample depth 

1I1trathin sectIOns of cla} separates from shallow depths display subtle but obvious 
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differences bct\\ecn samplcs \\Ithout trcatml:nt ,md \\Ith thc addlill'Il \11 :-\ldllll1l 

hexumctaphosphute (treated sam pk). 1 he- plllll:lpai li 1 f'll'Il'nl:l'... bCl\H'1:1l 1 hl' lIllt Il'.lll'd ,lIld 

trealed samplcs 1'> Ihe prcscnce ofa~glcgaIH:'t\l and IIll't!.III,1I \1l1cl1lall\1l1 \11 thl' :. 1 ... tlll"lll' ... I,IH'I'" 

and pad.ets in the untreatl:d ~al11plc<;, e~pe-cHlII~ thc at!.gll'gal!l1\1 (11 "11111 l' P,ld,l'h III 1\1111-

cxpanded I11lcaccou". pal1ldc~ rhl: Ilcatl'd ";:l1Ipk tend ... t\1 dl .. pl:l\ bctll'I dl"'Pl'I"'!lll1 ... hll\\ IlIg 

bettcl orientation (l r the .. mect i tc-glOup la~ e-I ... \\ IIlt le ..... l,mdlll\1 III IIll'!!.ul;1I \ ail ,II 11111 III laH'1 

spaeing. In addition, thclc arc III 01 1: cohcre-nt "ÙIUI:IlCC ... \\ Ilh 111111111111 ... p,\I:lllg, 1111'Il'.l"l'''' III Ihl' 

abllndancc of double la)ers and gCllcrall) tldnllci pad,ch ni .2 1 .. tlll:'ltl' laH'I" \\ Ilh 

nonexpandcd II1terla) CI <; rigun:<; 6 16, () 1 7 alld 6 lli al e latt Ice Il IIIgc IIl1agl'''' 01 cl:1\ 1II,lll'II,t! 

floln 4800 n whlch have becn c,changed "Ith od~ lalllllHlniul\1 l\lll ... (Il, li) 1 hl'~ ,Ill' 1\ Pll'al 

images 101' shallow depth,> Figure 6 16 "a<, IIactlllnaled \\ Itlwllt tll.'aIIllCI1I, \\ hl'll"l" '·Igllll· ... 

6 17 and 6 18 represent ill':!~C~ of ... al1lpk~ IIactionah:d \VIth a ... ndllllli he',lIlll·laphp ... phall.' 

solution. Ail thlee Image,> arc '>1111llar III appl:aranCl" and :lIl.' lhalactcll/l.'d b~ dlllliall'" \II 

smectite and Illite (1) area" of bellt and \\ avy low-chat ged .. 1\1 cc( Itc-gW\lfI 1l11l1l'I,II .. appl'al a ... 

single layers or a'i chl"ter~ or scquence~ of laYI:'" wllh v;l1lablc III mq':\Ilm la~l.'l "IMling (1 l 

to 3.0 nl1l) (short arrows), (II) arcas of coherent .. cqllence ... of e\pal1dcd IlIgh-ch:lIgcd ""I~dlt~ 

or venTIlculite layer~ (20-24 11111) with a 11H1le IIniforlu IIltetlayel "paLlII~ (Iollg ,1110\\"), (III) 

isolated double layers holid triangle.,), and (IV) packe .... 01 lour to five 2 1 layl'I ... IIII: .. tl· ... \\Ith 

non-cxpanded Intcrlayer~ and packe!'> with more than ... IX :> 1 .. IIKall: la)c\o., wltll 1I11Il-C\paIHkd 

interlayers charaeterrstlc ofdctrrtalmlcaecnll'" nllnelal ... ('>olld dlall1()111I,,) ligUle (II(I d",pla) ... 

abllndant non-oriented ,>lI1glc layer" hmall aflow,), coherent wav)' alld CIl 1 ved ... cqlll·IICC .. 01 

expanded II1terlayer~ (long arrow.,), mlIIor i .. olated double layel., (,,011<1 1II,lI1glc .. ) alld palkeh 

of four to tivc 2: 1 layer'i wlth non-cxpandcd IIlterlayel" ('>oltd dtamolld .. ) 1 IgUI l: (1 17 1 .. ail 

ovcrview of a treated ~ample that dbplay .. the lelative wavy and clllved IIlIelltatloll of the "1II~le 

layers and coherent expandablc ,>eqllencc<; 01 low- and hlg.h-dlarged ... mect 1\(;', (Ill Vl:lIl1llultle'.), 

respectivcly Figure 6 18 1" a c1o.,e-llp of Figure 6.17, whlch dcnHln .. tl ale ... that Ihe thlll padl:«., 

of thrce to four 2: 1 ~I1lcale layer" with non-cxpanded IIltetl.lyei" (o.,olld dlaillolld.,) .. le Illole 

parallel and r,tralghter as compared to Ihe wavy, "ln)!.le and pa<..keh \VIth e:\pallded IlIteIlaye", 

(long arrows) Double layer .. arc larcly ... ecn AI"o \l1'>lhle 1" an agglc)!ate 01 1hlcc 11011-

expandcd mtcrlayer packct<. with non-cxpanded ha",,1 .. urlacc .. or a ""II.dc ver) thlLk III1<..aU:llll', 

partlcle (A). rhl'> II1tcrpretatlon could not hc conlinned wlthout n,IX cxdlan~l: hec helnw) 

As these are si7e-fractlonated ... ample", It i., not pO""lble to charaderllc Ihe Inlcrrclall<1I1"llIp 
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bctween the '>lllectltc-grollp minerais and the non-cxpandable packets as they would exist in situ, 

but appear a,> random mixturc,> in fractionated samples. 

Smnple,> from the .,alllc dcpth cxchanged with octadecylammonlUm Ions (ne = 18) display 

.,ilmlar fcature., a<; the Il! -8-cxchangcd samples. Ilowevcr, it is not possible to distinguish 

bctweell cxpandcd vCrIlllclIhtc and cxpanded iIIite at this depth, without examining the same 

purtlclc:. hcfore and uficr trcatmcnt. As wlth the n( =8 cxchanged samples, the treated sam pie 

tClld~ to .,how bctter dispersion and orientation of ail the 2: 1 silicate layers and packets, with 

gcncrally thinncr packet!l of non-cxpanded illterlayers. The high-charge smectite-group minerais 

or vcrmiclilite tcnd to have a slightly grcater interlayer spacing at about 2.4-2.6 I1m, but this 

rcmain,> an approximation because of the very fine particJe size and small coherent domain size. 

ln addition, trcated <;al1lplcs display more coherent sequences of expanded interlayers with 

unitt-lIl1l :.paclIlg III contra~t to thc untreated sal1lples. Differences are more readily apparent in 

XRD. 

hglllc~ () 19, 6.20 and 6.21 are another set of lattice fringe imagt's from 4800 ft depth 

c~c1ulllgcd with n( = 18. Figure 6 19 is an untreated sample and Figures 6.20 and 6.21 are 

treated with ~odlllm hexul1lctclphosphale. Gencrally ail tluee images display abundant, wavy and 

overiapplllg <;lIlglc layers of smectite-group mmerals (short arrows), some coherent sequences 

of uni Ii.ll 111 spaclllg oflllgh-chargcd .:;mectite-group (or low-charged vermiculite) (long arrows), 

and pacJ..cb of tlnce to livc 2: 1 layel~ \Vith non-expanded interlayers characteristic of iIIite 

(solid diamonds) and racket<; containmg large Ilumbers of non-expanded interlayers (>8 layers). 

lIIite IIltcrlayers will not expand \Vith n( =8. whereas 11Igh-charge smectlte-group or venniulite 

intcrlayel's will expand. Packets wluch do Ilot expand with n( = 18 are considered to be non

cxpallded illitc. \\hcreas hi~h-charge vermiculite and hlgh-charge iIIite will expand giving a 

unili.lI'lIl 'pacing of appro"mately 2.4-26 11111. In Figure 6.20, a single particle displays 

cxpanded la~cr .. "lII'fCluading a core of 2 non-expanded interlayers (B) which is typical of 

partlclc-. in the war.,er fractions( Fig. 6.15) Figure 6.21 is a lattice-frmge image of a treated 

and n, -1 ~ c'\challged samplc which dlsplays thicker packets of nOIl-expanded interlayers that 

me colI~ideled detlltal. Also visihlc IS a small sequence of double layers (open i'lJlgles) with 

an c:\pam\cd IIltertilcc of about 1.7-1.9 11111. Aiso present are expanded layers of high-charge 

slllccllte-gmup or \'crmiculltc minerais \Vith a thlckness of about 2.4-2.6 nm, evidence for the 

predolllinance of the coherentl) expallded intcrlayer sequences (hollow diamonds). 

rhick packcts (8-10 layers) of non-expanded mterlayers are considered detrital micaceous 
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Fig. 6.\4 Lattke-fringe image from 4800 ft of untreated 0.05·0.\ J.lm size fraction after 

octadecyl:tmmonium-ion (nc= 18) exchange (see text for discussion). 
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Fig. 6.15 Lattice-fringe image from 4800 ft of untreated 0.05-0.1 /lm size fraction after 

octadecylamtnonium-ion (nc=18) exchange (see text for discussion) . 
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Fig. 6.16 Lattice-fringe image from 4800 ft of untreated <0.05 ~111 size fraction after 

octylaml11onium-ion (n{'=8) exchange (see text for discussion) . 
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Fig. 6.17 Low maglliticatioll lattice-frillge image from 4800 ft of treated <0.05 !lm size 

fraction ailer octylammonium-ion (nc=8) exchange (see text for discussion) . 
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Fig 6.18 Close-up of Fig. 6.17 (see text for discussion) . 
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Fig 6 19 Lattlcc-Irlllgc image from 4800 ft of untreated <0.05 ~un size fraction alter 

octadccylalllllloniulll-ion (n,= 18) exchange (see text for discussion) . 
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Fig. 6.20 Lattice-fringe image from 4800 ft of treated <0.05 J.tm size fraction after 

octadecylammonium-ion (nc=18) exchange (see text for discussion) . 
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Fig. 6.21 Lattice-fringe image from 4800 ft of treated <0.05 "'111 size fraction after 

octadecylammonium-ion (11('= 18) exchange (see text for discussion) . 
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particles . 

12500-12550 ft depth sample 

Untreated sampleo: from 12500-12550 ft gcnemlly cxhihit lHore cUlHpm:tiun IInd 

aggregation of the non-expanded packets, whereas the trcated s:unple tends to .. ho\\' hctlcl' 

dispersion of the non-expanded packets \Vith the packets cllntaming lewcr laycl's 

Figures 6.21 and 6.24 represent typical laltiee fringe imagcs of dccp smnpl~s I{ll 

untreated and treated samples, respectivcly, exclumged \Vith n, --=8. Both imagcs me 

characterized by abundant packets of 2: 1 layers \Vith liun-c:\pandcd tntcrlaycrs. Fi!:!,Ulc 6.2-' 

displays packets of three to six 2: 1 silicate layers with non-expanded tntcrlaycl's (solid 

diamonds) and some isolated double layers (solid triangles) and sequcnces of douhle;; laycr~ 

(hollow triangles). Figure (j 1,. is a treated sam pie which displays rackets of tlnce to live 2: 1 

silicate layers with non-expailied interlaycrs (solid dimnonds) and ahundant do"hl,~ laycrs ('inlid 

triangles), but sequences of d"ubie layers arc less apparent (hollo\V triangle.,) Uenemlly, the 

most significant difference between untreated and treated :mmplcs arc paekcts 01 non-c'patuled 

illite which are thinner than in the untreated samples. 

Comparison between untreated and treated samples from thc ~ame dcpth, exchang,ed 

with ne= 18 shows signficant differences. The samples are simibr in ortcntatlon tu the prCVlIlIIS 

untreated and treated samples exchanged with n( =8, exc .:pt thc treatcd sample~ show ahundant 

packets of 2: 1 silicate layers with expanded interlaycrs of 2.3-2 6 mn thid.ne~s I·'jv,ttrc (,25 

represents a low-magnification HRTEM image showing an overview of the typieal layer 

structures of iIIitic material of deep samples as prepared for an XI~O mount. l'he predominant 

features are the random distribution of relalively thm packet .. of nonexpanded interlayer ... (~oltd 

diamonds), with minor amounts of packets .;ontaining expanded intcrlayers having a IInillll'lll 

interlayer spacing of approximately 2.3-~.6 nm (hollow diarnond;;). The indivldual nlln

expanded packets of iIIite show slight differences in orientatIon and ... pacing ... wlth rc ... pect to 

other packets. A few packets appear as larger aggregatcd units. Sorne of the packct~ of non

expanded iIIite have unifonn expanded basal surtaces (C) "1<;0 pre<;ent arc ... eqllencc'i of douhle 

layers with 1.7-1.8 nm expanded interfaces (hollow triangle<;). The clo'ie-up (Hg 6.26) 01 the 

untreated sample shows the random distribution of thin rackets of relativcly ... traight threc to !.IX 

2: 1 silicate layers with non-expanded interlaycr'i (solid dtarnond ... ) and surne i~olatcd douhle 

layers (solid triangles). In the upper right corner of the image IS a coherent !teqllcncc of douhle 
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layers (hollow trianglc'i). Sorne of the oriented packets display uniform expansion between 

packets (D). Figurc 6.27 is another untreated sample exhibiting features similar to the previous 

image; m inor amounts of packets of expanded interlayers with uniform expansion (hollow 

diamonds) can be seen as weil as sequences of double layers (hollow triangles) and isolated 

double layers (solid triangles) Also apparent is a coherent sequence consisting of three non

cxpandcd packets and one doublc layer with relatively uniform expanded interfaces, which may 

bchave a!> a .. ingle particlc (E). These particles are never seen in treated samples. Figure 6.28 

rcpresent'i an overview of the -,ample from the same depth as Figures 6.26 and 6.27 treated with 

n dilutc solution of sodium hexametaphosphate. The lattice-fringe image displays similar 

fentures as the IIlltreated sample, with one very obvious ditTerence. The treated sample reveals 

abundanl packets of 2.1 silicate layers with expanded interlayers (hollow diamonds). Isolated 

double layers are present, but sequences of double layers are less apparent. Figure 6.29 is a 

c1ose-up of the previous image, displaying the predominance of packets of coherent expanded 

inlcrlayers ofuniform spacing (2.3-2.6 nm) characteristic ofexpanded iIIite (hollow diamonds). 

Non-cxpanded packets of illite are also present (sol id diamonds). As weil, III the center of the 

micrograph, is an apparent large chlorite partie le (F) contiguous with a non-expanded iIIite 

packet. 

6.4.3 TEM Characterization of the Layer Structures with Depth in the <0.05 "m Fraction 
of the the Reindeer 0-17 Weil 

As evidenced from the description of the layer structures observed in the lattice fringe 

images from thc 4800 ft and 12500-12550 ft sample depths, there has been a drastic change in 

the layer structures with depth. However, as there are also ditTerences in the layer structures 

between untreated and chemically-treated samples in the <0.05 J.lm fraction, 1 will confine 

myself to describing the changes in the untreated samples. It is important to note that the layer 

structure sequences are much more homogeneous in the <0.05 f.1m fraction than in the 0.05-1.0 

~lm traction (cf. Fig. 6.14 vs. Fig. 6.16). 

The ohvious ditTerence between the 12500-12550 ft sample depth and the 4800 ft 

sam pIe depth is the complete absence of single layers or irregular sequences of low-charged 

smectite group Ir.: nerals characteristic of shallow depths. The single layers of discrete smeetite 

particles (fundamental smectite partieles of Nadeau et al. 1 984a, 1 984b, 1984c) can only be 
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Fig. 6.22 Lnttice-frillge image from 8700-8750 ft of untreated <0.05 Ilm size fraction after 

octyhlmmonium-ion (n('=8) exchange (see text for discussion). 
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Fig 6.23 Latticc-fringc image from 12500-12550 ft of untreated <0.05 Ilm size fraction after 

octylammonium-ion (nc=8) exchange (see text for discussion). 
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Fig. 6.24 Lattice-fringe image from 12500-12550 ft of treated <0.05 J.lm size fraction after 

octylammonium-ion (11,=8) exchange (see text for discussion). 
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Fig. 6.25 Low magllification lattice-fringe image from 12500-12550 ft of ulltreated <0.05 J.lm 

sizc fraction aner octadecylammomum-ion (n,= 18) exchange (see text for discussion). 
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Fig. 6.26 C'Iosc-up of Fig. 6.25 (see text for discussion) . 
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Fig. 6.27 Latticc-fringe image from 12500-12550 ft of untreated <0.05 f.1m size fraction after 

octadecylammonium-ion (ne= 18) exchange (see text for discussion). 
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Fig. 6.28 Low magnification lattice-fringe image from 12500-12550 ftoftreated <0.05 ",m size 
fraction after octadecylammonium-ion (nr=18) exchange (see text for discussion). 
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Fig. 6.29 Close-up of Fig. 6.28 (see text for discussion). 
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found in abundance at shallo\\ depths. There arc 110 ml\cd-Ia~ cr Ils stl1lctUl'CS visihlc ill an~ 

of the < 0.05 ~lIn al~ylal11moniulll-ioll cxchangcd samplcs and 110 sm"ctlle-~I'\lIlJl phase \\ as 

associated with ordered ~: 1 mi\cd-Iaycr !\truclurcs. Smcclitc-gl'llup and illilk mall'rial \\ a, 

observed as separate, discrcte phases. 1I11\\e\Cr. pad.ets or nlllH"pmulcd IIIlcJla~cl'!\ 01 Ilhtle 

(or III icaceous) malerial were present HI HII dcplhs. Shalll)\\ !\amlllcs c\challgell \\ Ilh 11\ 1 H 

consisted predomimmlly of sillgle isolHtcd curvcd la)ers of a o;mcelile-gl'OlIll pha~c. milwl 

amoullts of double layers and packets of threc 2:1 la)crs \\ith lIon-c~pml(led inlellaycl's (Fig 

6.30). 

Ultrathin-sections from intermcdiutc depths trealcd \Vith III -~8 con!\istcd predllllllllanl I~ 

of sequences of dOllhle layers with expunded intcrfaces limning RI-oHlercd ~Iltlcllll'co;, min,,1' 

amoullts of isolated double layers laycrs, cohcrcnt sequcnccs of IIl1itlll1H ~Jlacin!!, nI' a hi!!,h

charge slllectite-group or vcnniculite phase and packets of non-e~Jlandcd interlaycl" cllnlammg 

tluee or four 2: 1 silicate layers (Fig. 6.31) 

Deeper samples, wh en treated \Vith III =18 consi!tt predonHllantly of pad.cls of nnn

expanded interlayers consisting of tluee to six 2: 1 illite layers, pac~cts of c~palldcd IIItel'layero; 

of iIIite, sequences of double layers with expandcd inlcrfaces (R I-ol'dcrcd struclllle&;) and 

isolated double layers (Fig. 6.32). 

Whereas lattice fringe images can provide direct eVldence of laycr o;trm:tllrc .. , Ihey can 

only give indirect evidence for the S-I conversion. Freclc-ctch replicao; cxlllhll the ~1Ir1ilœ 

microtopography of clay minerais and may show the original texture or morphology ni 

individual particles or aggregates occurring in a sample. Figures 6.33 and 6..14 represent Ircc,e

etch replicas of untreated <1% dispersions from a depth of 11650-11700 Il and dl~Jllay Ihc 

surface structures of sorne particles. These images show single crystals havlllg a euhedral lath

like l11orphology overgrown on the surface of largcr particles (Figs. 6.33 and (,,)4, .. hort arrow .. ). 

The crystals exhibit weil developed and parallel stcpped cdgc'i within an aggregate or very line 

particles with irregular outlines. Dissolution and growth leaturco; can olien he oh .. crved in Ihe 

same particle. Dissolution appears as irregular cmbayment .. on Ihe edgcs 01 Ihe ~ingle Ihin 

particles on the surface of larger particlcs (Figs 6.33 and 6.34, .,hort arrow .. ) lIowcvcr, 

evidence of crystal growth is more rcadily suggcstcd in Image!. of l'rcc.lc-dned .. amJllc~ of Ihe 

<0.05 fJ.m fraction (e.g. Fig. 6.11, short arrows) which di!tplay sharp-cdgcd cuhedral lalh-likc 

crystallites. 
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Fig. 6.30 Lattice-fringe image from 4800 ft of untreated <0.05 !-lm .. izc fraction aHer 

octadecylammonium-ion (n('=18) exchangc (sec text for discuc;.,ioll). 
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Fig. 6.31 Lattice-fringe image flom 8700-8750 ft of an untreatcd <0.05 ,"un r.;Îzc fraction alter 

octylammonium-ion (n{'=8) exchangc (sec text for discussion). 
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Fig. 6.32 Lattice-fringe image from 12500-12550 ft of untrcatcd ....-0.05 ~m .,ÎlC fraction alter 
octadecylammonium-ion (n( -= 18) cxchangc (sec text for dbcu<;<,ioll). 
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Fig. 6.33 lEM Image of freeze-etch replica from 11650-11700 ft «,ec text f()r di<;ClI'>SIOI1) . 
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Fig. 6.34 TEM image of freeze-etch replica from 11650-11700 ft bec text for di\Cll%ion). 
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CHAPTER 7.0· DISCUSSION 

The alkylammonium-ion cxehange technique is usually applied to deduce the layer 

charge and charge heterogeneitv of expandable clay minerais in soils and sediments (Malla and 

Dougla!t 1987b, 1987c; Laird et al. 1987, 1988, 1989a; Mareks et al. 1989; Ghabru et al. 1989; 

Chen ct al. 1989; Slanjek et al. 1992). In this study, the alkylammonium-ion exehange

technique wa'l u'ied to characterize the structural and compositional changes in Ils on the basis 

of interlayer-eharge densities with depth of burial and to facilitate comparisons between XRD 

and TEM results. 

One fhcus ofthis study was an investigation ofthe etTeets of sodium hexametaphosphate 

on the measurement of expandability in mixed-Iayer I/S. A signifieant ditTerence to the earlier 

work is that in the previous study by Sears and Hesse (1992) the clay minerais were 

charactcriLed in XRD with the aid of ethylene-glycol solvation. Ethylene glycol and glycerol, 

however, evaporate in the vacuum of the TEM, resulting in the eollapse of expandable 

interlaycrs. Stable expansion of expandable clay minerais in TEM ean only be aehieved by 

cxchanging the inorganic calions for the large anisometrie alkylammonium ions. Although the 

conclusions of the earlier XRD study are still val id, lEM observations revealed the presence 

of more than one type of expandable component in alkylammonium-ion exchanged I/S. This 

was an observation that could not be obtailled with XRD using ethylene glycol, whieh can only 

be used to characterize the expandable component in untreated I/S. 

7.1""" .... ''*-

The ultratine clay particles obtained from shales during size fractionation may be the 

rcsult of particles fonned durmg: (i) precipitation in the pore spaee (Ahn and Peaeor 1 986a), 

(ii) tnlllst<.mnation of pre-existing particles (Bell 1986), or (iii) overgrowths on detrital particles 

broken 011' dllring sample comminution (Morton, written comm. 1990). The abundance of 

slIhhedral iIIite and the minimal amounts of detrital phases strongly suggested that the <0.05 /lm 

fraction approximates a minerai separate and not a size separate of indetenninant composition. 

The presence of sharp-edged lath-like erystallites in the freeze-dried replieas evinces 

ncotonnatlon (Fig. 6.11). However, anhedral or irregular shaped partieles in aggregated freeze

ctch replicas (Fig. 6.10) may imply overgrowths which broke otT from detrital nuclei during 
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sample disaggregation. The small lath-like particles on larger particles and irn.'gular cdgcs 

exhibited in freeze-etch replicas imply crystal growth and dissolution. resl,cctivcly (Figs. 6,33 

and 6.34). Tite lack of feldspar grains. or fragments of fcldsl,ar slIggcsts that the seplll'ntioll 

procedure employed in titis stlldy was complete. 

Comparison between untreated and treated samples l'rom the same depth in lalliee-fringc 

images generally reveals Illat the clay separates are of similar thickncss mut composition Illl" Il 

given depth (e.g., compare Figs. 6.24 and 6.25). The sepamtion of the <0.05 ~lIn fraction l'mm 

the <0.1 ~m fraction using the addition of sodium hexmnetaphosph~,tc. however, l'csultcd in 

thinner packets of non-expandable iIIite (e.g., Fig. 6.25). 

7.2 Mineralogieal Properties 

Comparison between the <0.1 f.lm fraction collected by Ko (1992) who pcrl'lll'lncd an 

in-depth investigation of the minerological changes of the <0.1 f.lm size fraction in thc Ilcllul'llrt

Mackenzie Basin and the 0.05-1.0 ~lm and <0.05 f.lm fractions obtained l'llr thls IIlvcstigation 

showed significant ditTerences. Althouglt procedures for physiclll disllggreg~,tinn and clay 

fractionation were similar, Ko (1992) used chemical pretreatment. Clay mincral scparatcs III 

this study were not subjected to any aggressive chemical prctreatment'i (cxccpt with sodium 

hexametaphopshate for comparative purposes). Ko (1992), fllr his XRD mmlysis, Illllnwcd thc 

procedure of Jackson (1969) for isolating clay minerais from soil samples and lI1c1l1ded chenllcal 

treatments for removal of carbonates, Fe-oxides, organic material, and JlCptlLers Illf increascd 

dispersion. This resulted in better peak intensity (sec chaptcr 4). Furthcr XRD analysb was 

warranted when the initial XRD results of this study were comparcd with rC!.lIlts ohtained hy 

Ko (1992) who had investigated the S-I transition in the samc area. 

The amounts of the expandable component determined l'rom XRD III thls .. tully arc 

systematically sm aller by 5%-10% compared with Ko (1992), but arc wcll within hi .. l11arglll 

of error (± 10%), although different methods for determining layer proportions wcre cl11ploycd. 

The diffraction profiles of samples in this study exhibitcd anomalously broad pcak!. and 

diminished peak intensity characteristic of 5 '11 ail particle Si1C. As prcviously noted, poor 001 

intensity may result from small sam pie mass, short sam pie length, poor orientation, or from thc 

clay material itself. Ko's (1992) XRD profiles showed gencrally much higher pcak mtcnsitlcs, 

especlally in the low 28 angle regions, whereas highcr 28 angle rctlœtion<; di'illlaycd 
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dimini .. hed intcnsity. This may have resulted from specimens having sm ail sample mass, Le. 

thin samples (Dr. David Pevear 1993, personal comm.). This made it difficult for Ko to use 

the (002)1.,!(003)17 reflcction to calculate expandability (see Figs 6.la and 6.2a ofthis study). 

ln this stlldy. low 20 angle rcflections had diminished intensities (Iikely the result of short 

sample~ with sm ail mass) but exhibited more pronounced (002),01(003), 7 reflections which 

cnablcd layer proportions to be calculatcd using the concepts of Reynolds and Hower (1970), 

Reynolds (1980) and Moore and Reynolds (1989). 

Flirther comparisons with Ko (1992) rcvealed 'Similarity in mineralogy between 

comparable SIZC fractions. Additional peaks. i.e. shoulders on low-angle peak s, and diffcrences 

111 ordcrins wcre rcvealed in intemtediate samples of Ko (1992) that werc not observed in this 

study (sec Ko's fig. 111-1). For examplc, Ko (1992) was able to describe a mixture ofrandom 

and ordercd I/S in most samples from between 6700-6750 to 8300-8350 ft (see Ko's fig, 111-

1 B), which was not apparent in samples of comparable depths in this study. These profiles are 

describcd here as rundom (RO) structures. In addition, Ko (1992) referred to a "reversed glycol 

cflcct" whereby ethylene glycol solvation on I/S induced a more pronounced reflection to the 

lower-angle side of the 0.50 nm peak rather than to the higher-angle side as would be expected. 

This was attributed to the effect of a 1.4 nm component in mixed-Iayer I/S. However, the close 

correspondance bctween experimental and calculated diffraction profiles for untreated ethylene

glycol solvatcd samples in this study suggests this may be an artifact from sam pie treatment 

(sec helow). Although, glycerol solvated samples c1early indicate a high-charge expandable 

component is prcsent as weil as a low-charge smectite-group minerai in mixed-Iayer I/S from 

the Reindcer 0-27 weil, it is not apparent in ethylene-glycol solvated samples. 

Diflèrcnccs hetwcen XRD profiles of ethylene-glycol solvated samples from this study 

and Ko (1992) must he considered in terms of chemical pretreatments, which produce additional 

vcrmiculitc-li"e or high-charge smectite-group-Iike reflections. Harward et al. (1962) 

demonstmted that diffraction patterns of a 0.2-2.0 J..lm fraction of Ca2
+ -saturated samples 

dispcrscd in water were the same as samples treated with sodium hexametaphosphate (Calgon). 

Howcver. diftèrences were observed in the amount of expandable components when the same 

samples \Vere solvated with ethylene glycol. In addition, Calgon resulted in additional shoulders 

on low-angle reflections. Thorez (1985) discussed the effects of chemical pretreatments and 

conc1udcd that not only are expanded components increased, frequently new phases appear 

having cI(oo!) values cquivalent to vermiculite and smectite. In addition, one may infer that the 
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loss of the (002), 0/(003), 7 peak in chcmically pretreatcd samples is the direct rcsllit nI' Ihc 

harshness of chemical pretreatmcnts on very tine fractions ( ..... 0.1 ~llll). rhi~ may hc rdalcd 10 

the charge heterogeneity of the expandabk componcnl. or duc 10 the h~dl'\llysls and l'clllu'''li 

of interlayer aluminum during H10! and SCBD trcatmcnts, callSIIlg. Ihc dcgradatlon uf Ihc clay 

minerais (Brewster 1980). However, sodium hexametaphosphale may Ilrodllcc Na-c\chungc 

resulting in a three-component mixed-Iaycr IlS, i.e. iIIitc/2-glycol smccUtc/l-glycol smcclilc (Dr. 

David Pevear 1993, personal comm.). If this is true. Ihc (002), J(()O.l)'7 is hroadcncd hy Ihc 

addition of a I-glycol layer t.4 nm component smcctitc-group pca~ 

Thus, the XRD resutts of this study are considered as morc c1uscly I·ctlccting. Ihc 

mineralogy as it exists in the geological environment. tor thc tinc l'raclions. Ilowcver. a~ 

Brewster (1980) emphasized, carbonate and Fe-oxide bondlllg. and nHlsil.lIlg hy amUI phuus 

materials, may prevent the characterization of the "natural clay system" hy XI{1l It i~ apparenl 

that ethylene glycol is nf)t sensitive enough to indicate the presence of li high-chargc "'Illcctite

group or venniculite-component in an untreated smnple l'rom the Reindeer 1)-27 weil. "Ithough 

glycerol solvation in this study indicated the presence of more than onc cxpandahle cnlllpnnenl 

in mixed layers, it was not possible to determinc thc cI'lIul! nI' the respective expmldahle 

components due to overlapping retlections . 

7.1.1 Anomalous Profiles of the Reindeer 0-17 Weil 

The diffraction patterns of samples from the Rcindccr 0-27 weil arc, in genernl, 

analogous to patterns derived from soil clays. These arc charactcrizcd a .. Ilcing of "Ies .. er" 

quality due to diminished intensity, unusual broadness and overlapping rel1ectlnn ... , wlth 

displacement of retlection maxima and changes in peak ~hape re ... ulting l'rom IIlcrea ... ed 

background intensity (Stanjek et al. 1(92). 

There are many possibilities as to why the profiles from .. ampli!'" l'rom the I{eindeer 1>-

27 weil yield anomalously broad and diminished peaks as discusscd 111 Chapters 3 and 4. Welr 

and Rayner (t 974) investigated a <0.04 J.lm clay size fraction almo ... t complctcly frcc 01 

impurities from a soil profile and detcnnined a two-componcnt intcr'\tmtitied IlS. '1 hcy 

attempted to detennine the amount of expandable and non-cxpandahlc compnncnt ... u.,mg an 

early version of NEWMOD. Diffraction broadenmg and particlc ... ize wcrc invc ... tigatcd hy 

changing mean crystallite thicknesses from 7-13 to 3-7, 2-6, or 1-5 layer." and they wcre able 
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tu improve the agreement between experimental and calculated patterns. Changes in Fe and K 

values madc ncgligiblc differcnces to the calculated patterns. The measured diffraction 

broadening c,uggcsted that thc patterns observed are consistent with very thin ditTracting 

domams consi'iting of four to five 2: 1 silicate layers. 

NEWMOD was used in this study to isolate the most important variables influencing 

anomaioll'Sly broad peaks and diminished intensities of the experimental profiles. However, it 

is diflicliit to use the calculated patterns to accurately model the ultrafine particle size of the 

...... O.OS-'.Ull clay fraction and achieve congruency with experimental patterns (Figs. 6.4a,b,c). In 

addition, N EWMOD is a program that is theoretically based on Mac Ewan crystallites, or a two

component system (whcrcas lattice-fringe images of this study suggested the presence of a 

l11ulti-component systcm). NEWMOD 3C, which can model three-component systems, was not 

available to the allthor during the research. 

1'0 simulate two-component diffraction patterns with NEWMOn, a number of variables 

can be manipulated. In this instance, the most acceptable results were obtained using most of 

the dclilllit parametcrs of the program. The assigned parameters includt'd: a step scan of 0.04° 

(the cxpcrimcntal stcp-scan was 0.01°), crystallitc thicknesses of 7-14 layers in equal 

proportions, Mg2
' as saturating cation, 0.8 K atoms per iIIite half unit-cell, 0 Fe atoms per 1-5 

half unit-ccII, and smectitc-groliP and iIIite thicknesses of 1.69 and 0.98 nm, respectively. The 

reslilts were adcqllak in lerms of reflection positions and in similarity of line shape (Figs. 6.4 

a,b,c), but inadequate with respect to reflection intensity. Peak shape and position can be 

l110dcled using the parameters of LowN and HighN, (the largest and smallest crystallites 

present) or by the defect-broadening option 0 which requires a value for the defect-free distance 

and N, the largest particle thickness. Agreement between experimental and calculated profiles 

wus not improved by recalculating the patterns using a sm aller mean crystallite thickness to 

aehievc bcttcr results with respect to peak broadness, as reflections in the lower-angle region 

are unacceptably displaced to lower 28 angles. For example, to model the efTects of small 

particle SilC (i.e. thin pllrticles), layer thickness values for LowN and HighN of 2 and 5, 

rcspcetivcly were assigncd. The resulting calculated pattern exhibited a similar (002)101(003)17 

relleetion with respect to the default parameter profile, but the (001)10/(002)17 reflection was 

displaced to lower 28 vlliues. This was also true for the defect broadening option, as weil as 

ti.lr inercasing the amollnt of Fe or K atoms per 1-5 half unit-ccII. A change in one parameter 

resulted in changes to the slInulated profile that bore no relationship to the experimental results. 
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There was no way to manipulate the culculated puttcrn to uchic\'c \'crisimilitullc \\ ith thc 

observed intensity and broad peaks of thc c:\perimental pattern, 

As modeling of the XRD profiles suggested that partidc thinncss and staeJ.ing ,Ieteel .. 

had marginal impact in controlling the ditlhlction proliles of thc c:\pcl'imclltal pnUl'ms. Ihe 

etTect of strain broadening has been proposcd us the dominant lilctol' in controllin~ line shapl'. 

and especially for the samplcs trcatcd with sodium hc,mnctaphosphatc, I{e~'nolds (1l)INa) 

discussed strain broadening using the model of Wurren and Avcrhudl (1950). \\ helelll thl' 

integrity of the unit cell is muintained, and distortions betwcen unit cclls ml' the l'csull Ill' 

random displacements. The effect of incrcasing randol11 displaccmclll~ hctwccn III"t ccII ... 

creates a diffraction profile with incrcased peak broadening und dimilllshcd mtenslty wlth 

minimal displacement in retlection position with respect 10 2e (Reynold .. 1'>'>2. his Ii~ 1 ~). 

Strain broadening principally effects higher 2e angle retlections und to such a deglcc that they 

merge with the baseline. Increasing displacements betwccn unit laycrs dcstmy'i long-rangc 

ordering and ultimately short-range ordering as weil. until the profile l'esemhle .. that of gla .. s, 

and the only remaining peaks are at low angles. I-Iowever, thc cnect of strain hwadening on 

calculated diffraction profiles of Ils cannot be assesscd using NEWMOD 

A partial explanation to the anomalous diflfuction profilcs may lie III the Mg" -'iaturaled 

ethylene glycol and glycerol solvated diffraction patterns. Reynold'i (1989a) pledldcd that a 

smectite-group minerai with variable interlayer thickness aller ethylene glycol ~olvahon is 

analogous to the displacement ofunit layers in strain broadening Ko (1992) .. ugge .. tcd that the 

anomalous broadness and diminished intensities of the I-S rctlections Itlanife~tcd III the Reindeer 

0-27 samples are due to varying thickness of the glycol complex within thc intcrlaycr ... IC"'Ultlllg 

from the addition of a minor amoullt of high-charge expandablc laycr .. , or l'rom pmslhlc 

ethylene glycol evaporation from thin samples. I-Ie suggested that 'iOItlC layer .. may flmn .. inglc 

layer complexes with ethylene glycol 

Recently, minerais with compositions and charges intermcdmtc betwcell cnd-mcmncr 

vermiculite and smectite have been described from sOlls and sedllnellt~, e.g. ~mcctitc-group 

phas\!s with a vermiculite layer-charge rangf. (April ct al. 1986; SCllkayi ct al. 1983; 1985; 

Douglas 1982). These seemingly intermediatc mmerals havc been varim ... ly dc .. crihcd a .. low

charged vermk!Ilites, high-charged smectite~. and beidellitc ... Güvcn (1988) .. uggc .. tcd that a 

low-charge verm'culite and a high-charge smectite (layer charge of -os to -07 per 0 11,(011)2) 

may have the same layer charge but dlITercnt expansion bchavior. Generally, thc cxpcnmcntal 
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XRD patterns revcal that the cxpandable componcnt behaves like a low-eharge smectite-group 

mincral when solvatcd with ethylene glycol (Fig. 6.3), but behaves like a mixture of low-eharge 

')mcl.:titc-group and high-charge smeetite-group or vennieulite minerais wh en solvated with 

glyccrol (Fig. 6.5). '1 he Mg2'-saturated glycerol solvated patterns (Fig. 6.5) indicate that the 

Ils rcsponsc changcd with type of ordering i.(. one- and two-Iayer eomlexes with RO and single 

complexc') with RI and R> 1. lt is apparent that deeper samples have a greater abundanee of 

highcr charge cxpandable layers as indieated by the almost identical reflection positions for 

glycerol and ethylene-glycol solvation at low 28 angles (but not for higher 20 angle 

reneetions). This suggesls thal there is an increasing high-eharge smectite-group or vermiculite 

component and a deereasing low-eharge expanda"le component with depth. This is consistent 

with Ko's (1992) K-saturation results. It also eonfirms the results of Powell et al. (1978) and 

Foscolos and Powell (1980) who reported a vermiculite-like component in the Reindeer 0-27 

wcll. It was concluded that a three-component mixed-Iayer system was produced, and that 

'aneetite-group minerais were converted 10 illite through an intermediate venniculite. 

Without three-component modelillg however, neither the proportions of each component 

can he dcduccd, nor can the nature of the interstratification be detailed . 

7.3 EtTeds of Sodium Hexametaphosphate on Layer Strudure 

7.3.1 Ethylene Glycol-Solvated Samples 

Strain broadening is applicable to other types of disorder that involve displacements 

hctwecn seattering domains (e.g. unit layers). Reynolds (1989a) demonstratcd that, if there is 

minimal displaeemcnt or separation between scattering domains, the individual domains form 

an X-ray cohercnt rclationship or array. If, howcver, there is a relatively large separation 

hctwccn scattcring domains, the scattering relationship is ineoherent. For intermediate cases 

bctwccn thcsc two cxtrcmes, the unit layers form a scattering array that is tenned partially 

coherent. With the exception of the 4800 ft depth sample, comparing the (001)10/(001)17 peak 

of the <0.05 ~"n fractions of the untreated and treated samples (Fig. 6.la and 6.2a) reveals, as 

best as can he estimated hy visual inspection, that reflection displacement with respect to 28, 

while apparent, is not as profound as the effects of peak broadening and diminished intensity. 

It is ditlicult to evuluate peak shape for the se fine fractions. Breadths of the (002)101(003)17 

reflectlon of the trcated sample eannot be measured to determine crystallite thicknesses. Even 
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in the 0.05-0.1 ~lm fractions. modifications of thc diffraction prr .: cvidcnt (Fig. 6.1 h and 

6.2b). However. the 4800 fi sam pIe c\hibits a diffractIon pl' ._,11 thm IS \el'~ sinlllar f'l,r huth 

untreated and treated samples. The (001) ditTraction scncs rcmain l'c1atl\'c1) ... hatp hCC,HlSl' thc) 

represent diffraction from an cntire stack of layer~ (Reynolds l'>INh). l'Ieatcd .... mlplc., \\lth 

increased amounts of a non-cxpandahle componcnt tcnd tn di"pla) IIl1.:rca.,lIlg 10 ...... of IOIlp.cr-

range ordering between unit layers. without dccreaslIlg sIgnitkantl) Ihe Ihlckncl-ll-l "flh\.' partieil-... 

as compared to the untreated samples. As dinèrent SpCCIIllcn l11ount~ "crc attcmptcd 1"1 XRIl 

analysis. ail giving the same results. the only conchlslOn b that thc tlcatcd di'pcr,\.'d pattlCIl-., 

did not reconstitute into large X-ray coherent stad.ing ",clJlIcnccs cOl11patcd to Ihc IlIlltCalCd 

sam pie. 

This phenomenon can best be explamed by ~train hroadcnlllg. whlch !'>lIgge.,,, that peak 

width increases and intensity diminishes. especmlly in higher anglc ICt1Cctloll', "'Itholll 

significant 2e peak displacement, as a consequencc of incrcaslIIg distancc hct\Vccn X-ray 

coherent unit layers (Reynolds 1989a) Eberl ct al (1 (87) dcmon ... trated that dcclca'lIIg gtalll 

size produced a sharper risc in background at smallcr 2(-) angle ... and a mOlc IIllcn"c hacJ../!,lOlInd 

band between 22" and 33" 2e. This is eVldent 111 the trcated .. "mplc., "'0111 Will put CI 

simulation of pure clay minerai phases, Drits et al. (1984) demon~tratcd that thl!'> hand IC!'>II\tcd 

from rotational stacking faults (+60" or + 120"). Eberl et al (1987) concludcd that Ihc dcn'ilty 

of rotational faults increases in the finer fractions of sericites Ilowcver, Il 1., illlpollalll 10 Ilole 

that the presence of X-ray amorpholls matcrial will nlso ylcld Iligh badgrOlll1d illiellsillc ... 

between 20° to 45" 2e, which is present in the clay material collected in 1111 ...... tudy (FIg (, (,) 

The addition of a peptizer such as sodium hexametapho'iphate change ... Ihe chcmi'itry 

of the clay suspension as weil as chemically modlfying or altenng the ~lIrlacc dlatade"'illl', 

and interlayers of the primary clay particles (Whltehou .. e anù .IcfTnc .. 1955, .... cc al .... o ('flaplc .. 

4). The chemical reaction with the pcptizcr may have Irrcver ... ,hle cffcc .... on Ihc clay ..,Irllcturc 

The dispersive ability of sodium hexatnetaphophate re~ults l'rom the rever .. al of cd~e charp.e ... 

ofthe clay particles (van Olphen 1977; 1987). Phosphate anion ... are chenmorbed to thc hlokcn 

clay particle edges formmg complexes with the cxpo ... ed catIon., of the octahcdral ... hcct. 

ReversaI of the edge charges elttninates mutllal flocculation and crealc ... a .... ulliclclll chargc Icvcl 

to prevent attraction by van der Waals' forcc,> An additional effcd 1 ... the rcplaccmcnt of 

exchangeable interlayer cations by Na', whlch may expand the mtcrlayer dl.,tance ... of thc 

dispersed units. Thus artifacts are probably mdecd IIldllccd by chcmlcal prctrcatmcnt. 
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Structural artifact'i are intimately related to chcmical changes. XRD analysis of this 

investigation suggcstcd that whcn the <0.05 ~m size fractions were preparcd for XRD mounts, 

the ad ... orbcd pho ... phate ions on the clay cdges, the Na' -exchanged interlayer cations and the 

exchanged cation ... on the clay surfaces interfered with the subsequent rearticulation of tlte 

original ultrafine clay partlcles during air drying. This resulted not only in differences in the 

amount'i of the measured expandable componcnts between untreated and treated samples, but 

hecau,>e the original partlclc'i did not rearticulate, thmner layer sequences consisting of sm aller 

X-ray coherent scattering domams were gencratcd. Division of a crystal into sm aller X-ray 

coherent sC:lttefing dornains rcsults in decrcascd reflcction intcnsity (Drits and Tchoubar 1990). 

Re~i11lt!> prcscntcd hcre contradict sornc of the results in thc published literature. It has 

bccn shown thal Na-rnontmorillonite can be casily dispersed by osmotic swelling and, after air 

drying, will rcassemble into X-ray cohercnt scattering domains (Norrish 1954). Reynolds 

(1992) also dcmonstrated in XRD patterns obtained from rock fragments, and from <1 ~m 

landolll :lnd oricnted K-bentonite samples treated with sodium pyrophosphate, that laboratory 

preparation proccdures did not induce structural artifacts. The conclusion is that the original 

,>amples cither did not disaggrcgate into fundamental partlcles, or if they did, the fundamental 

particles rcarticulatcd duplicating the one-dimensional structurcs of the original, untrcated rock. 

Rcsults l'rom tlll!. study indicale that the ultrafine c1ay-size fractions from the Beaufort

Mac"cnl.lc Basin arc far more sensitive to chcmical prctreatments th an coarser fractions. Clay 

mutcrial of this study dispersed with sodium hexametaphopshate c1early produced structural 

arhfllcts Not only :lrc the reflcctlon intensities significantly diminished but are displaced and 

hroadcncd TllIS would rcsult in inaccurate estimates of expandability, if the reflections could 

hc I11ca~urcd. Conscqucntly, thc pcptizer not only altered the arrangement of layers or the 

sl .. d..ing ~cquenccs, but modified the mterlayers as weil. Structural artifacts are induced in 

ultralinc SI/C fractions dUfing sam pie preparation. 

Il is important to note lhat the etTects of sodium hexametaphosphate may be different 

I(lr smcctitc-group-rich Ils and iIIite-rich IlS. 1t is suggested that if separation of mixed-Iayer 

Ils occurrcd nlong smectitic intcrlaycrs, the layers cou Id rearticulate preferentially along the 

.. ame nlces durmg dry mg, resulting in liule change in the one-dimensional XRD pattent (Alm 

and l'encor 1 <)86b: Alm and Peacor 1989). The creation of structural artifacts however is 

eVldent \VIth dccrcasing size fractIOns, but these artifacts may also be dependent on composition. 

l'he 4800 Il depth sam pIc displays little difference between untreated and treated samples. Yet 
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these differences are more signiticant in dccpcr samplcs \\ IllCh hL" c an illcrca .. ing. dlilc CllIllcllt 

7.3.2 n-Alkylammonium-Ion Exchan~~d Sllmpl~s 

Exchanging the samples with oClylammolllull ions (nI "-K) .. hou Id pwllllcc (hfliactillll 

pattems with a tirst order hasal reflection at I.K-2.1 IlIn Illi 11Igh-ch:u gcd -;ll1cct itc-g.l'llllP 01 

vermiculite components and a 1.3-1.4 11111 pca" 'l)!' a lo\\-chargc ~mectltc-gl\lllp COlllpOllcllt 

(Lagaly and Weiss 1969, t 970; Lagaly 198 I. Ghabru ct al 1(89) ;\ lil-;I-Oldcl 1 () Ill" 

reflection for iIIite shollid also be present and nol bc aftcctcd h~ thc ni 1( c\Changl' AIIl'I 

exchange with octadecytammonillm Ions (n( = 18), il lirst-OI'dcl Icllcdlon \\011111 he l'\pl'c\l'II ill 

2.2-2.6 nm if a high-charge smectiic-group or vcrmiclIlitc componcnt 1'\ plc.,cnt. and a lil.,l

order reflection at 1.8-2.1 nm for a low-charge slllcctitc-grnllp componcnt III addlllon. a lil.,l

order reflection of 9.8-1.0 nm for a non-expandable componcnt of "hic, and LI 1i1.,1-llIdcl 

reflection of 2.8-3.1 nm tor expalldablc IIlite Illay hc apparent. 1 he,>c l:.!tlcclllllI'> Wllllld onl" 

be present if individual componcnts arc present 111 coherent -;ellllcncc.., and Ihc Illatcllal doc.., 110\ 

contain impurities or sample contaminatIon lIowever, the invc'\tJgatlon 01 Ihc dmgcllctlc 

mixed-Iayer Ils From the Rell1deer D-27 weil dld not give eXJlccted dJllhlctlon le..,lIlh Silice 

there is no detailed 111 format IOn avmlable 111 the litcratllrc, an attcmpt 1'> \Ilade 10 di.,CII.,., Ihc 

discrepancies between theoretical and cxpcrimental reslIhs SlIlIply '>talcd, n·alJ..yla\ll\llolllll\ll

ion exchange of lIntreated samples generated lInfor!.ccn re~lIlh 1\1 the XJ{I> :Il1aly"i." and Ih",> 

it IS even more dlfficult to assess the changes manifcstcd 111 the treatcd '>a1l1plc,> 

7.3.2. t n-Alkylammonium-Ion Interaction 

The question anses as to why n-alkylammonium-ion exchange gIVC'> alloJ1laloll'> le'>lIl1'> 

with diagenetic mixed-Iayer Ils in the Remdeer 1)-27 weil Clay-orgalllc IIlICladlllll'> arc 1101 

easy to understand nor to decipher (Malherg ct al. 1989). Il ha,> hcen '>lI).!,gc,>led Ihal Ihc 

application of alkylammolllum-ion exchange may prodllce IIIcon!'>I,>lcnl rC'>lIlh <llIC 10 V:II mtlOIl'> 

in the washing and drying procedure,> (Johns and Scn Gupta 1967; Walkcr 1l)(,7) WCI'>'> ( 1%,) 

concluded that the determmation of tI-valuc,> 1'> depcndclll on ,>ample prcparalHlII alld 

pretreatment, such as washing with water or alcohol, tcmperalurc 01 drylllg, and gnndlll).!, 01 

samples. To achleve acceptable re<,ulb. It 1<; nece".,ary to lI'>C an cxcc'>'> 01 alkylanllllollllllll Ion., 
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ovcr the cxchangc capaclty of thc clay rnmcrals 1I0wever. the degree of exchange is also 

affccled by the ma~llItude and dl<;trihution of layer charge of the mmerals present. the partiele 

'MC, tll(': tcmpcralurc of trcatmcnt, pH, type of IIllcrlayer cation, type of clay ln ineral, the degree 

of dl ... per ... lOn, the lI ... e of chclOIcal prctreatlllcnt, the prc!.encc of eleetrolytes and the alkyl ehain

length and ... olutJon conccntratlon (Wallo..cr 1967, Lagaly 1982). There are few pubhshed data 

~pecifyll1g thc II1dlvldllal cfTec .... of each factor on the d-spacll1g valucs There may be 

incomplctc or vanahle pcnctratlon of the alkyl chams wlth II1suftieicnt solution concentration, 

whcrca., conccntratcd ,>olution ... Illay cau'\c exfoliatIOn of the crystallttes, especially with longer 

1.:111l1n., and hlghcr Icmperaturc,> 1111" ma)' bc a problem 111 ultrafine clay minerais. whieh have 

a largc ... 1II filce area and arc thus. chern Ically very reactive The rate of drying must be 

"ufliclcnl 10 allow Ihe alkyl chams to move over one another, otherwise the chains may stick 

and IIlterfcrc. and ,>uh.,cqucnt Io..1I11o..ing interferes wlth the mterpenetration of the chains II1to 

intcrlayer "'pace (tagaly 1(76) lIowevcr. procedurc,> employing alkylammoniurn ions used in 

tiltS "tudy havc hccn u~cd cfTectlvcJy hy Valt and co\Vorkcrs and are fairly standardized (see 

hlhltography) l'hu,> the explanation for the variability in the basal spacll1gs between 

cxpcrimental and theorellcal valucs must he \VIth the compositions of the clay Illaterial itself. 

Il 1" importanl 10 notc that the clay l11atenals investtgated 111 this study are not pure 

material ... nor \Vere chclllicai prctreatments el11ployed to increase their purity (see Chapter 4). 

The clay minerai ... Ihcrefi.)rc contain various organic. lI10rganic and alllorphous materials both 

adsorbcd on Ihe clay sllrf~lces and as lIlterlaycr matcrials Barefoot and Van Eisberg (1975) 

lecogni/cd two ad ... orbcd laycrs in clays from the Beaufort-Mackenzie Basin: (1) an outer, 

ponrly ... lllIclurcd layel wnsisllllg of water, and possibly organÎC and inorganic complexes, and 

(2) an inner. more strueturcd layer containing sllanol groups. orgalllc eompounds and l11etals 

(e g Fe. Mn. Pb. In) 

Lagaly (1 (,j\ 1) reporlcd that organic molecules adsorbed at the edges of clay material 

may partlally Ikll • .!'JIC the IIlterlaycr dUflng allo..ylaml1lolllllm exchange resulting in IIlcreased 

interltl) cr spaclIlg llydn,carbons ,"crc present in these s.lI11plcs durmg separation and can reaet 

\Vith the allo..ylammollllllll 10lh durmg the exchange proccsses (Malbcrg et al. 1989). Polar 

IlWICClIlc ...... lIch a~ elhanol \\hich arc lIsed fot' \\ashing can aggrcgatc and clustcr hetwccn alkyl 

chain" \\ ilhm the IIllerlaycls of "0111<.; \'ermkultlc and smectite-group minerai ... and can cause 

atldlt Hlnal c\.pan ... wn (1 agal) 1981 \, Valt and Hes ... e (1992) suggested that this may be the 

cause of Im':leased hasal ... paclllgs III XRD patterns tor finc-grailled partielcs. In addition. 
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erroneolls values for basal spacings l'rom a paramn-t~ pc ... tllh.:turc l1la~ hc gcnclatcd dUl' 10 k'i~

than-perfect. paraftin-type, chain pad.mg (Malla and l>ollgla~ \910) 

Direct IInagmg of the la)er structures ofal"~ lall1nlllnllllll-1Il1l nch.lIl).!.l'd Ils in 1I1{ Il:1\,1 

enables the detenninatlon of the struCtlllC'i pre~ent III the ~.lInpk 110\\ C\ CI. dl ... crcp:IIlClc!'- HIC 

encountered here as weil Lo\\-chargc ~l11cctltc-gmup la)cl'\ olicn "CIC \,h"l'I\cd a" dl"pcr"l'd 

layers rather than as coherent sequcnccs wlth a lIl1lfonn ~paclllg 01 \ 3-\ .\ "'" ,111l'1 n. K 

exchange or with a ullIforlll spacing of 1 8-2 1 nm anci l'\challgc "ith ". Il( Malhl'I!!, d al 

(1989) concluded that wh en montmorillonitcs are IlllmCI'icd III cthanol III llnici tOICI1IO\C l'\'CC.,., 

alkylammolllllm ions, not only disperSion and curlmg of thc laycl~ Ol:cllnl'd. hut "0 III l' flackèl~ 

also broke apart. In addition, sOllle of the illterlaycr ~pacIIIg' of thc laycr 'itlllchm'., dU.1 Ilot 

display consistent expansion, cspcclally if comparcd to coar .. cr 'ille trad",n., St:llllcl.. d al 

(1992) demonstrated that fine clay mmcrals «0.1 ~1I1l) trom .. 011 .. did not cOlI\pldcl~ c\Challgl' 

the alkyl-chains and resulted in mcomplete c\.pan~lon ni thc IIltcrlaycl" 

The lack of sOllle expectcd rdlectlom III XRD, c"pccially til'it-llldcl IL'llcl'lIOIl .. 01 a 

high-charge smectitc-group or vermÎclllitc componcnt allcr n( - X c:\change, ",dlcalet! that '" li Ill' 

layer structures did not occur as coherent scqllencc~. a., wa., vl'\lhlc 111 IIRII,'M III addltlllll, 

diffuse retlections of sorne low-anglc peaks in n( - 18 cxchanged .,ample .. (c g, 12500-12550 II. 

Fig. 6.9a) may indlcate th(' prC'ience of stacking {h~of(ler,> of e\.llandahle and IHlllcxpandahlc 

layers (Figs. 6.26 and 6.27). Vali et al (1991) mdicatcd that '>IHIIC ,tructIlIC' oh~clved III 

HRTEM ma}' not be vlsiblc in the XRD pattern., duc to (1) the pm.,lhlhty 01 pca" ovcrlap, (II) 

the small amounts present of certam phasc~, and (IIi) the random {h ... tllhutlon 01 vCly thlll 

packets or layers. In addition, the HRTEM ohservation,> IIldlcatc that the IIltcltacl'" 01 ... (HIlC 

adjacent packets of non-expanded !Ilite do not respond in a con",'>lent manllel to Il( 1 H, whlch 

suggested that sOllle of the hasal ~urfaccs did Ilot expand 

7 . .l.l.2. Chemically-Induced Artifads 

Whereas It , ... apparent that 'iodium hexamctapho,>phate ha,> an IIIIInlcal cl !ccl on the 

stacking sequenccs constructing cohcrent X-ray ,>cattcflllg dOI11UIIl'> III cthylcllc-/:!.IYl:ol .,olvatcl! 

samplcs. the OppO"'ltc crfccl i'i apparcnt III ,>ample., cxchangcd wlth n-alkylallllllollHIIII '011' Ali 

three sets of diffraction patterns of ,>odiulll hexamctapho,>phat<.:-tleated and n-alkylallllllollllllll 

ion exchangcd speCimens, eaeh from a diflcrcnt dcpth and havllIg dlffcrcllt ReH.:hwcltc valllc,>, 
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di ... playcd mcrca~cd complcxlty: additlonal and overlapped reflections, and increased intensity 

(l'Ig~. 67b, 6 Sb; 69b). 10 the allthor's knowledge, these arc the first reported examples 

documcntlilg the .. e change ... althollgh pretreatment is acknowledged as a possible factor 

inllucncing d-... pacing values (Malberg et al. 1989~ Ghabru et al 1989). Inconsistensies and 

contradiction .. arc apparent when eomparing the untreated and treated alkylammonium-ion 

cxchangcd cl i flraclion profile.,. i e the presence or absence of retlections. Twoexplanations 

arc possible f()r the diffcrcnccs observed: (i) the reflections represent modifications to the 

cxpandahlc componcllts, slIeh as alteration of the interlayer charge densities and/or the 

arrangcmcnt of layer') in staeking sequences. or (ii) the reflections may not represent a physical 

phcnoll1ellon dcrivcd from the layer structures but rather may be artifacts induced by a chemical 

Icact ion hetwccn the various components. The second explanation is difficult to verify as the 

cmphasi., of this .. tudy was to examine and identify the changes in layer structure with depth 

and ail invc~t igatioll of the rcactlon products from treatment with a peptizer was Ilot possible. 

The addltlonal sharp refleetlolls in the treated samples exchanged \Vith n

alkylmlll110llllllll Ions may correspond to modifications of the interlayer-charge densities or the 

arrangement of layer structures present in the sam pie. producing a new series of retleetions. 

If wc as~ul11c that the mtegral series of peaks of the untreated and trcated samples are somehow 

Iclatcd. i e, thal sodium hexametaphosphate has altered the response of mixed-Iayers to 

alkylal11l11onium ions then an interesting phenollmenoll is discerned. A comparisoll of the 

diffraction profiles of the untrcated and treated. nr= 1 ~ exchanged sample from 12500-12550 ft, 

wlilch di~played only one series of integral retlections, showed that the uiltreated sample has 

li firsl-llrder rctlcetion at 5.2 nm, but in the treated sample, this first-order retlection was 

displaced to a higher 20 angle corresponding to a basai spacing of 4.46 I1m. This retlection 

lhsplaccmcllt i" also oh<;crvcd in the untreated and treated 8700-8750 ft samples. However. the 

sccond set of IIltegral rctlcclions 111 the 8700-8750 ft samples, \Vith a first-order retlection of 

J.72 11111 in the untrcatcd sample has in faet been displaced in the opposite direction, to a lower 

~H angle glving a tirst-ordcr retlccllon of 4.05 IlIn. 

Il IS diltieult to spcclliatc why the sodium hexametaphosphate treatment responded 

,ltn'crenlly to diflcrcnt layer strm.:tures The contrasting cffeet Ihal the sodium 

hc,amctaphosphatc IlCatment had on these two structures suggests that some fonn of minerai 

ll111d i fil'Iltinn OCCIII'> 1'011,)\\ Ill)!. trcatment. 1-lo\Vcver. these modifications arc not anomalous but 

arc constant a~ a cllmparisoll hctwcel1 the 8700-8750 and 12500-12550 ft samples revealed, as 
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weil as between other samples of intcnncdiatc depths (Ilot sho\\ Il) l'hb phClwlllcllon mllsl he 

related to the composition or intcl'la) er cation densit) of thc la) cr stlUctUI'CS plcscnt .uhl thll' 

may be the reason for the differcnt rcsponscs to sodiulll hc~al1lct:lpho,phatc. Ilu\\c\ cr. "ithout 

in-depth geochemical anal)'sis of the laycr structurc~ c,hihitcd III the lattice-fringc II1Hl~l'S. IHl 

conclusIve answer can be given. 

No instances of intel actions bel ween chein ical Ireatmcnl" and al~) 1 a III Il hlll i 11111 Ions hav\.' 

been reported in the literatllre. Lindl:;reen and IhU1~cn (1991). ho\\c\·cl'. Icpn.'tcd a ,mail .. h:np 

peak resulting from the reaction of Mg.:!'-!oaluratcd Ils and adsllI'hed ph\l"phate. hO\\\.'\·cl it did 

not affect the appearance of other retlcctlons. In the deepcr 1 l'cal et! 'ample .... li dliactlon pattc"" 

showed a complete Ilew scr;es of rcflectlon~. Thi .. is 10 he cxpccled 101 varinu ... plclrcalmellt~ 

and has been documented in Pllblishcd XRD stlldles (I()r rcvlc\V ..,ee l'hapler .1) 

The question arises whclher the dlffcrencc~ oetwcen 1I11trealcd and Ill'akd ,ample.., 

observed in HRTEM correspond to the additional reflcctions in XRD (willeh may \'l'l'y weil he 

the case) or are indeed retlection~ from chcmical col11plexing "JI prccipltatcs from thL' l'eactioll 

of sodium hexametaphosphate. i.e. phosphate ions, al"-ylall1l11ol1llllll 1\111". and olhcl ad~olhcd 

or interlayer material. Precipitatcs. howevcr werc not IInaged in III{ Il:M 

The basis for questiolllng the validity of XRD pattern ... of treatcd .. amplc ... l'i that pca"-.., 

from ail three depths, 4800 ft, 8700-8750 n and 12500-12550 ft depth .. (a ... \\ell as the all(htulIIal 

samples not shown), have an intcgral serie!". of rcmarkahly coin\.:lllcnt Iclledion.., that are 

difficult to reconcile to known layer structures. lhi" could hc c:\plalllcd hy """UlIllllg Ihat the 

tluee depths have similar components (e.g illllic matcnal). '1 he cllndmlllll 1'> thal Ihe 

retlections in the untreated samples correlate \VIth Ical layer- .. tructurc phcllolllcna. and the 

additional peaks in the treated samplcs me preparation artifacts of ,ample pl'cticatlllcni 

ln the diffraction patterns oftreated and ne =8 exchangcd ..,amplc .. , ail ,>amplc,> dl'iplayctl 

sharp reflectiol1s at remarkably con"tant 'ipacings of approxnllatcly. 2.5,2.4, 1 25 and () Hl nm, 

However. with the exception of the 4800 ft sam pie. the trcatcd ,>ample .. ,>llOwcd nOllc 01 the 

retlections that are present in the ulltreated ~ample., 

The diffraction pattcrn~ of the treated and n( = 18 cxchanged .. ample,> d .... play a more 

complex series of ovcrlappmg retlcchon .. making peak P0'>ltI0I1 (hfficullio det ermlllc act:llrillely, 

However. there 15. a sene,> of ncarly mtcgral peak., l'rom alllhrcc deplh ... III Ihe rangc ... 01 1 tl(.-

1.46 nm, 1.12 Ilm. 091-089 11111, () 76-0 7S I1In. and () 65-1,60 mn Ihe "llllptc..t .. olllllOn 1 ... III 

assume that the sharp pcah of thc 12500-12550 ft ... ample repre,>ellt ar1lfal.h and "..,'>WIIC till'> 
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same 'iet of ref1cc.:ll()n~ appears al the other two depths. but is slightly shifted due to peak 

ovcrlap l'rom olher p\.!ak~ I\ssuming a first-order reflection of approximately 4.46 nm, the rest 

orthe peak" arc e .... aLtly intcgral, and neglecting overlap, the retlections compare favourably to 

the 4800 and K700-X750 Il 'iamplc~. Bowcvcr, the que~tion is still, whal happened to the peaks 

in Ihe unlrcalcd "ample? The an')wcr may simply be that the treated samples have higher 

intcn<;ity pC:lk~ and Ihe rel1cction~ of the untreated sample are lost in the background. 

Irrc ... pec\lve of either explanation, it is clear that the addition of sodium 

hcx:lmctaphmphatc 1 ... altering not only the arrangement of layers, but the interlayers as weil. 

l'hi ... i ... clcarly vi"'lhle ln the lattice-fringe images_ Iflile primary structure is altered or destroyed 

hy chemical pretrc:ltlllent'i or peptizers, the disruption may be irreversible. A similar 

conclu<;ion wa, evillc\.!d in the treatcd ethylene-glycol solvated samplcs. 

I\~ '11~M cali directly lin age the layer structures of the untreated and treated samples 

cxchangcd wilh n-al"ylaml1lolllul11 ions, difterences are more readily observed. Comparisons 

hctwcen the IIntre::tcd and trcated samples reveal significant differ, alces between the distribution 

and orientation of layer structures in TEM. Firstly, both the untreated and treated samples 

dlsplayed thl' ~allle types of layer structures for each depth. No additional types of layer 

stlllc\lIre ... WCIC vl".Ihk Thcre were, however, modifications to these layer structures. As was 

ln hc expeded, ail tl~ated samplcs displaycd decreascd layer aggregation and bettcr orientation 

of thc layc.· 'Illl1dllll:~ withm the IIltrathin section. In addition, treated samples from ail depths 

dl'lplaycd inclca ... c" III the al110llnt and coherency of expanded laycrs, either high-charge 

~I1ICClllc-g,.·oup la~ '-1 ... nI' expandable ilhte layers. and a general decreasc in the thickness of 

pac~cls c(."'lllainill~ lIon-expanded II1terlayers Sequences of a high-charged expandable 

compollcnt \\Cle Illlll·h more ~'pparent in the treated than the untreated sample. R l-ordcled 

stlllcllne ... WCIC nW11: ,lpparel1t in the treated samples. However, these differences can be very 

suhtlc, and onen '- ",llIge'! \Vere more apparent in the XRD patterns. In general, the most 

COlll1l10n phClIllllll.'1 Hl Il \\a ... IIlcrcased CXPillld,lbi 1 ity in treatcd samples. 

1 Il the ·ISO() Il '!ample c:\changcd with nc= 18, sequences of high-eharge smcctite-group 

01 \'elnilcuille la~L'I ... \\ele more IIll1form and dlsplayed thicker sequences of layers (Figs. 6.18 

and 6 11)), bill 1 hl:'" L' Illlldlticat IOns \Vere more easi Iy detectable in their respective XRD patterns 

(Flg~. 67a.h) Ih\\\l'\er. ditlèrenccs betwccn trented and untreated smnples \Vere especially 

appalent i Il the 12:' ()(l-12SS0 ft dcpth sam pie exchanged with IIi = 18. whlch exibited significallt 

inCl'l'a-;c... 111 the :I11hllllll nf paC~CI., I."\f cxpandablc illite layers as weil as in the Ilumber of 
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expanded interlayers in each packet (Figs. 6.25 imd 6.28). As "cil, thcre \\'en~ signilkant 

increases in the sequences of double la)crs in the deepcr samples (Fi~ 6.22) No n( - 18 treiltell 

sample was available for the 8700-8750 ft Icvel. 

It is difficult to directly compare the XRD proliles and lattice-li'ingl' ""agcs Ill" thl' 

samples presented in this study for reasons outlincd in Section 7 J 2 1 I.atticc-ti·",p-c lin ages 

showed the presence of multiple layer stnll.:turcs which diftclcd hoth III compn~itlon and 

abundance with depth. However, these componcnts wcrc not alway~ ca),ily idcntltlahlc ni \\ Cil' 

not present in the respective diffraction pattclns. Whcrcas dlllàcncc", c\i .. tcd hcl\\ccn IIIl' 

lIntreated and treated samples for cach analytical tcchnillllc, cg hct\\ccn 1I1111caied XIU> ami 

treated XRD or between untreated rEM and trcatcd rEM, Il i~ nol pn"~lhlc hl"'c\'c,", ln 

reconcile the differences when comparing bctwecn techniqucs, cg bcl\\cclI XRD ami TI~M. 

except qualitatively. Thus, general changes obscrved in XRO pallelll~ colTe'pond to changcs 

observed in lattiee-fring,- images, but it IS difficult to be specilic. 

7.4 Comparison of Ethylene Gly~ol Solvation IInd n-Alkylammollillill-ion F.lclmn~l' ror Ils 
Identitieation 

Solvation with ethylene glycol or glyecrol will only show whether a mincral Will expand 

to form a double layer complex or remain as il single laycr complex, and Ihu,> can only mca,>ulc 

expandability. However, ethylene glycol and glyeerol thickness, hcncc c'pandahllrIY, .... aftcde(1 

not only by the layer charge but also by the type of illtcrlaycr cation and Ihe relative humidlty 

(RH) (Srodon 1980). Glyeerol solvatioll to dislinguish bctween ~Illectlte-grollp mlllclal" and 

vermiculite may be misleading because the interpretation of the 'ipaclllg" 01 clay IlIl11crab '01' 

identification purposes is dependent on the solvatioll llIethod u,>ed (Ro-., and Kudallla 19X'I~ 

Malla and Douglas 1987a). Smectlte-group wmponenl" and vcrmklllrte ... CIlCOlllpa .. , IIIl1lcral, 

with a wide range of layer charges and intermedrate expandahle IIllneral ... lIluy .. how plOpcrt IC, 

of both minerais when subjected to elhylene glycol and glyccrol ln addillon, Ihc .. c or~allic 

molecules are limited to estimating the r oportion of expandlllg layer .. III liS and callnot glvc 

evidence of the layer charge. As routine mcthod'i 'or dclcrmllllllg Ihc cxpalldahk cOlllpollcnl, 

they provide no information on the po,>slblc hctcrogencoll~ l.:ompmilion or layer ... trllclllre o. liS 

(Figs. 6.3 and 6.5), Thesc techniquc~ thu,> cannot bc u,>ed to lli .. tlllgUI ... h helwcclI il .. lIlcct.tc

group minerai in Ils and smecllte-Irkc bchaviour a~sumcd 'e>r flllldamcntai illlte partlcle,> 
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Rcflcction intensity i'i much greater with alkylammonium-ion exchange than with 

ethylcnc glycol or glycerol. Alkylammonium Ions measure the layer-charge density of layer 

.. trllcture .. from whlch the layer charge may be deduced. This reflects the different response of 

the IIlterlaycrs to alkylammolllun-ion treatment which is due to differences in the nature of the 

i'iOlnorphous sub~tltution within the 2: 1 layer silicates (Vali et al. 1993a). Long-chain 

alkylammonium ions such as octadec' '1monium can differentiate between minerais having 

o;imilar propcrtic'i on the basis of layer-charge density, i.e. low- and high-charge smectite or 

vernllclIhtc components, and expandable high-charge and very high-charge iIIite. Thus. 

alkylammionillll1 ions can distinguish between mixed-Iayer expandable components on the basis 

of layer-charge diffcrences. In addition, the use of a short alkyl-chain such as octylammonium 

ions can dlstingui~h between a high-charge vermiculite and a high-charge ilhte. 

Alkylammonium-ion exchange has also revealed that the la)er structures making up the 

components in the <0.05 flm size fractions are mueh more complex than revealed byethylene

glycol solvation. This makes interpretations difficult without an in-depth investigation. 

Alkylaml11onillll1 ions cannot be used to quantify the proportions of expandable components in 

Illlxed-layer Ils 'iamples (Lagaly 1979). Alkylammonium-ion exchange was utilized in this 

stlldy to characlerize the difTerent layer structures of illterlayercd Ils in a series of samples in 

which ethylcne glycol solvation mdicated a two-component Ils Alkylammonium-ion exchange 

clearly indicatcd that the components present do not consist exclusively of a lo\\--charge and a 

high-chal'gc mincral, but rather of layer structures with extensive variation in the layer charge

density of cxpandablc components withm a mixed-Iayer structure. However, to accurately 

declphcr the cOlllplcxihes ohserved in the XRD patterns of this stlldy, modelling of three- and 

fOllr-componcnl ~ystems must he lIsed in the future, e.g., NEWMOD 3e 

7.5 Distrepanties bt!tween XRD and HRTEM 

llsmg NEWMOD (ver. 2) to model the apparent depth-related changes in Ils is not 

"ensltlvc cnollgh to reveal the heterogeneous composition observed in HRTEM. In addition, 

Ihese Illcthnds Call110t he adapted readlly to tlnee- or fOllr-component systems. Along the same 

1 ines. Drits (\9R7) cmphas17cd that diffraction patterns eharacterized with ethylene glycol or 

glycl'1ll1 me Ilot sensItive enollgh to reveal the structural or compositlonal heterogeneity in I/S. 

()ctcl'milling thc precise thickness of layers and coherent scattering domains is a 
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problem in XRD studics. 1 f indlvidual layer structures havc a rangc or compn .. ilillns (ha~~'d 011 

differences 111 layer charge). as this stud) II1dicatcd, then XRD rcsult ... glVl' llnl~ tlll' a\ cra~c 

compositions of hetclOgcneous I-S, as prcviously .. uggcstcd b~ Ahn and PCllC\l1 (1')NC,a) rhi~ 

is especially obviolls when comparing c\pcrnncntal pallcrns \\ ith caklllatcd patklll'i (r.~~ 

6.4a,b,c) which imllc.llcd a t",o-componcnt systcm, ~ ct thc laU icc-li IIlgc Il1la!!.c~ 01 Ihl' .,amc 

material Just as clearly IIldicated thrce and fi.lur componcnts of H:lated but lhffcllng ClllllpO'iIIIOIl. 

Thus the significant advantagc of the TEM combillcd \\ Ith n-alkylammonllll1llon e~chang~' 

technique is that It allows thc dircct imaging of II1divu:tual layer ~lllu.:lllle'i ami at a 'icalc of 

smectite-group and illitc layers and interlaycr~. In addition, a., thi ... 'illld, ha ..... hOWII, Ihc la)'\.'1 

structures in 1Iltrathlll-scction can bc unamblguollsly idcnlllicd, 111 colllla ... t 10 hcam-nllllcd 

specimens. As weil, ultramicrotomy docs not inducc artilicml amOlpllllahon. 

ln gcncral. the diffraction patterns of the n( -~8 e~dmllged, IIntlcatcd day "'l'p:uate .. 

displayed fentures that are charactenshc of both the air-dl'lcd and cthylcllc gl~col- ... ol"atcd 

ditTra..:tion patterns (Figs. 6.7a, 68a, and 69a) Thc lower-OIdcl rl'flccllOn ... alC hmad wllIl:h 

is suggestive of a peak containing tlncc componcllts (1 7-1 37-1.0 nm), yct Ihc 11IghcHlHIt..'r 

retlections corresponding to thcse componcnls arc not prescnt l'hc colle"'polldlllg laIlH;c-I,,"~c 

images demly indicatc mixtures of thrcc and f{lU1' types of layci ~tlllchlll'''', whkh vmled III 

abundance with depth. The diffraction pattcrns of the n( ---1 X c~challged 1I1111ealed ... ample ... 

clearly indicate thc complcxity orthc componcnts withm this 'iI.lC fradlon, heyond Ihe ethylcne

glycol reslilt of one expandablc and one non-cxpandable component ill IlS. 1 hc X7(}O-K7')O Il 

sample implied the presencc of RI- and R3-ordcrcd compollenb, alld Ihe 125(}(l-125')(l11 "ample 

displays just 11ll' R3-OIdered componcnt, but thc thickllc ...... of Ihe expalldahle layel'" wa ... 

incon'iistent. Both the~c componcnts \Vcre Idcntificd 111 lallice-frlllge IIl1age ... 

Attempt'i to IIltegrate reslllt~ l'rom XRD and l '·M 1~1l.:C Ihe plOhlelll 01 adcqllalely 

characterizing thc c:\pandable ~omponcnl 111 Ils Implicil in thc dl ... Cll ... "llln 1" 1 he qlle ... llon 

whethcr Illlxed-' /CI Ils can be dctcctcd 111 rEM or 1 lin LM 1 JIIiI/lIlg Ihe UllllpO',ltHlIlal 

focuslIlg of GlIthl1c and V cblen (1989, 19l)(), a Illllllber 01 ... tudle ... hav" pllrplllled 10 he ahlc 

to dl'itmguish beh'/een '>Illcctitc-group II1terlayc,,> and Illilc IIllellaycr... and 10 dclcrilIlllC 

periodicity in ordcrcd Ils ... tl'lIctllrc<, (Alm and Pcaeor 19X9, lIan ... cn and LlIldgreell 19XIJ, VehlclI 

et al. 1990: SrodOl\ ct al 1990: LlIldgrcen and Ilan",cl1 11)9 l, AII10llrlC and ()lIvc... 1991, 

MlII'akaml ct al 1993). 

Eberl ct al (1987) ,>uggc,>tcd that Ihe prccl<,e mca<,uremcnl 01 cxpandahle layer .. III I/~ 
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hy XRD dcpcndcd on acquiring the correct thickness of both iIIite and smectite-group layers . 

f~bcrl and SrodOil (1988) !>ugge,>tcd that expandabilities measured in TEM images were higher 

than III XRD duc 10 the pre~cncc of non-swelling basal surfaces at the ends of stacks of illite 

laycr .. From an IIlve~tigation of volcanic materials from diagenetic and hydrothermal 

cnvlronmcnt'i, SlOdOll ct al. (1992) conclllded that HRTEM measurements yield similar 

cxpandahihty valuc ... 10 thosc obtained in XRD when crystal ~dges were neglected, whereas in 

con .. uJcnng Ihe cry,>lal edge ot dlsarticulated particles similar expandability values are obtained 

to Ihosc calclliated hom thicknc!>'i estimates in Pt-C shadowed images from TEM. However, 

the preservation 01 Ihe onginul texture of the material is questioned as methanol undeniably 

dehydrate~ Ihe intcrlaycrs Il also neglects the possibility of expandable layers havmg different 

layer chargc'i. Othcl studies attcmpted to compare XRD and TEM by cOllnting the number of 

illite and slllcctite-glOup laycrs in lattice fringe images (Veblen et al 1990; Amouric and Olives 

19')1, Murakami cl al 19(3) Ali of the previous approaches ofXRD and TEM compansons 

mc ha .. cd 011 a two-LOlllponent 'iystem of illite and smectite-group components, and cannot be 

applicd 10 Iim stlldy 

A Icprc~cnlnllvc disordcrcd Ils crystallite does not exist and no HRTEM image can be 

replescnlalivc of Ihc crystalhtc distribution that XRD measures, unless ail crystallites are 

idcnlical (Rcynold .. 1')92). This is true for beam-milled specimens or grain mOllnts, but not for 

clay "Cpilfitlc.. c~changcd \VIth alkylammonilJm Ions which ean be representativc of the 

dlSlllhlltloll of layci ... lructUlC'i a~ thcy exist in specimens produced for XRD analysis. laird et 

al. (1 "!Na) concllllbi l'rom a combincd XRD and TEM study of octylammonium-ion exchanged 

clay IllIllClilb that ollly a '\mall part of a specimen needs to be properly ort\!nted to account for 

cohcl cntly diffraclcd domains depicted in the diffraction reflectlons. Thus, if there is a problem 

\VIth a cOlllpm isoll helwccn XRD and TEM results, the problem is inherent to the XRD method 

wlm:h I~ lInahlc 10 accuratcl) Idcntlfy ail thc expandable components in samples from the 

Rcindccl' 1)-27 wcll 

7.(, I,:'~·'·I· Sll·udllr~·s in Mb.cd-Lnyer Ils of the Reindeer D-27 Weil 

1 hele ha~ 11\.'\.'11 Illllch dl~cllssion and debatc concerning the characterization of smectite

group I1l1l1erals. 1IIIte and Ils \Vith cmphasis on the definitlon of a 'phase', the existence of 

"il1tcr'\lntliticat 1011", the compo'\ition of the clI.pandable componellts, the nature of particle 
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boundary cohcrcncy. and the relevance of short- and long-rangc ollkr (NlIlk'ali cl al \9N·la.h,c; 

Ahn and Peacor 1986a. 1989: Sass et al. 1987. A!tancr and Beth"e 11)88: Ransom and IlclgcSlllI 

1989: Rosenberg et al. 1990: Veblen et al 1990; Ahn and Busec~ 1 ()9(); A,a el al 1991a,h, 

1992; Vali et al. 1991; Reynolds 1992) Rcsult~ Ilum dlfl'crelll Ihcorcllcal and anal~ tical 

investigatIOns have tàiled to resolve somc of thesc h'ISIC (lUesti(.lns PcacllI (1992) succinctly 

slImmarized much of the recent discussions l'rom a TEM pomt (lI' Vil'" 

The c1assic model of interstratitied Ils as a twn-compllllcnt s)"lem \\a" lll'i/!,inally 

conceived from diffraction studles (MacEwan 1956. 1958. Reynolds and II11WCI 1 97(): Ih:~ nolds 

1980). As a single unified minerai ther~tore. Ils cannot be dba.,.,cmhlcd mIn Ih Clllllpllncnl 

layers that approach a thickness of one unit laycr. nor can il hc Icconsllluted 11110 Il'' llnglllai 

stacking sequence (Reynolds 1992). Mlxed-Iayer Ils is considercd III he two IhclIlIodynamically 

distinct phases incorporated into a single coherent ntlllcrai (Altancr and Velgll l'>!UI: Altanci 

and Bethke 1988; Altaner et al. 1(88). This modcl vlsuali/e ... thal layer type ... wlIllIn Mad':wan 

crystallites are divided at the center of the octahedml shed" and Ihu,>. thc Illlcrlayci 1 ... Wllhlll 

the structure unit and not at the bOllndarics (lIowcr 19(7) Alm and Pcacor ( \986h) ""ggc"led 

that assuming iIIite and smectite layers cxtend from interlaycr to II1lerlaycl doc ... nol accollilt fOI 

the possible presence of two types of interlaycrs 

Analogous to Na-montmorillonite (Norn"h 1(54), natural Ihrec-dlll1cn"ional Mael'willl 

crystallitcs which consist of iIIite and smectlte-group laycr~ may ~eparat(~ or dl ...... oclalc at Ihc 

smectitic interlayer into thin fundamental particles durlllg grindlllg or di~pcJ'"ion III IIqllld". a .. 

a result of osmotic swelling (Altaner and Bethke 1988; Ahn ami Pcaco .. Il)89. VchlclI ct al. 

1990; Ahn and Veblen 1990). Ahaner et al. (1988) providcd cvidcncc lrom "'SI NMR ... tlllllc., 

which indicated that iIIite-rich Ils contams both a high-chargc /\1-1 ich Illile and a low-chargc 

AI-poor smectite. Ahn and Peacor (1986b) c1aimcd l'rom l EM "tutlle ... Ihal rcclolilc can 

separate along the smectitic interlayer giving ri'ie tll 2 () mn IllIck 1I1l1 .... (lillldalllcniai dlilc 

particles ). 

The fundamental-particle model of Nadcau et al. (1984a,b,c) con.,ldc, ... .,cqucncc., of 

layers withlll an original rock and in XRD sample mount... ", aggrcgatc... of IUlldalllcnlal 

particlcs of smectite and dhte. In thls modcl, an cl, tllcntary '>Illcctltc-group part ".Ic 1'> dclincd 

as one 2.1 layer with a thickncss of 1.0 nm and an clc 'ntary dlilc particlc a ... two 2 1 ... IIICillc 

layers coordinated about a K IIlterlayer. It wa., lurthcr propo,>cd that III dlflractlon ,>tll<lic" 

fundamental particles of smectlte-group and ilhtc were prc ... cnt a ... randoJll mixture ... III dl'iordcrcd 
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IlS, whcreas ordcred ~amples consisted of aggregates of fundamental iIIite particles (single 

thcrmodyrnanic pha<"c), whosc ba'ial surfaces were capable of adsorbing water, cations and 

orgarllc molcclllc~, glving ri~c to intcrpartlcle diffraction, and thlls mlmicking the expandable 

hehaviour of a smcctite-group mincral (Wilson and Nadeau 1985; Eberl et al. 1987). According 

to tlm model, this wou Id rcsult in vanous ordering types, with 2.0 nm and 4.0 nm thick layers 

of fimdarncntal dlite particlcs dominating R 1- and R3-ordered Ils structures. In addition, 

Nadcau ct al. (1984a.h,c) and Nadeau (1985) concluded from Pt-C shadowed clay separates that 

fundamcntal partlclc'i of iIIitc and smectite are primary crystallization products and not 

sccondary products from the disarticulation of larger crystals resulting from sam pie preparation. 

From eqlllhbnum stud;c~, Rosenberg et al. (1990) and Aja et al. (199Ia, 1991b) 

proposed thal mixed-Iayer Ils was a mixture of one or more stoichiometric mica-like phases. 

I\ccording tn the multlphase model, natural illite is composed ofat k~st four discrete mica-like 

layers types: S(RO), IS(RI), ISII(R3) and 1 that behave as discrete, thermodynamic phases 

(Roscnberg et al. 1990). However, results from this study indicate that these proposed mica-like 

phase~ muy be applicable to the different types of layer structures imaged in HRTEM rather 

lhan 10 thcir proposed stackmg sequences. 

Latticc-fringe imagc') of beam-milled samples of smectite-group mineraIs, iIIite and I-S 

COUSlst of packets of sequences of a few 10 many tens of layers (Ahn and Peacor 1986a; 1989; 

Vau cl al. 1987, 1988, Jiang ct al. 1990a,b; Buatier et al. 1992). Attempts have been made to 

dctermillc with the aid of TEM images whether layers or packets occur as free or separate 

pmllclcs. Thc implication in tùndamental particle theory IS that incoherently stacked particles 

mc ~cparatc partlcles. Vali et al (1991) demonstrated from combined freeze-etch replicas and 

ultrathlll scellons that frec particlcs of illite and glaueol1lte conslsted of several packets and 

concludcd that the ~I.le of free particles of iIIite IS not that of fundamcntal iIIite particles. 

l-lowcvcr, frcc particles of smcetite can occur as fundamental smectite particles (Vali and 

Bachmann 19H11) For smectite-group mmerals in shales from thc Gulf of Mexico, Freed and 

PcacOl (1 <)92) dClllonstratcd that the) \Vere incoherently stacked. In lattice-fringe images of 

hcmn-millcd samplc'\ of hydrothermal Ils and burial diagenetic IlS, respectively, Vcblen et al. 

(1990) and Ahn and Buscck (1990) demollstratcd that coherency existed betwecll several 

-'cl)lIcl1lml laycl's (IInplying particlcs thlckcr than fllndamental layers). In contrast, Reynolds 

( 19(2) dcmonstratcd lIsing threc-dimenslOnal XRD (random mounts) analysis, that turbostratic 

displacclllcnls occlIrrcd at the e:\pandable interfaces between fllndamental particles, again 
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implying the existence of separate particles. Consequently, XRD :lnd rFl\1 l'l'SUItS \,':lnnol h\,' 

directly correlated using conventional methods, C.g. ethylcnc gl~col in XRD or O\'l'lrll~lI~ 

conditions in TEM. 

The Ils debate revolves around the characteri/ation of the c'\.p:mdahle cnmplllll'1\1 

because of the inability at prcsent to detcrmillc Ihe chenucal comr'l~lllllll of Ihl' ha,al ''"l'Ii,ces 

of packets. The dcterminatlOn of a sl1le~litc-group III mcral must hl' ad,il..'\Cd 1111 nllgh IIldll'l'cl 

methods. For example, Ahn and Peacor (1986b) as~umcd Ihal hec:\lI~1' reclollll' ,ep'llalell 1Il10 

2.0 nm thick units, it was a smecllte-group layer. lIowe\'l'l, Ihe charge nI' the la~\"1 l, IlIIportalll 

because it determines the ability of Ihe c1ays 10 rclatn calion." it IIlllllenù'~ Ihe ,decll\ 11\ or 

clays for various cations, and it affects Ihe ahlhly of c\ays 10 ah,orh ",alcr 01' mgmllc 1II0leCllics 

(Laird et al. IQ89a). Image simulations tt)r thc rEM aS~lIl1lcd a ,mcdillc ,lllIcllIIal t01l1l1l1a for 

mixed layer Ils (Guthrie and Veblen 1989; Ahn and Bu .. ek 199()) 1I0\\l'\'1'1. Ychlcn l'I .11 

(1990) indicated from expenmental IIl1age,> thal SllIcct ite IIlledaycr .. wCle clullaclcll/Cd h~ dm "

fringes and iIIitc interlayers by less dark fnnges AI1I1 and Bu..cd. (1 t)1)()) dcdllCl'\1 liulll 

ultrahigh-resolution TEM that simu lated imagcs ufl/S \Vcre al..,o di f klcnt fmlll Ihe C'\pClllllrlltal 

images ofl/S, which suggested that the cxpandable laycr was again 1101 a ,llIcc1lle-glOllp pha,\.' 

Reslllts from this study IIldicate that in 1I11dcrfoclis Clllllhtioll~ \Vllh al~ylall1l11l1lllllllI-lolI 

exchange, dispersed smectite-group phases are a single laycr tlIlC~, bllt wllell IlltaJ.(cd III 

overfocused conditions to detcrmmc composltiol1, Ihc "Irllclme" mc Iwo laycl'> Ihll:\.., lIIa\..lIIg 

distmction betwecn smectite-grollp and iIIite impo.,sihle. Othcl re:--lIlh of tlw. ~llId~ "'"J.(gc~1 thal 

I/S does Ilot consist of a smectlte-grollp minerai, I.e., the .,odlllm-hc:\amctaphll"phatc IIcatcd 

<0.05 ~lm fractions show that smcctite-group-nch ~cdimcnh bchave dilfcrclllly III t"ell ~tac\..lIIg 

behaviour ill XRD specli ,'!mll illite-nch .,pceil1len~ (Figs. 6.2a, 4HOO Il and 12500-12550 

ft depth samples). Vali and Hc'iSC (1990) argucd that untreated ... mcctilc laym in Ihe 1 LM have 

a thickness approximately 1.3 mn (J\hl1 and Pcaeor 1 986a; Bell 19H6, Iluil cl al 19XX, Val! :Jlld 

Koster 1986), whcreas the expandable layer III 1I11xed-layel Ils collap .. e.., 10 1 (1 11111 1 hey 

concluded that the layers behaved more Ilke 1I11treatcd verllllcllhtc Wllh a 0 %-1 () 11111 ~pacll1g 

in the TEM (Vali and K6ster 1986; Ghabru et al 1(89). III additIOn, If Mad~wal1 uy~talhte .. 

separate along smeetitic intcrlaycrs, why arc 'illlectite layer'i only 1I11agcd 111 ..,hallow ~alllplc, 

and not in deep samples? 

Lattice-frmge images from the alkylammoniulTI-lol1 cxchanged ,'0 ()') IUII fractlOll frolll 

the Reindeer 0-27 weil 111 the Beauf()rl-Mackel1/ie Ba'illl gcrlcrally <,uppoll the IlIlId:llllclllal 
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particlc and Illultipha,c illite modcls, with ~ome di~tinctions. Clay scparates of the <0.05 /-lm 

fraction wcrc prcparcd w.thout chem ical prctreatlllcnt, but aner exchange ~"ith n( =8 and nr= 18 

.on'i, çomponcnh with d.l'l'erent layer chargc~ could be clearly distingUlshed in the TEM. In 

thi, ,>Iudy, latt.cc-fringc .magc, revealed five di,tinct typcs of layer ~trllcturcs based on the 

rc"pon,>c ot the II1tcrlaycr tn n-alkylamlllonium ions. Th.~ interpretalion .s ba<;ed on earlier and 

continulllg ,tudlcs of Dr H Val! and coworkcr~ (see bibltography). Correlat.ons arc made 

hctwccn the latticc frlllge ~pacings ming vallle~ of d(ool) tor known structure types under 

con'ilant cxperimenlal conditions, aner cxchange with alkylammon iUIll ions. This study rcvealed 

Ihal nol only d.d the proportlOn~ of the layer structure,> change with depth, but that ncw layer 

,Irllclure,> were fèmncd (Sear,> ct al 1 993a) 

'1 he concept of d.scrctc layer structures can be best understood \Vith rcspect to the p

layer (polar) l1lodcl a~ art,clllatcd by Giivcll (1991). Polar layers have been described in carlier 

!'ltutl.c,> (lt Lippman and John~ (1969), Lagaly (1979) and Brown (1 9R4) who detccted 

H'iyml1lctncally char~ed layers ad,.H.:cnt 10 the interlayer space. Lippman and Johns (1969) 

suggc!'>ted thal during chcm ical altcratiol1 of an IIItcrlayer. modification of the tetrahed.al sheets 

Illay {lÇÇur, resulting in the ~:I layer acquiring a polar character and leavlllg adjacent layers 

unlllodificd l hus, a polar laycr has onc tetrahedral sheet with low- o. no-charge and the other 

tct'ilheoral ,hed carries il high-chargc. This concept was rc-articulated fol' interstrattfied 2: 1 

~.hcate Inyc.s oo!'>crvcd in the TEM hy IIlcorporating the P-Iayer model (Vah et al. 1993a). 

Sillltlar 10 thc tlllldalllcntai partic le concept of Nadeau et al. (1984a,b,c), polar layers have 

cOllIponcnt laycl's wluch are capable ofadsorbing water, .norgamc cations or orgalllc l11olccllles, 

rcslIltmg in intel"J'atticie (hffracl.oll in XRD. The polar laye1 model dc~cl'ibcs both the structure 

and the charge di .... tnhlltlon of indi" idllal layer~ P-Iaycrs me detined as: (.) non-polar, if the 

slIrlilce,> on holh ..,ub of individual 2: 1 layers have the saille chargc demity, i.e. UppCI' and 

lowcl' '>1lI lacc. and (.i) polar. if the surfaces have d.fferent charge dcnsity. 

1 hll~, the livc types of layer :.tructurcs identificd from the Rcindee. D-27 weil in 

BCHlItl)rt-Mad.eIlL'c Ba"l11 arc. (1) A 2 1 la)cr silicate \V.th an el\.pandablc low-charged 

IIltL'rla~cl which. \\ hcnllcatcd \~ith Il( =-8 01 ne = 18. is .dentitied III d.spersed smnples as isolated, 

hcnt nI' "av\ "lIlglc laycrs. o. III agg.cgated smnplcs as wavy. sllbparallcl and discontlllllolls 

liI~c,~ "Ith IIrcgulm interIayer ~pacings (13-3.011111) Th.s is defined as a low-charge ~ll1ectite

)!.IOUp ItlIIlCJaI \\ 11I\:h can ex.st as slI1glc 2 1 laycrs 111 dispersion and .~ a non-polar layer It.5 

cqlll\ alcnt tn the- IIl1ldamcntal- .. l1le<.:tlle particlc of Nadeau ct al. (1984a). However, it i-; not 
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possible to distlllglllsh bel\\ ccn dctrital and neofOlll1ed "Illcct Itc-gwup CI)lllpllnellh 

(2) Pac!"ets of 2.1 la~cr silIcates \\\th e'pmllkd Illletla~el~ ~'lllhl"tlllg Ill' COlll'll'lIt 

sequences ofrclativel) planaI' 01 \\ll\)', "ubpmalld 2.1 slhcatc la~cl" \\Itll Idatl\cl~ 1I1I11i.lll11 

inter!ayer spaclllg Thesc seqllcnCl.:s me con'Idcrcd III bc a h Igh-ch.1I gl'd 'ol1ll'Ct Itl'-glllllp nt 

vermiculite I11l1leraL Irthe la~er~ c'pand \\Ith oct y 1 a 111 III ',ln 111111 (Il, S) .lIld 11ctadl'c~ 1 a 111 111\111111111 

(n l = 18) Ions ami 1 cmatn coherent \\Ith lllllti)11ll ... pacing, III contI a'ot Il 1 th~' lil ... t la~ CI ... tlllclllll' 

The layers arc consldeled tn be non-polar. 

Layer <;trllcture<; en. (-1) and (5) alc cOIl ... ldeled a ... IIIltlc malcllal SIIIICIIIIC (1) 

represents double laycl~ conslsltng of 1\\0 2 1 ... tlicale'i la)'el "Illch l"\I~1 a ... 'olllgk IIlllh III 11\ 

sequences or pad.ets wlth e'panded IIltertilCl.:'" atlel III -8 c,dlangc. 1 C ICclllllth' \lI f{ 1-

structure. In order for the<;e seqllcnce~ to e'pand, layel ~ ad lacent 10 11lL' inletla) l'I I1III"t WIl"I ... 1 

of low- and hlgh-charge layers, 1 e. one type llt' polal 2 1 laycl (1 agal) 1979, Ahll and Pcacol 

1 986b: Vah ct al 1 993a) The fùndamcntal pmtlde colleept of Nadc.1l1 ct al (11)X,la) ·.;uggl· ... lcd 

that fundamcntal Ililte pa\'ticle~ COIl~lsted oftwo 2'1 "'Ihcate layel'" glVIIlg. a thlc!,.lle ...... 01 2 {) 11111 

However bccall ... \" of Ihel\' polar nature, the~e dOllhle laycl., call1lol COIl\'~'1 1 IIllo pac!,.eh 01 10111 

non-cxpandable la) cr" oftlhte hy ~lInply Ij,mg tIlletlaycl K Ihll., 1111" lavel ... lIl1l1l11C Lallllnl 

be consldc\'cd a ... a fundamental illitc palllcle bec helo\\') IIO\\L'\CI, dOllhle la\L'lo., wdl 101111 

RI-ordeled sequences and a<; they have a unique o.,ItUc\UIC and Chellll.,IIY, arc LOII.,Hlcled a 

single phase (.1 iang ct al 1990a, 1 990b ). 

(4) Pac!"ets 01 2 1 SIlicate layer~ \VIth '::\panded IIlterlayel" aliel ndtal1/!,e \\ tlh Il, 1 X 

and Ilot \VIth Il( =8 ale clln"ldcred expandable 1IIIIe (Vall cl al IlJ(1) Il colI"'l"h 01 pack ch 01 

tlnee to live 2 1 ~tllcalc 1.I)'el ~ \\'Ith c\palldahle 1111er \:I)'elo., .1Ilt! e\h !Ill\', le/!,II 1:11 , p.lI.dlel ln 

subparallel coherent ~cqlleIH':c<; of layel'>, \VIth ulllfilflll c'pall ... IOII havlll/!, a Ihldnc,>., 01 2 Il tn 

25 nnl. It ha<; bec Il 'iuggc~ted that the dlfferellcc hel\\ccn thc V.tlIICo., ohtallled III IIR 1 LM 

l11eaSlllel1lent~ and the appl()'I(lInale 3 0 nm mea"'lIled III dl~Clclc dltliL l1I:\tcllal III XRI> lIIay he 

the \'e~ult of ladiatlon damage III the n-alkylallllllonlull1-ioll lIndel Ihe cb:IIOIl hcalll 1 Co., Il Il III/!. 

in the evaporatton of the NIl; tlOI1l Ihe alkyl-cham,> (Dr Il Valt, pelo., COIIIIII 1 <N 1) Valt d 

al. (1991) dctell11l1led Ihat the mcall layeH:harge lor expandahlc 1IIIIe \Vao., 1) 7,1 pCI ()(I,(()II), 

(5) RegulaI'. disclelc rad.cI' ofhomogellcoll"', .,Iratght. paral1cl ::> l "dlLale laycl" \VIth 

Ilon-cxpanded IIlterlaycr<, alter c:\challge wlth (n, 1 X) arc con'>ldelul 10 hc IIllcaLLullo., Ihl' 

l1on-e:\.pandcd com ponent 111\1.,1 have Inlerlaycr po.,IIIOllo., li 1 kd \VII h K hec:llI,>c 1 he laycl'> do 1101 

expand alter 11(=18 Ilealment (Vall alld IIc,>,>c 19!JOj 1 hl" type (JI bc1lavlOlII ha ... ullly hCCII 
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observed in ItlUSCOV ite (Va li and Kllstcr 1986) and hiotitc (Ghahru ct al. l'lN'». (kn"'l'all~. Ihe 

discrete paekets eonsist of Ihrec to sh. 1: 1 laycrs \\ Juch :trc ch.u .. ctcrislic ot illit", and an' 

present as isolated pm1iclcs. in aggrcgated strod.s, or III coherent o;lach of pm:l..cts \\ Ilh 

expanded interfaces. Thi~ indieates that discrcte illite may com.l~t of nOI1-l"pmlllcd. I1l1n-pnl", 

layers with possible polar basal surtllees. Contrary to Nadc:llI el al (1 9X la). th", small", .. t 

clemelltary unit tt)!' a fundamental lllite particle cvillccd t'rom thlS ~I\ldy IS IhlCl' 2.1 ~Ihcalc 

laycrs thiek. Thid.el pac"el!. eontaining > 1 0 1: 1 laycrs in thc ·~().()S ~lm thlclion thllll the 

Reindeer 0-27 weil were considcred as a detrit:lI micaccolls pha .. c. 

7.7 Formation ot' lIIitic Material 

The diagenetic processes llccurrillg in thc Bcaufort-Mackcn/ic Basin appcal' to he 

similar 10 thosc reported l'rom sedimcntary basins such a .. the GlIlf of Mexico ('oa~t ("hn and 

Peacor 1986; 1989; Bell 1986; Freed and Pcacor 1992), various ha .. ins nI thc North Sea 

(Pearson and Small 1988: lIanscn and Lindgrccn 1 Q87, 1 t)g9; .Iones cl al 19SI); (j 1 a ... mal1 Il ct 

al. 1989; Lindgreen and Hanscn 1991), thc Paris Ba .. in (Lanson and l'hamplllll 19(1) alld lhe 

Barbados accretionary prism (Buatier et al. 1992). Withlll thc pa st "ccade, IlIlmcn HI'" stmlle ... 

have identified Ils in HRTEM lIsing bcam -millcd and clay ... cparalcs l'rom dJag,cnclll:, 

hydrothermal and low-temperaturc metamorphic environment~ (Lee and Pcacor l' ';";; Ahn and 

Peacor 1 986a, 1 986b, 1989; Yau et al. 1987, 1988; Jiang ct al. 1')9Ilh; Bualier cl al. 11)91) III 

attempt to retain mincralogical tcxtures and fabrics and to cllIcldatc lhe S-I Iran~itlOn hll 

example, Peacor and cowor~crs havc idcntified sequences of mixcd-Iayel Ils u ... in!!, Clvcrlm.:u ... 

imaging. Lauice-fringe illlllges of disordered Sl11cctitc-rich Ils occured 1I~ ana.,lolllo ... ill~, 

discontinuous and wavy laycrs (resulting from collapsc ot' expllndahlc laycr... undcl lugh 

vacuum) and have vanable spacings of 1.0 to 1.3 mn, with ahundant layer tcrminatlOn ... and 

dislocations within layer packcls. Intermediatc mixcd-laycr Ils occurrcd a .. packet .. ofrclatlvcly 

straight, contillllouS, and dercct-t'rce laycrs with a ncarly constant .. pacing (II 1.0 11111. l hc 

packets have a mottlcd appcar:tnce and arc from 5 to a ·.cws 10' .. of layer ... lhick and latcrally 

extend a few hundred mn. lIlite-rich Ils to di!>crctc iIIitc il. dominulcd hy contiguo"" packel ... 

with relativcly straight laulce fringc~ having ncarly con!>tant "pacmgo; III 1.0 IlIn, and wilh ncarly 

uniform contrast and t'l'CC of cdge dislocations. "lthough layer tcrminatÎom arc rare, packcb 

may inlcr~cet and abut othcr rackets at small angle boundanc... Pack ch can hecome ur 10 2S 
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nm th ick and 0.2 ~lm long Ahn and Pcaccr (l986a; 1989) proposcd a reaction-rate-dependent 

modcl for changc~ with depth observcd in the Gulf Ccast whereby the S-I transition proceeded 

in Iwo "tcp'!; (i) cation cxchangc producing K-rich smectite, and (ii) the dissolution .Jf sIr ectite 

and the cry~tal"lallon of illitc. 

1 flfI EM results have DCen use to suggest that lattice-fringe images of clay powders 

uner dircct cvidellcc for the concepts of layer-by-Iayer transfom.ation and 

dis~()luti()n/rcprecipitation (Amouric and Olives 1991; Murakami etai. 1993). Both these papers 

intcrpret rcsults in tcrm~ of the simulated images of Guthrie and Veblen (1989), but attempt to 

intcrprct undcrfocu!tcd (structural) imaging in terms of compositional (or ovcrfocused) imaging. 

Amouric and Olives (1991) and M urakami et al. (1993) asscrt that a lateral change in thi::kness 

of a ~il1glc layer is cvidence of a layer-by-Iayer conversion process. However. Guthrie clnd 

Vchlcll (1989) dcmonstrated that a single layer of variable thickness is not a reliable indicator 

of layer compcsition. The thickness of a single layer is variable as a result of oper~ting 

conditions as weil as possible adsorption of organic or inorganic material ('-Vhich is not 

dctcctahlc in TEM). In addition, in compositional images dark fringes overlie smectite-group 

intcrlaycrs and Icss dark fringes overlie iIIite interlayers (Veblen et al. 1990). They do not, 

howevcr ovcrl ie 2: 1 silicate layers. Veblen et al. (1990) admitted the distinction between i llite 

and srncctitc mtcrlayers is subjective. Suggestions that edge dislocations invoke a 

dissnlution/repreciptation proccss are unproven. 

The cxamination of the layer structures in lattice fringe images and in freeze-etch and 

frecze-dricd replicas from shallow. intermediate and decp samples retlects a complex change 

in millcralogy which corresponds only superficially to the changes manifested in the diffraction 

pllttems of Iwo-component Mg:!' -saturated ethylene-glycol solvated samples. Diffraction 

pllttems of Mg!' -saturated ethylene-glycol solvated samples indicate that the burial diagenetic 

trllnsitiol1 of smcctitc-group rich liS to iIIite-rich Ils involves a strJctural change from RO- to 

RI-ordered to R>I-ordered with increasing percent itlite (Fig. 6.3). The patterns of Mg2+_ 

saturatcd glycerol-solvated samples suggest a possible third high-charge expandable component 

thm is fairly constant with depth (Fig. 6.5). 

l'he illkylammonium-ion exchanged samples from XRD analyses are difficult to interpret 

\Vith élny degree of confidence, but they certainly do implya much more complicated system 

nI' layer componcnts than one that can he rationalized using a two-component system. 

Ilmvcver. the "e= 18 exchanged samples evince a simplification of the layer charge densities 
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\Vith depth. corresponding to the predominance or perhaps neOll)rmation (lI' illilc "ith incll'aslIlg 

depth of buria!. The lattice-fringe images from each sam pie deplh arc c\lll1po~itil)nally and 

structurally heterogcneous, in Ihat the indivldual la~ cr structures ha\\.' an Ilk'ntlliahk and 

consistent layer stnJcture. However, in the <(l.OS ~llll fraction. a PIOCC"S of la~l'r-hy-Ia~cr 

transformation could not be di~ccrncd. 

The shallow sample consislcd of four di!llinct and separatc phase .. : (i) pll.'dol1lillant 

single-Iayers or sequences of layers of a low-charged sl1lectitc-grollP III illclal. (II) Cllhl'Icnt 

sequences of expanded layers of high-charged smcclite-group III incralor \'Cr", Iculite, (i i i) IlIl1llll' 

isolated double layers, and (iv) signficant, lilirly thic~ padet'i of dctrital IHICaCCIlII" l1Iillcral~ 

(Fig. 6.30). The intermediatc sample consistcd of: (1) mill(l(, single la~ cr .. Ill' a l(lw-char~c 

smectite-group minerai; (ii) predominant sequcnces of douhle laycrs \VIth c:\.palltlcd intcrlacc~. 

(iii) moderate proportions of sequences of high-charged smcctite-l.!.IOllp 01 VCI'lHlcuh"-' 

component. and (iv) packets of three 10 six 2: 1 layers of illite (Fig. (1.1 1). l'he !lcepcst ":lIl1pk' 

consisted of three layer structures; (i) prcdOlllili:lnt packcts of thrcc to ~ix :! 1 ~ilicatc la)l'I~ of 

i llite, and (ii) minor amounts of packets cnntaining c:\.pandahlc iIIite II1lcrlaycr~, and (II i) 

sequences of double layers (Fig. 6.32). 

The S-I conversion in the <0.05 I1m fraction frol11 thc Rcindccr 1>-:!7 wcll b "CCII III 

HRTEM as an evolution from randomly tnixcd sl11cctitc-grollp mincrab and detlltalmÎ\;accou .. 

components to predominant discrcte illitc minerais having diflcrent CIImJlo"ltloll~. Ilowcvcr. 

from the limited data set, timing relationships cannot he dlsccrncd nor can a IIlcchanisllI he 

detected. 

Single layers of a low-charge smeclile-group mineraI and coherent cxpalldcd ~Cc.I"cllces 

of a high-charged smectite-group minerai are non-existent III the latticc-fringc ill1agc~ 01' lht! 

12500-12550 ft depth sample. However, ethylene-glycol solvated d iffraclion patlcrn~ of t hc s:lIne 

material indicale an expanded component of 18 to 20 % . The diffraction pattern 01 the u ntrcatec.J. 

octadecylammonium-ion exchanged sample suggests an R3-ordcrec.J structure with éI high-charge 

expanded component. Packets of expanded iIIite are seen in the latticc-fringc image ... , hut a 

corresponding peak of 2.8-3.1 nm peak is not present in the diffraction pattern~ The 

inlermediate sample is composed predominantly of sequences of douille layer!> alld packcts of 

ilUte, with minor amounts of high-charge smectite-group or vcrmlculitc compollcnt. Iliffractum 

patterns of ethylene glycol-solvated samples indicate 35 % cxpandahlc cornponcnt, whcrca~ the 

Ile = 18 exchanged samples indicate a mixture of RI- and R3-ordered structurCl>. The 4R{)() ft 
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dcpth sample consisted predominantly of a low-charge smectite-group mineraI and a high-charge 

smectite or vermiculite component, with a detrital micaceous component. Diffraction patterns 

of ethylene glycol-solvated samples indicated 76 % of expandable compone nt , whereas the ne = 18-

cxchanged sample gave contlicting results, but may indicate an RO structure of a non-expandable 

component and a high-charge expandable component. 

lIIite or a micaceous compone .. t is present at ail depths, except that the thickness of the 

packets changed with depth. In shallow samples, the non-expandable compone nt has a thickness 

of 8 tn 10 layers. suggestive of a detrital micaceous component. In the lattice-fringe images of 

the 0.1-0.05 /lm fraction, these micaceous minerais often show strong dissolution features. 

Thercfore, it is possible that they may dissolve completely and provide the additional K+ and 

othel Ions required for the formation of iIIite. Velde and Vasseur (1992) suggested that the 

dissolution of detrilal phases which provide K+ are very important to reactions in diagenesis. 

whcreas those of transformation are more typical of higher energy environments (e.g. 

hydrolherrnal), ln addition, packets of expandable illite are found only in deep samples. 

suggcsling the development of an iIIite with different layer charge and thus a different 

composition 10 Ilon-expandable illite. Jennings and Thompson (1986) observed that the 

illittzation reaclion rates decreased 'Iuring the formation of R3-ordered structures. The absence 

of smectite-group minerais at deplhs has been documented in other sedimentary basins (e.g. 

Ghlsmanll el al. 1989), However. it is apparent that many phases can (oexist over a wide range 

of hurial depth. i.e. 4800 to 12550 ft in the Reindeer D-27 weil. 

The change in layer structure from smectite-group mineral-rich shallow to exclusively 

iIIitic deep sampi es is difficult to imagine by invoking a layer-by-Iayer transformation mechallism, 

hui cannot he discussed with lanice-fringe images of clay separates alone. It is difficult to make 

a case based on only three sample depths, but trends in the < 0.05 /lm indicate that layer 

structures exhibit an increasing charge developrnent (see also Ko (992). These results are in 

accordan.-:~ wilh the experimel1lal data of Howard (1981) and Howard and Roy (1985) which 

indicatcd thatllS evolving in a K-deficient environment can develop a high-charge smectite-group 

component The low- and high-charged smectite-group minerais give way to the development 

of predominant double layers consistent with R l-ordering at intermediate depths. which in turn 

are replaced by packets of expandable interlayers in expandable ilIite to the predominance of non

exp:mded interlayers of iIIite. 

Sharp·edged lath-like particles are present on the surface of larger particles in the freeze-
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etch repli cas (Figs. 6.33 and 6.34) and as illdividual particles in the frcc/c-dricd rcplicas (FIg . 

6.11). Their presence is interpreted as evidence for a dissolution/rcprccipilall\Hl mcchalllSIll III 

addition, the presence of anhedral or irregu1ar shaped parliclcs may indicalc dtagcnctic pha~cs 

lhat were broken off during sample preparation. Howcver, an equanl anhcdtal Illurpholugy fOI 

iIIite may be typical in muu-dominated haslI1s having signficant compactloll and Illay imply thal 

the iIIite was confined 10 growth in micropores between adjacent larger dcuilal parlldcs (Alm ami 

Peacor 1986a). Freeze-etch replicas also seem to suggest a concomitant proccss nI' llissnlutioll 

at the edges of the larger particles. G1asman el al. (t 989a) demonstralcd l'mm TEM IInagc:o. of 

the < O.lp.m size fraction from the North Sea lhat RI liS was formcd t'rom III tiC l:tlhs, WhL"rCaS 

R3 Ils displayed a plat y morphology. Additional cvidence for Ileoformcd iIIile cumcs l'tom K-t\r 

ages (Sears et al. 1993b) of the < 0.05 p.m slze fraction. The iIIilic c1ays ollhc dceper samples 

are found to be younger than the corresponding shale depositional age. The K-Ar ages show a 

trend of increasing age with depth which is opposite to lhat reporled for other hasms (e.g.. Gulf 

of Mexico Coast), suggesting a neoformed compone nt may have hcen isolalcd . 
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CHAPTER 8.0 SUMMARY AND CONCLUSIONS 

The empha~is of this research was to characterize the clay material invol ved in the 

smcctite-to-i11 ite (S-I) conversion in the Beaufort-Mackenzie Basin, and to identify the nature of 

the effects on the layer structures of mixed-Iayer liS resulting from sample treatment, i.e. the 

addition of sodium hexametaphosphate as a peptizer. This required a combination of XRO and 

TEM analytical methods usiog ethylene glycol, glycerol and n-alkylammonium-ion treatments, 

i.e. oct yi ammonium (fil' = 8) and octadecylammonium (ne= 18) ions. 

Analyses of 0.05-0.1 l'm and < 0.05 l'm clay minerai sepl'rates collected from shales of 

the Reindeer 0-27 weil in the Beaufort-Mackenzie Basin, Arctic Canada, revealed that the S-I 

conversion cannot be characterized on the basis of a two component liS system: an expandable 

and a nonexpandabl~ component. It follows that the S-I conversion cannol be thought of simply 

as a conversion of a smr.ctite-group-rich liS to an iIIite-rich Ils through intermediate 

compositions. 

Analyses of diagenetic clay material treated with ne=8 and ne= 18 ions and investigated 

with XRD and HRTEM have revealed that the components identified in conventional diffraction 

patterns of Mg2t -saturated ethylene-glycol 01' glycerol solvated samples are in fact complex 

mixtures of different types of layer structures. These layer structure are inferred to have 

differing compositions as a result of their response to alkylammonium-ion exchange. The large 

organic anisometric ions will expand the interlayer space of 2: 1 layer silicates as a function (Jf 

the layer charge and the alkyl-chain length. Alkylammonium ions are much more sensitive to 

differing interlayer-charge densities than are other organic molecules such as ~thylene glycol and 

glycerol. \\ hich can only detect expandabilily. 

Alkylammonium-ion exchanged clay minerai samples have been shown in X-ray 

diffraction patterns to consist of complex mixtures of layer structures with varying interlayer

cation densities. The XRD patterns indicated the presence of Rl- and R3-ordered structures. 

However. the responses are difficult to assess with any degree of confidence, as the XRD 

averages over millions of layer structures with differing stacking sequences. As an ~nalyth:al 

method. XRD is not sensitive enough to discern the compositonal and structural heterogeneity 

of mixed-Iayer liS (Drits 1987). 

lattice-fringe Images obtained from TEM have revealed the presence of five distinct types 

of 2: 1 silicate layer structures whose existence and abundance varies with depth The types of 
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five layer structures must he viewed in terms of thelr responscs 10 alkylal11l11olUlIm-ion cM:lm\l~c 

and are characterized in tenns of the P-Iayer modet conccptmllized hy Guyen (1991) ;mll 

articulated for the TEM ,y Vali et al (l991a). Stated simply. thc l'-layer mmlc1 dctml's the p. 

layer as: non-polar, if the tetrahedral sheets of individuall. 1 ~illcatc layers ha"e the salllc charge 

density, and polar, if the tetrahedral sheets of mdividual 2 1 silicate layers have different charge 

densities, i.e. low- and high-charge mterlayers. However. the rcslIlt!ot nt thls ~llllly arc gCllcrally 

consistent wlth the fundamental particle concept of Nadc311 ct al. (1'lMa. 19X ... h. 19X ... c) a,," thc 

multi-phase model of Rosenberg èt al (1990) and AJa et al. (1991 a. 1991 h) 

The five types of 2: 1 silicate layer structures Identlfied l'rom thc Rcmdeci 1>-21 weil in 

Beaufon-Mackenzie Basin are: (1) An expandah1e low-charged 2-1 layer slhc;,te. whell trealed 

with nc=8 or nc= 18 is identifled in dispersed sampI cs as isolated. hent or wavy smg1e laycrs. 

or in aggregated sarnples as wavy, subparallel and discontinuous layers wllh illegular intellayer 

spacings. This phase is deiined as a low-charge smectite-group phase WhlCh cali exist as MugIe 

layers in dispersion. ft is equivalent to the fundamental smectite partic\e ot Nadeau ct al (19X4a) 

and represents non-polar layers. (2) Packets of 1: 1 h'ycr silicates with expandcd lIltcllayers 

consist of coherent sequences of relattvely planar or wavy. suhparallc\ 2: 1 ~llkatc la}el~ wuh 

relatively uniform interlayer spacing. They are ctlllsldered to he a high-charged slIlcctite-gmup 

phase or vermiculite, if the layers expand with solutions of 1\, = 8 mld n(' = 1 X IOns and rClIlalll as 

coherent sequences with uniform spacing, rather than as single or dispersed 1ayers III conlJast to 

the low-charge smectite-group minerais. They are thus cOllsidered to he non-polar 2: 1 layer 

silicates. (3) Double layers consist of two 2: 1 silicates layers which exist as single 1I11its or 111 

sequences of packets with expandable interfaces formmg an R I-onlered slructure Thc\C ImUs 

consist of polar layers having alternating low- and high-chargcd interlayer!. (4) Packets 01 2 1 

silicate layers with expanded interlayers after ex change with n(' = 18 and Ilot Ile = X arc {;( 11I~ldercd 

expandable iIIite. ft consists of packets of ~ 3 2: 1 silicate layers with expandahlc IlItcllayers 

exhibiting regular. parallel to subparallel coherent sequences of laycrs wlth unitorm expansion 

having approximately 2.3-2.6 nm spacmg in the TEM Valt et al. (1991) detcrmincd tha. the 

mean layer charge for expandable iIIite was 0.74 per OlllOH)z. Expandahle iIIitc may have polar 

or non-polar basal surfaces. (5) Regular, discrete packets of homogeneou!., stratght, p;IIallcl 2 1 

silicate layers with non-expanded interlayers after nr = 18 exchange. They con~i~t 01 Ihrcc 10 ,>IX 

layers and are considered Hlite. Non-expanded illite IS considered non-polar hutmay havc polar 

layers at the basal surfaces of layer packets. If comparcd to douhle layer!., the c,lIIallcst 
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clcmcntary unit for a fundamental illite particle evinced from thi~. study is three 2: 1 silicate layers 

thick, as the double layers are the smallest particles for rectorite-Iike minerais. 

Alkylammonium-ion exchanged clay minerais in both XRD and TEM analyses indicate 

that the layer structure!! simplify with depth of burial. However, in XRD the proportions of eaeh 

component layer of the structure cannot be determined, and current modeling programs are 

incapable of dealing with three- and four- compone nt systems. Lattice-fringe images c1early 

mdicate lhal smectite-group or vermiculite components are not present at the greatest burial depth 

(> 12(XX) ft). Non-expandable iIIitic (or micaceous) material is present at ail depths. 

The second major emphasis in this research was to discern the effects of the addition of 

sodIUm hexametaphosphate as a peptizer on the components of mixed-Iayer I-S. The < 0.05 l'ID 

clay separates were fractionated without treatment and with a dilute sodium hexametamphosphate 

sulUtlon. The samples were then either solvated with ethylene glycol or exchanged with n

alkylammomum ions, i.e. nc=8 01 nc= 18. In contrast to the untreated samples, diffraction 

patterns of treated ethylene-glycol solvated samples revealed significant diminished retlection 

intensity, displacements ID œtlection position with respect to 29, and extensive retlection 

broadening whkh tended to merge with the baseline, giving the appearance lhat no clay minerais 

were present. Expandability measurements cou Id not be made with any certitude on treated 

samples Alkylammonium-ion treated samples gave eontradictory results which cannot be 

explained satisfactorily. Comparison between untreated and treated samples exehanged with 

nc= 18 primarily displayed integral series of reflections which were displaced to either higher or 

lower 29 values for the treated samples. Generally, the refleetions in the treated salllple 

displaycd bettcr intensity and sharper reflections, but were often affected by signifcant peak 

overlap However, only in the shallowest sample (4800 ft) were retlections identified in both 

untreated and treated samples. An alternative explanation for the sharp peaks in the treated 

samplt- may be the appearance of a chemical reaction product between the phosphate ions, the 

alkylammonium ions and any adsorbed material on the clay surface or in the interlayers. This 

is a reason"ble possibility. as silllilar reflections are visible in ail samples regardless of depth. 

Comparisons between the untreated and treated samples exchanged with alkylammol1ium ions 

reveal significant differences between the layer structures. Firstly, both the untreated and treated 

samples displayed the same types of layer structures for each depth. No new types of layer 

structures were viSible. As was to he expected with the addition of a peptizer, ail treated salllples 

displayed decreased layer structure aggregation and beuer orientation of the layer structures 
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within ultrathin sections. In addition. treated samples l'rom ail llcpths displaycd al1 iI1LT~.'asc III 

the amount of, and coherency of expanded layers. either high-charge slllcclite-gl'llllp itllctlaycrs 

or expandable iIIite interlayers. increased abundance of R \-ordcrcd sequcnccs III 1I11Ctllll'lh,llc and 

deep samples, and decreases in the thickness of packels eontaming non-cxpandl'd inll.'t1,IYl't s. ln 

the 4800 ft sample, sequences of high-charge smectite-group or vermiwlilc intcllaycis \Vcn.' more 

uniform and displayed thicker units. DIfferences Were especlally app~lfcllt III the \2500-1155n 

ft sample exchanged with nc= 18, which exibited slgnif,,:ant inclcascs 111 the allllllllli 01 paàcls 

of expandable iIlite interlayers, and increases in the number of expanded IIIlcrlayers in cadi iIIile 

packet. 

The addition of sodium hexametaphosphate to the < O.OS/nn fraction then:forc appcars 

to modify not only the interlayers of expandable clay minerais, but also mmhlics the al rangcmcnt 

of layer structures in stacking sequences. It is possible that if thc primary laycr stmellltcs arc 

altered or destroyed by ~eptizers, the disruption is irreversihle. Il is cvidcnl lhat a rchahle 1 alin 

determination between expandable and nonexpandable componcnts in I/S is dcpcndcllt on 

characterizing ail the expandable components and resolving the encels of ehcnm:al prcII calmcnt. 

1t is especially important to decipher tht exact relationship bctwccn chcmical pl ctrcallllcllls and 

n-alkylammonium ions. Although, the application of n-aklylammonium-lonledllllqucs tu IIllxcd

layer Ils is at present difficult to interpret in diagenelic samples. il is the bcst mcthml for Ilatllral 

and untreated samples to achieve the most reliable results using a eombinalion of XRD alld TEM . 
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