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ABSTRACT

Combined X-ray powder diffraction (XRD) and high-1esolution transmumssion clection
microscopy (HRTEM) were used to 1dentify and charactenize the clay mineral assemblages in
0.05-0.1 pum and <0.05 pm size fractions separated trom shales of thiee depths (4800, 8700-
8750, and 12500-12550 ft) from the Reimndeer D-27 well in the Beautort-Machenzie atea, Arctie
Canada. Ethylene-glycol solvated samples indicated a two-component mned-layer US system,
whereas glycerol so:vation suggested an additional lngh-chatge expandable component Fachange
with octylammonium (n:= 8} and octadecylammomum (n, = 18) 1ons revealed the presence of hive
distinct types of layer structures. (1) low-charge smectite-group, (2) lmgh-charge smectite-group
or vermiculite, (3) double-layers or rectorite-hke. (4) expandable illite, and (5) non-expandable
illite. The presence and abundance of each type of layer structure changed with bunial depth

A comparison of untreated and sodium hexametaphosphate-ticated <0 05 jan size
fractions revealed modifications to the structure of muxed-layer I/S i both cthylene-glycol
solvated and alkylammonium-ion exchanged specimens. Changes in peak position, mtensity and
breadths are apparent in XRD, and these modifications can also be observed m HRTEM - Latuce-
fringe images revealed that pretreatment resulted in (1) increased abundance ot 2 1 layer sihicate
packets with expanded interlayers, (2) increased Rl-ordered sequences, and (3) thinner packets
of non-expanded illite interlayers. The use of sodium hexametaphosphate as a peptizer alters the
interlayers and modifies the stacking arrangement of the layer structures It the primary structure
is altered, the disruption may be irreversible.

It is evident therefore, that reliable ratio determination between expandable and non-
expandable components in mixed-layer 1/S 1s dependent on characterizing all the components and

resolving the effects of chemical pretreatment.




RESUME

Nous avons identifi¢ et caractérisé par diffraction de rayons X (XRD) et par microscopie
électronique par transmission a haute résolution (HRTEM), I’association de minéraux argilleux
correspondante aux fractions 0.05-0.1 pm et <0.05 um des schistes argilleux du forage Reindeer
D-27 (profondeurs 1453, 2652-2668, et 3810-3826 m) situé au Bassin Beaufort-Mackenzie aux
Canada artique.

Les échantillons traité a I’ethylen glycol-solvaté indiquent la présence du system a couches
mixtes I/S a deux composants. L’étude aprés échange a I'ion octylammonium (n.=8) et
octadecylammonium (n.=18) montre la présence de 5 types de smectites encouche: (1) smectites
a faible charge, (2) smectites ou vernuculite a haute charge, (3) rectorite & double couche, (4)
illite expandable, et (5) illite non expandable. La présence et ’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
pm) a révelé des modifications de la structure & couche mixte I/S dans ceux glycolé-solvatés et
dans ceux soumit & I’échange avec I’1on alkylammonium.

La variation de la largeur, de la position et de I'intensité des pics détecté par XRD a été
observée en HRTEM aussi  Par les images des franges du réseau on 1éleve: (1) I'augmentation
de i’ abondance des couches 2:1 avec intercouche expandable, (2) I’augmentation de I’abondancee
des séquences ordonneés R1, et (3) la diminution des paquets d’illite intercouche non-expandable.

L'utilisation de I’hexametaphosphate de sodium altere I’intercouche et modifie
'empilement des structures en couche. Le rapport entre composants expandables et non-
expandables des couches mixtes 1/S dépende de caracténistiques des composants et du traitement

chimique soubit.
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CHAPTER 1.0 - Introduction

Shales are the most predominant rock type in many sedimentary basins, but because of
their generally heterogeneous and variable mineralogy and extremely fine grain-size, mahe o
difficult to decipher their response to burial diagenesis. Ideally, understanding diagenetic
changes requires an a priori knowledge of the initial mineralogical composition at deposition,
which may not always be available. Investigations into shale diagenesis have shown that
variations in mineralogy and composition of minerals with depth may result from changes in
provenance, weathering, transport and depositional cnvironment (Pollastro 1990, Bloch and
Hutcheon 1992). However, contemporary research has also shown that the originally diverse
assemblages at deposition become simpler and converge with depth of burial: smectite and
kaolinite diminish, whereas illite and chlorite become enriched with depth (e.g. Hower et al.
1976, Ko 1992; Awwiller 1993).

Clay-diagenetic studies have often relied on "bulk” mineralogical and chemical analysis
of shales and clay-size separates, using X-ray powder diffraction (XRD) and some scanning and
transmission electron microscopy (STEM) to characterize and define the nature of the diagenctic
processes. These processes are often inferred from changes in the relative mineral, clemental
and isotopic abundance in different grain-size fractions (Pye ct al. 1986). Investigations into
clay mineral diagenesis in various sedimentary basins from around the world, such as the
Rhinegraben (Heling 1974, 1978), Vienna Basin (Johns and Kurzweil 1979; Horton ct al 1985,
Johns and McKallip 1989), Paris Basin (Lanson and Champion 1991), various basins of the
North Sea (Pearson and Small 1988; Glasman et al. 1989a, 1989b; Jones ct al 1989: Hansen
and Lindgreen 1987, 1989; Lindgreen and Hansen 1991), Montana basins (McCarty and
Thompson 1991), Denver Basin (Elliot et al. 1991), Beaufort-Mackenzic Basin (Powell ¢t al
1978; Ko 1992; Ko and Hesse 1992), and San Joaquin Basin (Ramscyer and Boles 1986) have
confirmed initial studies done in the Gulf of Mexico (Burst 1959, 1969; Powers 1967; Perry and
Hower 1970, 1972; Hower et al. 1976) that illitic material, smectite-group mincrals and
illite’smectite (I/S) mixed layers are the most adundant clay mincrals and that the principal
diagenetic reaction in mudrocks is the illitization of smectite. A major assumption i most
burial diagenetic studies is that clay mineral assemblages arc in equilibrium with the present
thermo-chemical environment and changes in the I/S ratio result from progressive changes in

the basin environment through time (Glasmann et al. 1989a).




Significant consequences which may result from the physical, chemical and
mincralogical modifications during the smectite-to-illite (S-I) conversion in sedimentary basins
include: development of geopressure, hydro-fracturing, hydrocarbon migration, and solute
transport. ‘The release of interlayer water in temperature-controlled reactions at great depths
during illitization may or may not be an be important flushing mechanism for hydrocarbons and
for transporting inorganic and organic substances (Powers 1967; Burst 1969; Bruce 1984).

Despite the increased research activity into mixed-layer I/S within the past two decades,
uncertainty remains concerning its structural and compositional state, the definition of ‘phase’,
the characterization of smectite-group minerals, illite and 1/S, with emphasis on the existence
of interstratification, the composition of the expandable components, the nature of particle
boundary coherency, the relevance of short- and long-range order, and sample preparation
artifacts (Nadeau et al. 1984a,b,c; Ahn and Peacor 1986a; Eber! et al. 1987; Eberl and Srodon
1988, Huff ct al. 1988; Altaner et al. 1988; Altaner and Vergo 1988; Ransom and Helgeson
1989; Ahn and Buscck 1990; Guthrie and Veblen 1989, 1990; Veblen et al. 1990; Reynolds
1991, 1992; Allen 1992; Vali et al. 1993a,b) Warren and Ransom (1992) insisted that it is
imperative to determine the stuctural state of mixed-layer 1/S, i.e. mixtures of two or more
separate phases when interstratified (Garrels 1984; Sass et al. 1987), end-member compositions
of one o1 more solid-solution series (Aagaard and Helgeson 1983), or multi-phase intergrowths
(Rosenberg ct al. 1990; Aja et al. 1991a,b; Vali et al. 1991).

Ilite/smectite has been interpreted using the Markovian model (MacEwan 1956, 1958;
Reynolds 1980) which suggested that 1/S was a mixture of two layer types, i.e. smectite-group
and illite, and stached perpendicular to the Z-direction within a single crystal or diffracting
domain. As a coherent mineral however, it should not be easily broken down into its
constituent layers (Reynolds 1992). MacEwan crystallites consist of two thermodynamic phases,
smectite-group and illite layers, which behave differently because of differing chemical and
structural compositions, and which can separate along smectitic interlayers during sample
preparation (Altaner and Vergo 1988; Altaner et al. 1988; Ahn and Peacor 1989; Veblen et al.
1990). Nadeau ¢t al. (1984a,b.c) proposed that disordered mixed-layer I/S was a random
mixture of fundamental particles of smectite and illite, whereas ordered mixed-layer 1I/S
consisted solely of fundamental illite layers and was a single thermodynamic phase of constant
composition  Fundamental illite layers are capable of adsorbing water or organic molecules at

their expandable interfaces which mimic a smectite-group component in XRD. From



equilibrium studies, Rosenberg et al. (1990) and Aja ot al. (1991a.b) mgued that mized-layer
I/S consisted of a mixture of multiple, discrete storchiometric mica-like phases.  Accordmg to
the multiphase model. natural illite was composed of four phases having a composition of
S(RO), IS(R1), ISII(R=3) and 1 Lippmann and Johns (1969) suggested that dwmmg chemical
alteration of an interlayer, modification of the tetrahedral sheets may occur, which can 1esult
in the 2:1 layer acquiring a polar character, leaving adjacent layers unmodified  Giaven (1991)
emphasized the nature of the interlayers in ordered mined-fayer 1S and conceptuahized the b-
layer model. A polar layer has one tetrahedral sheet with low or no charge (smectitic), wheicas
the other tetrahedral sheet carries a high charge (illitic). Thus mined-layer 1/S may consist of
both polar and non-polar layers.

As diagenetic studies of shales, sandstones and bentonites have itlustrated, ambiguities
remain concerning the sequence of mmeralogical changes, the reaction mechamsms and
thermodynamic conditions driving the smectite-to-illite (S-1) conversion.  Several mechanisms
are proposed: (i) solid-state transformation (layer-by-layer), in whech ionic substitutions are
inferred to occur within the 2:1 layers (e.g., Hower et al. 1976: Srodon et al. 1986), (1)
dissolution-reprecipitation (neoformation), whereby smectite or smectite-tich 1S dissolves and
illite or illite-rich I/S precipitates (e.g., Nadeau et al 1984a.b.c, Yau et al 1987), (1) mincral-
ripening, whereby thicker illite crystals grow at the expense of thinner illite crystals (¢ g Eberl
1993); and (iv) a combination of the threc models (¢ g, Boles and Franks 1979, Pollastro 1985,
Pye et al. 1986; Inoue et al. 1987, 1988).

X-ray powder diffraction is the principal analytical technique employed 10 identify and
characterize I/S. The S-I transition has becn inferred from the migration of reflections trom
lower to higher 20 angles, with reflection shape elucidating the development of short and then
longer ranges of illite stacking in I/S mixed-layers (Reynolds and Hower 1970; Hottiman and
Hower 1979; Reynolds 1980; Bethke ct al. 1986). Traditionally, cthylene glycol or glycerol
solvation has been routinely used to characterize the expandable component i I/S for XRD
analysis, but gives no evidence on the layer charge. However, expandability 15 dependent on
layer charge, type of interlayer cation and relative humidity (RH) (Srodon 1980). “These organic
molecules may not be able to distinguish between smectite-group and vermiculite components
(Malla and Douglas 1987a). Thus, XRD may not be sensitive cnough to reveal the degree of
compositional or structural heterogeneity in I/S (Drits 1987).

Increasingly, TEM has been used to study the structures and compositions of fine-




grained minerals formed under the relatively low temperatures characteristic of sedimentary
cenvironments  High-resolution TEM allows the direct observation of layer structures at the
scale of illite and smectite-group layers, and can theoretically image both layer heterogeneity
and ordering n I/S as well as changes in layer structure. The methods of specimen preparation
and focus conditions are significant factors in the differentiation of smectite-group and illite
components i VS as well as in the detection of ordering in HRTEM (Bell 1986; Ahn and
Peacor 1986a,b, 1989, Klimentidis and MacKinnon 1986; Hansen and Lindgreen 1987, 1989;
Guthrie and Vceblen 1989, 1990; Veblen et al. 1990; Ahn and Buseck :990; Lindgreen and
Hansen 1991; Amouric and Olives 1991, Vali et al. 1991, Freed anu Peacor 1992). Attempts
to reconcile the discrepancics between layer proportions obtained from XRD and TEM (Nadeau
and Bamm 1985; Eberl and Srodoin 1988: Srodon et al. 1990; Srodon et al. 1992; Murakami et
al 1993) have not been entirely successful and the two analytical methods may prove ultimately
to be incomparable (Scars and Hesse 1992; Sears et al. 1993a).

Applicaticn of the n-alkylammonium ion technique (Lagaly and Weiss 1969, 1970,
Lagaly 1981, 1984, 1985) has been increasingly used to both characterize expandable 2:1 layer
stlicates i TEM (Lee and Peacor 1986; Bell 1986; Klimentidis and MacKinnon 1986: Vali and
Koster 1986; Vali and Hesse 1992; Vah et al. 1990, 1991, 1992) and to determine the
interlayer-charge density and deduce layer charge of soil and sediment clay minerals in XRD
(Lagaly 1979, 1981, Rihlicke and Niederbudde 1985; Malla and Douglas 1987b,¢c; Laird et al.
1987, 1988, 1989a; Marchs ct al. 1989; Ghabru et al. 1989; Chen et al. 1989; Stanjek et al.
1992) ‘there is a systematic arrangement of the large anisometric organic ions in interlayer
space of expandable layer silicates which results in a well-defined increase in the interlayer
spacing (Lagaly and Weiss 1969) The application of the n-alkylammonium ion-exchange
technique to mixed-layer clay mmerals has revealed heterogeneous interlayer-charge densities
ot expandable components in mixed-layer structures (Lagaly 1979; Laird et al. 1989a; Vali and
Hesse 1990, Vali et al. 1991; Vali et al. 1992; Sears and Hesse 1992; Sears et al. 1993a). This
technique however. has not been used to qualitatively identify the components in mixed-layer
I/S on the basis of nterlayer-charge densities in a burial diagenetic sequence in both XRD and
TEM studices.

An ancillary consequence of the development of the fundamental particle concept of
Nadeau et al. (1984a.b.c, 1985) has been the increased awareness and concern for artifacts

introduced into mixed-layer I/S by sample preparation techniques especially for XRD and TEM



(Reynolds 1991: 1992). Reynolds (1992) suggested that two ty pes of artitacts may be produced
in interstratified /S clays during preparation (i) a change in the way Jayers are stached withm
a sequence perpendicular to (00/). and (1) a change in the stackig angles (1 e totation) of mica-
like stacks which may produce turbostratic defects  To wd fine- and ultatine-particle size
separation and promote sample homogeneity using conventional centiituge technigques, chenueal
pretreatments and peptizers are used to remove carbonates, organic matter, Fe-ondes and other
micro- and crypto-crystalline phases, and to promote stable dispersion of clay suspensions (¢ g
Jackson 1969; Whittig and Allardicc 1986. Moore and Reynolds 1989). Previons XRD and
TEM studies have demonstrated that aggressive chemical pretreatments will not remove quantz,
feldspar, magnetite and other contaminant phases, but may significantly alter the chemical
composition and structure of clay minerals and create the appearance ol new phases i XRD
(Harward et al 1962; Fenner 1966; Jackson 1969; Thorez 1975, 1985, Brewster 1980, Omucts
and Lavkulich 1988; Sears and Hesse 1992, Vali et al 1993a) Of pumary concern s the
potential for the alteration of layer charge and therctore expandability of smectite-group o1
vermiculite components in mixed-layer clay minerals (Bish and Reynolds 1989)  Sodwim
hexametaphosphate is still used indiscriminantly as a peptizer without consudering, s etfeets on
the layer structure or the interlayer charge of interstratified I/S (c.g., Bloch and Hutcheon 1992,
Biihmann 1992; Reynolds 1992).

It has become imperative to accurately idenufy the components in mixed-layer 178 in
order to unravel reaction mechanisms and sequences of structural and compositional changes
in burial diagenetic environments. To achieve these aims, 1t is necessary to solate a neotormed
component of I/S by separating fine (<0.1 pm) and ultrafine (<G 05-pum) clay-size fractions from
shales. However, any investigation of possible artifacts induced in mixed-layer 1S durmg,
sample preparation must include a detailed examination and resolution of any cticcts resulting
from chemical pre- and post-treatments by characterizing all the expandable and non-cexpandable
components.

The objectives of this research are,

(1) to identify and characterize the clay mincral assemblages of these ultrafine clay
separates using X-ray diffraction (XRD), high resolution transmission electron
microscopy (HRTEM) and n-alkylammoniun 1on-exchange treatment, and,

(2) to compare the effects of the addition of sodium hexametaphosphate as a peptizer

on selected samples during clay mincral separation with chemically untreated




fractions.




CHAPTER 2.0 - Beaufort-Mackenzie Avea
2.1 Regional Setting

The Beaufort-Mackenzie aiea, located in northwest Arctic Canada, contains several
major depositional basins with estimated recoverable reserves of 1 11~ 10”7 m' of ol and 1.917
x 10"2 m* of gas (Dixon et al. 1988, 1992b) 1t 1s incorporated within part of the foreland
thrust-and foldbelt north of latitude 60°N of the castern Cordilleran Orogenic system (Norris
1985)Fig. 2.1). The Beaufort-Mackenzie area extends offshore from the Amundsen Gulf at
128°N to the Alaska-Yukon border at 141°W, and onshore trom nearly 68°N to the tetnunus of
the Mackenzie Delta’s sedimentary conc north of 73°N  (Haimila ¢t al 1990) It is
physiographically bounded by the Anderson Plam to the east, the Peel Plateau to the south, the
Richardson, British and Barn Mountains to the south and west, and the Porcupine Plateau to the
west and northwest (Figs. 2.1 and 2.2). Landward, the Beaufort-Machenzie arca includes the
modern Mackenzie River delta, Richards Island, the Tuktoyahtukh Pennisula and the Yuhon
Coastal Plain, and extends northward and seaward over the Beaufort Sea Shelf and Slope to the
southern edge of the Canada Basin (Young et al. 1976; Dixon and Dietrich 1985, Majorowics
et al. 1990). The depositional basins of the Beaufort-Mackenzic arca contain a succession of
Jurassic to Recent sediments which reach a thickness of at least twenty hilometers, north of the

present Mackenzie River delta (R. Stevenson as cited by Majorowics ct al. 1990).

2.2 Geotectonic Evolution

The Mesozoic and Cenozoic tectono-stratigraphic history of the Beautort-Mackenzic
area is due to the complex interaction among three major lithospheric clements; the North
American Craton, the Cordilleran Orogen and the Canada Basin (Jones 1980; Dixon and
Dietrich 1990). The identification of major interregional unconformitics which sigmify tectono-
stratigraphic boundaries, enable the area to be subdivided into four mayor depositional basms:
Brooks-Mackenzie Basin (Hettangian-Aptian), Brooks-Yukon Basin (late Aptian-mid-Albian),
Porcupine-Mackenzie Basin (carly Cenomanian-early Maastrichtian) and Beautort-Mackenzic
Basin (mid-Maastrichtian-Holocene), each charactenized by a dominant structural style and
sedimentation pattern (Dixon et al. 1992a).

Although many dynamic models have been proposed to explain the development of the



Canadian Basin (sce Lawver and Scotese 1990), consensus exists for the continental margins
of the Canadian Arctic to be considered as a rifted (passive) pull-apart margin, with the paleo-
pole 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 1990). The opening of the Canada Basin and the formation of the Beaufort Sea-
Mackenzie Delta are are intrinsically linked and yet have very different crustal structures
(Jackson et al. 1984; Sweeney 1985; Majorowicz et al. 1990). It appears that the principal
structural controls for the incipient development of the Beaufort-Mackenize area were the
opening of the Canada Basin and Cordilleran orogenesis which themselves developed in
response to subduction in the Pacific 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. 1992b): in the Jurassic to Early Cretaceous,
northern Alaska was adjacent to the Canadian Arctic Islands, and northern Yukon and adjacent
Northwest Territories arc 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
as the Brooks-Mackenzie and Brooks-Yukon basins (Dixon et al. 1992a). Continental rifting
began in carly Bajocian time creating the Amerasia Basin, fol.owed by rifting, breakup, and
formation of the Canada Basin by sea-floor spreading, beginning in Hauterivian (Grantz and
May 1983) or Late Albian-Cenomanian time (Embry and Dixon 1990). The onset of continental
breahup in the Mackenzie Delta area may be marked by the Middle Hauterivian unconformity
at 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
serics of horst and graben structures, the most prominent of which is the Aklavik Arch Complex
(Hubbard ¢t al. 1987, Embry and Dixon 1990). In Late Aptian and Albian, a second
extensional phase resulted in a series of east-west trending trougiis from the Tuktoyaktuk
Peninsula (Kugmallit Trough) to the northerm Yukon (Blow, Kuli and Kandit troughs). Coeval
with rifting was the development of the Columbian Orogeny and a foredeep was created in front
of the palen-Mackenzie Mountains (Peel Trough). Although sediment was shed principally
trom the North American craton, westerly-derived coarse clastics began to fill the northern
Yuhon troughs with sediment gravity-flow deposits. As the Canada Basin continued to develop
during the Cenomanian, the Cordilleran Orogen migrated to the north and northeast compressing

strata in northern Alaska, northern Yukon and southern Beaufort Sea. During the Cenomanian




to Campanian, sedimentation shed from the rising Cordillera to the south and southwest infilled
the foreland basins on the craton in northern Yuhon and adjacent Notthwest Terrtoties  Phese
deposits are referred to as the Porcupine-Machenzic Basin (Dinon ctal 1992a)  Fhete are two
unconformities in the Early Cenomanian and Middle Campaman which developed durmg
pertods of uplift and erosion and may be telated to the termmation of sea-floot spreadimg m the
Canada Basin (Grantz et al. 1990) As the Canada Basin developed, compiession trom the
Cordilleran Orogeny during the Late Cretaceous to Paleogene became the dommant force
(Dietrich et al. 1989a; 1989b; Hubbard 1988). This resulted i major subsidence durmg the
Late Eocene to Pleistocene.

As a foreland basin developed in front of the Cordilleran Orogen, it was progiessively
infilled with southerly and southwesterly derived sediments  Along the contimental margin ol
northern Yuhon and Northwest Territories, outer shielf to basinal, orgame-rich shales were
deposited (Boundary Crcek and Smoking Ihils sequences).  In Late Maastiichtian,  the
depocenter of the clastic sedimentation migrated to the thermally subsiding contimental margins,
where the combination of tectonic and sedimeast loading created a thick wedge of Uppar
Cenomanian to Recent siliciclastic sediments. These deposits are ieferted to as the Beaufort-
Mackenzie Basin (Dixon et al. 1992a).

During this period, hydrocarbons were generated and geopressuie developed (Hitchon
et al. 1990). In the mid-Eocene, the Laramide Orogeny cnded due to changes i Pacific plate
motion (McWhae 1986). The final, major tectonic phase, the Camden Orogeny (Hubbard et
al. 1987) began in northeastern Alaska in the Neogene and 1s continuing thiough 1o the present
creating the Romanzof Uplift and the fold and thrust belt in the northern Yuhon and adjacent
offshore areas (Grantz et al. 1986; McWhae 1986). At the end of the Miocene, uphit and/or
eustatic lowering of sea level caused significant crosion of Cenomantan to Locene sediments
(Bujack and Davies 1981; McNeil et al. 1982, Dixon ¢t al 1984, Dixon and Dictrich 1990)
This resulted in a v.ell-defined angular unconformity to disconformuty which was the last major
hiatus in the sedimentary history of the Beaufort-Mackenzie arca (Dixon and Iictrnich 1990)
Extensive recharge of meteroic waters at the basin margins 15 thought to have occurred during

this period which may have led to the biodegradation of hydrocarbons (Hitchon ¢t al. 1990)
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Fig 2.1 Regional extent of the Beaufort-Mackenzie arca (after Young ct al. 1976, Dixon
and Dietrich 1985; Norris 1985: Majorowics ct al  1990).
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Fig. 2.2 Tectonic and structural elements of the Beaufort-Mackenzic arca (Dixon and
Dietrich 1985; Dixon et al. 1992b; Enachescu 1990).




2.3 Lithostratigraphy

Dixon et al. (1992) re-evaluated their earlier studies and summarized the Upper
Cretacecous to Pleistocene sequence stratigraphy of the Beaufort-Mackenzie arca.  Sediments
deposited in the Poorcupine-Mackenzie and Beaufort-Mackenzie basins are characterized as
occanward prograding  sequences, ofien dominated by large deltaic complexes. Regional
unconformitics and maximum flooding (hiatal) surfaces enable the stratigraphic successions to
he sub-divided into transgressive-regressive  (depositional) sequences. The descriptions of the
cleven sequences in the Upper Cretaceous to Holocene strata of the Beaufort-Mack enzie Basin
are summarized from Dixon et al. (1992a).

The lowermost sequences are the Upper Cenomanian to Turonian Boundary Creek and
the Santonian to Campanian Smoking Hills sequences, which consist of predominantly organic
matter-rich dark grey to black shales interbedded with bentonite beds. They were deposited in
a low energy. anoxic, outer shelf to slope environment, characterized by periodic ash falls from
local volcanic activity. The following eight sequences represent very thick fluvio-deltaic clastic
deposits; The Upper Maastrichtian to Lower Paleocene Fish River Sequence unconformably
overlies the Smoking Hills Sequence and represents a thick progradational wedge of shale-
dominated deltaic strata which overlie prodelta shelf sands and shales. The Fish River
depositinal facies range from deep-water sediments, gravity flow deposits, through slope and
shelt” shales to delta front and delta plain sandstones and shales (Dixon et al. 1992b). The
Upper Paleocenc to Lower Eocene Aklak Sequence is the lower member of the previously
named Reindeer Sequence (Dietrich et al. 1989b). It consists predominantly of interbedded
sandstone, conglomerate, siltstone, shale and coal, deposited in a delta-plin to delta-front
environment with fluvial channel deposits. The Lower to Middle Eocene Taglu Sequence is the
upper unit of’ the Reindeer Supersequence (Dietrich et al. 1989b) and consists predominantly
of interbedded  shale and sandstone deposited in delta plain and delta front to deep slope or
inter-fan environments.  The Middle to Upper Eocene Richards Sequence conformably overlies
the Taglu sequence and is comprised predominantly of shale and siltstone of prodelta and shelf
origin with localized sandstone and conglomeratic beds. Extensive erosion occurred during, the
Late BEocenc  The Oligocene Kugmallit Sequence conformably to unconformably overlies the
Richards Sequence. It represents progradational deposits ranging from delta plain conglomerate,

gravel and sandstone to offshore basinal shale. It contains the Kopanoar subsequence consisting
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Fig. 2.3 Table of sequences (Dixon 1991; Dixon et al. 1992a) and corresponding formational
terminology (Dixon 1982; Young and McNeil 1985) (modified from Dixon et al.
1992a).
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of a thick accumulation of mud-dominated sediments of submarine-fan origin.  Fhe Upper
Oligocene to Middle Miocene Machenzie Bay Sequence is donmnated by shale with nunor beds
of sandstone. Its depositional environment is considered to be prodelta/shelf, slope, and decp
water. The Middle to Upper Miocene Ahpak Sequence is predominantly  composed of shale

interbedded with thin siltstone and sandstone  Sediments were deposited in a prodelta/shelt,
slope and basinal environment. In the Middle to Late Miocene, uphift or lowered sea level
resulted in significant erosion of the Tertiary deltaic sequences.  The Pliocene to "lower
Pleistocene Iperk Sequence was unconformably deposited on older sequences and s a thick,
mildly deformed sequence of deep-water mudstone, unconsolidated sandstone and conglomerate
It was deposited over a broad delta complex. The ?Pleistocene to Holocene Shallow Bay
Sequence is the youngest sequence and consists of unconsolidated sediments comprised of mud,

silt, sand and gravel.
2.4 Previous Petrographical and Miseralogical Studics

Previous petrographic studies of Maastrichtian to Oligocene strata revealed a relanvely
homogeneous mineralogical and textural composition of the mudstones, siltstones, sandstones
and conglomerates of fluviodeltaic and perideltaic marine origin (Schimidt 1987)  Sandstonces
are predominantly indurated arenites (quartz, feldspathic, lithic), and are compositionally sinilin
in the Fish River, Aklak, Taglu, Richard. and Kugmullit sequences, with the exeeption of lower
volcanic contents in the latter two sequences (Nentwich and Yole 1982 Schmidt 1987,
Nentwich 1989). Detrital mineralogy includes quartzose grains  (monocrystalline  and
polycrystalline quartz, clear and black chert) ranging from 15 to 40 volume %, minor to
moderate amounts (2-15%) of K-feldspar and plagioclase  Volcanic, sedimentary  and
metamorphic rock fragments vary between 5 and 45%. K-feldspar and plagroclase, often
occurring together with minor albite, have been preserved through to depths of 4400 m, with
little alteration except for some replacement by carbonate minerals and albitization (Nentwich
and Yole 1982; Schmidt 1987, Nentwich 1980, 1989). K-feldspar and albite range from 1 to
10% and plagioclase reaches a maximum of 6%  X-ray diffraction studies indicate a total
feldspar content of 5 to 30 %. Mica (muscovite and biotite) is present i mmor to moderate
amounts, to a maximum of 13 %. During burial, some dissolution of mica and chlorite

occurred. The siltstones, sandstones and conglomerates arc cemented by caleite and dolomite
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cements, whose precipitation was accompanied by dissolution of silica and aluminosilicate
mincrals. Minor cements include silica, illite, chlorite, montmorillonite, illite-smectite, feldspar
and pyrite. The sandstones of the Richards and Kugmallit sequences are much less consolidated
than the older sandstones of the Aklak and Taglu sequences (Schmidt 1987).

On QFL and QmlLt provenance-discrimination diagrams of Dickinson and Suczek
(1979) the sandstone data for the Beaufort-Mackenzie Basin plot in the fields of recycled orogen
and transitional and lithic recycled orogen, respectively. In LsLmbLv and QpLsmLvm
provenance-discrimination diagrams of Ingersoll and Suczek (1979), the sandstone data indicate
a rifted continental-margin origin.

Mudstones and shales are dominated by fine quartz silt and clay minerals, with abundant
silt-sized mica and feldspar. Authigenic minerals identified within these rocks include quartz
and pyrite, with a notable absence of calcite which is present in adjacent sandstones.
Mudstones and shales contain eogenetic siderite, and occasionally dolomite. Schmidt (1987)
attributed the absence of calcite and scarcity of dolomite to dissolution and removal from the
shales. Clay minerals comprise kaolinite, chlorite, illite 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,
observed mixed-layer minerals consisting of three minerals, smectite, vermiculite and illite in
the <0.2-pum size fractions . If the amorphous inorganic material was not removed from the
samples prior to analysis, a chlorite-like component was identified creating a pseudo-four
component interstratified clay system. The authors suggested that with depth there is a
progressive decrease in the expandable component in interstratified illite-smectite with a
concomitant increase in the non-expandable component, but that the vermiculite-like content
iemained constant.  The 0.2-2.0-um clay fraction consisted of quartz, feldspar, kaolinite,
chlorite, illite, 2-1 expandable and interstratified smectite-vermiculite-illite (Foscolos and Powell
1980).

The amorphous inorganic component initially increased with depth then decreased and
is described as an unstructured fluffy material, which may have been derived from algae and
bacteria and may have a composition similar to allophane. Foscolos and Powell (1980)
suggested that the amorphous inorganic material resulted either from initial deposition or from
silicate diagenesis. It cannot be completely removed with chemical treatments.

In the first in-depth study of the illite-smectite transition in the Beaufort-Mackenzie

15



Basin, Ko (1992) used the <0.1 pm fraction as the optimal size fraction to concentiate and
characterize interstratified illite-smectite (I-S) minerals. The analyses included samples from
22 wells, both onshore and offshore in terms of XRD. geochemistry and onygen sotopes.  The
progressive illitization of I/S with depth was identified as 1t proceeded continnously through
four distinct interstratified I/S interlayer arrangements from: (1) a random I/S structure, through
(2) a mixture of random and ordered I/S structures, (3) Rl-ordered 1S structures, and 1o (4) a
R>1-ordered 1I/S structure. The chemical composition of the I/S mixed-layers changed
continuously together with increasing percent allitc. Other minerals identified i the - 0.1pm
fraction include kaolinite, chlorite, and discrete illite. Ko (1992) and Ko and Hesse (1992)
suggested that illitization is more advanced in offshore wells than onshore, as a consequence
of higher geothermal gradients, as well as in geopressured shales compated to normally

pressured horizons, due to higher water/solid ratios.
2.5 British American-Shell Oil-Imperial Oil Exploration Exploratory Well Reindeer D-27

The British American-Sheli Oil-lmperial Oil Exploration (B.A.-Shell-1.O E) Reindeer
D-27 was the first exploration well drilled in the Beaufort-Mackenzie Basin. This wildeat well
was spudded July 26, 1965 and completed November 24, 1965. Reindeer 1-27 15 located
latitude 69°06’05" N and longitude 134°36°54" W. The top kelly bushing clevation was 15 95
ft above sea level, and the well was drilled to a total depth of 12,668 f1 (3862 m). Fwenty-thiee
cores were recovered for a total length of about 571 ft (174 m), which represents about 4% of
the total depth drilled. The well was abandoned and plugged after showing only a hydrocarbon
flow of gassy mud to the surface from the depth interval of 6,838 to 6,856 {1 (2085-2090 m)
(British American Oil Company 1966). Previous published rescarch from this well includes
biostratigraphy (Chamney, 1970), clay mineralogy (Bayliss and Levinson 1970, Powell ¢t al.
1978; Foscolos and Powell 1980; Dean 1985; Ko 1992; Sears and Hesse 1992), geochemistry
and stable isotopes (Ko 1992), K-Ar ages (Sears ct al. 1993b).

The Reindeer D-27 well penetrated the normal downhole stratigraphic succession of
Holocene to Albian age (Fig. 2.4). Sequences identified in the Beaufort-Mackenzie Basin but
not present in the Mackenzie Delta arca include: the Shallow Bay, Akpak, Mackenvzic Bay,
Smoking Hills and Boundary Creek sequences (Fig. 2.3). The wel! penctrated to the Barremian

to Albian Mount Goodenough Formation of the Brooks-Mackenzie Basin (Hitchon et al. 1990;
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Dixon et al. 1992a).

The first sequence encountered is the 16 ft (5 m) thick Iperk Sequence of Pliocene-
arly Pleistocene age. It consists principally of weakly consolidated to unconsolidated
sandstone, conglomerate and interfingering with shale and siltstone deposited in a fluvio-deltaic
environment. At its base is a basin-wide erosional unconformity. The Late Eocene or Early
Oligocene Kugimallit Sequence is present to a depth of 440 ft (134 m) and consits of upper delta
plain deposits predominantly of shale, siltstone and sandstone. The Kugmallit Sequences
unconformably overlies the Middle Eocene to Late Eocene Richards Sequence, present to a
depth of 1740 ft (531 m). It consists of prodelta deposits of shale and siltstone with some
interbedded sandstone and conglomerate within the shale succession. The first coal beds are
found at a depth of 825 ft (251 m). The sequence originally named Reindeer Sequence was
subsequently 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 fine grained sandstone, siltstone and minor
coal beds. Unconsolidated sands are present from 4,000 ft (1,220 m) to 4,760 ft (1,451 m) and
conglomerates 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 unconformity separates the overlying Taglu Sequence from the Late Paleocene to
Larly Focene Aklak Sequence. The Aklak Sequence is present to a depth of 9544 ft (2909.7
m) and consists of shale with interbedded sandstone, siltstone. The Aklak Sequence
unconformably overlies the Mid-toLate Maastrichtian to Early Paleocene Fish River Sequence.
The Fish River Sequence is present to a depth of 10,727 ft (3270.5 m) and is interpreted as a
shale-dominant shelt” or possibly slope deposits with mudstone, claystone and interbedded
siltstone (Dinon et al. 1992a). An erosional unconformity separates the Fish River Sequence
from the underlying Barremian to Albian Mt. Goodenough Formation. The Reindeer D-27 well
penctrates the Mt. Goodenough to a depth of 12668 ft (3862.2 m). It consists predominantly
of shale with interbedded siltstone and sandstone. The first clean sandstone with glauconite is
present from a depth of 11,098 to 11,440 ft (3,383-3,488 m). This is followed by a medium
to dark grey, silty shale to a depth of 12,668 ft (3,862 m).

Vitrinite reflectance studies from the Reindeer D-27 show an initial increase of R, of
0.3% at 1,000 ft to 0.5% at 4,100 ft, and then a fairly linear increase from 0.47% at 4,600 ft
10 0.66 at 10,500 ft (Guather 1975). However, the present day thermal gradient may not reflect
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Fig. 24 Cross-section of the Beaufort-Mackenzie Basin through the Reindeer D-27 well (after
Hitchon et al. 1990).




the paleothermal regime (Ko 1992). As there were at least two periods of uplift and crosion,
continuous burial cannot be assumed. Majorowicz et al. (1988, 1989, 1990) concluded that the
paleogeothermal gradient was no greater than the present geothermal gradiemt

The Reindeer D-27 well was drilled with weighted mud to control stoughing  of
unconsolidated sands. Various compounds used in drilling mud are often water soluble allow ing
liquid infiltration into well cuttings potentially causing contamination. Dritling mud used i the
Reindeer D-27 well included: Aquagel, Baroid, Q Broxain, Lignite, Carbonoy, Cellexy Regular
and bicarbonate of soda, with lesser amounts of other compounds (British Ametican  Oil
Company 1966). These drilling muds contam abundant K' and are used under conditions of
high pH (11). Thus drilling mud may induce diagenctic alteration in well cuttings (Baetoot
and Van Elsberg 1975: see also Dypvik 1981). This must be considered when performing any

geochemical analyses.




CHAPTER 3.0 - ANALYTICAL METHODS
3.1 X-Ray Powder Diffraction Analysis

The precise characterization of clay minerals and especially mixed-layer illite-smectite
(1/S) is difficult because of their fine-grained nature, poor crystallization and association with
other crystalline and amorphous materials ~ X-ray powder diffraction is the primary technique
for routine investigation of oriented clay mineral specimens by determining the (00/) or basal
diffraction series which is diagnostic for each discrete clay mineral. The crystallography of clay
mincrals is such, that the X-Y planes are similar and the average oricntation of the crystallites

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

3.1.1 Factors Influencing XRD Line Profiles

X-tay powder diffraction is probably the most widely used techmque for obtaining
qualitative and quantitative information on multiphase clay mineral mixtures. As there are
many references describing the theoretical (and mathematical treatment) and practical aspects
of XRD analysis for clay mmerals (e.g. Klug and Alexander 1974; Cullity 1978; Moore and
Reynolds 1989: Drits and Tchoubar 1990). T will not provide a detailed veview.

Routine mterpretation of mixed-layer /S is essentially achieved through the visual
inspection and study of one-dimensional diffraction profiles. There are many factors, however,
which can mfluence the characteristics of XRD profiles and which may be divided into two
groups (after correction for mstrumental distortion) (1) crystallography-dependent factors, and
(2) specimen-dependent  factors  Crystallography-dependent  factors are: (1) particle size, (2)
defect density. (3) particle qualhty, ie., non-uniform and uniform strain; (4) chemical
composition, and (5) muned-layermg (Jachson 1969: Reynolds 1989a, 1989b; Drits and
Ichoubar 1990), Specimen-dependent factors include: (1) sample size, (2) sample thickness,
(3) paticle orientation, i c. random versus oriented mounts, and (4) dilution by amorphous
matertal (Cullity 1978: Moore and Reynolds 1989: Bish and Reynolds 1989; Reynolds 1989a).
Lhese parameters will be evaluated in diffraction profiles through changes in line shape, i.e. line
broadening. or m the change n line shape with respect to the diffraction angle 20, ic. peak
distortion resulting from increased background intensity at lower angles. They may include

dimished peak intensity, peakh broadening, peak shifting and the generation of irrational
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reflections (Reynolds 1989b). However. as peak herghts are a function of N (number ot layers)
per particle and the peak breadth () measured at half height, the mtegrated arca under the peak

remains constant and thus the intensity s independent of N (Reyvnolds 1989b)
3.1.1.1 Crystallographic-Dependent Factors

There have been many mvestigations of the cffects of paticle size Reynolds (1968)
did this for illite, Ross (1968) for biotite, muscovite, montmottllonte, muned-fayer  clays,
graphite and periclase, Kodama ct al. (1971) for muscovite, Tettenhorst and Roberson (1973)
for ethylene-glycol solvated montmorillonite and Tz (1976) tor haolimite Koz and
Alexander (1974) asserted that to achieve a coherent scattering domam, civstallites v a powder
or a single crystal must have a minimum of six unit cell translations wm any smgle duection
Thus depending on the umt cell size and the scattering power of the attendant atoms i the unt
cell, coherent domains as small as 2 to 20 nm i diameter can be detected by ARD af present
in sufficient quantities

Studies of monomineralic phases have shown, as particles become thinner, the prnapal
reflections broaden, and the intensity varies i two respects (1) the reflecions are displaced,
generating an apparent series of irrational (or non-mtegral) reflections, and (i) the reflections
are less symmetrical.  Trunz (1976) demonstrated for haolimite that the reflections (001) (002),
(004), and (006) are displaced to lower 20 angles (lager o-values), wheteas (003) and (005)
reflections are displaced to higher 20 angles (smaller d-values)  The netresalt s set of non-
integral reflections

Ergun (1970) referred to defect density as randomly or megularly distnibuted stachimg,
defects in the Z direction which effectively divides a large crystal mto an assemblage of smalia
scattering domains  These defects may affect (1) the layers themselves, (2) mvolve mterlayer
space, e g. the position of cations or solvated molecules, or (1) stackmg faults, ¢ g the relative
position and/or type of successive layers (Ichoubar 1984)

Ergun (1970) also referred to stram broadening. which 15 a consequence ol random
displacements of umit layers trom their ideal positions, 1 ¢ the separation between two umt
layers (cells). Reynolds (1989a) demonstated that stramn broadening resulted - diffrachion
patterns displaymg diminished ntensities and mcreased broadness as a function of imcreasing

unit layer separation.
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Differing chemical composition of the silicate layers or interlayers of the same species
and positions of the atoms in the unit cell may affect the intensities of reflections, but appears
to have mimor effect on the positions of these reflections (Reynolds 1989b; Drits and Tchoubar
1990)

Interstratified minerals such as mixed-layer I/S are common in weathering, sedimentary,
diagenetie, hydrothermal and metamorphic environments  However, in contrast to most
minerals, I/S clays have X-ray particle thicknesses which are equal to or larger than the
thickness of their constituent particles (Tettenhorst et al 1990). Mixed layering results in non-
integral series of reflections and increased peak breadths which are a function of the endmember

components  The greater the scparation, the broader the peaks.

3.1.1.2 Specimen-Dependent Factors

Conventional XPD requires a minimum of 10 mg of crystalline material in order to
obtain measurable diffraction intensity. For quantitative analysis, sample length becomes
especially important. At low diffraction angles the incident beam must not exceed sample
length or diminished reflection intensity resuits (Bish and Reynolds 1989; Moore and Reynolds
1989). Samples that are "infinitely” thick at low angles may be too thin at higher angles for
maximum diffraction effects, resulting in loss of reflection intensity at higher 20 angles.
Homogeneity in sample mineralogy is also required for quantitative analysis. Whittig and
Allardice (1986) suggested that aggregating and cementing minerals in a clay sample will result
tn deleterious effects in XRD studies and include. (1) the dilution of clay minerals which result
in decreased diffraction intensity of crystalline phases: (i) lack of ideal orientation of clay
minerals; (iii) attenuation of the primary X-ray beam; (iv) an increase in the general level of
scatter from the sample being analyzed by X-rays, and (v) amorphous material causing non-
directional scatter of X-radiation from a sample which results in increased background radiation

(see also Chapter 4).

3.1.2 Estimation of Layer Proportions in Mixed-Layer Hlite-Smectite (1/S)

'he routine analysis of’ mixed-layer I/S 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 through direct or indirect methods. Direct methods use information
from peak positions and intensities of basal reflections (MactEwan 1956, 1958) wheieas indirect
methods apply structural models to calculate XRD patterns which are then compared o
experimental patterns (Reynolds 1980; Reynolds and Hower 1970: Plangon 1981, Plangon ot
al. 19875, 1984; Corbato and Tettenhorst 1987; Tettenhorst ¢t al 1990)  The advantage of using,
indirect methods lies in the ability to study diffraction effeets of individual parameters, ¢ p
types of interstratification, distribution of coherent domains, thicknesses of diffeient layer types,
etc. on the resultant XRD pattern (Drits 1987). It is important to note however, that the
original structural model used for calculated profiles must be sumilar to the teal mineral
structure.

Identification of smectite illitization has been based principally on the interpretation of
XRD patterns.  Moore and Reynolds (1989) have summarized the methods used for the
identification and interpretation of mixed-layer I/S from XRD profiles  An adequate method
to determine the amount of the expandable (smectite-group) and non-expandable (1lhite) in
mixed-layer I/S is to use both peak migration and A20 methods on cthylene-glycol solvated
samples (Moore and Reynolds 1989). The (002),,/(003),, reflection is the most sensitive 1o
composition and the least sensitive to particle size, whercas lower 26 angle reflections are most
sensitive to ordering type.

Ordering is defined by the term Reichweite, or R, which describes the probability of
nearest neighbour arrangements. Reynolds (1980) described three types of mixed layering (or
interstratification) apparent in diffraction patterns which mclude: (1) random  (rregular o1
disordered), having no periodic alternation in the sequence of component layers (R0), (2)
regularly ordered having a periodic alternation of component layers (R-1), and (3) partially
ordered, which is intermediate between random and ordered. In XRD, random muxed-layer clay
minerals produce two distinct phenomena: (i) aperiodic or irrational (00/) diffraction scries, and
(ii) peak breadths which are broader than those of their pure component phases. Disordered
mixed layering shows peak positions that are an average of the two mincrals present and arc
dependent on the proportions and spacings of these components.  Ordered mixed-layer clay
minerals produce new reflections which contain components of a superstructure, or the sum of
the d-spacing values of both layers. Ordering in mixed-layer 1/S 15 determined by the position
of the reflection between 5° and 9° 20. Random ordering can be assumed if after cthylene

glycol solvation a peak is present near 5.2° 20; a reflection ncar 6.5° 26 indicates R1-ordering,
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with the peak diminishing and broadening as the composition becomes more illitic, and; a
reflection at an angle greater than 7° 20 suggests long-range-ordering, or R>1, and the

appearance of the (001), /(004), , peak is diagnostic.

3.2 Transmission Electron Microscopy (TEM)

There arc numerous references that outline the principles and techniques of electron
microscopy, including preparation techniques. For layer silicates, these include McLaren
(1991), Buseck (1992), and Robards and Wilson (1993).

Allen (1992) states that mineralogical studies involving the TEM have basically focused
on cither mineral properties (i.e. structure and chemistry) or mineral behaviour (i.e.
identification and relationships). The TEM can be used to facilitate mineral identification and
the investigation of their textures, fabrics, intergrowths. replacements and other relations.
Within the past two decades, much of the microstructural TEM studies have focused on rocks
and minerals formed at relatively low surface and sub-surface temperatures. These are areas
where conventional techniques have limited application because of the fine-grained nature of
the mincrals, which often are structurally and chemically disordered, heterogeneous and
metastable  (Allen 1992).  Sedimentary rocks resulting from weathering, diagenesis,
hydrothermal 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. However, an important ancillary goal has been the attempt to reconcile
TEM images of mixed-layer clay minerals with structures deduced by X-ray powder diffraction
(Veblen et al. 1990; Srodos et al. 1990; Srodon et al. 1992).

HRTEM, as opposed to conventional transmission electron microscopy (CTEM), refers
to the use of the TEM at higher resolutions to observe the layer structures of minerals as lattice
fringes using bright-field illumination. As such, it is an imaging mode in which at least two
beams pass through the objective lens, and the resultant lattice fringe image reflects the
periodicity of the crystal (Veblen 1983). A distinct advantage of HRTEM is its ability to image
crystalline and non-crystalline matenals directly, in the case of clay minerals their individual
layers. stacking sequences, ordering and coherency, at a scale at which they exist. This far
exceeds the capability of conventional analytical techniques (e.g. X-ray diffraction or electron

microprobe) which can only give information on average structural or chemical properties of
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a mineral specimen. HRTEM can investigate lattice or structural fringes of crystallites or small

areas of larger crystals with a point-to-point resolution of at least 0.2-0.3 nm.

3.2.1 Sample Preparation

Sample preparation methods and techniques for the TEM are of fundamental
importance, especially to studies concerning the nature and characterization of mined layer /S,
Buseck (1992), Peacor (1992) and Robards and Wilson (1993) provide mtroductions to the
common p-eparation techniques for the TEM, from which most of the following s summarized,
except where otherwise noted. Buseck (1992) notes that to optimize data collection, prepared
specimens require proper crystallographic orientation, appropriatc thinness, and must be
somewhat stable under vacuum and the electron beam. Lattice fringes can only be obtained and
correlated with the layer sequences when the clay particles are oriented with the (00/)
perpendicular to the electron beam. Sample thinness is a prerequisite to prevent signilicant
refraction of the electron beam when passing through the sample and thus, minimizing sample
and beam interaction. Four methods of sample preparation for clay minerals include: (i) gram

mounts; (ii) beam milling; (iii) ultramicrotomy, and (iv) replica techniques.
3.2.1.1 Grain Mounts

Crushed or ground bulk samples and clay separates may be mounted directly on TEM
grids supported by structureless film such as formvar or amorphous carbon by dircet dispersal
or evaporation of a fluid dispersed sample. The sample is usually projected over a hole in the
support film (e.g. holey carbon) and a grain is located which has the proper orientation, or by
tilting the stage until the critical zone axis is parallel to the optic axis of the TEM. ‘The
advantage of this technique is that specimens can be prepared quickly  Disadvantages include
the long time generally required to find a properly oriented grain and the possible dehydration
of hydrated clay minerals. During preparation, the original "in situ" spatial interrelationships,
i.e. texture or fabric, may be destroyed as in the case of clay minerals, where the layer stacking
sequences may be altered by plastic deformation (Buscck 1992). However, the sample may
provide information on stacking sequences, crystal morphology and particle thickness (Peacor

1992) and the method provides a way checking for artifacts from beam-milling
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3.2.1.2 Beam-Milling

Beam-milling (atom- or ion- beam) is the most common method of preparing mineral
samples, polycrystalline materials and glasses (Barber 1970). A sample, usually a thin disk or
picce 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
a hole is produced. The thinned edges around the hole are then examined by the high-resolution
TEM. Beam-milling implants <as 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 mineral

relationships and textures may be observed.
3.2.1.3 Ultramicrotomy

Mumcrous sample preparation procedures for ultramicrotomy and various epoxy resins
for embedding clay powders have been outlined (Eberhart and Triki 1972; Tchoubar et al. 1973;
Brown and Jackson 1973; Lee et al. 1975; McKee and Brown 1977; Tessier and Pédro 1982;
Vali and Késter 1986; Laird et al. 1989b; Srodon et al. 1990). Spurr low-viscosity resin is the
most often used embedding resin (Spurr 1969). The ideal resin must be stable under TEM
conditions and impregnate the clay minerals without modifying the layer structure and creating
artifacts (see Vali and Koster 1986; Laird et al. 1989). Peacor (1992) outlined a mcthod
whereby powdered and ground or crushed samples are sedimented in methanol onto a flat-
surface of cured epoxy resin, followed by the addition of another layer of uncured resin, the
sample is allowed to polymerize, and the block is trimmed and thin-sections cut with an
ultramicrotome

Vali and Kdster (1986) treated freezed-dried clay material once or twice with propylene
onide, then dispersed the material in Spurr low-viscosity resin twice at increased concentrations,
allowing sufficient time for infiltration and impregnation.  After curing, the block is trimmed
and ultrathin sections, 50 to 100 nm thick are cut with an ultramicrotome. Laird et al. (1989b)
outlined a similar procedure for sample preparation that allowed investigation of the same

sample by both XRD and TEM using n-alkylammonium ions. Vali and Hesse (1990)
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demonstrated that nltrathin-sections could be treated with n-alkylammonium ions to stabilize
expandable interlayers.

In an attempt to maintain the original sample texture and fabric, Srodon et al. (1990)
employed a technique whereby bentonite rock chips were air-dried and subsequently rehydrated
after having been coated with agar to ensure homogenous rehydration. The water was replaced
with methanol which in tum was replaced by slow mmpregnation with L.R. White very-low

viscosity resin  Sections were then cut with an ultramicrotome.

3.2.1.4 Replica Techniques

Reference is made to this technique as it was used to determine the size fractions of the
clays separated from cores and well cuttings and their purity. Replica techniques image the
surface features or microtopography of clay minerals in conventional TEM. Correlations may
be inferred between crystal morphology, growth mechanisms of basal faces and polytypism
(Baronnet 1992).

Powdered, crushed or ground sample material is spread over a thin cover glass
(Baronnet 1972, 1973) or mica flake (Nadeau 1985). The sample is coated with a 10-15 nm
thick platinum-carbon layer and the layer coating the crystals and substrate is floated on dilute
hydrofluoric acid. The substrate is removed by dissolution of the crystals and the platinum-
carbon film is washed in deionized water, placed on standard EM grids and cxamined by
CTEM.

Bassett (1958) and Sella et al. (1958) applied a gold-decoration techmque to powdered,
and crushed or ground samples after they were dispersed in deionized water and collected on
a cover glass and air dried. The glass was subsequently heated to 300-350"C' for one to two
hours under vacuum, allowed to cool to 100-150"C, a gold decoration was flash evaporated, and
followed by a 10 nm thick carbon coating. The remainder of the steps follows the procedure
outlined for platinum-carbon coating.

Vali et al. (1991) used freeze-etch replicas to study the microtopography of 2:1 layer
silicates. Clay mineral samples were dispersed into a dilute suspension of deionized water,
sprayed with an air-brush into a cryomedium containing a mixturce of propanc-propylene at
-196°C, and the droplets were instantaneously frozen without cryoartifacts.  After evaporation

of the propane-propylene mixture, the frozen droplets arc mixed with one or two drops of cthyl
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henzene as a cryoglue and transferred to a gold specimen holder and placed in a freeze-etch
unit. The droplet surface was 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 floated on deionized
H,0 and dropped m dilute HF to dissolve adhering silicate particles. Freeze-dried images are
preparcd in a similar manner except the ice is removed through very low-temperature

sublimation.

3.2.2 Identification of Clay Minerals from Lattice-Fringes

Before the advent of computer-image simulation, identification of layers of lattice-fringe
images were based on intuitive interpretations.  Values for d,,, of a pair of fringes were
measured directly from the lattice-fringe image. At approximate Scherzer defocus, dark fringes
overlic regions of relatively high-charge density, e.g. 2:1 layers, and bright fringes overlie
regions of relatively low density, e.g. interlayers. Conventional interpretation, therefore, posited
that dark layers that were 1.0-nm, 0.7-nm, and 0.5-nm, were 2:1, 1:1 and brucite-like sheets,
respectively.  However, the positions of dark and light lattice fringes are a function of operating
instrumental characteristics such as accelerating voltage, beam divergence, spherical and
chromatic aberration coefficients, objective aperture, size, as well as focus conditions, and
crystal thickness, orientation to the electron beam, and the possible collapse of expandable
layers when subjected to the high vacuum of the microscope or heating effects (Kohyama et al.
1982; Guthrie and Veblen 1989, 1990). In other words, lattice fringes change their shape and
position as expenimental imaging conditions change.

It has been inferred that untreated smectite-like layers in mixed-layer illite-smectite
which have a basal spacing value of 1.4 nm determined from XRD, may collapse during ion-
milling preparation technique or under high vacuum of the TEM (Lee et al. 1985; Klimentidis
and Mackinnon 1986; Huff et al., 1988) giving a thickness of 1.0 nm (Page and Wenk 1979;
Ahn and Peacor 1986a) and making it indistinguishable from illite.

Attempts to sustain expansion of the smectitic layers were made by intercalation of
organic 1ons such as laurylamine (Yoshida 1973; Lee and Peacor 1986) and n-alkylammonium
ions (Bell 1986, Vali and Koster 1986:; Vali and Hesse 1990; Vali et al. 1991) which are
relatively stable under TEM operating conditions. The use of these organic ions is limited to

ground samples or clay separates as intercalation in whole rock samples causes a disruption of

28




the original fabric, or the failure of smectite layers to swell after treatment (Aln and Peacor
1986b).

3.2.2.1 Calculated Lattice Fringe Images

Guthrie and Veblen (1989) emphasized that dark fringes are not specific for 2.1 layers
in the illite-smectite structure but rather arc "lattice fringes”. and the relationship between the
position of the fringes to the crystal structure is a complen function of many parameters
including operating conditions of the TEM. However, the periodicitics of the lattice fringes
reflect the periodicities of the real crystal structure. For reliable interpretation of the layer
structure of clay minerals, it is essential to comparc experimentally obtained images with
simulated images generated by computer simulation (Guthric and Veblen 1989, 1990, Veblen
et al. 1990). Guthrie and Veblen (1989) concluded trom image simulation that if expandable
layers uniformly collapse in untreated mixed-layer 1/S, the only difference between the two
layers is composition. To obtain information rezarding compositional differences for one-
dimensional images, even when the specimens are not in perfect orientation, requires a change
to "unconventional" overfocus conditions which displays the strongest contrast differences It
is inferred from a study of I/S that thick dark (intense) fringes overlie smectite-hke interlayers
and thin dark (less intense) fringes overlie illite-like interlayers for highly ordered 1-S (Guthric
and Veblen 1989, 1990; Ahn and Peacor 1989).

3.3 Interlayer Complexes

As a result of the weak bonding between silicate layers, in contrast to the strong 1onic-
covalent bonding within and between tetrahedral and octahedral sheets, interlayer complexes
can form as a result of the incorporation of inorganic and organic ions. ‘The formation of
interlayer complexes involves interaction of the three components which define the structure of
2:1 layer silicates. [onic substitution within the octahedral and/or tetrahedral sheets in 2°1 layer
silicates may result in an overall negative charge. This negative charge may be compensated
by the introduction of exchangeable cations within the interlayers, and neutral molecules. Water
is incorporated within the interlayers in the form of hydration shells of the cations and the

layers. Naturally occurring interlayer cations, c.g., Mg?, Ca*', Na’, ctc., may be exchanged by
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other inorganic cations or replaced by organic cations of varying complexity, i.e. methyl
ammonium to long chamn poly-functional cations (MacEwan and Wilson 1980). In terms of
ncutral molecules, water may be replaced in the interlayer by other neutral molecules, e.g.,
alcohols, glycols, glycerols, amines, ketones, sulphur compounds, or may even be replaced by

inorganic salts (Bloch 1950).

3.3.1 Ethylene Glycol and Glycerol

"There arc a number of diagnostic tests used in XRD to identify and characterize soi! and
sediment clay minerals, to determine layer charge, and to facilitate an understanding of their
physical and chemical properties. For 2:1 layer silicates, these tests include: the routine
solvation with glycerol or ethylene glycol, which are used to characterize interstratified clay
minerals with smectitic or vermiculitic components (Hower and Reynolds 1970; Srodon 1980),
and (i?) the use of n-alkylammonium-ion exchange to deduce the magnitude and homogeneity
(or heterogeneity) of the layer charge (e.g. Lagaly and Weiss 1969; Lagaly 1979; Laird et al.
1989; Vali ot al. 1991).

Glycerol and ethylene glycol can only be used to distinguish expandable from non-
cxpandable layers and gives no evidence of the amount or magnitude of the layer charge.
Smectite-group minerals and vermiculites tend to show opposite behaviour with ethylene glycol
and glyccrol solvation  Magnesium-saturated smectite-group minerals can form two-layer
complexes with ethylene glycol resulting in a first 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 minerals or low-charge vermiculites will have a two-layer complex giving a first order
reflection of 1.60 to 1 63 nm, whereas a high-charge vermiculite will form a one-layer complex
having basal spacings of 1.43 nm (Brindley 1966; Suquet et al. 1975). However, with Mg*'-
saturation and glycerol solvation, smectite group minerals generally display a two-layer complex
giving an increased basal spacing of between 1.77 to 1.80 nm. High-charge smectite-group
mincrals or vermiculite form a single layer complex with a spacing of between 1.40-1.43 nm
(Brindley 1966: Suquet et al. 1975).
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3.3.2 n-Alkylammonium lon Exchange

The n-alkylammonium ion exchange technique (Lagaly and Weiss 1969: 1970) has been
increasingly used as a technique to both characterize expandable 2.1 laver silicates in F'EM
(Ahn and Peacor 1986a; Bell 1986: Lee and Peacor 1985: Klimentidis and Mackannon 1986
Vali and Koster 1986; Vali et al. 1990, 1991, 1992a; Scars and Hesse 1992) and to determine
the layer charge density and estimate interlayer charge in XRID (Lagaly and Weiss 1969; 1 agaly
1979; Laird et al. 1988. 1989a; Marchs et al. 1989; Ghabru ¢t al 1989: Olis et al. 1990, Stanjch
et al. 1992). Inorganic ions within the interlayer space of 2-1 layer silicates may be exchanged
for the larger n-alkylammonium ions. The n-alkylammonium 1on-exchange techmgue employs
the quantitative relationship between layer charge density, shape and area (orientation) occupied
by the organic molecules and their effects on the basal spacings of the clay-organic compiex
(Weiss 1963; Lagaly and Weiss 1969; 1970). If expandable layer silicates such as smectites
and vermiculites are treated with aqueous solutions of n-alkylammonmum hydrochlorde of short
and long alkyl chains (n,=6 to n =18, with n_ being the number of carbon atoms per alkyl
chain), the inorganic ions (e.g. Na', Ca’', Mg’') are usually exchanged withn a few hours.
When the clay-alkylammonium complexes are cvaporated to dryness, there 15 a systematic
arrangement of the large organic anisometric ions between the interlayers which 1esults m a
definitive increase in the basal layer spacings. Thus, the exchange technique 1s a diagnostic 0ol
fur the characterization of clay minerals.

The interlayer charge density refers to the number of interlayer cations per O, (OH),,
and is not necessarily equivalent to the layer charge, which is the negative charge of the layer
per O,,(OH),. The arrangement and orientation of alkyl chains within the interlayer space is
a function of the ratic of the area occupied by flat-lying n-alkylammoniun 1ons (A)), and the
area available for each monovalent interlayer cation in the interlayer space, if the cations are
thought to be arranged in a monolayer, and is referred to as the equivalent arca (A) (Lagaly
and Weiss 1969) (Fig. 3.1). The area required for the flat lying cation (A ) 15 defined by the
equation;

A_=n(0.127X0.45) + 1.4 nm* ()
where n,. is the number of carbon atoms in the alkyl chain, 0.127 nm is the mercase in cham
length per carbon atom in trans-trans configuration, 045 nm is the shortest distance between

the chain axis estimated from the C-H distance and the van-der-Waals radii, and 1.4 nm? is the
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arca occupicd by the end groups. The equivalent area (A)) is defined by the equation;

A, = ab /2(xtytz) (2)
where a, and b, are the lattice constants (dimensions of the unit cell in a and b directions), and
(x+y+z) represents the charge density. When A_ is less than A, the alkylammonium ions
between the interlayers are arranged in monolayers, but are not close-packed. For short alkyl
chains (n =6 to n =9), the basal spacing is between 1.35 to 1.37 nm (Lagaly and Weiss 1969).
With increasing alkyl-chain length, the area A, of the ions increases and at A_ equal to A, the
monolayers become closely packed If A_ is greater than A, the ends of the alkyl chain would
extend beyond the monolayer.  However, beyord the threshold of A=A, (i.e. longer chain
lengths), a monolayer is rearranged into a bilayer (double layer) of flat lying alkylammonium
ions giving basal spacings between 1.75 to 1.77 nm (Lagaly et al. 1976). If A_is greater than
2A,, bilayers hecome unstable and because three layers of alkylammonium ions are energetically
unstable as a result of clectrical repulsion, further increases in alkyl-chain length causes the
chain to assume a pseudotrimolecular structure, which belongs to the class of kink isomers, and
gives a basal spacing of about 2.17 nm (Lagaly et al. 1976; Lagaly and Weiss 1975). It is
defined as pseudotrimolecular because it has the basal spacing of three alkyl chains but it is not
actually arranged in three layers. This relationship may be expressed as:

N.(0.127X0.45) + 1.4 = N(a_Xb )/ 2(x+y+z) 3)
where N=1 for the monolayer-bilayer transition, and N=2 for the bilayer-pseudotrimolecular
transition, and (a Xb,) is equal to 4.65 nm’ for dioctahedral minerals and 4.9 nm? for
trioctahedral minerals. When A_ is greater than 2A, or if the charge density of the mineral is
very high, the alkyl-chains form a "paraffin-type" structure (i.e. a tilting of the alkyl chain
against the silicate layer structure) in the interlayer space (Brindley and Ray 1964; Brindley
1965; Johns and Sen Gupta 1967; Lagaly and Weiss 1969). The tilting angle is given by

sin®@ = Od/1.26 )
where Qd is the change of basal spacings with change in n. and 0.126 nm is the change in
length of chain per c-atom.

If the layer charge is homogenous then the interlayer cation density should be the same

m cach interlayer and the transition from monolayer to bilayer, and from bilayer to
pscudotrimolecular spacing should occur sharply. i.e. at a critical chain length (n.). However,
smectites and tow charge vermiculites do not show a sharp transition, which is indicative of a

variable interlayer cation density. As a result of the variation of layer charge within and
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between interlayers (i.c. layer charge and chemical composition are heterogencous: T agaly and
Weiss 1976; Lagaly 1982). the transitions occur over a certam range of alky limmonium ions
of different chain length. This will result i the appearance of non-integral mtersuatitied
spacings on the XRD pattern (see Ohis et al 1990).

The procedure for n-alhylammonium exchange has been revised sevenal times to account
for some discrepancies in the packing density of alky l-chams in the mterlayer space of 2 1 layer
silicates. Studies have indicated that minor correction factors are required for the catical A for
small particle sizes (< 80 nm in diameter) after expansion of the mterlay er volume (1 agaly and
Weiss 1970; Stuhl and Mortier 1974; Lagaly ct ul. 1976: Lagaly 1981) to rcconcile small
displacements of the interlayer cations as the interlayer cations bound nein the edges of the
silicate layers may not occupy an entire equivalent surface (A) of the layer  TFhus, the
consequence is a slightly increased interlayer spacing. Laird et al. (1989a) also suggested an
empirical equation to reconcile differences in layer charges  determmed  from  the

alkylammonium-ion exchange technique with those calculated trom structural formulae.
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Fig. 3.1 Arrangements of alkylammonium 1ons in 2.1 «ilicate interlayers (after Lagaly and
Weiss 1969).
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CHAPTER 4.0 - REVIEW OF CLAY PREPARATION TECHNIQUES

A prerequisite to the characterization of mixed-layer 1/S is an understanding of artifacts
produced during sample preparation.  Various sample preparation procedures may account for
some of the discrepancies observed between different clay mineral investigations (e.g. Ransom
and Helgeson 1789). Chemical pretreatments, for example, have specific effects, and thus it
15 important to outline the changes in mineralogy that may result from their use, as well as the
ramifications 1f pretreatments are avoided.

Numcrous workers have emphasized the need for careful consideration of preparation
and pretreatment of clay mineral samples for all types of analyses (e.g. Harward et al. 1962;
Fenner 1966; Thorez 1975, 1985; Bish and Reynolds 1989). Whittig and Allardice (1986)
stressed the need for continued research into possible modifications and alterations of clay
minerals by mechamnical and chemical treatments especially with respect to XRD and TEM

studies. The kinds 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. After 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 differences, 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 Methods for Clay Minerals (Particle Size Separation Procedures):

General procedures for clay mineralogical analyses may be found in Jachson (1969),
Kunze 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 degree to which clay bearing samples must be physically and chemically treated
prior to analysis is dependent upon: (i) the objectives of the study; (ii) the methods of analysis,
(iin) the matenial being nvestigated: and (iv) instrument availability. Irrespective of the
objectives, the gentlest procedure for dispersion which will limit compositional and structural

changes should always be used.



To analyze clay minerals from soils, sediments and roch samples (1.e  non-consolidated
and consolidated or indurated samples). it is often necessary to isolate the clay minerals from
other non-clay crystalline and non-crystalline (crypto-crystalline and amorphous) materls, i.c.
quartz, feldspar, zeolites, carbonates. gypsum, pyrite, wwon oxides, aluminum oxides, organic
matter, and concentrate them. Although clay mincral separation and purification may be
accomplished through centrifugation and chemical pretreatment, care is required  during,
centrifugation and sample preparation to prevent contamination from coarser particles.  Specific
species of clay minerals may cxist in well-defined size fractions or in a relatively wide range
of particle sizes, and thus fractionation into various sizes is essential. Size fractionation also
has the potential advantage of eliminating contaminant phases.  In the past, this has been
accomplished through physical and/or chemical procedures. Whereas contaminant phases may
exist in concentrations below the detection limit of the XRD, the TEM may be used to assess
the purity of individual fractions.

An important consideration is the degree and type of bonding between clay crystallites.
In soils and sediments, cementation of clay minerals may be the result of crystal growth of
carbonates or iron oxides, or clay aggregates may form from amorphous coatings ol organic and
inorganic material. Clay aggregates may also form as a result of high-layer charges with some
non-ionic bonds between particles (Norrish and Tiller 1976)  In argillaccous rochs, clay
minerals can form bonds as a result of compaction and crystal growth  Thus, the goal in
separation is the complete disintegration of samples into their primary constituent panticles.
However, mineral separation procedures by their very nature destroy the primary sample fabric

and texture and thus, in the end, may not represent an "in situ" or "natural clay system”
(Brewster 1980).

4.2 Comminution

As a result of the increased difficulties in disaggregating indurated or lithificd materials,
Fenner (1966) argued that structural, genetic or diagenetic implications may be casily attributed
to samples which do not warrant them. While there is no preferred method for the
disintegration or crushing of soils and sediments, the ideal method for the isolation of diagenetic
minerals is one that will not cause excessive abrasion or fragmentation of discrete particles.

Ultrasonic vibration using high-powered ultrasonic probe or ultrasonic bath is the preferred
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method over crushing (i.e. mortar and pestle or percussion mortar), or rubbing and grinding
(mechanical stirrer and automatic grinding, rolling or shaking machines)(see Bish and Reynolds
1989). ‘There is broad consensus that mechanical disaggregation applying prolonged shaking
does not result in true particle size distribution but rather an accumulation of mechanically
abraded and fragmented clay-sized particles. Physical disaggregation is best achieved through
impact rather than grinding methods. Crushing and/or grinding with pestle and monar can
break or alter the original clay particles. Exccssive dry grinding may result in phase changes
and crystal strain, and even in the production of X-ray amorphous material. Consequences of
these actions may be line broadening of X-ray peaks and increased background-to-peak ratios
(Moore and Reynolds 1989),

The energy released in ultrasonic wvibration breaks the bonds between individual
particles, causing dispersion (Adams and Stewart 1969). Ultrasonic vibration is effectively used
for two purposes: disaggregation and dispersion. However, as Gee and Bauder (1986) have
noted, no standard 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 to undesired temperatures (Pusch 1966, Halma 1969). Gipson (1962) reported that
ultrasonic vibration preferentially abraded cleavable minerals 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-layer vermiculite-biotite) with exposure to ultrasonic vibration.

4.3 Chenical Pretreatment

According to 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, (i) the alteration of
the clay material itself by the chemical treatment, or (iii) some unknown combination of these
factors.

To aid in separation of the fine and ultrafine-particle size of the clay aggregates,
chemical pretreatments and peptizers are often used to disaggregate clay particles, to remove
coatings and cements, and to promote the stability of dispersions of constituent clay separates.

Contaminant phases as coatings or films on clay minerals may act as a cementing agent binding
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individval clay particles together into larger aggregates. Thores (1985) compared X-ray data
of soil and clay minerals from weathering, diagenetic and marine environments prepared with
distilled water and without chemical trestments and contrasted them  wiath ses enteen
"conventional" chemical pretreatments. He concluded that there were three major modifications
and/or alterations resulting from chemical pretreatrment: (1) an increase in the amount of” stable
well-crystallized minerals, with the loss of labile and fragile mined-layers, (2) the occurrence
of new mineral phases such as vermiculite and/or smectite, and the trmstormation ot some
mixed-layer I/S into vermiculite or secondary chlorite, and (3) the increase in expandable layers

in mixed-layer I/S and/or the transformation of smectite 1nto a chloritic structure,

4.3.1 Organic Matter

Organic matter may be present as a coating or film on clay particles and may act as a
cementing agent binding clay particles into aggregates. Initially this coating makes samples
more difficult to disaggregate, but after the particles are in suspension it can increase the
stability of the suspension (Emerson 1971). Organic matter may also be present in the
interlayer space of expandable minerals and prevent expansion in solvation experiments.
Organic matter may produce a high background/peak ratio in XRD by increasing the intensity
of the Compton-modified scattering (Cullity 1978) resulting in broad dilfraction peaks.

Oxidation and removal of organic matter can be achieved with the following treatments’
hydrogen peroxide, hydrochloric acid, Na,EDTA, sodium hypochloritc (Anderson 1963, Mikhail
and Briner 1978), sodium permanganate-oxalic acid (Diimmler and Schroeder 1965), sodium
hydroxide in methanol and benzene (Farington and Quinn 1971), bromine and  sodium
carbonate (Mitchell and Smith 1974), sodium hypobromite (Trocll 1976), carbon disulphide and
ethanol (de Lange 1976)and low temperature ashing (Gluskoter 1965: Price and lenkins  1980).

The most widely used among these treatments for organic-matier removal s sl
hydrogen peroxide. However, hydrogen peroxide has been shown to cause degradation or
dissolution of lattice components in clay mincrals and in Fe- and Mn-oxides (Laveulich and
Wiens 1970; Thorez 1985). Other reported effects include, exfoliation (reduction in particle
size) of mica or illite (Drosdoff and Miles 1938; Protz and St. Amaud 1964), vermiculitization
or smectitization of chlorite (Thorez 1985), modification of clay expandability (Perez-Rodrigucs.

and Wilson 1969), the formation of calcium oxalate trihydrate or calcium oxalate monohydrate
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if calcium -bearing minerals 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 peroxide treatment caused small degradation in peak intensity in vermiculite
and bentonite phases. The use of HC1 and Na,EDTA would incompletely remove organic
material from the interlayer spaces and prevent expansion with ethylene glycol or glycerol
(Perez-Rodriguez and Wilson 1969). van Langeveld et al. (1978) compared the effectiveness
of the various procedures for removing organic matter and suggested that all treatments alter
or modify clay mineral expandability, but that even the most effective method left about 20%

of the non-carbonate carbon.

4.3.2 Inorganic and Amorphous Material

Iron oxides and hydroxides occur in clay samples as coatings and discrete particles,
including hematite, goethite and various iron-manganese compounds, which represent
interlayered materials. Because 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 K, radiation which in turn fluoresces and emuits 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 minerals
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 K, X-rays from fluorescent X-radiation, and this eliminates most of the background
from Fe minerals.

The removal of Fe oxides aids in dispersion of the inorganic components which is often
cssential for effective particle size separation. Mehra and Jackson (1960) suggested a sodium
dithionite citrate solution buffered with sodium bicarbonate (SDCSB) for the solubilization of
Fe oxides (as well as calcite and phosphates) (Jackson 1969). Ferric iron is reduced with
sodium dithionite and the ferrous iron is complexed with sodium citrate. Sodium dithionite

citrate solutions dissolve some silicon and aluminum and may attack the clay mineral structure
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(Newman and Brown 1987). SDCSB alters biotite to a vermiculite-like mineral as a result of
the removal of K, Mg and Fe due to the chelating action of citrate (Douglas 1967: Sawhney
1960). This could result in the misidentification and overestimation of vermiculite in a sample.
Other effects include increased expandability in mixed-layer 2:1 minerals and the extraction ot
iron from micas and nontronite (Thorez 1975; 1985).

The removal of carbonates aids in casier size fractionation. Retention of carbonates can
prevent clay dispersion and create scatter in XRD resulting in poor dittracion profiles.
Removal of carbonates can be achieved through the use of HC1, EDTA or heating with acetic
acid buffered to pH 5 with sodium acetate (Grim et al. 1937; Jurik 1964; Ellingboe and Wilson
1964). The use of HCI results not only in release of Ca and Mg which can be preferentially
exchanged for interlayer cations in the clay minerals and which may interfere with cation
exchange capacity and elemental analyses (Carroll 1959; Eslinger and Pevear 1988), but will
also leach Al, Fe and Mg ions from the clay lattice structure (Mathers et al. 1955). Cook
(1992) demonstrated that nontronite treated with NaOAc will extract exchangeable K from
smectites. However, it should be noted that with these two treatments, difterences in the XRD
patterns were negligible, although peak intensity was diminished (Mathers ct al. 1955; Cook
1992).  Ethylene-dinitrilotetra-acetic acid (EDTA) is proposed as an alternative method to
remove carbonates (Bodine and Fernald 1973). However, the EDTA amion can leach iron,
barium, strontium and magnesium from the octahedral layers of chlorites and some smectite
minerals, especially hectorite and saponite (Starkey et al. 1984). Jackson (1969) sugpested,
however, to use acetic acid with a sodium acetate buffer of pH=5.

Other chemical pretreatments include the use of alkaline solutions to remove amorphous
compounds of silica, alumina and alumino-silicates from clay samples. Amorphous components
in clay fractions can prevent the characterization of the layer silicates by XRD by acting as
coatings and films on clay particles as well as cementing agents (Follet ¢t al. 1965a, 1965b;
Chichester et al. 1969). Dudas and Harward (1971) showed that the use of sodium hydroxide
or potassium hydroxide resulted in the removal of interlayer compounds in clay mincrals, and
induced alteration of biotite. Acid ammonium oxalate solutions have been used to dissolve
amorphous materials. Additional modifications include the increase of expandable layers in
mixed-layer I/S and the vermiculitization of chlorite and mica (Thorez 1985). Other rcagents
include Na,CO, (Follet et al. 1965b) which may be effective in dissolving free Si and Al

compounds, but again may remove these elements from the clay lattice.
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4.3.3 Peptizers and Dispersion

Clay mincrals, 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
peptizers (or dispersants) on clay minerals because colloidal systems are not investigated in this
study. The terminology used follows van Olphen (1977; 1987).

Aggregation describes the coalescence of several multilayer particles as well as the
degree of layer stacking in a single particle. Flocculation (or coagulation) denotes particles
which stick together upon collision in loose agglomerates (or flocs) and sediment under gravity.
Van Olphen (1977) distinguished edge to face (EF) and edge to edge (EE) association as
flocculation, and face to face (FF) association as aggregation. The reversal or restoration of the
original dispersion of individual particles is referred to as deflocculation, peptization or
stabilization. It is important to keep in mind that disaggregation and peptization are not
concomitant phenomena (Juhasz 1990).

Particle size separation can only be achieved if the individual components in a clay
suspension are stable. The stability of a clay colloidal system is a function of the mineralogical,
chemical, and concentration characteristics inherent in the system. Clay particles which are
dispersed in deionized water are classified as lyophobic colloidal systems. In natural clay
suspensions there is a tendency for clay particles to flocculate to minimize Gibbs’ interfacial
cnergy. Van 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 force of all the atoms of one particle and all atoms of another particle.
However, an additional complication for clay suspensions is a result of the distinct morphology
of clay minerals which contain faces and edges. The electric double layer and the van der
Waals' forces 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 flocculation
through van der Waal’s attractive forces (for further details see van Olphen 1987).

The <2-pm size fraction of soils and sediments is frequently in a coagulated state which
requires further dispersion, as particles smaller than 2 um 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 distribution in the sediment during formation in
situ, regardless of the method of dispersion.

To achieve a stable clay suspension, excess electrolytes must be removed.  This can be
accomplished through washing, either by centrifugation, ultracentrifugation, ultiatiliration o1
dialysis (Jackson 1969: van Olphen 1977; Schramm and Kwak 1980). However, this procedure
may not achieve the desired result as other factors play an important role, as noted i previous
sections. The addition of a peptizer may also be required to promote dispersion (Jachson 1969
Moore and Reynolds 1989). The advantage of using peptizers to maintam suspension is the
greater ease with which larger amounts of fine particle separates are obtained 1t is possible to
disperse clay minerals without removal of electrolytes by simply increasing the amount of the
peptizer. Even after the removal of cementing agents and the addition of peptizers, complete
dispersion may not be achieved if the pH of the suspension is cither too acidic or basic (Prots
and St. Amaud 1964).

There are no universally accepted peptizers, as different octahedral cations are exposed
and different cations adsorbed on the clay face, and the complexing ability of amons is
dependent on the type of cation. Thus, the composition of the clay mineral determines the type
of peptizer used. Generally, the peptizers suggested for dispersing clay minerals include
sodium pyrophosphate, sodium hexametaphosphate, and sodium carbonate (Jackson 1969).

To achieve a stable clay suspensions in which to separate different clay-size fractions,
it is necessary to reverse the edge charge of the clay particles (van Olphen 1987). Anions of
an appropriate peptizer are chemisorbed to broken clay particle cdges where they form
complexes with the exposed cations of the octahedral sheet. Reversal of the cdge charges thus
eliminates flocculation and creates a sufficient charge level to prevent attraction by van der
Waals’ forces. This eliminates EF and EE particle associations. The dispersive behaviour of
peptizers, such as sodium hexametaphosphate and sodium pyrophosphate may result from their
replacement of exchangeable cations and the formation of soluble undissociated complexes with
the various cations (Tyner 1939; Hatch and Rice 1938).

As stated in previous sections, the addition of any chemical reagent changes the
properties of the clay system, and peptizers such as sodium hexametaphosphate are not different
in this respect. Sodium hexametaphosphate (NaPO,),, will not disperse all clay mincrals (c.g.
kaolinite). There is still controversy over the use of "Calgon" as a peptizer (Yaalon 1976

Veneman 1977). Calgon is a polymer of 15-30 PO, groups, and in solution contains
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pyrophosphate and orthophosphate (Whitehouse and Jeftrey 1955). Treatment with Na-EDTA
has been shown to result in the partial exchange of interlayer cations (Thorez 1985). Harward
ct al. (1962) demonstrated that there is an increase in the ability of expansion or collapse of 2:1
layer silicates after dispersion trcatments. The phosphate ion may complex with saturating
cations resulting in the appearance of additional XRD reflections (cf. Lindgreen and Hansen
1991). Omueti and Lavkulich (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 sample. Thus, it has been suggested 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). In addition, peptizers such as sodium hexametaphosphate are
chemisorbed on clay faces or edges and may result in erroneous interpretation in the SEM
(Robert 1987 as cited by Malla 1987, p.35).

Thus, any operation, be it physical or chemical, which proinotes disaggregation at low
sodium concentration can have a beneficial effect on the dispersive quality of a clay suspension
(Juhasz 1990), but itis suggested that sodium pyrophosphate and sodium metaphosphate should
only be used as a peptizer when performing particle size analyses, as was originally intended.
These peptizers should not be used indiscriminately for dispersing clay minerals (Fenner 1966;
Percz-Rodriguez  1969; Thorez 1975; 1985; Omueti and Lavkulich 1988).
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CHAPTER 5.0 - Matcrials and Methods

8.1 Characteristics of Samples

Samples for this investigation were taken from drill core and well cuttings of the LO.E.-
Shell-B.A. Reindeer D-27 discovery well curated at the core repository of the Institute for
Sedimentary and Petroleum Geology (1.S.P.G.) of the Geological Survey of Canada (G.S.C)),
Calgary, Alberta. Composite samples from cuttings were combined by weight at SO-ft intervals
(Ko 1992). Criteria for sample selection were: (1) the amount of” sample material aviilable tor
a given depth, (2) depth of the sample and (3) the closeness to sample depths for winch bulk
chemical analyses were available from Ko (1992). Initially. drill core samples were available
from a depth of 2985 t0 9561 ft and composite well cuttings from 6150-6200 it to 12550-12600
ft, but as material was also being used for other investigations (Ko 1992), sample material tfrom
some depths became exhausted and no longer available for this project'”.  As samples were
prepared for multiple analytical purposes, but specifically for isotopic analyses (Rb-Sr, K-Ar),
the overriding constraint on sample preparation and scparation techniues was to mininize
modification or alteration of the original material, cspecially to loss o gain of interlayer cations
by sample pretreatment (scc Chapter 4). Composite well cuttings were gencrally chosen at 1000
ft intervals from an initial depth of 6650-6700 to 12550-12600 ft, with two core samples located
at 2945 and 4800 ft. Additional sample depths were chosen where abundant material was
available, regardless of other criteria. Drill core samples had a characteristic greyish-brown
colour, with a fairly uniform grain size. Most well cuttings consisted of claystone and
mudstone, with a fairly uniform clay size fraction, although some samples were mudstones with
clay and silt-size fractions. There were some problems in choosing composite samples from

depths of 9250-9300 fi 10 9750-9800 fi because of the high silt content of the shale matcrial.
5.2 Sample Preparation
To eliminate other detrital minerals and contaminant phases, c.g quartz, feldspar, micas,

kaolinite, chlorite, organic matter, etc., I/S mixed layers were isolated and concentrated by

separation of the fine size fractions, where these minerals arc most abundant (Johns and

) The original depths of the samples were delineated in feet, and are retained throughout this
thesis to avoid artifacts that might be introduced by converting to meters.
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Kursweill 1979; Brewster 1980). Kittrick and Hope (1963) stated that X-ray diffraction (XRD)
studies seldom reveal clay minerals in the <0.08-um fraction that are not found in the 0.08-0.2

pm fraction. However, the hypothesis for the 1sotopic analyses originally planned for this study
was that the ultrafine fractions inay represent a neoformed component. The <0.1 um and <0.05

pm size fractions were considered the ideal fractions to isolate mixed-layer I/S. In particular,
it was thought that I/S of the <0.05-um size fraction might be the neoformed component,

whereas detrital I/S would occur in the coarser fractions (Morton 1985; Ko 1992; Sears and
Hesse 1992; cf. Ohr et al. 1991).

5.2.1 Clay Separation and Centrifugation

Separation of clay minerals from composite shale well cuttings required approximately
100 g (90-120 g) of sample material. Composite samples were passed through 150 mm and
1.14 mm sieves to achieve a relatively uniform cutting size and to eliminate larger and finer
cuttings which may give contamination from cavings or drilling mud (Ko pers. comm. 1990)
These samples were then hand-picked to further remove extraneous material (i.e. drilling mud,
iron-oxides, sulphides, carbonaceous material) and coarser-grained clastic sediments (e.g. silt-
and sandstones) and other rock fragments (black and white chert). Following this procedure,
well cuttings were thoroughly washed (three times) through agitation and decanting in deionized
water in an attempt to remove contamination from drilling mud (see Dypvik 1981). In the
process, samples were transferred to 250 mL centrifuge bottles and filled with approximately
150 ml. fresh, deionized water. Deionized ultrapure water was produced by the Millipore™
Milli-Q water-purification system consisting of reverse osmosis, organic scavenging, and ion
exchange cartridges in the McGill University Geochemical Laboratory. The drill core was
scrubbed in deionized water to remove possible contamination from drilling mud, broken into
smaller fragments to fit the opening of the 250 mL centrifuge bottles, which were filled with
150 ml. of deionized water. Ideally, the central parts of the core should be sampled while
avoiding material near the edges, in order to minimize drilling mud contamination (see Barefoot
and Van Elsberg 1975; Ko 1992). However, due to the limited amount of core material
available, this was not possible. The drill core and well cutting samples were disaggregated by
placing the centrifuge bottles into 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 cuttings. This procedure was repeated until most of the cuttings were
reduced to their constituent particles (up to 2 hrs for more consolidated samples, i.c. usually
deeper samples). The suspended material was transterred into 2 L bottles which were filled
with additional deionized water. Alternatively. centrifuge bottles contammg well cuttings were
rolled gently on mechanical rollers overnight to disintegrate the cuttings to their constituent clay
particles.  Again, the material was then transferred to 2 L bottles which were filled with
approximately 150 ml deionized water. If flocculation occwred after sedmment agatation, the
suspensions were cleaned of excess clectrolytes either by washing  through  repeated
centrifugation and washing or dialysis until effective particle dispersion was achieved. As there
is still limited standardization between different clay laboratories, an attempt was made to
minimize chemical pretreatment (see Chapter 4). Peptizers were not used to induce dispersion
of clay-sized particles. Perusal of the available Itterature showed that conventional clay
separation techniques often include chemical pretreatments and peptizers (e Jackson 1969,
Moore and Reynolds 1989) for removal of Fe-oxides, organic material, carbonates, amorphous
material, and dispersion, respectively. However, all of these pretreatments will modify the clay
minerals, especially their expandability as shown by the work of Johns and Kuor.weill (1979),
Thorez (1985) and this study.

The <2.0 um size fraction (equivalent spherical diameter or e.s.d ) was collected by
sedimentation in water using Stokes’ law for the calculation of settling times (Jachson 1969).
The procedure was repeated 3 to 5 times to ensure the complete collection of this fraction.

The 0.05-0.1 pm and <0.05 pum clay separates were obtained using a Soval SS-1 table-
top centrifuge with a fixed angle rotor and 250 mL centrifuge bottles (Dr. John Morton writ
comm. 1990). Clay suspensions were decanted after cach run into 2 L. bottles, additional <2 0

pm clay suspension was added and resuspended through mechanical agitation. This procedure

was performed from 6 to 8 times per sample to ensurc the complete collection of these ultirafine
clay separates. No ultrasonic vibration was used to resuspend sediments between centrifuge

runs.
5.2.2 Chenical Pretreatment

To assess possible structural changes induced as artifacts in mixed-layer 1/S as a

consequence of chemical pretreatments, selected clay suspensions were split into halves (approx
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50 g clay cach), one dispersed in deionized water only, the other treated with a 10% sodium
hexametaphosphate for 1improved  dispersion (10 ml of 10% [NaPO,], per 2000 mL clay

suspension)  The clay fractions were then collected following the procedures outlined above.

5.3 Reduction of Water Volume

Fractionation of clay scparates requires large volumes of water. To reduce these
amounts of water and at the same time, to minimize the loss of ultrafine clays, many benign
procedures were atiempted  before  frecze drying. The first attempt was to use the Millipore
membranc-filtration system, which 1s the same procedure as that for creating oriented XRD
slides.  As the smallest filter size available had a pore size of 0.1 pm, there was an initial large
loss m the <0 1 gun fraction untit the clay separates clogged the pore space. The procedure was
also very time consuming to collect upwards of 300 mg of clay separates. The second
procedure atempted was to ficeze the clay suspensions and then allowed to thaw, which
resulted in clay floceulation (Laird et al 1991). The excess water was decanted and the clay
fraction collected and subsequently freeze-dried. However, often the finest fractions were lost.
The third and most cfficacious (although again very time consuming) method was to freeze-dry
the large volume of very dilute solution as collected without intermediate water reduction steps.
Dilute suspensions were lyophilized ina Labeonco 6 L freeze-dryer, model 77530-01 at -55°C
and & vacuum of between 10-20 microtorr.  As the lvophilization process is dependent on the
surface arca and thickness of samples, the condenser temperature and vacuum, and the melting
temperature and  solute  concentration of the clay suspension, approximately 2L of clay
suspensions were divided into four S00 mL wide-mouth polyethylene containers. These samples
required approximately 1-1/2 to 2 weeks to sublimate all the water. One disadvantage to this
method s that it concentrates any remaining electrolytes which may be adsorbed to clay
smfaces (see Chapter 4).  This will have a deleterious effect on the lyophilized clay particles
by increasing locculation potential.  Freeze-dried samples were stored in plastic vials with snap-

lids under normal laboratory humidity conditions (50-60% R.H.).

54 Preparation of n-Alkylammonium Hydrochloride

Octylamine hydrochloride (n=8) and dodecylamine hydrochloridle (N.=12) were
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obtained from Dr. G. John Ross (Agticulture Canada, Ottawa) and were prepated and punitied
from their respective amines by the procedure outlined by Tagaly and Weiss (1969) and
modified by Riihhiche and Kolder (1981)  Additional octylamine hydrochlonde (N, 8) and
octadecylamine hydrochloride (N, =18) wete chosen  for charactenizmg  the expandable
components because of their commercial availability from Fastman Kodak Organie Chemeals,
Rochester. New York: these chemicals are distributed by Fisher Scientific and need oot be
synthesized from their respective amines.  They were used as received  However, as Ol et al
(1990) noted, n=12 is preferrable to n =18 because of dilticulties m the exchange eaction due
to stearic hindrance in expanding the nterlayer and difficulties i washing the samples
Alkylammonium hydrochloride solutions were prepated as requued and these solutions
were stored at 65°C and renewed every 3-4 months  The concentiations lor the sespectine

alkylammonium hydrochlorides are given n Table 1 as calculated by Lagaly and Weiss (1969)

Table 1. Concentrations of Alkylammomum Hydiochlonde

Chain Length Molecular Weight Molarity Grams/100 ml.

(C H,,.,NH,'HCI)
6 137.66 2 275
7 151.68 0.5 76
8 165.71 0.5 81
9 179.73 0.5 910
10 193.76 0.1 2.0
11 207 79 0.1 21
12 221.82 0.1 22
13 235.84 0.1 24
14 249 .87 0.1 25
15 263.89 0.1 26
16 277.92 005 14
17 291.95 0.05 14
18 305.98 0.05 1S

The concentrations of the organic salts were varied according to then solubihity in wate
Alkylammonium-ion solutions of the required molarity were prepared by dissolving a weighted
amount of the n-alkylamonium hydrochloride in delonized water preheated to 65°C Higher
chain lengths are less soluble and were dissolved in water over a period of twenty-four hours

in an oven at 65°C.
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5.5 XRD Preparation (Post-Treatment)

Oriented samples for X-ray diffraction (XRD) analysis were prepared from 12-15 mg
of freese-dried clay separates in 5 ml of deionized water using a modified version of the
membranc-filter transfer method of Drever (1973; modified by Pollastro 1982). The Millipore™
filter was retained and mounted on a glass slide with dilute white glue. Some samples
containing highly expandable clays required up to 1 hr of vacuum-suction before all material
was transferred to the filter (sec Bish and Reynolds 1989). This approach is justified on the
basis that the fine and ultra-fine particles of the clay separates are of fairly uniform size and
thus there is limited particle-size segregation  Filters were initially eluted with 5 ml deionized
waler to remove possible chemical contaminants from the manufacturing process and from
possible subsequent contamination during handling.  For samples exchanged with n-
alkylammonium 1ons prior to embedding m Spurr VCD resin (see below), slides were made by
dispersing the organic-clay complexes in an 85:15 ethanol:methanol mixture and evaporating
them to dryness. Other seclected samples were saturated with Mg* for determination of
expandability following the method of Moore and Reynolds (1989). Following the transfer of
the clay matenal 1o the Millipore™ filter, 5 mL of 0.1M MgCl was suctioned through the clay
cake. This was followed by 5 mL of 50-50 mixture of 85°15 ethanol:methanol and deionized
water to remove excess chloride anions  All samples were air-dried and stored under humidity-
controlled conditions (R H 50-60%) and solvated with ethylene glycol by the vapour pressure
method at 60°C for 24 hrs, except for the samples exchanged with n-alkylammonium ions.
Immediately tollowing cthylene-glycol solvation, the samples were transferred to the X-ray
diffractometer  Selected samples were solvated with ethylene-glycol for 72 hrs to compare the
result with specimens treated for 24 hr. No changes were apparent.

Glycerol solvation was performed by placing a few drops of glycerol on the Mg*-
saturated clay cake and carefully smearing it over the entire clay surface. The slide was
transferred to a desiccator containing glycerol which was placed in the oven at 60°C for 48 hrs.
Before XRD, the mounts were allowed to equilibrate to room temperature and the excess

glycerol removed by caretully placing a tissue over the clay surface.
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5.6 n-Alkylammonium Exchange and Sample Preparation

Two preparation methods using n-alky lammonium ions were used on freeze-dried clay
material. Clay samples were treated with n-alkylammomum 1ons (Vali and Kaster 1986) (i)
prior to XRD analysis and HRTEM imaging. and (ii) after embedding in a low-viscosity resin
and ultrathin sectioning (Vali and Hesse 1990). Vali and Hesse (1992b) reported no visible
differences in the layer structure of particles of phlogopite and vermiculite between the two
preparation techniques

Selected clay samples were saturated with n-alkylammonium ons  tollowing  the
procedure of Riihlicke and Kohler (1981). Appronimately 50 mg of freesze-dricd clay separate
were weighed and placed into 35 mL heavy-duty glass centnifuge test tubes with serew caps
Approximately 5 mL of the appropnate n-alkylammonm ion (n =8 and n_ -18) was added to
the tubes, closed and shaken vigorously for a few minutes to suspend the clay matenal
Samples were incubated in an oven at 65°C for 48 hrs, and periodically agitated 10 1esuspend
the material. The suspensions were then transferred to polypropylene centrifuge tubes with snap
caps and centrifuged for approximately 3 hrs at 10,000 rpm  The supernatant was decanted and
replaced with 5 mL of fresh aliquot of the appropriate alkylammonium solution, vigorously
agitated and transferred back to the glass tubes. The samples were mcubated at 65°C for an
additional 48 hrs. Following the incubation, the samples were tiansferred 1o the polypropylene
tubes and 1-2 mL of 85:15 ethanol:methanol was added The samples were agam centrifuged
for approximately 3-4 hrs, the supernatant decanted, then replaced with 5 ml of the
ethanol:methanol mixture. This washing procedure was repeated 6 times to ensure the removal
of excess alkylammonium chloride. After the final wash was performed, 1-2 ml. of cthanol was
added and the clay material resuspended by mechanical agitation  The suspensions were
transferred to 51 x 51 mm glass shdes with disposable polyethylene pipettes and the ethanol was
allowed to evaporate. Afier the samples were air dried, they were placed n a freese-dryer and
subjected to a high vacuum of between 10 to 20 microtorr for 12 hrs  The slides were kept
in vacuum until X-rayed

During test runs for this procedure, 1t was discovered that there may be an interaction
between n-alkylammonium and the polypropylene microtest tubes  Alkylammomum solutions
stored in glass flasks with yellow polyethylene caps lcached the colour from the caps.

Subsequently, solutions were stored in glass flasks with glass stoppers and heavy-duty 50 ml,
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glass test tubes with screw-caps, containing rubber insets were used. To minimize alteration
of expandable layers in mixed-layer I/S, the procedure of Riihlicke 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 Embedding Procedures For HRTEM

Freeze-dried clay material was embedded in a low viscosity (60 centipoises) thermally-
curing epoxy resin (Spurr 1969) following a modified procedure of Lee et al. (1975) and Vali
and Koster (1986). Low viscosity is required for attaining complete impregnation, preventing
the formation of gas vesicles and achieving parallel orientation of the layer silicates during
sedimentation in the uncured resin (Marcks et al. 1989). In addition, strong bonding at the clay
mineral/resin interface prevents their removal from the cured blocks during ultrathin-sectioning.
Prisma Universal Bond (manufactured by Dentsply International, Milford, Delaware; available
in Canada through Henry Schein Inc, 151 Carlingview Drive, Suite 5 Rexdale, Ontario M9W
584), a dentin‘enamel bonding agent for dental applications, was used as an embedding
medium. It is cured with high-intensity blue ultra-violet light.

The components for Spurr VCD resin are extremely toxic (mutanogenic and
carcinogenic) and were carcfully mixed under a fume hood using rubber gloves in the following
mass quantities;

I - Flexibilizer: Diglycidyl ether of polypropylene glycol

(DER 736: 6 units)

2 - Epoxy Resmn: Vinylcyclohexene dioxide
(ERL 4206: 10 units)

3 - Hardener: Nonenyl succinic anhydride
(NSA: 26 units)

4 - Cure accelerator: Dimethylaminoethanol
(DMAE S-1: 0.4 units)

(The components for the Spurr VCD resin are manufactured by Polyscience, Inc.
Warrington, Pennslyvanin» 18976-2590 and are available in Canada as a complete low viscosity
resin kit from 1.B. EM Services Inc., Mail: P.O. Box 693, Pointe-Claire-Dorval, Quebec, HOR
488 - Office: 4280 rue Serre, St. Laurent, Quebec H4T 1A6: Order No. JBS #052 ). The
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hardness of the embedding block is controlled by the amount of diglycedyl cther of propylene
glycol. Lee et al. (1975) suggested 5 units mixed with the other reagents in the above
proportions were optimal.

Two methods of impregnation and infiltration of the freeze-diicd clay matetial with
Spurr resin were tested. The first involved a five-day procedure involving slow mfiltration ind
impregnation with intermediate solutions of Spurr resin (Vali and Koster 1986). The second
was to immerse the clay material immediately in pure Spurr resin.  The five day embedding
method is a procedure allowing slow, complete dehydration, impregnation and filtration of the
clay material by the resin. Ten grams of clay separates were placed v 1.5 ml. Eppendorf
microtest tubes with snap caps and dehydrated by adding | ml. propylene oxide (stored under
refrigeration) equilibrated at room temperature under a fume hood  I'he caps were closed and
test tubes were agitated by placing them in a mechanical rolling machine  Care must be taken
to dehydrate the samples and to avoid excessive exposure to mossture as the embedding medium
may not polymerize completely. Propylene oxide is also used as an intermediate solvent that
allows rapid infiltration of the clay material by the Spurr resin. After two hours, the microtest
tubes were centrifuged and the propylene oxide was decanted and fresh propylene oxide added
and left for 24 hrs. On the second day, following the decanting of propylene oxide, | ml. of
a 20/80 mixture of epoxy resin and propylene oxide, respectively, was added to the microtest
tubes, the caps closed and the microtest tubes shaken until all the clay material was dispersed.
The samples were attached to a single-speed rotary shaker overnight  Day three, the microtest
tubes were centrifuged and the 20/80 resim/propylenc oxide mixture was removed and replaced
by a 50/50 mixiure. The same procedure was followed as ontlined above  This was tollowed
on days four and five by an 80/20 mixture and then the final infiltration of 100% cpoxy resn,
respectively. Prior to the addition of 100% resin and after centrifuging and decanting, the
microtest tubes were put in the freeze-drier overnight to evaporate any remammmg propylene
oxide. The epoxy resin/clay mixtures were transferred to the silicone rubber flat ecmbedding
molds with an Eppendorf pipette or disposable polycthylene pipettes and polymerized in an
oven at 70°C for 24 hrs. This slow curing allows the clays to orient themselves with ther a-b
plane parallel to the bottom of the cast. Generally, curing 1s complete within 8 hrs, but curing
time can be reduced either by increasing the temperature or through additional accelerator
(Spurr 1969).

The second method for embedding clay material using Spurr resin was to impregnate
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the samples in 100% resin immediately after treating with propylene oxide, without the
intermediate steps of resin/propylene oxide infiltration. After immersing the clay material in
the resin, the microtest tubes were agitated for 24 hrs on the mechanical roller to ensure
complete dispersion and then transferred 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
manufacturer. To test the efficacy of using the Prisma Bond as an embedding medium, 10 g
of frecze-dried clay separates were placed 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
altemmative to embedding resins. The Prisma Universal Bond 3 is stable under the electron
becam. A disadvantage is that not all the clay minerals may have proper orientation due to rapid

curing.

5.8 Ultrathin-Section Preparation

From the embedded blocks of both untreated samples and samples treated with n-
alkylammonium-ions, ultrathin sections were cut with an LKB Ultrotome Il1I ultramicrotome
equipped with either a Diatome diamond knife or a glass knife. The procedure is to trim the
resin blocks with a razor blade normal to the a-b plane of the clay minerals 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 cut with the diamond knife. Ultrathin sections 70 to 100 nm thick
arc cut from this face, 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.
Selected 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-alkylammonium ions were transferred onto 300

mesh carbon or formvar substrate copper grids. The excess water was carefully removed with

blotter paper.
5.9 Ultrathin-Section Treatment With n-Alkylammonium lons

For clay separates not previously treated with n-alkylammonium ions, stable expansion
of expandable layers was achieved by n-alkylammonium treatment of the ultrathin sections (Vali
and Hesse 1990). For this purpose, the ultrathin sections on the center of copper clectron
microscope grids with formvar or carbon substrate were transferred to 1.5 ml. Eppendorl
microtest tubes containing 0.5 mL of an aqueous n-alkylammonium ion solution (n =8 and
n=18) with 30-40% of the concentration suggested by Lagaly et al. (1976) I'hc lids were
closed and then placed in an oven at 60°C for 15 min. The microtest tubes were carcfully
shaken (to avoid loss of ultrathin sections) every five minutes to ensure complete exchange with
n-alkylammonium ions. Afler removal from the microtest tubes, the grids were washed in
deionized water. Washing was performed by turning the microtest tubes upside down until the
grid settled to the cap. Then the microtest tube was carefully righted so the gnd remamed
inside the cap. The cap was opened, preheated water (65°C) was dropped into the cap using
a disposable pipette and the water carefully removed This procedure was performed a
minimum of 6 times. The grid was held by needle-point tweezers and the excess mixture of
n-alkylammonium solution and water remaining on the grids was removed by touching filter
paper to the upper edge of the grid. It is important not ‘o remove this excess water from
underneath as the water may be suctioned through the ultrathin section, removing the embedded
clay material.

This method requires extreme care. If the concentration of the alkylammonium
ions/deionized-water solution is too high, precipitation on the ultrathin-scctions results and

prevents imaging of the layer silicates.
5.10 XRD: Data Acquisition, Reduction and Treatment

To facilitate comparisons between samples, diffraction conditions and clay specimen

dimensions were kept constant to provide reproducible results. Sample length parallel to the
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X-ray beam was about 25 mm. A specimen length of 25 mm ensures that the reflection
position will not deviatc more than 0.02° 20 over the length scanned. XRD analysis was
performed on a Siemens D-5000 diffractometer (Cu K, radiation with a Ni-filter) at 40 kV and
20 mA, cquipped with a graphite-diffracted beain monochromator. The diffraction geometry
consisted of two diffracted-beam Soller slits of 1° width each, and 1° beam- and 0.05° (or 0.15°
for glycerol solvation) detector-slits. Samples were step-scanned by computer control from 2
to 40° 20 using a step-size of 0.01°20 and a counting time of | sec per step. Data acquisition
was controlled by the DIFFRAC/AT software program which incorporates a DACO-MP
programmmg card (Socabim, 9 bis villa du Bel-Air, 71250 Paris, France). The experimental
diffraction data were treated using the EVA2 graphics evaluation program which displays the
unprocessed X-ray diffraction patterns and facilitates data treatment, i.e. graphic representation,
smoothing, integration, fit, superimposition of scans, 20 peak determinations, background
subtraction, etc. The diffractograms are reduced hardcopies displayed by EVA2 and printed
using a Hewlett-Packard Paintlet. Layer proportions and ordering of mixed-layer I/S for the
different depths were determined from Mg?'-saturated, ethylene-glycol solvated samples. The
percentage of expandable layers in mixed-layer I/S was resolved by the A2© method of Moore
and Reynolds (1989), and ordering type (Reichweite) as defined by Reynolds and Hower (1970)
and Reynolds (1980) and was confirmed using NEWMOD. Layer proportions were determined
tfrom the difference (A) in XRD peak positions for the (001), ,/(002), , and (002), ,/(003), , peaks.
Additional information was acquired by comparing the experimental patterns with calculated
patterns generated by NEWMOD (version 2; Reynolds 1985). The calculated patterns of
NEWMOD were converted to DIFFRAC/AT files using the CVDAT utility program which
cnabled both the experimental and calculated profiles to be displayed by EVA2, facilitating

direct comparisons (J. Ko pers. comm. 1993).

S.11 High-Resolution Transmission Electron Microscope (HRTEM) Data Acquisition

Al ultramicrotomed samples were examined in bright field illumination at high-
resolution with a H:OL JEM-100 CX 11 TEM at 100 kV and with a point-to-point resolution
of 0.3 nm and a 40 pum objective aperture. The phase contrast of the lattice-fringe image taken
in the Scherzer defocus depends on the structure of the specimen and instrumental conditions

(Vali et al. 1991). The T'EM 1s equipped with a side-entry sample stage which can be tilted to
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‘ 30 or 60°. The magnification was between 20,000 to 100,000 to minimize beam damage to the

samples. In addition, the negatives were enlarged 2 or 6 times, depending on the image.




CHAPTER 6.0 - RESULTS

X-ray powder diffraction (XRD) and transmission electron microscopy (TEM) were
performed on 0.05-1.0 pym and <0.05 pm clay separates fractionated from shales with and
without the addition of sodium hexametaphosphate as a peptizer, and either solvated with
cthylene glycol or glycerol, or exchanged with an n-alkylammonium-ion solution. Comparison
between XRD and TEM results is possible because analyses were performed on dispersed and
size-fractionated materials, which is the conventional sample 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-1) conversion as well as the layer
structures or sequences of mixed-layer 1/S requires an a priori knowledge of the composition
of the precursor clay minerals deposited in a sedimentary basin. Detrital I/S may have
undergone illitization during an earlier burial cycle. Pollastro (1990) noted that expandability
and order type of I/S in a given sample may be heterogenous due to possible multiple origins
of the clay material, such as multiple source areas, detrital versus neoformed origins, recycling,
and weathering.  XRD studies give average results for all grains of a given species, even though
therc may be multiple origins for different populations of the same material. In addition, well
cuttings may introduce uncertainty in expandability measurements as contamination results from
caved material at shallower depths in the well or from a smectite-group component in drilling
mud.

The imttial purpose for clay separation was to isolate the 0.05-0.1 pm and a <0.05um
clay fractions for isotopic analyses, i.e. Rb-Sr and K-Ar analyses (in preparation). The reason
for collecting these particular size fractions was to concentrate the 1/S component while
reducing the amounts of other detrital and contaminant phases to minimum values. Implicit in
this procedure is the assumption that separation of the ultrafine fractions isolates a neoformed
clay (illite) from coarser-grained detrital illitic phases (Morton 1985; Ohr et al. 1991). To
establish a burial-diagenetic trend in the S-1 conversion, it is essential to eliminate the detrital

material, otherwise any inherent diagenetic trends such as mineral alteration or neoformation
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may be overwhelmed by the detrital signal. This is an inherent problem with all size fractions
> 0.1 pm.

The separation of a diagenetic component for isotopic analyses thus imposed a set of
criteria or conditions on the clay fractionation procedures. The complete isolation of diagenctic
and detrital components in shale clay separates is much more difticult than in sandstones, where
diagenetic components are usually much finer-grained than the detrital materral (e.g. Licwig ot
al. 1987). As a result of the size similarities between diagenctic and detrital clays, sample
contamination remains a significant and consequential problem for determining burial diagenetic
trends. An aim of the clay mineral fractionation process was to assess the etficacy of collecting
a <0.05 pum fraction without aggressive chemical pretreatments, ultrasound or extensive
mechanical agitation (Dr. Norbert Clauer, pers. comm. 1991; Dr. James Aronson, written comm.
1992). As outlined in Chapter 4, the effects of chemical and ultrasonic treatment on the
chemistry and structure of clay minerals is not well understood. and published results are often
contradictory.

Initial attempts at disaggregation and clay separation without chemical pretreatment
began with 6 well cutting samples, each weighing approximately 20 gm. Samples were rolled
in polypropylene bottles overnight, until the cuttings were reduced to their constituent particles.
Dispersion was attempted by removing excess electrolytes through centrifugation, decanting of
the supernatant and replacing with fresh deionized water. However, all 6 samples flocculated
within a few hours. The pH of the deionized water was measured and found to be acidic
Extensive dialysis was performed and dispersion was improved The < 2 pm fraction was
sedimented by dispersing in large quantities of water. As a dircct result of the difficulty in
maintaining dispersion, additional samples were treated with a IN Na-EDTA solution followed
by dialysis. However, dispersion was not significantly improved.

An attempt was made to use the continuous-flow Sharples T-1 Supercentnfuge to collect
and concentrate the <0.05-um clay fraction and to remove contaminating phases, hecause 1t was
thought that a conventional table-top centrifuge was insufficient to gencrate the acceleration
required to sediment the <0.05-um fraction from suspension. The supercentrifuge was chosen
as the best and quickest means to achieve the separation of the uitrafine clay particles because
of its high-speed operation (i.e. 50,000 rpm in contrast to a maximum of 8,000 to 10,000 rpm
for the Sorvall SS-3 table-top centrifuge). Proper size fractionation is attained through the

variation of flow rate and input nozzle diameter. However, the use of the supercentnfuge
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proved unsuccessful due 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 problem results from the initial small sample mass of less than 25 g. Other
difficultics with the supercentrifuge included excessive amounts of water required for small
sample 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
reccommended with the supercentrifuge to achieve best results (Jackson 1969; Whittig and
Allardice 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
decided 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 D-27 well
and the associated results suggested that the separation of ultrafine material was possible
without chemical pretreatments. However, the results implied that larger quantities of initial
shalc material were required to obtain satisfactory amounts of clay separates, i.e. 80-125 mg.

In addition, a Labconco freeze-dryer, a Sorvall SS-3 table-top centrifuge with an angle
rotor and a top speed of 6500 to 8500 rpm and a Barnstead water deionizing system were
acquired and installed. Following the procedure outlined in Chapter 5, sufficient quantities of
0.05-0.1 pm (100-200 mg) and <0.05-um (125-300 mg) of clay separates were obtained
principally for Rb-Sr and K-Ar analyses, and any remaining material was used in XRD and

HRTEM in order to characterize the nature of the material.

6.1.1 Physical Nature of Clay Separates

Treatments to remove hydrocarbons from the clay-sized separates were not employed
(c.g. Lindgreen and Hansen 1991). During the <0.05 um clay mineral separation (but not
during the 1.0-0.05 pm 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 finest fractions compared to the coarser
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ones. The 0.05-0.1 um fractions were generally darh brown bece w general retention
of organic material, whereas the <0.05 pm fraction was tan to beize.  The samples fractionated
with the addition of a sodium hexametaphosphate solution were consistently lighter in colour
than their untreated counterparts, usually being light beige to white.  After freesze-drying, the
untreated samples were fluffy whereas the treated samples were generally more powdery and

compacted (see Section 6.4 for TEM description).

6.2 Terminology

The descriptive terms and clay mineral nomenclature used for the XRD results of this
thesis generally follow Brown (1984), AIPEA recommendations (Bailey 1980, 1982; Bailey ct
al. 1982) and the classic mixed-layer terminology established by Reynolds and Hower (1970)
and Reynolds (1980). However, the term "smectite” is avoided in preference to "smectite-group
phase" (Vali et al. 1993b). Without accurate chemical composition of the expanded phase,
accurate species identification is not possible. Both illitc and smectite-group minerals are
considered to have extensive variation in ionic substitutions and mterlayer charges (Lagaly
1979; Nadeau and Bain 1986; Meunier and Velde 1989; Rosenberg ct al. 1990; Aja ct al. 1991a,
1991b; Vali and Hesse 1990; Vali et al. 1991).

6.3 XRD Analyses

Samples from 20 depth levels in the Reindeer D-27 well were analyszed by XRD for
clay mineral composition, using the 0.05-0.1 pum and <0.05 pm size fractions that weie
subjected to various post-separation treatments, i.e. air-drying, ethylene glycol solvation, Mg’ -
saturation, glycerol solvation, and alkylammonium-ion exchange. As a result of the competing
requirements for the various analytical methods and the limited amounts of clay material
available, only between 12-15 mg of material could be assigned for XRD specimen mount.
Oriented clay specimens prepared for diffraction were infinitely thick with respeet to CuK
radiation for the scanning range of 2°-40°20, but were much shorter (25 mm) than the lateral
spread of the incident beam on the specimen for diffraction angles of less than about 12°260.
At low diffraction angles, the spread of the incident beam 15 greater than the extemt of the

sample and resulted in loss of reflection intensity. Since all the samples were subject to the
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same conditions, no corrections were performed.

Figures 6.1a,b and 6.2a,b represent sets of one-dimensional XRD profiles for selected
downhole depths from the Reindeer D-27 well. Figures 6.1a,b illustrate profiles of <0.05 um
and 0.05-1 0 pm size fractions separated without chemical pretreatment, whereas Figures 6.2a,b
represent the same fractions separated with the addition of sodium hexametaphosphate as a
peptizer.  ‘The four sets of patterns have been solvated with ethylene glycol to distinguish
hetween expandable (smectite-group phase) and non-expandable (illite) components in mixed-
layer 1/S, and exhibit similar depth-dependent trends (see section 6.3.2).

‘The unticated 0 05-0.1 pm and <0.05 pm diffraction profiles indicate that mixed-layer
I/S 1s the dominant mineral present in these size fractions, with illite increasing with depth.
However, strong reflection intensities of approximately 0.98 nm and 0 49 nm in the 4800 ft and
7650-7700 ft depth samples of the 0.05-0 I pum fraction are indicative of a component of
discrete illite  Also present in this fraction are reflections of approximately 0.72 nm and 0.355
nm mdicative of kaolinite or chlorite, depending on sample depth. Kaolinite was determined
in samples above 10800 i, whereas chlorite is indicated below 10800-10850 ft (Ko 1992). The
munor, broad reflections of kaolinite or chlorite were not displaced with ethylene glycol
solvation, and are farly broad, which indicates they were not significantly interstratified with

tlite on smeetnte (Lindgreen and Hansen 1991). Chlorite was also imaged in HRTEM.

6.3.1 Particle-Size Elfects

F'o eliminate or mimmize the presence of the detrital and contaminant phases such as
discrete illite. chlonte and haolmite in the clay separates, a <0.05 um fraction was separated
trom both the unticated and treated <0.1 pum fractions (Figs. 6.1a and 6.2a). Diffraction patterns
tor this <005 um fiaction (Fig 6.1a) show that, even in this size fraction, it is not
possible to completely chiminate these discrete mineral phases using only deionized water and
a centrifuge. However, the amount of discrete illite has been significantly reduced, but as is
evident in lattice fringe images this phase is never completely removed.

As a consequence of size fractionation, there are other distinct changes in the XRD
patterns between the two untreated size fractions, which may only be partially explained by the
particle size effect (g 6 lab). Comparison between untreated 0.05-1 0 um and <0.05 pum

fractions teveals nunor cifterences which include diminished peak intensity, increased peak
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Fig 6.1 XRD patterns of untreated ethylene glycol-solvated samples: (a) <0.05, and (b) <0.05-
0.1 pm size fractions. Lines designate the locations of the 00/ reflections for pure
smectite (long) and illite (short).
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Fig. 6 2 XRD pattems of sodium hexametaphosphate-treated, ethylene glycol-solvated samples:
(a) <0.05, and (b) <0.05-0.1 um size fractions. Lines designate the locations of the
00/ reflections for pure smectite (long) and illite (short).
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breadths, and slight displacements of 20 angle peak positions in the finer fractions. Howewver,
background intensity remains approximately the same. The 4800 and 7650-7700 ft depth
samples for example. exhibit diminished intensity of the (001), /(002),, peak mdicating a
significant reduction in the contribution from a discrete illite component (compare Figs. 6. 1a
and b). This reflection appears as a broad plateau that extends towards higher 26 angles when
compared with profiles of the 0.05-1.0 pum fractions. In the deeper samples, the (001), /(00 1),,
peak is generally stronger in this finer fraction. The (002),,/(003),, and (003), ,/(005),, pcaks
have relatively the same position, but intensity in the finer fracthon was dimvnished  wath
increased broadening  An exception is the 12500-12550 ft depth sample, for which the 0 05-1.0
pum fraction exhibits diminished intensity, whereas the <0.05 pm fraction displays a totally
degraded pattern (1g. 6 lab).

In general. the effect of decreasing particle size in the untreated diffiaction patterns s
monifested by slight peak displacements, mainly the (001), /(002), ; peak as a wsult of a
decreased discrete illite component, with significant diminished mtensity and increased  peak

broadness.
6.3.2 Effects of Sodium Hexametaphosphate Treatment

Although samples were prepared following identical procedures with the excepnon of
the addition of sodium hexametaphosphate as a peptizer, comparison between the untreated and
treated 0.05-1.0 um size-fraction profiles are relatively congruent, such that ncarly identical
values for percent cxpandability (£ 10%) and ordering could be obtamed (cf Figs. 6 Ib and
6.2b). A treated 0 05-1 0 um fraction for 4800 ft was unavailable. Replicate sample mounts
gave identical results. Visible but mconsistent differences occur with reflections in the lower
20 angle regions which display slight displacements in 20 reflection position, peak broadening
and diminished intensity. The most significant difference was the loss of the (002), /(003),,
reflection. resulting 1n a broad peak of 0.50 nm.

Differences arc mote readily apparent when comparing the patterns for unticated (1.
6.1a) and treated (Fig. 6.2a) <0 05 pm fractions  With the exeeption of the 4800 it depth
sample, the intermediate and deep treated samples all show extusive displacements of the 26
reflections, and marked increase in peak breadths and diminished peak intensity. It is ot

possible to accurately assess the positions of the (001),,/(002),, or the (002), ,/(003),, peiks
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in order to apply the & 26 method to evaluate the amount of expandable component. However,
with the possible exception of the 12500-12550 ft depth sample, it is still possible to determine
the Rcichweite values. ‘The diffraction profile for the treated 12500-12550 ft sample is totally
degraded.

Mecasured peak breadths for the (002),,/(003),, reflection could not be made on the
treated samples and crystallite thickness values cannot be determined. Some XRD patterns of
the treated samples for the <0.05 pm fraction give the impression that layer silicate minerals
arc not present, ¢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 00/ diffraction series of dispersed mixed-layer I/S, and that the minerals are not reconstituted

into coherent X-ray scattering domains after air drying,

6.3.3 <0.05 um Untreated, Mg>*-Saturated and Ethylene-Glycol Solvated Fractions

The <<0.05 pm size fractions were Mg”'-saturated to achieve homoionic interlayer
occupancy and subsequent uniform expansion of all expandable layers. They were then
solvated with ethylene glycol to determine the percent expandable component and ordering. As
a consequence of the apparent discrepancy between untreated and treated samples, the treated
samples could not be used to determine the layer proportions.

The Mg’ -saturated ethylene-glycol solvated profiles show that mixed-layer I/S is the
dominant mineral with a systematic increase in the illite component with depth (Fig. 6.3). The
non-expanded .omponent increases from 24% at 4800 ft (core) to 43% at 6650-6700 ft
(cuttings), and 53% at 7650-7700 fi, all with random (R0) interlayering. Samples from 8650-
8700 ft and 9650-9700 ft have 65% and 71% non-expandable component, respectively, and
show R! ordering. The 10650-10700 ft sample displays an apparent decrease to 67% non-
expandable material with Rl-ordering. The 11650-1 1700 ft and 126550-12600 ft samples have
shght increases in non-expandability to 78% and 82%%, respectively, with R>1 ordering. Using
a greater number of samples, Ko (1992) was able to recognize a significant discontinuity in the
mineralogy between 9800 to 10800 ft, which s not as readily apparent from the 8 samples
presented here. The ovenll trend, however, is one of a systematic decrease in expandability

and a change from RO to Rl to a depth of 9800 ft. Below this depth, a sudden increase in

65




expandability occurs with R1 ordering, then the systematic decrease in expandability continues
to about 20%, with R>1 ordering, in accordance with Ko (1992). which remams constant to
12500-12600 ft.

A determination of the expandable component was not made with air-dried specimens,
as RH could not be strictly controlled. Eberl et al. (1987) demonstrated that air-dned Mg~
saturated samples gave different amounts of expandability as compared to therr cthylene-glycol
counterparts. Howevwer, results of Lindgreen and Hansen (1991) displayed better agreement

between the two methods and suggested that RH was a dominant tactor

6.3.4 Simulated Patterns

Layer proportions were determined using the A2© method, whereas the Reichweite or
ordering value and the amount of detrital illite were obtained with the aid ot the NEWMOD
program. Figures 6.4 ab,c represent three examples of the correlations between experimental
and simulated patterns from different depths and Reichweite values  Any sample could have
been chosen, with the possible exception of the 8700-8750 ft ssample which displayed stightly
broader peaks. Simulated and experimental patterns exhibit apparent congruence, except for the
intensity values, which are much stronger in the simulated profiles. Clearly the experimental
and calculated ethylene-glycol solvated patterns indicate a two-component system  From
numerous studies which model X-ray diffraction patterns of mixed-layer I/S, Drits and "F'choubar
(1990) assert that its not essential to obtain a perfect match between simulated and experimental
values for the positions, profiles and relative intensities of the reflections because of the larpe
number of parameters influencing the pattems. However, for a semi-quantitative estimate of
the proportions of the expandable components, the results appear rcliable.  The simulated
profiles suggest that the <0.05 pm clay fraction consisted almost entircly of I/S, with a minimal
contribution from detrital mica. As well, the layer proportion values compare favourably to
those estimated by Ko (1992) for the <0.] *‘m size fraction using an alternative method for

determining expandability.
6.3.5 <0.05 gm Untreated, Mg''-Saturated and Glycerol Solvated

Smectite-group layers in mixed-layer I/S were identified in untreated, Mg’ -saturated
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Fig. 6.3 Experimental XRD patterns of Mg*'-saturated cthylenc-glycol solvated samples from
the Reindeer D-27 well. Percentage values are for non-cxpandable component
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and cthylene-glycol solvated samples by di,, spacings of 1.6-1.71 nm. It is apparent that some
high-charge smectite group or vermiculite component may also expand to more than 1.6 nm on
cthylenc glycol solvation (MacEwan and Wilson 1980) resulting in misidentification of a
smectite-group component. Ideally, after Mg?'-saturation and glycerol solvation, a low-charged
smectite will expand to about 1.8 nm. whereas a high-charged smectite-group mineral or
vermiculite 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 mineral 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-layer complexes in the random I/S structures and predominantly
as one-layer complexes in ordered I/S structures (cf. Biihmann 1992, figs. 3, 6, 7).

The XRD profiles of the glycerol solvated sample from 4800 ft clearly show a two-layer
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 response to glycerol. The 6650-6700 ft and 7650-7700 ft depth samples have a very
broad reflection at about 5.2 20 and a series of broad overlapping reflections between 15° to
30" 2@. These broad reflections are characteristic of one- and two-layer complexes which may
indicate an additional high-charge expandable component of 1.5-1.6 nm. However, Laird et al.
(1991) showed XRD profiles for ultrafine fractions (<0 09 to <0.02 pm size fractions), which
are inferred to be random mixed-layer I/S structures, but which failed to display reflections from
an illite component (see their fig. 2), but the higher 20 angle reflections are very similar to the
random patterns presented here.

The intermediatc and deep Mg '-saturated, ethylene-glycol and glycerol solvated samples
display similarities in the low angle peaks. The positions of the two reflections between 7° and
10° 20 are farly coincident, suggesting a trend towards a one-layer glycerol complex and an
increased abundance in the high-charged smectite-group or vermiculite component. The
reflections at 7° 20 in the 11650-11700 ft and 12550-12600 ft are very broad and thus, the 0.98

nm component is more intense. It is important to note that the 0.98 nm illitic peak is more
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intense for all glycerol solvated samples than in ethylene-glycol solvated samples. although this
may be the result of the weakening and broadening of the reflection at 7° 20.

The reflections between 15° to 30° 20 for all Rl and R>1 mined layers (as determined
from ethylene-glycol solvated samples) are not congruent with a two-component /S system for
glycerol solvation. It was suggested by Lindgreen and Hansen (1991) that low-charge smectite-
group layers could be similuated using (001)=1.78 nm (A(001) of smectte-group layers n
glycerol solvated samples) and ethylene glycol between the layers It was concluded that the
error in using ethylene glycol instead of glycerol in the simulation was assumed to be small,
as the scattering ability of organic compounds is low compared to the scattering ability of the
2:1 silicate layer and the interlayer cations. This may be an mcorrect assumption.

There were some similarities between the experimental and calculated profiles (not
shown) for low 20 angle reflections but not for reflections between 15° to 30" 20, Ths
suggests that a high-charge expandable component is present in the mixed-layer I/S. ‘The
proportions of each component cannot be determined, however, without three-component
modeling.

An additional complexity that must be commented on at this time is the presence of
high-background from the possible adsorption of organic maternial on the clay material (Fig. 6.6)
The organic material which was removed during the <0.05-pm clay separation procedure has
a diffraction profile indicated by a broad reflection between 12° and 24° 260 This broad
reflection was not apparent in the diffraction patterns of the cthylene-glycol solvated samples
but may influence the position of the reflections in the glycerol solvated samples. ‘This broad
reflection tends to overlap the reflections in the diffraction profiles of the glycerol solvated

samples.
6.3.6 Alkylammonium-Ion (n.=8 and n=18) Exchanged /S

The alkylammonium-ion exchange technique has principally been used to determine the
layer-charge density (and to deducc layer charge) of expandable clay minerals in soils and
sediments. This has enabled the distinction between tra, sitional 2:1 silicate layers such as low-
charged smectite-group, high-charged smectite-group mu. rals and low-charged vermiculite
(Senkayi et al. 1985; Malla and Douglas 1987b; Laird ct al. 1988a; Ghabru ¢t al  1989; Stanjyck

et al. 1992). Recently, the method has been used to distinguish between high-charged
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vermiculitc and expandable illite, and to determine the layer structure of rectorite minerals
(Lagaly 1979; Laird ct al. 1989a; Valiet al. 1991). As the method only measures the interlayer
charge generated by adjacent layers, the proportions of differently charged interlayer spaces
cannot be directly obtamed by this technique (Lagaly 1979) Vali et al. (1991) also stressed that
the true structure and composition of individual component 2:1 silicate layers of a mixed-layer
I-S cannot be determined. However, the method can be used to qualitatively characterize the
different expandable components in I/S as they change with burial depth.

The <0.05 um size fraction from three sample depths, shallow (4800 ft, RO),
intermediate (8700-8750 ft, R1) and deep (12500-12550 ft, R>1), fractionated without chemical
treatment and treated with sodiums hexametaphosphate solution were investigated. Each set of
samples (untreated and treated) was exchanged with solutions of octylammonium (n.=%) and
octadecylammonium (n, =18) ions, resulting in two sets of XRD patterns for each sample depth
(Figs. 6 7ab, 6.8a,b and 6.9 a,b). In addition, the air-dried and
cthylene-glycol solvated patterns are shown to facilitate comparison with n=8 and n.=18
profiles.

Ideally, octylammonium ions (n.=8) have a monolayer arrangement in discrete low-
charge smectite-group minerals (q <-0.46 per half unit cell) giving a basal spacing of 1.3-1.4
nm  They have a bilayer arrangement in high-charge smectite-group minerals or vermiculite
(q = -0.45 to -0 70 per half unit cell) with a basal spacing of 1.7-2.0 nm (Lagaly and Weiss
1969). Octylammonium ions will not expand very high-charged components (q > -0.8) such
as sllite or muscovite.

Ideally, octadecylammonium ions (n=18) would have a bilayer arrangement in a
smectite-group  mineral giving a basal spacing of 1.7-2.0 nm whereas high-charge smectite-
group and low-charge vermiculite minerals would have a pseudotrimolecular or paraffin-type
arrangement of octadecylammonium ions giving a basal spacing of 2.2-2.6 nm (Lagaly and
Weiss 1909, Lagaly 1981, 1982: Senkayi et al. 1985). High-charge vermicilite and expandable
illite would have a paraffin-type arrangement of the octadecylammonium ions for a layer charge
of at least 0 75 per half unit cell giving a basal spacing of about 2.9-3.5 nm (Maclntosh et al.
1971 lagaly 1982 Laird ct al. 1987; Vali et al. 1991).  High-charge vermiculite can be
differentiated  from expandable itlite because it will expand with n=8. whereas expandable illite
will not (1aird et al. 1989: Vali et al. 1991; Vali et al. 1992).
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4800 ft depth sample

The untreated 4800 ft sample shows the predominance of a low-charge smectite-group
component indicated by the presence of the 1.37 nm reflection after n =8 exchange (Fig 6.70)
This broad peak may mask the presence of a discrete high-charge non-expanded compounent,
i.e. analogous to the air-dried specimen. The reflection of O 334-0.335 nm m then, 8 samples
is almost coincident with the (003), /(005),, peak of the cthylene-glycol solvated samples and
is present in the untreated samples of other depths (Figs 6.7a, 6.8a and 6 9a).  This peak and
the broad peak around 0.46-0.47 nm suggest a composite peah consisting of higher-oder
reflections of 1.8, 1.37, and 1.0 nm first-order reflections FThe absence of a reflecion at 1.8-2.1
nm indicates that either a discrete mgh-charge expandable component is not present on that it
did not respond in a consistent manner to n =8.

The XRD pattern of the treated 4800 ft sample exchanged with n -8 15 dentical 1o the
untreated sample with the addition of a nearly integral set of reflections of 2.4 am and O 84 nm
(Fig. 6.7b). This suggests two possibilitics; (i) an Rl-ordered structure (double layers of two
2:1 silicate layers coordinated by a K interlayer with expandable interfaces) comisting of a 1 0
nm non-expandable component with a 14-1.5 nm low-charge expandable mterface, o (ir)
coherent domains of a high-charge smectite-group or vermiculite component  wilh @
pseudotrimolecular arrangement of the alkyl-chains in the interlayer space.

The diffraction pattern of the untreated 4800 ft sample exchanged with n, 18 displays
fairly broad peaks with the exception that some of the high-charge layers have expanded to 2 2-
2.4 nm (Fig. 6.7a). A low-charge smectite-group component is indicated by an increase m the
basal spacing to between 1.73-200 nm. A set of integral reflections  of approxamately
3.51/1.75)/1.16 nm may be ; «vi, but duc to overlapping reflections cannot be decaphered.
The 1.0 nm peak characteristic of non-expanded illitc is most likely contamed within the broad
plateau at 1.16 nm (Fig 6.7a). The reflection at 3.51 nm is uncxpected at this depth and may
correspond to one of two, or perhaps both, possibilitics. (1) an RI-ordered structuie consisting
of a 1.0 nm non-expandable component and a 2.5 nm high-charged cxpandable component,
giving rise to a 3.5 nm reflection. Lagaly (1979) demonstrated that an R1-ordered structure,

i.e. rectorite, after exchange with n,;=18 had first-order reflections of between 33 to 34 nm
(his fig. 3). (i) The second possibility is the 3.51 nm reflection may be an RO-structure
consisting of a non-expanded 1.0 nm component and an expanded 2.5 nm component: with an

intermediate interlayer charge density and a pseudoparaffin-type arringement of octadecylammoniam
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Fig. 6.4 Simulated and experimental XRD patterns indicating percentage of the non-expandable
component for: (a) 4800 ft, (b) 9650-9700 ft, and (c) 11650-11700 fi. (c/s - counts
per second).
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Fig. 6.5 Experimental XRD patterns of Mg -saturated glyercol solvated samples from the
Reindeer D-27 well.
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Fig. 6.6 Experimental XRD pattern from 9650-9700 ft of organic matcrial removed from
supernatant after the <0.05 um fractionation.
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1ons. ‘This may be an expandable illite of detrital origin.

i he XRDD patterns of the sodium hexametaphosphate treated 4800 ft sample exchanged
with n, 18 display additional peaks that are difficult to correlate because of low-angle scatter
and peak overlap  Reflections. however do not appear to be integral, but a number of peaks in

the XRD pattern, ¢ g 1.26, 1,12, 0.91, and 0 76 nm, are also present in deeper samp'es.

8700-8750 ft depth sample

Ihe XRD pattern of the untrcated 8700-8750 ft sample exchanged with n-=8 is very
similar to the 4800 ft sample, except the first-order reflection iz shified to slightly higher 2©
angles (Fig. 6 8a). ‘The 1.24 nm reflection indicates the presence of a low-charge smectite-
group component and may mask a 1 0 nm non-expanded component of illite (e g. similar to air-
dried 1/S pattern)  As no reflection at 1.7-2 0 nm was present i the diffraction pattern, a high-
charge expandable component did not expand in a consistent manner with n =38 or the reflection
1s masked by low-angle scattering. The Mg’ '-saturated ethylene-glycol solvated pattern clearly
showed an R1-ordered structure

The XRD patterns of the sodium hexametaphosphate-treated 8700-8750 and 12500-
12550 fi samples exchanged with n =8 display the same series of integral reflections of
approximately 2.5/1.25/0.843 nm (Figs. 6.8b and 6.9b) This mtegral series of reflections was
also present in the 4800 ft sample, except the broad peak of 1.34 nm masks the second-order
125 nm peak. In contrast to the 4800 fi sample, the diffraction patterns of the intermediate and
deep samples do not show reflections of their untreated counterparts. However, in the 8700-
8750 fi sample, the second-order peak of 1.25 nm of the treated sample overlaps the first-order
peah of 24 nm of the untreated sample.  Additional samples (not shown), intermediate
between  8700-8750 and 12500-12550 ft, also displayed approximately the same series of
integral reflections

The XRD pattern of the untreated 8700-8750 ft sample exchanged with n =18 revealed
two sets of approximately mtegral reflections: (i) 3.72/1 88/1.24/(0.93)/0.74/(0.62)/0.54 nm, and
(D) (51.9Y(25 9Y/17 3/1 28/1.04/(0.87)/0.74 nm (bracketed reflections not observed) (Fig. 6.8a).
These integral teflections are consistent with R1-and R3-ordered structures. respectively. The
Rl-ordered layer structure would consist of a non-expanded component of 1.0 nm and an
expandable component of 2.7 nm having an intermediate to high interlayer charge density and

a paraftin-type arrangement of octadecylammonium ions. This would result in a total thickness
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of 3.72 nm, and the 1 88. 1 24, 0.74 nm reflections would be the second-, thud- and fifth-order
reflections of such a sttuctwe.  The second series of integral teflecaons, which was also present
in the 12500-12550 ft sample. suggests reflections trom an R3-ardered superstiuctine with a
first-order reflection of 5 19 nm  Lhis sequence would consist of three non-expanded Lavcrs ol
30 nm and an expanded layer wath a thichness of 2 1-2 2 nm which may conespond to an
intermediate  mterlayer  charge  density  with a pseudoparatiin-hike  atrangement ot the
octadecylammonium 1ons  The 1.73. 128 and | 04 nm reflections would be the thud-, fourth-,
and fifth-order reflections of such a superstructure 1t s important to note, that i ditfraction
patterns of samples mtermediate (not shown) between 8700-8750 ttand 12500 12550 (1, the tust
set of integral peaks diminishes with depth

The XRD pattern of the sodium hexametaphosphate ticated  8700-87500 ft sample
exchanged with n =18 reveals increased complexities (Fig. 6 8b) due to peak overlap It
appears however, that two scts of approxmmately mtegral reflections e present (1)
4.04/(2.03)/1.36/1.02/0.81 nm, and (ii) (4 46)/(2 23)/146/1 12/0 91/0 76/0 65 nm (bracketed
reflections are not obscived) (Fig. 6 8b) Inaccuracies are probably duc to peak overlap  These
assumptions can be made because two sets of integral reflections are present m the untrcated
sample, and the second set of reflections 15 also displayed in the 12500-12550 1 sample as very
sharp, non-overlapping integral reflections.  The first set of reflections may be the Ri-ordered
structuic of the untreated sample which has been displaced in the ticated sample  The fist-
order reflection of 3 72 nm of the untreated sample is displaced to a lower 269 angle i the
treated sample giving a fitst-order 1cflection of 4 05 nm  The sccond set of actlections may
correspond to the R3-ordered structure of the untreated sample  Fhe fist-order reflection ol
approximately 5.2 nm m the untreated sample has been displaced to a lugher 26 angle m the

treated sample giving a first-order reflection of approximately 4.46 nm

12500-12550 ft depth sample

The XRD diffraction pattern of the 12500-12550 ft sample exchanged with i, 8 15
characterized by a biroad peak of 1 14 nm, which 1s close to the 0 nm peak of e Cagan
similar to the air-dried sample) (Fig. 6.92) ‘The diffraction pattern 15 similar to the 4800 and
8700-8750 ft samples with the first-order reflection shifting to higher 26 angles with depth
There is no ndication of a high-charge expandable component of 1.7-1 8 nm in the XRD

pattern.
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Fhe Diffraction pattern of the treated 12500-12550 ft sample (Fig 6.9b) was discussed
with the tricated 8700-8750 {1 sample

The diffracton pattern of the untreated 12500-12550 ft sample exchanged with n =18
(Fig 6 9a) showed a simpler pattern than the 8700-8750 ft sample (Fig. 6.8a). It displayed only
two relatively sharp peahs at 1 73 and 1.04 nm, which are similar to the second set of integral
reflections displayed in the 8700-8750 ft sample and would be the third- and fifth-order
reflections of an R3-ordered structure (this structure has been explained with the 83700-8750 ft
sample) 1t is suggested that the mtermediate and deep samples consist of similar components.
There 15 no indication of a strong component from domains containing expandable 1llite, which
would give a first-order 1eflection at 2 9-3 1 nm after n =18 exchange (Laird et al. 1989a; Vali
ctal. 1991 (Fig 69a)

‘The XRD pattern of the sodium hexametaphospate-treated  12500-12550 ft sample
exchanged with n - 18 has a series of integral peaks with a first-order reflection of 4.46 nm.
This mtegral series s (4 46)/2 23/1.49/1.12/0 89/0.75/0.64 nm (bracketed valies not observed)
(Iig. ¢.9h) Companison between the unticated (Fig 6 9a) and the treated (Fig 6 9b) samples
teveals few similarities  The small 0.45 nm peak 1s present in both samples, but the strong 1.73
and | 04 nm peaks of the untreated sample are not present in the treated sample. It is apparent
that the senies of mtegral peaks with a first-order reflection of 5.19 nm in the untreated sample
has been displaced to a higher 2© angle with a first-order reflection of 4.46 nm in the treated

sample

6.4 TEM of Freeze-Etch and Freeze-Dried Replicas

Freesze-cteh replicas can be used to view the surface microtopography of the clay
minerals as well as to detemmine particle dimensions.  Figure 6.10 is an HRTEM freeze-etch
ieplica of an unticated <0.05 pm size fraction from 11650-11700 ft depth. This untreated
sample  displays distinet aggregation of all the particles which makes individual particles
difticult to discein - The crystallites appear to be randomly superposed over one another,
resulting in loss of detanl and the appearance of irregular grain shapes. However, the majority
ol the graums in thiy size traction appear to be subhedral to anhedral equant particles with minor
amounts of urcgululy shaped particles  The anhedral nature of the particles may result from

particle fragmentation. which most likely occurred during disaggregation.
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Figure 6.11 1s an HRTEM image of a ficeze-drnied sample. An alternative technigque
was attempted to better isolate individual crystahites i order 1o observe the natne ol the grun
morphology and dimensions  The sample has been P-C shadowed at at an angle of 45, and
the darher arcas represent the shadows of the civstallites  The constallites exist i a randomly
connected 3-dimensional network and consequentdsy not all envstals ae deally onented  Simlar
to the ficese-cteh 1eplica howerer, there is a tendeney  for untreated - 005 pm sepatates to
aggregate during sample pepatation - Sharp-edged lath-hike and equant particies are visible (g
6.11, solid arrows). Towever. simila 1 the freeze-ctch image. erystalhtes ae superposed over
one another sometimes giving the appearance of mregular particke shapes

It is difficult to measure paticle dimensions m these images, but HRITEM Lttiee-tinge
images (next scction) generally suggest that the gran sizes me within the range predheted by

o0

the modified Stohe’s equation for centrifugal gravity setthng.
6.4.1 Lattice-Fringe Tmages

Samples fiom the same depths investigated by XRD were also imaged vsmg HR11M
Although only a limited number of images have been selected for this study, results age based
on hundreds of images taken and are representative of commonly obscived leatmes. 1t s
important to emphasize the difficulty m attempting to investigate and image ultiafine clay
mineral fiactions such as those studied here It was exacerbated by the limted quantity of
material, which prevented replicate analyses. Sample reproducibilty s difficult to achieve as
the large surface arca of the ultrafine-clay size particles make them chenmically reactive and very
fragile (when compared 1o the <0 1 pm size fractions)  In addhtion, the ultiafine size makes
measuremznt of the mtelayer spacings mmprecise, as the domams do not react consistently with
alkylammonium ions, and thus some assumptions had to he mcorporated from previous work

(Vali ct al. 1991: Vali et al 1992b) on coarser fractions.
6.4.1.1 Terminology

For the description of the layers or interlayers within clay particles observed in the
HRTEM after n-alkylammonmum ion exchange. the nomenclature of Vali et al (1991) 15

followed here. Particle is a general term apphied to all coherent units occurring m ultrathin-
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section  Identification and characterization of clay particles was based on the response of the
intertayers to alkylammonium 1ons of different cham lengths, The smallest clay particles
viewed i ultrathin section consisted of a single layer, whereas the largest particles in the
Beaufort-Meckenvzie matenial consisted of about cight to ten 2 | silicate layers 1t is misleading
however, to refer o the thickness of a single layer  As a result of many factors such as
varabibty in ‘TELM operating and imaging conditions as well as adsorption of morganic and
organmic material, single layers have variable thickness  Only sequences of layers with uniform
fayer spacing can be mieasured

Fhe term packet is used to describe a uniform sequence of parallel 2.1 silicate layers
which may have expandable or nonexpandable interlayers, or both. Thin coherent sequences
of non-expanded interlayers, consisting of three or more 2:1 layers after treatment with n.=18
are considered as illite  Expandable "illite" refers to coherent sequences of uniform layers with
mterlayers that expanded with n =18 but not with n =8 (Vali et al 1993b). This distinguishes
them fiom high-charged smectite-group or vermiculite phases which expand with both n.=8 and
n - 18  Low-chaige smectite-group phases may appear as single isolated 2:1 layer silicates or
as sequences wiath irregular layer spacing.  Higi-charge smeciite-group or vermiculite phases

appear as coherent sequences with uniform layer spacing

6.4.1.2 Focus Conditions

A continuing debate regarding HRTEM imaging concems the conditions of focus i.e.
structural (underfocus)  versus compositional (overfocus) imaging. This has significant
implications not only for the differentiation of smectite-group and illite layers or interlayers, but
also for the existence of ordered mixed-layer 1/S (e.g. Guthrie and Veblen 1989; Vebien et al.
1990, Ahn and Buseck 1990: Vali et al. 1991). Figures 6.12 and 6.13 are two lattice fringe
images of untreated, n, =18-exchanged clay samples from 4800 ft depth imaged under exactly
the same TEM operating conditions, except for a change in focus from underfocus (Scherzer
defocus) (Fig  6.12) to overfocus (Fig. 6.13). The images were taken within seconds of each
other.

Comparison between the two images reveals striking, fundamental differences in the
morphology and composition of the 2:1 layers present. As the 4800 ft depth specimen was

originally dispersed and separated from a moderately indurated shale, the expectation is that
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Fig. 6.7 Experimental XRD patterns from 4800 ft of air-dried, ethylene glycol solvated,
octylammonium-ion (n=8) exchanged and octadecylammonium-ion (n =18) exchanged:
() untreated, and (b) treated with sodium hexametaphosphate.
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Fig. 6.8 Experimental XRD patterns fron: 8700-8750 ft of air-dried, ethylene-glycol solvated,
octylammonium-ion (n.=8) exchanged and octadecylammonium-ion (n.=18) exchanged:
(a) un‘reated. and (b) treated with sodium hexametaphosphate.
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Fig. 6.9 Experimental XRD patterns from 12500-12520 ft of air-dried, ethylene glycol solvated,
octylammonium-ion (n.=8} exchanged and octadecylammonium-ion (n.=18) exchanged:
(a) untreated. and (b) treated with sodium hexametaphosphate.
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single layers of smectite will be present and observed. At approximate Scherzer defocus, dark
fringes overlie regions of relatively high-charge density, c.g. 21 lavers, and bright fringes
overlie regions of relatively low density, ¢ ¢ interlayers. The underfocus fattice-frimge image
(Fig. 6.12) reveals the presence of predominantly smgle cutved and wany 2.1 layers
characteristic of smectite-group phases (black arrows), isolated non-expanded double layers
(solid triangles) and packets of three 2.1 silicate layers with non-expanded  mterlayers
characteristic of 1llite (solid diamonds). The overfocus micrograph (Fig 6.13), however, weveals
the predominance of two 2:1 silicate layers with thicher packets of 2 1 sihicate lay ers with non-
expanded interlayers. The single layers obscrved in underfocus are replaced by two layers
overfocus (white arrows). It is important to reiterate that single layers are never observed in
any sample at overfocus conditions. As single layers of smectite-group phases e expected to
be present at certain depths (e.g. shallow depths) and since single layers are observed only at
the Scherzer defocus, it is concluded that this is the proper and correct imagimg condition to
study smectite-group and illite layers. Lattice fringe images in overfocus conditions do not
represent "real” layer images. The underfocus condition 1s i dircet contrast to Guthie and
Veblen (1989a, 1990) and Veblen et al. (1990) who used overfocus conditions to discern
compositional differences between smectite-group and illite interlayers  In addition, thewr
approach required the generation and usc of calculated images to correctly mteipret ordered
mixed-layer 1I/S.

These two images are cvidence that the Scherzer defocus m conjunction with
alkylammonium-ion exchange techniques enables a distinction to be made between smectite-
group phases and illitic material strictly on the basis of interlayer expansion and without the

need of employing image simulation.
6.4.1.3 Sample Impurities

XRD of untreated and treated 0.05-1.0 um cthylene-glycol solvated separates suggested
the presenice of a significant discrete 1llite (or mica) component m addition to mixed-tayer 1/S
This was also investigated using the HRTEM. The presence of discrete pachets of micaceous
material was clearly evident in the 0.05-1 0 um fractions of shallow depth samples. Micaceous
material usually occurred as thick packets contaming 10s of non-cxpanded interlayers

Figures 6.14 and 6.15 are lattice fringe tmages from 4800 ft depth of the 0.05-1 0 pm
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Fig. 6.10 TEM image of freeze-etch replica from 11650-11700 ft (sec text for discussion).
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Fig. 6.11 TEM image of freeze-dried replica from 11650-11700 ft. The shadowing is from the
bottom right corner to the upper left corner of the photograph (scc text for
discussion).
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Fig. 6.12 Lattice-fringe image from 4800 ft at Scherzer defocus or underfocus conditions (scee
text for discussion).
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Fig. 6.13 Same image as Fig. 6.12 except at overfocus conditions (see text for discussion)
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size fraction, untreated and exchanged with n =18. Figure 6.14 represents a lattice-fringe image
showing aggregated particles which exhibit coherent sequences of 2.1 layer silicates with non-
expanded interlayers, and coherent sequences of n, =18 expanded interlayvers having a uniform
spacing of approximately 2 4-2 5 nm thickness. Originally deposited detrital particles must have
consisted of thick sequences of non-expanded interlayers and thus, are here considered to be
micaceous 1t s very unlikely that neoformed tllite would attain such thicknesses at this shallow
depth - ‘The sohd arrow ndicates an arca characterized by frayed and wispy layers at the
termmation of a micaceous particle that appears to display dissolution of some of the layers
(Fig 6 14) 11 this mterpretation is true, this observation may have significant consequences for
the Beaufort-Mackenzie Basin, as the dissolution of detrital micaceous minerals would provide
a source (perhaps the only one) of K' for illite neoformation at depth. Figure 6.15 provides
additional evidence of the presence and apparent alteration of detrital mica  This image exhibits
coherent sequences of packets of expanded and non-expanded nterlayers, similar to the previous
miage  Tn addition, i the lower center of the image is a large simgle particle consisting of a
core of a thich sequence of non-expanded interlayers with expanded interlayers at the outer
margims (Fig 6 15, white artows)  This detrital micaceous particle is apparently undergoing
hagenetic alteiation of the interlayers similar to weathering (Vah et al 1992). Also present are
the fiayed and wispy layers at the termmation of the micaceous particle (Fig. 6 15, black arrow)
mdicative of layer dissolution that was present in the previous image. These different kinds of
alteration of detrital micaceous particles at shallow depths make it difficult to distinguish in
XRD analvsis between diagenetic processes of alteration. dissolution and crystallization or

neotormation of 1llite and thus would be perceived as a random ordered (RO) structures

6.4.2 Untreated and Treated Samples

As the <0 05 pum size fraction is expected to contain the least amount of impurities and
detrital material and the maximum amount of homogeneous neoformed material, it was used
to mvestigate the eftects of the addition of sodium hexametaphosphate as a peptizer on the

arrangement of lavers in I/S,

4800 ft sample depth

Ultrathin sections of clay separates from shallow depths display subtle but obvious

38



differences  between samples  without  treatment  and  with  the  addion ot sodium
hexametaphosphate (treated sample).  The prnepal difterences between the unteated  and
treated samples 15 the presence of aggregation and niegutar ouentation of the 2 1 sihicates tavers
and pachets in the untreated samples. especally the aggregatton ol some packets of non-
expanded micaccous particles  Fhe tricated  semple tends to display better dispersion, show g
better orientation ot the smectite-gioup lay ers with less tandom o1 wregular yanation i faver
spacing. [n addition. thete are more coherent sequences with unttormy spacing, increases i the
abundance of double layers and generally thinner packets of 21 siheate favers wath
nonexpanded mterlayers  Figures 6 16,6 17 and 6 18 are lattice Innge miages ot clay material
fiom 4800 ft which have been exchanged wath octy lammoniom wns (0, 8)  They awie typical
images for shallow depths  Figure 6 16 was fractonated withont treatment, wheteas Fagutes
617 and 6 18 represent itrages of samples fractionated with a sodmwm hexametaphosphate
solution.  All thtee 1mages are smular 1 appemance. and are chatactenized by domams of
smectite and 1llite (1) arcas of bent and wavy low-charged smectite-group mumerals appear as
single layers or as clusters or sequences of tayers with vanable o rregular layer spaciny (13
to 3.0 nm) (short arrows), (11) areas of coherent sequences of expanded gh-charged smectite
or vermiculite layers (2 0-24 nm) with a more uniform nterlayer spacing (fong anows), (1)
isolated double layers (solid triangles), and (1v) pachets of four o five 21 laver silicates wath
non-cxpanded interlayers and pachets with more than six 2 1 siheate layers with non-expanded
interlayers charactertstic of detrital micaccous mmerals (sohid diamonds)  Figure 6 16 displays
abundant non-oriented smgle layers (small artows), coherent wavy and curved seguences of
expanded interlayers (long arrows), mmor isolated double layers (sohd tnanglesy and packets
of four to five 2:1 layers with non-expanded mterlayers (sohd dramonds)  Figure 6 17 15 an
overview of a treated sample that displays the relative wavy and curved onentatton of the single
layers and coherent expandable sequences of low- and high-charged smcectites (o venmiculites),
respectively  Figure 6 18 15 a close-up of FFigure 6.17. which demonstiates that the thin packets
of three to four 2:1 sihcate laycers with non-expanded terlayers (sohd diamonds) are more
parallel and straighter as compared to the wavy, single and packets with expanded mterlayers
(long arrows) Double layers are rarely scen  Also visible s an aggiegate of three non-
expanded nterlayer packets with non-expanded basal surfaces or a smgle very thick micaceous
particle (A). This interpretation could not be confirmed without n, 18 exchange (see below)

As these are size-fractionated <amples, 1t is not possible to characterize the nterrelationship
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between the smectite-group minerals and the non-expandable packets as they would exist in situ,
but appear as random mixtures in fractionated samples.

Samples from the same depth exchanged with octadecylammonium 10ns (n. =18) display
similar features as the n,-8-exchanged samples. However, it is not possible to distinguish
between expanded vermicuhite and expanded illite at this depth, without examining the same
particles before and after treatment.  As with the n =8 exchanged samples, the treated sample
tends to show better dispersion and orientation of all the 2:1 silicate layers and packets, with
gencrally thinner packets of non-expanded interlayers. The high-charge smectite-group minerals
or vermiculite tend to have a slightly greater interlayer spacing at about 2.4-2.6 nm, but this
remains an approximation because of the very fine particle size and small coherent domain size.
In addition, treated samples display more coherent sequences of expanded interlayers with
uniform spacing in contrast to the untreated samples. Differences are more readily apparent in
XRD.

Figuies 6 19, 6.20 and 6.21 are another set of lattice fringe images from 4800 ft depth
exchanged with n =18. Figure 6 19 is an untreated sample and Figures 6.20 and 6.21 are
treated with sodium hexametaphosphate. Generally all three images display abundant, wavy and
overlapping single layers of smectite-group minerais (short arrows), some coherent sequences
of uniform spacing of high-charged smectite-group (or low-charged vermiculite) (long arrows),
and packhets of three to five 2:1 layers with non-expanded interlayers characteristic of illite
(solid diamonds) and pachets contaiming large numbers of non-expanded interlayers (>8 layers).
llite mterlayers will not expand with n =8, whereas high-charge smectite-group or vermiulite
interlayers will expand. Packets which do not expand with n =18 are considered to be non-
expanded illite, whereas hizh-charge vermiculite and igh-charge illite will expand giving a
uniform spacing of appronimately 2.4-26 nm. In Figure 6.20, a single particle displays
expanded layers surrouading a core of 2 non-expanded interlayers (B) which is typical of
particles in the coarser fractions( Fig. 6.15) Figure 6.21 is a lattice-fringe image of a treated
and n, -18 exchanged sample which displays thicker packets of non-expanded interlayers that
ate considered detntal. Also visible 1s a small sequence of double layers (open  inngles) with
an expanded interface of about 1.7-1.9 nm. Also present are expanded layers of high-charge
smectite-group or vermicuhite minerals with a thickness of about 2.4-2.6 nm, evidence for the
predominance of the coherently expanded interlayer sequences (hollow diamonds).

Ihick pachets (8-10 layers) of non-expanded nterlayers are considered detrital micaceous
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Fig. 6.14 Lattice-fringe image from 4800 fi of untreated 0.05-0.1 pm size fraction after
octadecylammonium-ion (n.=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 um size fraction after
octadecylammonium-ion (n=18) exchange (see text for discussion).
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Fig. 6.16 Lattice-fringe image from 4800 ft of untreated <0.05 pm size fraction after
octylammonium-ion (n.=8) exchange (see text for discussion).
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Fig. 6.17 Low magpnification lattice-fringe image from 4800 ft of treated <0.05 pm size
fraction after octylammonium-ion (n.=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 619 Lattice-fninge image from 4800 fi of untreated <0.05 um size fraction after
octadecylammonium-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 um size fraction after
octadecylammonium-ion (n.=18) exchange (see text for discussion).
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Fig. 6.21 Lattice-fringe image from 4800 ft of treated <0.05 pm size fraction after
octadecylammonium-ion (n.=18) exchange (see text for discussion).
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particles.

12500-12550 ft depth sample

Untreated samples from 12500-12550 ft generally cxhibit more compaction and
aggregation of the non-expanded packets, whereas the treated sample tends to show better
dispersion of the non-expanded packets with the pachets contaming fewer layers

Figures 6.23 and 6.24 represent typical lattice fringe images of deep samples o
untreated and treated samples, respectively, exchanged with n =8.  Both images ae
characterized by abundant packets of 2:1 layers with non-expanded mterlayers.  Figme 6.23
displays packets of three to six 2:I silicate layers with non-expanded mterlayers (solid
diamonds) and some isolated double layers (solid triangles) and sequences of doubles layers
(hollow triangles). Figure € 24 is a treated sample which displays pachets of three to five 2:1
silicate layers with non-expanded interlayers (solid diamonds) and abundant double layers (solid
triangles), but sequences of d.uble layers are less apparent (hollow triangles)  Generally, the
most significant difference between untreated and treated samples are packets of non-cxpanded
illite which are thinner than in the untreated samples.

Comparison between untreated and treated samples from the same depth, exchanged
with n.=18 shows signficant differences. The samples arc similar in orientation to the previous
untreated and treated samples exchanged with n =8, except the treated samples show abundant
packets of 2:1 silicate layers with expanded interlayers of 2.3-2 6 nm thickness  Figure 625
represents a low-magnification HRTEM image showing an overview of the typical layer
structures of illitic material of deep samples as prepared for an XRD mount.  The predominam
features are the random distribution of relatively thin packets of nonexpanded interlayers (sohd
diamonds), with minor amounts of packets containing expanded interlayers having a uniform
interlayer spacing of approximately 2.3-2.6 nm (hollow diamonds). The individual non-
expanded packets of illite show slight differences in orientation and spacings with respecet to
other packets. A few packets appear as larger aggregated units. Some of the packets of non-
expanded illite have uniform expanded basal surfaces (C) Also present are sequences of double
layers with 1.7-1.8 nm expanded interfaces (hollow triangles). The closc-up (Fig 6.26) of the
untreated sample shows the random distribution of thin packets of relatively straight three to six
2:1 silicate layers with non-expanded interlayers (solid diamonds) and sume isolated double

layers (solid triangles). In the upper right comer of the image 1s a coherent sequence of double
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layers (hollow triangles). Some of the oriented packets display uniform expansion between
packets (D). Figure 6.27 is another untreated sample exhibiting features similar to the previous
image; minor amounts of packets of expanded interlayers with uniform expansion (hollow
diamonds) can be seen as well as sequences of double layers (hollow triangles) and isolated
double layers (solid triangles) Also apparent is a coherent sequence consisting of three non-
expanded packets and one double layer with relatively uniform expanded interfaces, which may
behave as a single particle (E). These particles are never seen in treated samples. Figure 6.28
represents an overview of the sample from the same depth as Figures 6.26 and 6.27 treated with
a dilute solution of sodium hexametaphosphate. The lattice-fringe image displays similar
features as the untreated sample, with one very obvious difference. The treated sample reveals
abundant 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
close-up of the previous image, displaying the predominance of packets of coherent expanded
interlayers of uniform spacing (2.3-2.6 nm) characteristic of expanded illite (hollow diamonds).
Non-expanded packets of illite are also present (solid diamonds). As well, in the center of the
micrograph, is an apparent large chlorite particle (F) contiguous with a non-expanded illite

packet.

6.4.3 TEM Characterization of the Layer Structures with Depth in the <0.05 um Fraction
of the the Reindeer D-27 Well

As evidenced from the description of the layer structures observed in the lattice fringe
images from the 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 differences in the layer structures
between untreated and chemically-treated samples in the <0.05 pum 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 um fraction than in the 0.05-1.0
pm fraction (cf. Fig. 6.14 vs. Fig. 6.16).

The obvious difference between the 12500-12550 ft sample depth and the 4800 ft
sample depth is the complete absence of single layers or irregular sequences of low-charged
smectite group m.'nerals characteristic of shallow depths. The single layers of discrete smectite

particles (fundamental smectite particles of Nadeau et al. 1984a, 1984b, 1984c) can only be
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Fig. 6.22 Lattice-fringe image from 8700-8750 ft of untreated <0.05 pm size fraction after
octylammonium-ion (n.=8) exchange (see text for discussion).
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