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ABSTRACT

II1itization in the Beaufort-Mackenzie Basin is charactellzed by random, a mixture of

random and ordered, Rl-ordered, and R>I-ordered illite/smectite (IlS). Proportions of J-

layers increase with depth, while the dominant Ils type changes in that order. II1itization

in offshore wells is generally more advanced than onshore because of higher geothermal

gradients. Il1itization in geopressure zones and sandy intervals appears to be faster than

under normally pressured conditions and in shales, respectively, due to higher

water/particle ratios. Hydrocarbons generally occur above and in the interval of random

IlS, but rarely below the depth where ordered Ils is found.

Layer formulae of S- and J-layers are estimated to be [All.S7Fe.l~R31Ti.D71

concentrations of KzO, Rb and rare earth elements (REE), the decrease in octahedral

elements (Mg, Ti, Sc, Zn, Zr), and the increase in tetrahed.ral elements (Al, Be, V) can

be attributed to the conversion of S-layers to J-layers with increasing depth. The REE

appear to be mobilized during illitization. a180 values range from 2.91 to 15.72 0/00

(SMOW), and increase with depth, contrasting to the trends observed in the Gulf Coast

and elsewhere. This probably is related to the rapid increase in al80 of pore waters with

depth.



SOMMAIRE

L'illitisation dans le bassin de Beaufort-Mackenzie est caractérisée par de l'liS

désordonnée, un mélange d'liS désordonnée et ordonnée, de l'liS ordonnée RI et encore

R>1. La proportion de couches 1 augmente en profondeur pendant que le type dominant

d'liS change selon la séquence énoncée précédemment. A cause de gradients

géothermiques plus élevés, l'illitisation est généralement plus avancée dans les puits les

plus éloignés des côtes. L'illitisation semble procéder plus rapidement en zones soumises

à des pressions anormalement élevées et en zones sableuses qu'en zones sous pression

normale et en zones argileuses, respectivement, à cause d'un rapport eau:solide plus élevé.

Les hydrocarbures se trouvent généralement au-dessus de et dans la zone de l'liS

désordonnée, mais rarement au-dessous des profondeurs où de l'liS ordonnée est observée.

Les formules des couches des type S et 1 sont estimées respectivement à

[AI,.S7Fe.19Mg.31Ti,07] [Si3.84AI.I.]01O(OHh et [AI I.84Mg.,.] [S i3.33A1.'7]O,o(OH)z'

L'augmentation des concentrations en Kp, Rb et en terres rares, le déclin des éléments

octahédriques (Mg, Ti, Sc, Zn, Zr) et l'augmentation des éléments tétrahédriques (AI, Be,

V) peuvent être attribués à la conversion de couches de type S au type 1 durant

l'enfouissement. Les terres rares semblent être remobilisées pendant l'illitisation. Les

valeurs de ô180 varient de 2.91 à 15.72 %0 (SMOW), et augmentent en profondeur, à

l'inverse de la situation observée dans le Gulf Coast et ailleurs. Cette différence est

probablement due à l'augmentation rapide du Ôl80 de l'eau interstitielle avec la profondeur

d'enfouissement.
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CHAPTER J. INTRODUCTION

The illitization of smectitic materials has been one of the most interesting subjects of clay

mineralogical and diagenetic smdies in the past IWO decades. The phenomenon has been

recognized worldwide in burlal diagenetic (e.g. Burst, 1969; Perry and Hower, 1970),

hydrothermal (e.g. Inoue et al., 1987; Eberl et al., 1987), and contact-metamorphic

environments (e.g. Nadeau and Reynolds, 1981), and experimentally duplicated in the

laboratory (e.g. Eberl and Hower, 1976).

Smectite is converted to illite via mixed-Iayer minerais of illite/smectite (IfS). Clay-

dewatering associated with the reaction appears to play an important role in primary

migration of hydrocarbons, overpressure development and sandstone diagenesis. Al the

depth of hydrocarbon formation', source rocks would have lost most of their porosity and

pore water. Thus, one of the problems conceming deep hydrocarbon generation lies in

identifying the flushing mechanism. For the U.S. Gulf Coast, it has been suggested that

water released from interlayers of smectitic material may provide a boast necessary for

primary migration of hydrocarlxms generated in deep basins (Bruce, 1984). The volume

of smectite-water appears large enough even to contribute to overpressure development

(e.g. Magara, 1976).

The byproducts of IfS diagenesis that include quartz, kaolinite, chlorite and other

minerais may precipitate in sandstones adjacent to shales and, thus, reduce permeability

and porosity. On the oilier hand, organic acids produced during organic malter maturation

'Most oil and gas generation occurs in the temperature range from 80·C to 1200C.
For a geothennal gradient of 3O"Cfkm, this corresponds to 3-4 km of burlal.

1-1



in shales and the release of these acids by smectite-water may enhance permeability

through secondary porosity development.

The Beaufort-Mackenzie Basin which is one of the largest hydrocarbon habitats in

Canada2
, exhibits sorne similarities of structure, sedimentology and stratigraphy to the

Gulf Coast, but also significant differences. Il contains significant proportions of mixed-

layer US in the clay-size fractions (Foscolos and Powell, 1982). Hydrocarbon occurrences

are associated with the zone of abnormally high fluid pressure and related structures,

growth fauIts and shale diapirs. In this respect, the Beaufort-Mackenzie Basin presents

ample opportunities to examine and evaluate the concepts of US diagenesis developed

mainly in the Gulf Coast.

GEOLOGIC SETIING

The Beaufort-Mackenzie Basin is located in northwestem Canada. Geographically, it

underlies the Yukon Coastal Plain, the present Mackenzie Delta, the Tuktoyaktuk

Peninsula and adjacent offshore shelf and slope regions in Beaufort Sea (Fig. 1-1). The

area comprises approximately 155,000 km2
• Structurally, the basin is bounded by the

Northem Inlerior Platforrn 10 the southeast, the Cordilleran Orogen in the southwest, and

the continental slope to the north (Young et al., 1976).

The major tectonic elements in the surroundings of the Beaufort-Mackenzie Basin

include the Romanzof Uplifl, the Rapid Depression, the Aklavik Arch Complex and the

'The Geological Survey of Canada estimates recoverable reserves of about 1.5-2.0
billion bbl of oil and 10.9-12.6 tef of gas (Dixon et al., 1988).

1-2
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••
Northem Interior Platform (Fig. 1-2). The Romanzof Uplift consists of uplifted

Protel'Ozoic clastics and carbonates which are unconformably overlain by Paleozoic rocks.

It developed principally during the Columbian Orogeny (Late Jurassic to Cretaceous) by

a family of southeast-trending high-angle reverse faults (Young et al., 1976). The Rapid

Depression is filled by Early Cretaceous flyschoid and Late Cretaceous to Tertiary

molassoid rocks. The depression is interpreted to be the result of wrench tectonics

created by the branching of a strlke-slip fault that depressed the area at the restraining

bend (sensu Crowell, 1974) in response to compressive stresses. The Aklavik Arch

Complex consists of northeast-trending structural highs and lows formed by complex

folding and faulting. It has a prolonged tectonic history extending from Proterozoic to

Tertiary, during which limes the various components of the complex were intermittently

and independently active (Yorath and Noms, 1975). The Interior Platform is basically

the Canadian Shield covered by thin veneers of Paleozoic and Mesozoic sediments.

The principal structural elements in the region are strike-slip faults: Tintina, Kaltag-

Porcupine and Richardson (Fig. 1-3). For the Richardson Fault, the present movement is

predominantly vertical. The Tintina Fault is one of the major linear features in the

Cordillera. It is collinear with the Northem and Southem Rocky Mountain Trenches.

Together, these fault systems have a combined length of about 2,500 km. The Richardson

Fault Array extends offshore and is connected with the Cape Kellett Fault Zone near

Banks Island (Noms and Yorath, 1981). OrthogolJal salient and recess patterns that

formed together with their southem extension, the Plateau Faul!, suggest that these faults

may have developed from inherited structural features related to rift-transform controlled

1-4
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Arctic Ocean

Figure 1-3. Structural elements (after Noms and Yorath, 1981). C.K. - Cape
Kellet Faul!.
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tectonies of Proterozoie sea-f1oor spreading. The Kaltag-Porcupine Fault is the major

Laramide structural element that separates the Tintina Fault and its offset equivalent, the

Kobuk Fault. The Kaltag-Porcupine Fault braids into splays of the Rapid Fault Array as

it turns sharply northward at the southern tip of the Rapid Depression.

Sequences, Stratigraphy and Sedimentology

The post-Cretaceous part of the Beaufort-Mackenzie Basin consists of thiek progradational

deltaic sequences of various ages. The basic structure, stratigraphy, sedimentology and

organic geochemistry of these partly onshore and partly offshore deltaic sequences are

fairly weil known from extensive geophysieal surveys, drill-holes and subsequent studies

(e.g. Dixon et al., 1985). Stratigraphie and sequence names used in this thesis follow

Dietrich et al. (1985) (Fig. 1-4).

The sequences include, from oldest to youngest, the Fish River, Reindeer, Richards,

Kugmallit, Akpak-Mackenzie Bay, and Iperk sequences (Fig. 1-5). The individual

sequences contain f1uvio-deltaic (delta plain), delta front, prodelta mud and basinal

turbidite facies. Each sequence represents time periods of about 5 to 20 Ma. The

maximum thickness of the sequences varies from a few hundred metres to several

kilometres, with the total thickness exceeding 10 km at the depocentre (Fig. 1-6).

The Fish River Sequence represents the first deltaic cycle deposited in the Beaufort-

Mackenzie Basin. It consists of latest Cretaceous to Early Paleocene shale-dominated

prodeltaic shelf and slope sediments of the Tent Island Formation, and f1uvio-deltaic

sandstones of the Moose Channel Formation. The stratigraphie extent of sequences as

1-7
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Figure 1-5. Schematic NW-SE cross-section (after McNeil, 1985).
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shown in Figure 1-7 may be debatable in detail (cf. Willumsen and Cote, 1982), but these

subjects are beyond the scope of this thesis.

The Late Paleocene to Early Eocene delta of the Reindeer Sequence had its

depocentre near the Taglu gas field. The thick delta plain/delta front sandy units of the

Reindeer Formation have been one of the major exploration targets in the basin. The

Reindeer Sequence is overlain conformably by the Late Eocene to Early ûligocene

Richards Sequence, a thick succession of organic matter-rich marine shale that is

considered a potential hydrocarbon source (Snowdon and Brooks, 1985). The landward

equivalent of the sequence is not preserved because of extensive Late Eocene erosion.

The ûligocene KugmaIIit Sequence is the thickest de1taic unit in the basin with a

maximum thickness of up ta 3 km near the depocentre off Pullen Island. The sequence

contains numerous prodelta to delta front/delta plain coarsening-upward cycles, and thick

turbiditic sand units (Kopanoar Sequence). The latter provides the reservoirs for offshore

hydrocarbons.

The Mackenzie Bay·Akpak Sequence consists of mudstones and sillStones

(Mackenzie Bay Formation) of Late ûligocene to Middle Miocene age. In the subsurface,

the sequence is characterized by large-scale clinoforms readily identifiable on seismic

promes. The limited regional extent of the sequence is due to pre-Iperk (Late Miocene)

erosion.

The thick clastic wedge of the Iperk Sequence was formed by nonhwesu,rly

prograding, Late Miocene to Pleistocene deltas. It rests unconformably on older

sequences and is overlain by Late Pleistocene to Holocene glacial and recent delta
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deposits (Shallow Bay Sequence).

Structural styles within the Tertiary sediments are dominated by syndepo~itional

growth faults, folds, and shale diapirs (Fig. 1-8). Growth faults and folds appear to have

developed under the influence of both extemal (tectonic) and internal (gravitational)

forces (Hemingson and Carew, 1984). Diapirs are predominant in the western part of the

basin. Their development is probably related to eastward migration of depocentres

through rime. As a heavier sandy mass progrades towards the east, loading upon finer-

grained sediments in the west would be relieved. This would result in diapir development

mainly in the western part of the basin (cf. Daily, 1976).

Geothermal Gradients, Geopressure, Formation Water Chemistry and Sandstone
Diagenesis

Geothermal gradients on land are generally within the range for normal continental crust,

between 20 to 30 ·C/km (Judge and Bawden, 1987). High values (>30 ·C/km)

encountered basinwards are surprising because of thick, Tertiary sedimentary successions

present offshore (Fig. 1-9). These relatively high geothermal gradients suggest a thinner

crust in the shelf region or a heat source to the north.

Hydrocarbon occurrence in the basin was related to the distribution of geopressure by

Hemingson and Carew (1984) and Hitchon et al. (1990). The top of the geopressure zone

appears to shallow basinwards (Fig. 1-10). Thus, the sequences in which geopressure is

encountered become progressively younger in a basinward direction.

Formation waters of the basin show relatively low salinities compared to other basins

(e.g. Alberta Basin). Hitehon et al. (1990) proposed the influx of meteoric waters as a

1-13



IUIII

)

_ "'.... "nu•. c_. """OC
••nc~

.............. _._ C-f'ClDU. , ...... "

,. .. Il ~

" ,

Figure 1-8. Distribution of growth faults and diapirs (after Dixon et al., 1985)

I-14



t~ t -:,
< •

130

2~

,
1

134

,,,,,
1

1
1\

\
\
\

\

\
\,

\ 13

40

\
\. \

'\
30

138

70

69 1-

Figure 1-9. Geothermal gradient map (after Judge and Bawden, 1987). l-Reindeer D-27. 2-KulTiak E-58.
3-Taglu C-42. 4-Taglu G-33. 5-Mallik A-ü6. 6-Unark L-24A. 7-lvik J-26. 8-Niglintgak M-19. 9-Adgo
C-15. lo-Garry P-04. II-Netserk B-44. 12-Netserk F-4û. 13-Tarsiut N-44. 14-lssungnak 20-61.

1-15



f~

NW
TARSIUT ISSUNGNAK ADGO TAGLU

IPERK

••~;za Co.~~ ~.-.

REINDEER

SE
PARSONS

PRE
MESOZOIC
BASEMENT

,.:~;-;\

Figure 1-10. Distribution of geopressure (afler Hemingson and Carew, 1984).

1-16



possible cause. Most salinity data fall in the range of 6000 to 35000 mg/l and show

unusually high concentrations of bicarbonate (up to about 5000 mg/l).

Petrography and diagenesis of sandstones have been studied by Schmidt (I987). The

framework grain composition indicates a recycled orogenie provenance (sensu Dickinson

and Suczek, 1979). Cements and replacive mineraIs include various carbonates, quartz,

kaolinite, chlorite, pyrite and leucoxene. Porosity ranges from 3 to 43 % and averages

17 %. Most porosity (about 85 % of the total) was interpreted to be of secondary origin

(Schmidt, 1987).

MATERIALS AND METHODS

Twenty-two wells were chosen to establish the basin-wide variations in Ils mineralogy

based on geographic distribution, hydrocarbon occurrence and the depth range of available

samples (Fig. 1-11). For most wells, the following data were availahle through variable

open and in-house publications frem govemment, industry and research institutes: bio-

and lithostratigraphy, structure, geothennal gradients, hydraulic regime and depths of

hydrocarbon occurrence.

A total of 215 samples (I1O core samples, 105 drill cuttings) were selected for detailed

mineralcgical analyses (fable 1-1). Drill-cuttings were collected from every sampIe

interval in individual wells, and combined by weight with appropriate intervals in <,rder

to obtain a sufficient amount of fine-grained fractions. Drill-eutting samples from

intennediate depths in offshore wells and shallow depths in onshore wells showed signs

of contamination by drilling mud, even after repeated w,ashing, and were not included in
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Table 1-1. Weil locations and sample distribution.

Weil Name
Location Drill Cores Total

Latitude Longitude
Cutlings

1

Reindeer D-27 69°06'05" 134°36'54" 66 18 84

Taglu C-42 69°21'03" 134°56'35" 24 5 29

Taglu G-33 69°22'17" 134°53'36" - 12 12

Kumak E-58 69°17'29" 135°14'55" - 5 5

Niglintgak M-19 69°18'49" 135°19'26" - 6 6

Garry P-Q4 69°23'46" 135°30'19" - 6 6

Adgo C-15 69°24'13" 135°49'03" - 4 4

Mallik A-06 69°25'01" 134°30'16" - 9 9

Ivik J-26 69°35'42" 134°20'38" - 6 6

Unark L-24A 69°33'30" 134°37'02" - 4 4

Netserk B-44 69°33'03" 135°55'58" - 2 2

Netserk F-40 69°39'23" 135°54'21" - 1 1

Kad1uk 0-07 69°46'48" 136°0l'17" - 4 4

Nipterk L-19 69°48'38" 135°19'53" - 6 6

Tarsiut N-44 69°53'49" 136°Il '39" - 4 4

Pitsiulak A-05 69°54'14" 136°45'35" - 1 1

Issungnak 20-61 70°01'00" 134°18'48" - 4 4

ltiyok 1-27 69°56'40" 134°05'19" - 1 1

Alerk P-23 69°52'57" 132°50"22" - 2 2

Amerk 0-09 69°58'56" 133°30'53" - 8 8

Koakoak 0-22 70°21'59" 134°06'40" 4 2 6

Kenalooak J-94 70°43'44" 133°58'28" 11 - 11

-:,ft
-:). 1-19

Total 105 110 215
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the study. Washed cutùngs were screened through a 10 mesh sieve for primary removal

of cavings, and from the sieved material only shale chips were hand-picked.

Drill-cutùng and crushed core samples of about 50 g were shaken for about 8 hours,

and soaked in Na-acetate soluùon (pH 6) for one night to remove carbonates and soluble

salts. Organic matter was removed using 30 % HP2 following Jackson (1969). Samples

were then Na-saturated, and excess salts were removed by repeated washing and dialysis

until no chloride was detected with AgN03• For better dispersion, 10 % Na

metaphosphate (calgon) soluùon was added to the suspension (20 ml calgon/350 ml

suspension). To maximize the amount of fine fractions, suspensions were ultrasonified

briefly before size fracùonation. Centrifugaùon according to Stokes' law was used to

obtain a <.1 JI fracùon which is the optimum size fraction for the Beaufort-Mackenzie

material, Le. this fraction consists chiefly of I/S clays. Suspensions of the <.1 JI fraction

were freeze-dried to avoid artifacts of oven-drying on I/S ciays caused by heating.

Slides of oriented particies were prepared following the membrane-filter transfer

method (Moore and Reynolds, 1989; modified after Drever, 1973). Each slide was made

from 100 mg of dried powder. Air-dried slides were kept in a desiccator (-0 % relative

humidity) until X-ray diffracùon in order to obtain a "single-layer" state for interlayer

water in expandable layers of I/S. Glycol treatrnent was done by solvation in a desiccator

containing ethylene glycol at the bottom. Samples were kept at 60 ·C for 3 nights which

appear to be an adequate period to obtain a constant and maximum glycol-layer thickness

for Beaufort-Mackenzie I/S. Prior to X-ray diffraction, these samples were transferred

to an air-tight box chamber containing a beaker with ethylene glycol.
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Sorne selected samples were heat-treated at 400 and 550 oC for an hour to ensure

proper identification of components in mixed-Iayer clays, and the distinction between

kaolinite and chlorite (see Fig. m-2). AboUl60 samples from three wells (Reindeer 0-27,

Taglu C-42, Taglu 0-33) were K-saturated to estimate the proportion of high-charge

expandable-Iayers that collapse to fonn iIIite-like layers. K-saturation was done by

keeping samples of the <.1 Il fraction in 1 N KCI solution overnight, followed by washing

with a fresh solution. Desalination was done by washing once with distiIled waler

followed by dialysis to avoid any loss of ultra-fine particles. For K-saluraled samples

about 20 mg of dried powder were used for slide preparation, because K-saturated clays

were highly flocculated resulting in greater sample thickness compared to Na-saturated

samples prepared from the same amount of materiaI.

X-ray diffraction was conducted with a Siemens 0-500 X-ray diffractometer equipped

with a graphite diffracted-beam monochromator. The X-ray source was CuKa radiation

generated at 40 kV and 20 mA. The sIit conditions were 1° for the divergent slit and. 15°

for the receiving slil. An automated data collection system (DACO-MP) was used for

step-scans usually carried out belWeen 2 to 35 °28 at 0.01 °28 step size and Is counting

time, unless stated otherwise.
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CHAPTER II. CRITICAL REVIEW OF CURRENT DEVELOPMENTS IN
ILLITE/SMECTITE DIAGENESIS

From the short outline in Chapter l, it is evident that I/S diagenesis is of major geologic

and economic importance. It has been intensely studied using a wide variety of

mineraIogicaI and geochemicaI techniques (for references, see discussion). However, the

impression one may get at fmt that it is a weIl understood process does not stand up

under close scrutiny. Even the identity of I/S itself has been questioned (Nadeau et al.,

1984b). The most controversiaI issues of the current debate are:

(i) Is iIlitization a graduai or episodic process?

(ii) Does I/S consist of Markovian crystaIlites or fundamentaI particles?

(iii) Does illitization stop when potassium is depleted?

(iv) Is Ils a single-phase solid solution or does it consist of two or more phases?

(v) Does illitization involve a transformation process or neoformation?

GRADUAL VS. EPISODIC PROCESS

Geologists interested in burlaI diagenesis of argiIlaceous sediments are accustomed to the

notion that c1ay-mineraiogicaI reactions in the subsurface are slow, continuous reactions

that span considerable temperature and depth ranges. The smectite-to-illite reaction has

~erved as the key example for this point of view. I/S clays with gradually increasing

proportions of I-Iayers occur with increasing burlaI depths corresponding to the

temperature range from 60 to 160°C. The graduai nature of the iIlitization process has

been demonstrated by numerous studies including X-ray diffraction, geochemistry (e.g.

Hower et al., 1976), K·Ar dating (e.g. Aronson and Hower, 1976), and 0- and H·isotopic

II·1



work (e.g. Yeh and Savin, !'il77; Yeh, 1980).

This conventional view has been challenged by Morton (I985) who suggested that the

smectite-to-illite reaction is rather a rapid, instantaneous event, based on Rb/Sr isotopie

analyses of claystones from the Oligocene Frio Fonnation in the Texas Gulf Coast. "The

interpretation of the S/I Rb/Sr data as a true isochron challenges the standard

interpretation of Gulf Coast clay diagenesis. If 'episodic' diagenesis has truly occurred.

the possible role of clay diagenesis and diagenesis in general on petroleum generation and

migration in Gulf Coast style sediments will need to be reevaluated" (Eslinger and Pevear,

1988). Whether or not Morton's hypothesis is correct, his results have been reproduced

in several drill holes in the Gulf Coast (Ohr et al., 1991; Mack et al., 1990).

Morton's proposed episodic diagenesis, which wouId have affecled a 2 km thick

sediment column virtually at once, would have to have started (i) at a subsurface depth

of about 1 to 1.5 km, (ii) at subsurface temperatures of <5CfC, and (iii) only 0.5 to 7 Ma

after deposition. The minimum age of 0.5 Ma would suggest unreasonably high

sedimentation rates of up to 6 km/Ma.

The feasibility of instantaneity in a geologie time frame can he assessed by kinetie

considerations. Eherl and Hower's (1976) data indicate that at 5CfC, pure smectite may

he changed to a 20 % expandable I/S in about 0.6 Ma, which is geologically

instantaneous. However, as these authors pointed out, the question is whether the kinetics

of a relatively simple system under the chosen experimental conditions are applicable to

the complex natura! system. Later studies suggested that the rate of illitization also

depeDds on solution chemistry, composition of the starting material and many factors
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other than temperature, and that the reaction may not he fmt order (Roherson and

Lahann, 1981; Howard and Roy, 1985; Whitney and Northrop, 1988). The presence of

cations with high dehydration energy- Mlf+, Ca2+and Na+- in solution significantly slows

the reaction [For a cation of given charge, the lower the dehydration energy (e.g. K, Rb,

Cs), the faster the reaction rate]. Whether the iIIitization reaction is tirst or higher order

is not c1ear. Data available from Roherson and Lahann (1981, Figs. 4, S) and Whitney

and Northrop (1988) suggest that the reaction rate in the composition range of ordered

liS is very different from that in the range of random IlS. For a natural contact

metamorphic environmenl, Pyne and Reynolds (1989) suggested that the reaction may he

sixth order (fûth order with respect to smectite). Their empirical time-temperature

relation predicts that it would take 7S0 Ma at SO·C for 100 % smectite to convert to a 20

% expandable IlS. However, by raising the temperature, geologic instantaneity (-1 Ma)

can he achieved at 12S·C. These kinetÎC considerations provide certain, though broad

constraints in terms of rime and temperature for the iIIitization process in geologic

environments.

The Rb-Sr dating method is considered nexl. The Rb-Sr isochron method assumes a)

a constant 87Srj86Sr ratio in the geologic system of interest at the onset of the event and

b) ciosure of the system with respect to Rb and Sr during and after the evenl. In

sedîmentary systems, a prerequisite for constant 87Srt"Sr ratios of a solid phase (e.g. IlS)

is the isotopic homogeneity of Sr in solution. Sea water is probably the only solution that

shows a relatively uniform Sr isotopie composition over extended time-periods due to the

long residence time of Sr in the ocean compared to the mixing time of the ocean (Burke
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et al., 1982).

The Sr isotopie composition of meteoric ....'aters (surface and ground waters) varies

considerably, and depends on ages and rock types of the drainage basin and the aquifer.

The global average of surface waters is 0.7119 based on river data (Palmer and Edmond,

1989). Ground waters show Sr isotopic compositions similar to those of surface waters

(Stueber et al., 1975). For a given aquifer, the "'Sr/'"Sr ratio of the water is equal 10 or

near the value of the host rock, especially for carbonate aquifers (Starinsky et al., 1980).

Formation waters show a wide range of 87SrJ'6Sr ratios from 0.7061 to 0.7341 (Russell

et al., 1988; Nakano et al., 1989). The "'Sr/'"Sr ratio of formation waters varies laterally

and with depth in a given basin. Il depends on isotopic compositions of the original

water and host rocks, and the degree of water/rock interaction. In general, high ratios are

attributed to the contribution from Rb,K-bearing minerais (K-feldspar and micas) and low

ratios to Sr,Ca-bearing phases including marine carbonates, evaporites and plagioclase.

The Sr isotopic composition of the formation ....·ater can generally be described as:

(87Sr/'"Sr)p = X(87Sr/'"Sr). + I,y(87Sr/'"Sr)s. + U("'Sr/'"Sr)Rb (1)

where subscripts denote p - present water, 0 - original water, Sr -Sr-bearing solids and

Rb - Rb-bearing solids, and X, Y and Z represent fractions contributed by the

corresponding reservoirs. If sea water is the Œiginal water, (87Sr/'"Sr). is assessed from

the well established curve of sea water "'Sr/'"Sr through time, and X equals -8 ppm/total

dissolved Sr. For meteoric waters, the fmt term will be, in general, negligible due to Ihe

low Sr concentration «1 ppm) in fresh water_

Sea water is, as mentioned., the only water mass of homogeneous isotopic composition.
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Thus, it is possible that liS clays equilibrated with sea water may provide an isochron.

However, Sr in liS is exchangeable, especially so in less evolved liS which is

characterized by the high proportion of expandable layers. Sr on basal faces and in

exchange interlayer-sites of liS is readily equilibrated with surrounding waters and shows

the same "'Srf6Sr ratio as the water last encountered (Schultz et al., 1989; Mack et al.,

1990).

The Sr heterogeneity of formation waters, basin-wide or in-depth, is a cule rather than

an exception (Stueber et al., 1984; Morton and Land, 1987; Russell et al., 1988)

Therefore, isochrons obtained for liS clays over a depth range of several kilometres

require an alternative explanation that disregards the necessary prerequisite, Le. the

isotopic homogeneity of the environmental Sr. According to Zheng (1989), theoretically

an isochron can be generated if a positive correlation exists between 87Srf6Sr and 87Rb.

A suite of coeval samples can yield a straight line on the isochron diagram, if the

condition "'Srf6Sr =a + b87Rb is met (where a and b are constants and b>O). It should

be noted that the correlation between 87Srf6Sr and 87Rb need not be strict. A fair

correlation is generally enough.

In basins where the isotopic composition of the formation water depends primarily on

either Sr- or Rb-bearing phases, the previous equation (1) is simplified to

(87Srf6Sr)p =X("'Srf6Sr). + Y~Srf6Sr)sr (2) where the Sr,Ca-bearing phase is

predominant;

predominant;
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where X equals (1-Y) or (l-Z) and (81Sr/"'Sr)., (81Sr/'"Sr)s, and (81Sr/"'Sr)Rb can be

constants. There will then be a linear relationship between the 81Srf6Sr ratio of the

formation water and Sr concentrations, because the e{juations (2) and (3) become

(81Sr/""Sr)p =(81Sr/"'Sr). + y[(81SrI'6Sr)s, - (81Sr/"'Sr).1 (4)

(81Sr/""Sr)p = ~Sr/"'Sr). + Z[(81Sr/"'Sr)Rb - ~Sr/""Sr)J (5)

respectively, where (81SrI'6Sr)sr and (81Sr/""Sr)Rb may represent the isotopic composition

of the whole rock. The linearity may extend for elements other than Sr derived from

solid phases, if congruent solution is assumed. In sedimentary basins, il appears that

either carbonates or c1astics are predominant. The contemporary occurrence of both is

uncommon in large basins. In most basins where the illitization reaction is active, Sr is

probably derived from K-feldspar, micaceous clays and/or Ils itself. Therefore, the latter

linear e{juation (5) can be applied for such basins. If Ils c1ays were in equilibrium with

this formation water, they would produce a quasi-isochron. Unlike Morton's hypothesis,

which requires a large volume of an isotopically homogeneous water mass and a

relatively instantaneous reaction for Ils diagenesis, the hypothesis considered here simply

re{juires a water mass in which Rb,K-bearing phases predominate the Rb-Sr systematics.

MARKOVIAN CRYSTALLITES VS. FUNDAMENTAL PARTICLES

Ils c1ays have been known to consist of randomly or regularly interstratified smectite and

iIlite layers (Fig. II-la). They are identified by non-integer series of ref1ections and line

broadening in X-ray diffraction. Computer simulation of X-ray diffraction patterns for

Ils c1ays indicates that the X-ray coherent domain size varies but, in general, falls in the
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Figure 11-1. Comparison of I/S according to Markovian crystallite and fundamental particle models.
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range of 5-15 layers (Reynolds and Hower, 1970). Markovian crystallites, also known

as MacEwan cryslallites, are defined by proportions of component layers and junction

probabilities within the sequence. The junction probabiliry describes the probability of

finding a certain layer type that follows a specified layer type or sequence in an arbitrary.

but defined direction (MacEwan, 1956). The probability varies from 0 to 1 and is used

to measure the degree of randomness, ordering and segregation in stacking sequences of

mixed-Iayer clays.

The basic assumption that mixed-Iayer clays are the entity in which component layers

are intimately mixed to fonn a fixed sequence has been challenged by Nadeau et al.

(l984a-c). Based on transmission electron microscopie (TEM) thickness measurements

of finely dispersed mixed-layer clays, Nadeau et al. suggested tha! clays yielding X-ray

diffraction patterns ofmixed-layer nature are physical mixtures of 'fundamental particles'

(Fig. ll-2b). A fundamental smectite-particle is a single 2:1 siiicate iayer 10 Â thick,

whereas a fundamental illite-particle consists of two such layers, 20 Â thick. coordinated

by interiayer K+. The interfaces between these particles are capable of adsorbing water

or organic molecules, thus, mimicking the presence of smectite layers defined according

to the Markovian crystallite modei. According to Nadeau et al., random mixed-Iayering

of I/S is an artifact that results from mixirig of fundarnental smectile- and fundarnenlal

illite-particles. Clays made up exclusively of fundarnental illite-panicles produce X-ray

traces of an ordered I/S mixed-layer minerai. The fundarnental particle concept implies

that illite and smectite exist scparate from one another rather than united epitaxically in

a sequence as assumed previously. In the scheme, iIIitization is simply a process of
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crystal growth, for which material is derived from dissolution of smectite minerais and,

later, thin Blite particles. Later studies (e.g. Inoue et al., 1987) confirmed the

observations of Nadeau et al. that particles are 1-5 unit cells thick, significantly thinner

than those predicted by the Markovian crystallite model and shown in lattice-fringe

images (e.g. Vali and Kôster, 1986).

The two models seem to be incompatible. However, assuming that they are describing

the same phenomenon, il is c1ear that the problem stems from whether I/S crystallites are

separable across smectite layers, which has not been questioned by advocates of the

Markovian model. Similarly, followers of the fundarnental particle hypothesis did not

consider that fundamental iIIite- and smectite-particles could, in fact, he derived from

crystallites where they form neighbors. Altaner and Bethke (1988) provided the basis to

bridge the two seemingly contradictory models. These authors constructed theoretical

crystallites according ta the Markov model and investigated the fundarnental particle

content in crystallites. Their results show that the size distribution of particles which can

he dissociated across smectite layers in crystallites is in good agreement with the

distributions of fundamental particles observed in TEM.

Parting of I/S crystallites ioto elementary particles (sensu Ahaner and Bethke 1988)

upon dispersion is probably analogous to the behavior of smectite. Fast cryoflxation of

dilute smectite suspensions indicates that free particles of a single 2: 1 silicate layer

dominate the population, for whkh the average thickness was estimated to he about 3 unit

cells (Vali and Bachmann, 1988).

Smectite consists of a negatively-charged 2: 1 silicate layer, water and exchangeable
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cations. Water molecules are Iinked to the oxygen surfaces of the tetrahedral sheets by

hydrogen bonds. Exchangeable cations are either associated with silicate layers in a more

or less regular manner filling in the "hexagonal" cavities of the tetrahedral sheets, or with

water layers to form hydration complexes depending on the valency and hydration energy

of cations. In smectite, silicate layers are held together by van-der-Waals forces and, to

a lesser extent, the electrostatic force between hydrated cations and negative1y charged

layers. Short range dissociation (about 4-5 layers of water) between silicate Jayers is

attributed to hydration of interlayer cations, hydration of the layer surface itself, or both.

As the separation distance increases, electric double-layer repulsion becomes an important

force between silicate layers.

It is weil known that colloid particles develop an electric double-layer upon dispersion

in a Iiquid (Derjaguin-Landau-Verwey-Overbeek or DLVO theory; for clay colloid

chemislly, see van O1phen, 1977). The DLVO theory provides a key insight into why and

how I/S clays dissociate into fundamental (or elementary) particles and these particles

associate into crystallites with crystallographic continuity. However, il is rather poorly

appreciated in clay-mineralogical studies. A brief discussion of colloid chemistry will

help to clarify the confusion regarding the identity and behavior of I/S clays.

The electric double-layer consists of the particle charge and a layer of counter-ions of

equivalent, but opposite charge which accumulate in the liquid near the particle surface.

The counter ions which are attracted by the charged surface foem an atmosphere in which

ion concentration gradually decreases with increasing distance from the particle surface.

The e!ectric potential is obtained from the distribution of ions and the surface charge of
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the particJe. The distribution of ions follows the Schulze-Hardy rule: the higher the

electrolyte concentration and the higher the valence of the ions, the thinner the diffuse

double-layer. When two colloidal particles approach each other in suspension, there will

he repulsion between them resulting from interaction of their diffuse counter-ion

aunospheres. Work is required to bring the particles from infinite separation to proximity.

This is provided by the van-der-Waals attraction which counteracts the electrostatic

repulsive force between the double layers. When the van-der-Waals force overcomes the

electrostatic repulsive force, the particles will associate.

In smectite, the association may he face-to-face, face-to-edge, and edge-to-edge due

to broken bonds present at the edges of silicate layers. Double-Iayers fonning at the

edges of tetrahedral and octahedral sheets appear mostly positive, but can he negative

depending on pH. The mode of association is detennined by the sum of the van-der-

Waals force, the double-layer repulsion and the electrostatic attraction hetween the

oppositely charged edge and face double-Iayers. In the presence of a smail quantity of

peptizing anions or a1kalis that neutralize or reverse the edge charge, the edge-to-edge and

edge-to-face associations are eliminated. In this way the suspension is stabilized,

deflocculated, or peptized. In a f10cculated suspension, sellling produces a ioose,

voluminous particle aggregation showing a card-house structure. A stable suspension

forms a dense, closely packed sediment dominated by face-to-face associations. When

dried, faces come closer and the van-der-Walls force increases drasticaIly, following an

inverse power function of distance. As dehydration continues, iayers, water molecules

and cations position to conform to a low-energy configuration. The spacing is the result
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of a delicate balance arnong three basic forces- the van-der-Waals force, the eleclrostatic

force between silicate layers and cations, and the force involved in the dehydration or

hydration of cations.

The concept of colloid chemistry that works on smectite is probably applicable to VS

clays. A careful1EM study combining ion-milling (Lee et al., 1985) and alkylammonium

methods (Vali and Hesse, 1990) will reveal if VS clays really exist as an entity in which

J- and S-Iayers are intimately mixed maintaining crystallographic continuity, or if mixed-

layering is an artifact of interparticle diffraction between thin particles. The ion-milling

technique allows direct observation of the in-place structural state of VS clays that may

be disturbed or destroyed by the normal preparation technique involving dispersion. The

a1kylarnmonium method developed by Vali and Hesse (1990) would facilitate the

identification of expandable layers without sacrificing the advatllage of ion-milling,

a1though variable spacings due to different layer charges and the presence of expandable

illite (Vali et al., 1991) would complicate the problem. The existence of expandable illite

that does not expand upon glycol or glycerol solvation has been known since

alkylarnmonium was adopted in layer-charge studies of clay mineraIs; however, its

significance has not yet been widely appreciated. Further characterization of expandable

illite and better understanding of the mechanisms for the alkylammonium-exchange

reaction are needed.

LAYER CHARGE VS. POTASSIUM

Il1itization of smectitic material requÎTes development of high layer-charge and fixation
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of potassium. Thus, the reaction proceeds in at least two steps:

[(Al...7Ro.,,) Si40 IO(OH),J..·33 + 1.33 Al'" -> [A12Si, AlOIO(OH):J"1

+ Si4+ + 0.33 R2+

and

[(AI2Si,AIOIO(OH):J"1 + K+.nHp -> KAI2Si,AlOIO(OH)2 + nHp

in which R represents divaIent cations. The two reactions may not he simultaneous or

interdependent. Rather, the layer charge may develop independently and, since potassium

is readily available through the dissolution of K-bearing mineraIs and owing to its low

dehydration energy, illite is probably an accidentai ~nd-producl

A similar view was flfSt presented by Howard (1981) who identified high-charge

expandable layers in I/S that are capable of fixing potassium inlo Ille interlayer position.

Foscolos and Kodama (1974) repol1ed the presence of high-charge expandable Iayers

which they termed vermiculite. Bell (1986) showed lattice-fringe images of such layers

(termed K-deficient illite) with alkylammonium treatment. Bell interpreted the high layer

charges as residuaI, resulting from weathering processes which remove potassium in illite

leaving behind skeleta1 silicate layers. Nevertheless, in many cases, high-charge

expandable layers appear to he the result of diagenesis (see discussion of oxygen isotopes

and geochemistry of I/S in Chapter V).

Howard and Roy (1985) conducted hydrothermal experiments with Na-saturated

smectite in K-deficient solutions and reported that smectite showed little change in X-ray

character after a relatively long period of time at high temperatures. Upon potassium

saturation, this smectite revealed up to 40 % layers that developed charges high enough
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to fonn illite-like layers. These authors also reported an activation energy of <3.5

kcal/mole for the layer-<:harge developing reaction. This value is surprisingly low

compared to activation energies obtained for the illitization reaction on the order of 20

to 30 kcal/mole (Eberl and Hower, 1976; Roherson and Lahann, 1981; Pytte and

Reynolds, 1989). The low activation energy would indicate that layer-etdrge development

does not involve the breaking of Si-O and AI-O bonds. Neither would the reaction be

surface-controlled. Surface-controlled reactions that depend on the catalytic activity of

surfaces or surface defects, typically, have activation energies in the range of 10-20

kcal/mole (Lasaga, 1981). The low values fall in the range of diffusion-controlled

reactions in fluid media. If the low activation energies are !rUly representative of the

reaction, it could he said that AI:l+ and Si4+ ions enter or leave the oxygen net of the

tetraheural sheet as freely as they move in the fluid.. However, a realistic explanation for

the low activation energy would be that the reaction is a kind of chemisorption process,

i.e., adsorption of AI:l+ from a solution into the tetrahedral sheet. A charge increase due

to A13+adsorption would be compensated by dissolution of some Si4+-filled tetrahedra or

incorporation of (j" and OH" at the edges of tetrahedral and octahedral sheets.

The potassium-fixation reaction is assumed lO he diffusion-controlled as weil (cf.

Sawhney, 1966). Clays having significant exchange capacity exhibit selectivity for

cations with low dehydration energy such as K+, NH/, Rb+ and Cs+ (Sawhney, 1972).

Once these ions are introduced into the interlayer position where the electrostatic force

hetween the silicate layer and the cation is greater than the cation hydration energy, the

layer collapses to become an illite-like layer. Since diffusion-controlled reactions do not
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require high energies, the res lJ1ting activation energy for the overall reaction combining

layer-charge development and potassium fixation is expectOO to be far less than those

obtainOO from laboratory illitization experiments, or estimated for reactions occurring in

the natural environment The later section on transformation vs. neoformation attempts

to solve this dilemma.

Layer charges of expandable layers in Ils c1ays need more attention and, if studiOO in

detai!, would hint at how the illitization reaction progresses. A general practice has been

10 assume that expandable layers are low-charge smectite and that high-charge smectite-

or vermiculite-Iayers are of negligible imponance. In reality, there may be a wide range

of layer charges distributOO in expandable layers CVelde and Brusewitz, 1986).

Unfonunately, the misconception that vermiculite maintains its spacing in the diffraction

pattern after ethylene glycol solvation as it does after glycerol treatment has 100 to

oversight of the possible third component. Vermiculitc forms double-layer complexes

with ethylene glycol and gives spacings of 16.2 Ain contrast to glycerol complexes that

normally give spacings of about 14.3 A (Brindley, 1966). If the same applies to di-

octahedral vermiculite- or high-charge smectite-layers in Ils c1ays, it would be difficult

to recognize their presence.

The aikylammonium method is, as mentionOO, best suitoo to investigate the layer-

charge development in Ils c1ays. Other methods, such as conventional cation exchange

capacity or chemical formulae establishOO from chemical analyses, may provide the total

or averagOO layer charge. However, they do not convey information on the distribution

of charges. The alkylammonium method has been successfully appliOO to identify the
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charge heterogeneity and to treat the charge distribution in smectite and more or less

regularly interstratified Ils minerais (Lagaly and Weiss, 1975; Lagaly, 1979). For US

mixed-Iayer clays, problems are more complicated, since component layers contributing

X-ray scatter are of varied types. Broadly, there are three components: non-expanding

iIIite, expandable H1ite that does not expand with ethylene glycol or water but with

alkylammonium, and glycol-expandable layers that may show a whole spectrum of layer

charges. Currently, computer prograrns to deal with multi-component mixed-Iayers of this

complexity are not available, but are cssential for the study of layer-charge development

in US c1ays.

SINGLE-PHASE SOLID SOLUTION VS. TWO PHASES

Mixed-Iayer c1ays have been conceived as single-phase solid solution of end-member

c1ays forming mixed-Iayers. However, sorne doubts exist whether mixed-layer US is a

phase because of its unpredictable behavior in solution. A phase is defined as part of a

system which is chemically and physically uniform throughout. The phase concept is

phenomenological, and thus operates on a macroscopic scale, not at the level of the unit

cell (Zen, 1962). The identity of US distinct from iIlite or smectite can be established by

its X-ray diffraction characteristics and laltice fringe images. The internaI structural state

of US is described by proportions of component layers and sequences with suitable

statistical parameters. Confusion arises when US c1ay~\ are dispersed in water. Ils may

remain intact or dissociate into component layers (Fig. 11-2). Dissociation is expected

where the attractive force, either van-der-Waals, electrostatic or hoth, becomes less than
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Figure 11-2. The colloidal behavior of US in solution.
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the double-layer repulsive force as discussed in the section on Markovian erysrallires vs.

fundamenta/ partie/es. The composition of a colloïdal solution of liS in water can he

described as:

'I/X-S + Hp .. 1 + X-S + I/X-S + Hp

where X is an exchange cation. Note that the equation is not balanced. In this system,

illite, smectite or Ils should be considered as a species. In other words, not ail the

species in solution are necessarily phases. The relative abundance of species is

ùetermined by chemical equilibria among the species. Special care should be taken to

define a phase when it is involved in reaction with the environment, Le. Hp. Table 1I- 1

shows species that may be present in a colloidal solution of Ils according to the DLVO

theory and Iiterature. liS with low-charge expandable layers will dissociate across

interfaces hetween ~xpandable layers and may behave Iike two phases, depending on the

proportions of component layers and the degree of order.

For high-charge expandable layers, expansion is Iimited and complete dissociation will

not occur (cf. vermiculite; Norrish and Ransell-Colom, 1963). High-charge layers will

collapse in solutions containing cations with low dehydration energy to form illite-like

layers. Thus, Ils with high-charge expandable layers will behave as a single phase Ils

or 1 depending on the dehydration characteristics of exchange cations. In the case that

both low- and high-charge expandable layers are present in liS, single- to triple-phase

behavior is possible.

Experimental studies of phase equilibria at low temperalUres have heen carried out to

monitor the composition of aqueous solutions that are in equilibrium with solid phases
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Table 11-1. Behavior of Ils with differently charged component-layers in solutions of cations requiring high and low
dehydration energy.

Layer charge Low Charge Mixture of Low and High Charge
High Charge

Ils type
mndom onlered random onlered random onlered

Dehydration energy J/~ Ils Ils Ils Ils Ils 1

High 1 J, S 1 J 1 J, S, Ils ! IlS, J Ils 1 Ils Il

1 Low J, S J J, S J 1 J J
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therein. The system KzÜ-AlzÜ,-SiOz-HzÜ is commonly used to depict phase relations

involving Ils c1ays. Ils forrns a compositional continuum with illite and smectite end

members in numerous plots of geochemical data (I-lower and Mowatt, 1966; Aagaard and

Helgeson, 1983; Meunier and Velde, 1989), indicating a solid-solution character.

However, Ils c1ays in solution show multiphase behavior (e.g. Sass et al., 1987; Aja et

al., 1991), because they dissociate in a liquid as discussed on the basis of colloid

chemistIy. Ils clays of fixed composition usually define several univariant Hnes and

invariant points on the phase diagram including kaolinite, muscovite, microcline, Al

hydroxides, illite and smectite. It is interesting to note that data points delineating the

univariance berween Blite and smectite are scaree or close to the invariant point. If Ils

clays consist of rwo or more phases, why is there not a clear-cut alignment of data points

on the inferred phase boundary between illite and smectite, as they do with other minerai

phases. The "arious values deterrnined for K in the formula unit of phases (7) from the

experiments may simply reflectlayer charges that developed preferentially in the material

for therrnodynamic reasons. In nature, illitic material with a cenain layer-charge is

predominant, such as smcetite (-004), verrniculite (-0.6), illite (-0.8), and muscovite or

biotite (1). This observation suggests that the layer structures of these charges are

relatively stable in free energy terrns. Layer charges in-between are found in mixed-layer

clays. However, it is possible that mixed-Iayer clays, in fact, consist mainly of

component layers having structures of the above four minerais. The apparent layer-charge

of mixed-Iayer c1ays may result from the various combination of these component layers.

Water compositions of the natural system (of Stanley and Benson, 1979) used as
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evidence for solid solution of Ils by Aagaard and Helgeson (1983) have been

reinterprcted in tenm of a phase boundary b~!ween HIite and smectite (Garrels, 1984)

(Fig. II-3). However, a line can be belter drawn through the data points parallel to the

vertical axis of log a.+/aJl+' which could be a silica-saturation line (Fig. II-3c). It is more

likely that the line may approximate an assemblage boundary for reactions tha! are

insensitive to potassium concentration such as:

low-charge Smectite + K-feldspar" high-charge Smectite + Quartz.

At high aqueous silica concentrations, equilibrium favors the reactants, whereas at !ow

silica concentrations the products are favored.

TRANSFORMATION VS. NEOFORMATION

Transformation does not involve break-down of the whole structure (e.g. a-to-~ quartz

transition), whereas neoformation is carried out through complete dissolution of the

precursor phase and reprecipitation as a new form. Neither of these reaction mechanisms

alone seems to account fully for the illitization process. The illitization reaction displays

~spects of both transformation and neoformation. Chemical reactions- layer-charge

development and potassium fixation- may not require large-scale bond-breaking of the

pre-existing structure, as discussed above in the section of layer charge vs. potassium,

based on considerations of the activation energy. However, ilIitization involves structural

adjustrnent of Ils that attained at a certain composition. The structural changes

accompanying the S-to-I reaction proceed in several steps:
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1 il III IV

S ~ random mixed-Iayer I/S ~ short-range ordered I/S ~ long-range ordered I/S ~ I.

Step 1 is probably accomplished by random development of layer charges in crystallites

of smectite, followed by selective sorption of potassium in high-charge layers. The

morphology of random mixed-Iayer Ils clays appears indistinguishable from pure smectite

in TEM images (lnoue et al., 1987). Chemical properties (composition, /)180, etc.) of

experimentally produced random I/S can be extrapolated to 1()() % smectite (Roberson and

Lahann, 1981; Whitney and Northrop, 1988). Thus, step 1 may not involve large-scale

dissolution.

Step II appears to require a major structural overhauI. Many lines of evidence, such

as reaction rate, /)1'0 systematics and morphology, suggest that neofonnation of I/S

probably occurs at this stage. The reaction rate drops at the transition from random to

ordered I/S at about 40 % expandable layers. /)180 values of ordered I/S and solutions

from hydrothermal experiments indieate complete isotopie resetting of r;omponent layers

regardiess of type, 1or S (Whitney and Northrop, 1988). Elementary partic\es of ordered

I/S dissociated in water show a distinct lath shape in contrast to random I/S particles that

exhibit a fuzzy, flake-like habit (Inoue et al., 1987).

An important question is why ordering takes place at aIl. In principle, all geuchemicai

processes occur to reduce the free energy of the system in a given physical and chemicai

environment. For a mixture, the free energy change due to mixing (âGmlx) is considered

instead of the free energy of a mixture itself. The free energy change on mixing is wrillen

as âGmlx =MI,.lx - TâSmlx• In the case of mechanicai mixing, the free energy of a
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mixture will simply be the sum of the Cree energies of the chemical species present in the

mixture, since ll.Gmix = O. For a solid solution, the Cree energy can be greater than, less

than or equal 10 the free energy of a mechanical mixture in which the relative ratios of

components are the sarne as in a solid solution.

The entropy of mixing, ll.Smix' consists of a statistical term, W, describing the number

of possible different arrangements by the components in the system, and Boltzmann' s

constant, k (=1.3806xlO -23JK"),

S = k·lnW.

For a two-component system, the number of different arrangements over the N sites

bccomes

W =N!/(xN)![(l-x)N]!

where x and (l-x) represent fractions fillcd by the components. The logarithm of W is

always positive (bccause W>l) and so is the entropy. Il is also expected that the entropy

of an ordercd structure is small owing to the fact that the number of ordered arrangements

is much smaller than the number of random arrangements.

Returning to the free energy, since temperature on an absolute scale is pù~itive, the

entropy term, Tll.Smix, always tends to decrease the free energy. Thus, it is paradoxical

that in the diagenesis of liS c1ays, with increasing temperature, they tend to assume

ordercd instead of random arrangements since ll.S_ < ll.S,.ndom' To counter an increase

of the free energy due to ordering, ll.H,.ix,..dc,"" - ll.H,.ix'''- must be negative. In other

words, the ordering reaction must be exothermic. The enthalpy of mixing can he

rationalizcd in terms of the energy of interaction among component units. In Ils clays
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there are three pairs, 1-1, I-S and SoS, to be considered. Phenomenologically speaking,

ordering appears to take place te avoid the SoS association rather than to increase the I-S

association. There is a tendency to achieve the maximum separation between S's, as seen

in long-range ordered mixed-layer US. This probably is related to the surface Cree energy.

The interlayer of the smectite layer is a solid-liquid interface where the surface energy

dominates the free energy term. The effective reduction of surface free energy, hence,

of the overall free energy is accomplished by the arrangement of layers, as observed in

nature, with maximum distance between smectite layers in the stacking sequence of US.

Even if the reaction is exothermic, it would be sluggish, since the activation energy is

expected to be relatively high; i.e. the total activation energy on the order of 20-30 kcal

minus 3.5 kcal. The reaction requires transport of material on a macroscopic scale and,

therefore, should involve dissolution.

Steps III and IV probably follow the easier reaction path. The chemical reaction, i.e.

layer charge development and potassium fixation, is kinetically favored, because it does

not require a large activation energy. However, at these stages, the energy barrier for

dissolution may not exist due to elevated temperalUres. The local development of layer

charges within the structure may not be strictly a transformation. The Tandom formation

of l-layers in IS(RI) ordered mixed-Iayers would result in an odd number of l's between

S's, i.e. a sequence dominated by SIS and sms. This may explain the rare occurrence

of ns (R2) ordering in a mixture. If neoformation is oper"ting in the composition range

of 35±5% expandable layers, Ils (R2) ordering will be dominant since it is the

configuration for maximum separation of S's. However, il appears that when the Tandom
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development of I-layers in R1-ordered US reaches a cenain point, the free energy may

take over to regulate the locations of charge development and I-layer formation to reduce

the surface energy. The morphology of elementary particles of long-range ordered liS

and 1Md iIlite is similar to those of shon-range ordered US except for thickness (lnoue

et al., 1987). The points discussed so far are supponed by observations of the heh::vior

of US c1ays upon K-saturation in the Beaufon-Mackenzie Basin (see Fig. 1II-6). Random

mixed-Iayer US does not form ordered Ils by simple introduction of potassium into high-

chargeexpandable layers. R1-ordered US hecomes R>1 ordered. R>I-ordered liS shows

!ittle change in the degree of ordering, but produces discrete peaks corresponding to iIlite.

Ostwald ripening is an alternative meehanism introduced to interpret structural changes

of US (Inoue et al., 1988; Eberl and Srodon, 1988; Eberl et al., 1990). The mechanism

may explain lateral growth of liS c1ays. However, it is probably not responsible for the

increase in layer thickness. Ostwald ripening is a process of crystal growth by which

small particles dissolve due to high surface free energy, while large particles grow as

matter is transferred from the former to the latter through dissolution and reprecipitation

(Baronnet, 1984). In general, clay minerais including US appear to he stabilized in lerms

of size by lateral growth rather than along the C-axis, as evidenced by face development

and spacings (c' > a', b') [cf. Bravais' law, Periodic bonding theory). The effeet of layer

thickness on size would he neg!igible considering the dimensions of length and width.

The statistical thickness distribution of elementary panicles (sensu Altaner and Bethke,

1988) of US c1ays can he mistaken as a profile characteristic of Ostwald ripening, since

processes causing the change from shon-range through long-range ordering of US 10 1

resemble crystal growth by coalescence.
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CHAPTER III. Ils MINERALOGY

The degree of ilIitization is measured by expandability, Le., the proportion of the

expandable component in I/S, which is often depth- and thus temperature-dependent Its

possible use as a thermal indicator has attracted the attention of the petroleum industry.

However, applications have never explC'ited the full potp.ntial due to the fact that too many

factors are involved in comp~sitional variations of I/S, including formation water

chemistry, porosity and permeability of strata, nature of the starting material, kinetics, etc.

A more serious problem is the precision in estimating I/S composition. The complicated

nature of X-ray diffraction patterns of I/S and the omnipresence of discrete illite lead to

errors on the order of 20 %. This chapter describes the mineralogy of I/S mixed-Iayer

clays from the Beaufort-Mackenzie Basin and provides a new method which can he used

in estimating the I-content, especially for I/S with poorly-defined peak positions and weak

intensities.

X-RAY DIFFRACTION CHARACTERISTICS OF <.1 JI FRACTIONS

Figure 111-1 shows typical X-ray diffraction patterns of Beaufort-Mackenzie samples. The

7 Â peak and ils (ool) series correspond to kaolinite except for sorne deep samples of

Reindeer D-27 which contain chlorite (Fig. 111-2). Variable amounts of discrete iIlite are

always present, interfering with I/S reflections. Peaks of iIIite that are often broad due

to fine particle-size occur as a shoulder or asyrnmetry on the high-angle side of low-angle

reflections of I/S (001) and a smali hump at 5 Â (002). The (003) peak of iIIite is not

separable from the (003)1(/(005)17 peak of I/S (subscripts denote the basal spacings).
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Figure 111·1. X-ray diffraction patterns of typical Beaufort-Mackenzie clays «.1 Il

fraction). Glycolated. A. Random IlS. B. Mixture of random and ordcred liS. C. Rl

ordered IlS. D. R>l-ordered IlS. (a - Taglu C-42 8468, b - Ivik J-26 10213, c - Taglu

0-33 8279, d - Taglu 0-33 5376, e - Reindeer 0-27 685G-6800, f - Mallik A-06 9266,

g - Taglu C-32 10430, h - Reindeer 0-27 8250-8200, i - Reindeer 0-27 8650-8600, j 

Reindeer 0-279250-9200, k - Reindeer 0-279650-9600,1 - Taglu C-42 13800-13700,

m - Reindeer 0-27 11443, n - Reindeer 0-27 12650-12600,0 - Taglu C-42 15800-15700

ft, p - Amerk 0-09 4866 m). For Description, see text.
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Figure IIl-2. X-ray diffraction patterns of (a) air-dried, (b) glycolated, (c) heated
at 400"C and (d,e) 550'C specimens. <.1 Il fractions (a-d: Reindeer D-27 9200
9250, e: 11100-11150 ft). Collapse to 10 Â after heating indicates that mixed
layers consist of 2: 1 layer-silicates, Le. illite and smectite. 7 À-series reflections
disappear after heating at 550'C (d), indicating !hey correspond to kaolinite.
Chlorite in Reindeer deep sample (e) persists after heating at 550°C.
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Ils clays are characterized by broad reflections. The full width at half-maximum

intensity (f.w.h.m.) for low-angle reflections ranges from 1 to 2 °28 for less evolved Ils

with low I-content (e.g. Fig. III- la, b). A close approximation of the f.w.h.m. can be

oblained for particle lhicknesses varying between 2 to about 8 layers, using the computer

program Newm0d2 of Reynolds (I985). However, with increasing I-content, peaks

between 17 and 10 A become so broad that the f.w.h.m. can not be simulated with the

Newm0d2 program.

US Mineralogy

X-ray patterns of Beaufon-Mackenzie Ils can be grouped ioto 4 categories: random, a

mixture of random and ordered, R1-ordered, and R>l-ordered IlS. Random mixed.layer

US is characterized by the peak appearing at about 5.2 °28 [(00 l)ll/(OOl)17]' With

increasing proponions of I-layers, saddle/peak ratios of the (001)1l/(001)17 peak decrease

(c.f. Rettke, 1981; Inoue et al., 1989). With increasing degree of iIIitization, the intensity

of higher-order peaks decreases. At about 40 %1, the precise position of higher-order

peaks, especially (002)1l/(003)17' cannot be detem;ined. With increasing I-layer content

in IlS, the intensity of discrete iIlite peaks also increases as shown by increasing shoulder

heights on the fust order peak [(001)1l/(001)t7l of I1S.at about 10 A(Fig. ill-lA).

A mixture of random and ordered US is identified by two peaks, one at very low

angles «4.2"28), indicative of a superlattice structure, and the other between 17 to 15 Â

(Fig. III-lB). The second peak for ordered Ils usually occurs at less than 14.5 A(Bethke

et al., 1986). Previously, a mixture of random and ordered Ils has been identified in
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..."'.. hydrothennal experiments (Whitney and Northrop, 1988). Contamination by drilling mud

is highly unlikely, because samples were weil consolidated. Note that two of the

diffractograms shown in Figure III-lB (f and g) were obtained from core material. This

mixture of random and ordered Ils was identified in about 30 core and drill-cuning

samples. The relative abundance of ordered Ils in the mixture increased with depth (see

Chapter IV). Intensities of the (001)27 peak increase while those of (OOI)\.I«()(l1)"

decrease (Fig. III-lB). Compositions of random Ils in the mixture range from about 55

to 65 %1 based on saddle/peak ratios of the (001)\01(001)11 peak. Compositions of ordered

Ils are probably similar to those of coexisting random IlS, though they were difficult to

estimate due to the weak intensity of peaks at about 16 °28 [(002)\.1(003),,] and the

presence of discrete illite.

Rl·ordered Ils shows two distinct peaks at low angles, (001)" and (001),.1(002)"

(Fig. III-IC). RI-ordering is defined by peak positions of (001)\.1(002),7 that vary from

14.5 to 12.8 A (Hower, 1981; Bethke et al., 1986). In general, with increasing

proportions of I-layers, (001)" shifts towards lower angles while (001)\.1(002)" shifts

towards higher angle;;. Positions of other peaks, (002)1.1(005>" and (003)\.1(0081", were

usually not measurable, either due to weak intensities or proximity to discrete illite peaks.

Resolution, even with the profile-fitting program FIT, was rarely possible. Deconvolution

of peaks in the 5 Aregion (cf. Eherl et al., 1987) did not provide reliable rusults to

estimate composition. Deconvolution results appear inconsistent among samples with

similar XRD patterns, and thus of similar composition. In many cases, the results did not

hear any physical meaning, Le. intensity, peak positions and the f.w.h.m. do not reflect
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the nature and relative abundance of phases present. Air-dried samples displayed better-

defined and resolvabl~ peaks. Compositions of R l-ordered liS based on peaks of air-

dried samples range l'rom 65 to 80 %1. liS of 65-70 %1 is characterized by a rclatively

high saddle at about 17 A (Fig. III-i i), probably due to lhe imperfection of ordering, Le.

the presence of smectite-to-smectite junctions (S.S). The difference between the 28

angles (differential 28) between (001)27 and (001)1l/(002b is usually less than 3.5". liS

of about 75 %1 shows well-defined peaks of (001)27 and (OO1)Il/(002)27 (Fig. III-1j), and

the differential 28 between the two peaks ranges l'rom 3.5 to 4.0·. Position of the (oolb

peak varies between 29 and 34 A, while that of the (001)1l/(002)27 peak between 14 and

13 A. As the I-Iayer content of liS approaches 80 %1, the (001)27 peak disappears.

Nevertheless, the convexity of X·ray traces near 2 "28 indicates the presence of a

superlattice structure of increased spacing (e.g. R3).

R>l-ordered Ils usually shows a single peak at d-values <12.8 A(Fig. III-ID). Peak

positions suggest Reichweite values greater than l, but Jess than 3. Most R>l-ordered

Ils is found in deep samples (see Chapter IV). Compositions based on peaks of I1S-1

water (denoting a single interlayer-water) cluster at 84-88 %1. Sorne samples show values

as high as 92 %1. This estimate is, however, at beSt, a guess owing to the high

concentration of chlorite in these samples. Chlorite seems to weaken the overall intensity

of liS peaks and, thus, lower the efficiency of deconvolution in the 3.3 Aregion.

Estimation of Ils Composition

Conventional methods to estimate the composition of liS use peak positions or differential
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2a values on glycolated samples (Reynolds and Hower, 1970; Reynolds, 1980; Srodon,

1980, 1984; Watanabe, 1981). These methods, however, were not applicable for most

Beaufort-Mackenzie samples due to the weak intensity of the important peaks, especially

(002)/(003)5'

For random Ils and most of the samples with a mixture of random and ordered IlS,

saddle/peak ratios of the (001)11/(001)17 peak were used to estimate composition. A

working curve similar to Inoue et al. (1989; modified after Rettke, 1981) was constructed

based on paltl)rns generated by the Newm0d2 program. In calculating the patterns,

default parameter~ glven by the program were used because many parameters can not be

deterrnined with certainty. Comrositions obtained by conventional methods generally

agree with those estimated from s"ddle/peak ratios. An error range of 10-15 % was

"stimated for the method accoraing to Inoue et al. (1989).

For ordered IlS, the addition of another variable, i.e. the degree of ordering,

complicates the relationship between composition and peak parameters, i.e. peak posilion,

intensity, f.w.h.m., differential2a values and saddle/peak ratios. For Beaufort-Mackenzie

sa:.1ples, three weII-defined peaks were always detected, regardless of Interference by

discrete ilIite peaks. These include the peak between 17 and 10 Â on glycolated samples,

and the peaks at 12.5-10 Â and at 3.3-3.1 Â on air-dried samples. The peak between 17

and 10 Â on glycolated samples was used to define the degree of ordering in '.erms of

Reichweite value (Bethke et al., 1986). Peaks on air-dried sampIes, especially the higher

order peak between 3.3 and 3.1 Â, show depth-related variations (Fig. III-3). Parameters

of the peak, Le. position and the f.w.h.m., change systematically with depth. Peak
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Figure III-3. Plot of 003/004s peak parameters with respect to depth. Air-dried. Reindeer D-27.
a) f.w.h.m. b) peak position (both in 20). For data, see Appendix 1.
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positions move towards 26.8 "29 (3.3 Â) and the f.w.h.m. decreases with increasing depths

of burial. The f.w.h.m. ranges from >2 for random, 2-1.5 for R!-ordered, and <1.5 for

R>l-ordered IlS. The peak position suggests a single-layer state of interlayer-water for

most expandab!e !ayers in IlS. In estimatit'b the composition of ordered IlS, peaks in the

3.3 A region were deconvoluted based on a three-peak model for patterns with

f.w.h.m.>1.5, or a two-peak mode! for f.w.h.m.<1.5 (Fig. III-4; see a!so Appendix 1). The

peak at 3.5 Acorresponds to kaolinite and/or chlorite, that at 3.3 Ato iIlite, and that at

<3.3 A to IlS. At a f.w.h.m. of <1.5, intensities of the deconvoluted peak using a three

peak model are inconsistent with the relative abundance of phases present. This is due

to the proximity of peak positions of ilIite and I/S.

Compositions of Rl-ordered Ils based on the (0(l3),,/(007h2.S peak of VS-I water

range from 65 to 80 %1. Although compositions generally fall within the known range

for Rl-ordered 1/S, the estimates appear to be !1ighci than th",se. expected from glycolaled

sarnples based on low-angle peaks. Compositions estimated on glycolated samples with

a better-defined (002),,/(005)27 peak are usually lower by about 5 %1 lhan those obtained

from air-dried samples.

The composition of R>l-ordered Ils was also estimated by decCilVoluting peaks in the

3.3 Aregion on air-dri~d samples. A two-pe~k model was us~.d because a relatively small

f.w.h.m. does not pern.i! resolution of peaks belonging to ilIite and Ils with high l-layer

content. Patterns of glycolated R>1-ordered Ils show little differences between samples,

especially for deep samples from Reindeer 0·27. For most Beaufort-Mackenzie samples,

compositions fall in the narrow range between 84 and 88 %1. Compositions obtained
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Figure 1II-4. Deconvolution ofaX-ray diffraction curve in the 3.3 Â region. Air
dried. A smooth curve on the diffraction pattern is the sum of three curves
corresponding to IlS, kaolinite (K) and iIIite (1). Pseudo-Voigt function is used.
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from glycolated samples with belter-defined peaks in the 5 A region, though

deconvolution results were less consistent, seem to agree with compositions estimated

from peaks of I1S-1 water.

DISCUSSION

Peak Broadness and Intensity

The abnormal broadness and weak intensities of liS peaks are attributed to turbostratic

effects and (001) stacking defects (Reynolds, 1989) and, most likely, to varying

thicknesses of glycollayers. Srodon (1980) showed that the thickness of smectite-glycol

complexes can vary from 16.5 to 17.3 A. The same thickness variation may he

characleristic of smectite-layers in IlS. The effect of varying glycol-layer thickness within

a sequence of individual panicles is probably similar to that of strain-broadening (Warren

and Averbach, 1950). In strain-broadening, displacement of the laltice (laltice strain) may

he infinitesimal; however, the effect can he very profound on diffraction patterns

(Reynolds, 1989). Figure III-5 shows the results of strain broadening for 10 Astructures

with r. mean displacement of adjacent unit-cells from 0 to 2 A. Broadening increases and

intensity decreases with increasing 2e angles. Eventually, at a large displacement (e.g.

2 A), aIl high-angle peaks disappear and only a first-order peak that represents the unit

ceIl itself may he seen. Differences in glycol-layer thickness are analogous to the

displacement of adjacent unit cells in strain broadening. The glycol-layer thickness

depends on layer charges and types of interlayer cations. For instance, vermiculite forms

double-layer complexes with ethylene glycol and gives spacings of 16.2 A (Brindley,
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1966). 1'1 mixed-layer IlS, expandable layers display a wide range of layer chargés

(Lagaly, 1979; Howard, 1981; Vali et al., 1991). Although most expandable layers are

expected to form double glycol-Iayers, spacings may vary from 16.2 to >17 À depending

on layer charge.

Abnormal Glycol Behavior

In the Beaufort-Mackenzie Basin, sorne high-charge expandable layers appear to fonn

single-layer complexes with glycol. The overall XRD patterns of Ils can be reasonably
,

assessed on the basis of a two-component mixed-Iayer model, 10 À and 17 À; however,

the presence of the third component, i.e. a single-layer complex (14 À), is identified in

the 28 regioli where positions of the 14 À-series lie between those of the 17 À- and 10

À-series [e.g. (001)14' (003),4]' The peak between 17 and ID À is broader than that which

can be obtained with Newm0d2 based on a two-component model. The peak in the 5 À

region does not show an appreciable effeet of glycolation between 5.7 À [(003)11] and 5

À [(002)10]. Normally, the glycolation effect on Ils is more pronounced on the lower·

angle side of 5 À than on the higher-angle side because of the proximity of the third order

peak (003) of 17 À to the second order peak (002) of 10 À compared to (004) of 17 Â.

However, for most Beaufort-Mackenzie samples, the glycol effec! is reversed. This

abnormal behavior is atoibuted to the effeets of the 14 À-component. For K-saturated

samples, the glycol effeet appears normal, i.e. a stronger (002),.1(003)11 and a weaker

(002),.1(004)'7 peak (see Fig. III-6). The 14 À-component collapsed to form illite-like

layers upon K-saturation and, thus, no longer existed. In general, K-saturated samples
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Sb01 Jed better-defined reflections at the low-angle side of 5 Â.

Discrete I1Iite or Elementary I1Iite Panicle

Most discrete illite is probably an artifact of dispersion (discussion based on

geochemistry, see Chapter V). Ils crysta\lites are expected to dissociate into thin iIlite

and smectite-particles in a Iiquid according to the DLva theory (for detailed discussion,

sec Chapter II). Sorne iIlite particles may not associate back into Ils upon drying.

Therefore, disscdation of Ils would in~rease the illite population, and thus contribute to

the; intensity of discrete ilUte peaks. As shown in Fig. ill-lA, the shoulder heights on the

first order peak of random Ils at about JO Aincrease, as the intensity of (001)17 decreases.

The increased intensity of the iIlite peaks is not due to newly-formed iIlite that may

precipitate with increasing degree of diagenesis. Rather, the increase is due to the

increased number of potential iIlite-partic1es in IlS, as I-{;ontents increase. No systematic

change in intensities of the iIlite peak ',lias observed in the composition range of ordered

IlS. In general, the intensüy of the illite peaks :s similar to or even Jess than the intensity

of those associated with random IlS. If iIlite ',lias diagenetically formed, a more intense

10 Apeak is expected in samples containing ordered IlS. As mentioned earlier, however,

this is not the case.

The next question is, if iIlite has an elementary particle origin (sensu Ahaner and

Bethke, 1988), why is there less illite in sorne samples containing ordered Ils than in

those with random IlS. Ordered Ils contains more potential iIIite-panic1es owlng to its

higher I-content. This could be due to a greater proportion of high-charge layers that may
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have developed in expandable layers of ordered I/S than in random I/S. In general, I/S

crystallites dissociate into elementary panicles at cleaves of low-charge layers. High

layer-charge would prevent dissociation.

Mixture of Random and Ordered Ils

A mixture of random and ordered I/S has rarely been identified in diagenetic studies. In

fact, the mixture should not exist according to NaJeau et al. (1984a) who showed thal the

physical mixture of smectite and RI-ordered liS (rectorite) would produce X-ray

diffraction patterns corresponding to random liS. The mixture of random and ordered liS

is widespread in the Beaufort-Mackenzie Basin. In Reindeer D-27, it is identified in a

transitional intervaI, about 500 m thick, between random and RJ-ordered l/S (see Chapter

IV). The existence of a mixture of random and ordered I/S 3uggests that the reaction for

the transition from random to ordered structures, i.e. ordering, is not instanlaneous. The

mixture probably represents a metastable state in the crdering reaction. In slow reaclions

(for rationale, see Chapter Il), metastable co-existence of reactants and products is nol

unusIJaI.

Implications of X-Ray Diffraction Patterns (Jf K-Saturated Samples

K-saturation experiments indicate that expandable layers in I/S consist of low- and high

charge smectite-Jayers. Expandable layers Witii high charge collapse to fonn iHi:c-iike

layers upon K-saturation. With sodium as an interlayer cation, these layers formed 1- or

2-layer glycol-complexes depending :m layer charge (see discussion above).
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Upon K-saturation, the intensity of the (001)'7 peak ofrandom 1/S decreases compared

to Na-saturated samples, suggesting thatthe proportion of I-Iayers increased (Fig. III-6B

a). A mixture of random and ordered 1/S, upon K-saturation, lost the peaks representing

random 1/S (Fig. III-6B b). Random liS in the mixture may have already acquired an

ordered layer-strucrure, Le. a structure of alternating expandable layers with high- and

low-charge.

For ordered liS, K-saturation allers the composition as weil as the degree of ordering.

RI-ordered I/S showed a gain of about 5-10 %1 (see Chapter IV). In addition, some 1/S

particles appeared to have transformed into ilIite. In general, peaks representing iIIite,

especially (001), are more prominent than those in Na-saturated samples. The response

of the (OOl)ul(002>z, peak that defines the nature of ordering is more complicated. In

most cases, it moves towards higher angles (Fig. I11-6A a,b), suggesting that the degr~

of ordering is improved. In sorne cases, the peak is broader and has an almost flat top

(Fig.III-6B c), indicating that K-saturated samples consist of liS mixed-Iayers displaying

various degrees of ordering from RI to R3.

R>I-ordered liS of Reindeer D-27 shows little change in XRD patterns upon K-

saturation except for producing more prominent peaks corresponding to ilIite (Fig. III-6A

c,d). On the other hand, K-saturated R>I-ordcred liS of Taglu C-42 displays a pattern

similar to RI-ordered liS (Fig. III-6B d). The (OOI)u/(002)27 peak and the equivalent

peak of R>I-ordered liS shift towards lower angles. Unlike Reindeer samples, K-

saturation altered the nature of ordering in Taglu C-42.

Upon simple K-saturation, the proportion of I-Iayers in random 1/S increased, while
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Figure III-6. X-ray diffraction patterns showing the effect of K-saturation for various

types of liS. A) Reindeer D-27 [a - 8375, b - 10329, c - 11443, d - 12462 ft]. B) Taglu

C-42 [a - 9738, b - 11508, c - 13000-12950, d - 16030-16000 ft]. For explanation, see

text.
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higher-order I/S as weil as illite developed from R I-ordered IlS, by transforming high-

charge expandable-Iayers into I-layers. This suggests that the illitization reaction can he

transformational for random or ordered lIS. Random Ils in the composition range of <

-60 %1 may share a common structure, whereas long-range ordered Ils and probably also

illite may develop from the RI-structure acquired as a result of ordering.

The development of I-Iayers in crystaJlites of R I-ordered I/S would resuit in odd

numbers of l's between smectite-Iayers (see also Chapter II). Reichweite values greater

!han l, butless than 3 for R>I-ordered Ils determined from X-ray diffraction patterns,

are probably due to mixed stacking of RI- and R3-structures in the crystallite.
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CHAPTER IV. BASINAL TRENDS

The mineralogy of I/S mixed-layer clays from the Beaufort-Mackenzie Basin has been

dealt with in Chapter m. Four different types of I/S were characterized on the basis of

X-ray diffraction pattems of air-dried, glycolated, K-saturated and heat-treated <.1 JI

fraclions. These include random, a mixture of random and ordered I/S, Rl-ordered, and

R>l-ordered varieties. A method which can he used in estimating the I-content,

especially for I/S with poorly-defined peak positions and weak intensities, has been

devised.

K-saturation experiments provided insight into reaction mechanisms of illitization and

layer-charge developme~t in I/S. High-charge expandable layers in I/S crystallites

collapse to form illite-like layer~, i.e. high-charge layers transform to illite-like layers

upon simple K-saturation. This implies that an increase in I-contents, regardless of

whether il is l'andom or ordered I/S, may involve transformation. Neoformation probably

operates while ordering of random I/S takes place.

In this chapter, the basinal trends of I/S diagenesis in the Beaufort-Mackenzie Basin

are discussed, based on variations in composition and ordering, and their relationship to

other geologic variables such as temperature, fluid pressure, lithology, stratigraphy,

hydrocarbon occurrence and depositional environments.

RESULTS AND INTERPRETATIONS

B.A.-Shell-IOE Reindeer D-27 (lat. 69"06'05"N, Long. 134°36'54''W)

Reindeer D-27 was the fITSt exploratory weil in the Beaufort-Mackenzie Basin (spudded
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in 1965). It penetrated a total depth of 12668 ft (3861.2 m). Coring was carried out in

intervals of about 600 ft, so that each interval represents about 5 % of the lotal drill

depth. A bottom-hole temperature of 78.9"C was reported. Although the weil was

cIassed as dry and abandoned, an overf1ow of gassy mud 10 the surface was reponed at

6856 to 6858 ft (2089.7-2090.3 m). Oiscovery was made at Reindeer F-36located about

2 km south of Reindeer 0-27. The weil comprises Lower Cretaceous (Albian) shale aru::

Tertiary deltaic successions that include the Fish River, Reindeer, Richards, KugmaIlit

and Iperk sequences (Fig. IV-I). The Fish River Sequence consists mainly of prodeltaic

shales. The Reindeer Sequence contains relatively homogeneous prodeltaic shale and

overlying delta front/delta plain sandy sediment, the facies boundary of which is placed

at about 6200 ft (1890 m). The younger sequences (KugmaIIit and Iperk) were not

studied for the lack of samples.

Reindeer 0-27 was selected as one of the major target wells to iden!ify the burial

trend of Ils in the Beaufort-Mackenzie Basin. A total of 84 samples (18 core samples,

66 drill cuttings) were studied. Reindeer 0-27 has long cores covering a wide range of

depths between 2907 and 12463 ft (886-3799 m). Well-consolidated drill cutûngs were

available from the relatively shallow depth of 6100 ft (1859 m) downwards. Mudrocks

are the pn:dominant lithology of the studied interval.

The mineralogy of the <.1 p fraction is relatively simple. Besides mixed-Iayer lIS,

discrete ilIite and kaolinite are always present (see Fig. 1II-1). Chlorite appears starting

at 10800 ft (3292 m) depth (Appendix 1), which corresponds to the stratigraphie top of

the Albian. Although in drill-eutting sarnples chlorite persisted 10 the bottom of the hole,
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the absence in core samples below 11443 ft (3488 m) suggests that chlorite is, in fact,

restricted, at most, to an interval about 600 ft thick (10800-11443 ft). The presence of

chlorite in deeper drill-cutting samples 1s dl~~ to the effect of cavings. Whether chlorite

is of detrital or diagenetic origin is an interesting question which, however, was not

pursued. il was noted that chlorite is an Fe-rich, di,tri-octahedral variety (see Appendix

V; sampie 10975).

1/S diagenesis

liS in Reindeer D-27 shows, as mentioned in Chapter 111, a whole spectrum of X-ray

diffraction patterns from random to R>I-ordered. Compositions range from 27 to 92 %1

(Fig.IV-I). Random US, for which compositions vary from 27 to 60 %1, predominates

at shallow depths above 6700 ft (2042 ml. Between 6700 and 8350 ft (2042-2545 m),

a mixture of random and R I-ordered US occurs, for which the relative abundance of

ordered liS increases with depth (see Fig. III-lB). Compositions of the mixture range

from 52 to 70 %1. RI-ordered US is dominant in the interval between 8350 and 10750

ft (2545-3277 m), and contains between 69 and 80 %1. Below 10800 ft (3292 m), only

R>I-ordered US with >80 %1 is present.

Proportions of I-Iayers in liS increase gradually with the depth (Fig. IV-1). The

systematic trend displayed by more than 80 data points supports the validity of the

methods used in estimating composition (see Chaper III). It is of interest to note that,

though core samples follow the general trend, they contain liS with higher percentages

of I-Iayers than drill-cutting samples from similar depths. In drill-cutting samples, the 1-
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content of liS was lowered due to cavings of diagenetically less evolved liS from

shallower depths.

In the interval of random liS above 6700 ft (2042 ml, no systematic trend was

observed. However, there are indications which suggest that the iIlitization process has

started. Collapse of expandable layers upon K-saturation is considerable in ail samples

except for that trom 3700 ft (1128 m), i.e. sorne expandable layers in Ii3 have developed

high enough layer-charge to form illite-like layers when K+ becomes available. The

apparent lack of a trend in the interval of random liS in Reindeer D-27 contrasts with

other basins and sorne other wells in the Beaufort-Mackenzie Basin where the burial trend

encompasses random IlS, like in the Gulf Coast, or is based solely on random Ils (e.g.

in the Jeanne-d'Arc Basin on the Grand Banks offshore Newfoundland; Abid, 1991,

personal communication).

The depth ra.-·ge bf'tween 6700 and 9800 ft (2042-2987 m) is characterized by linearly

increasing I-contents with depth (1.15 %1/100 ft), and consists of the intervals

representing a mixture of random and ordered liS, and RI-ordered liS.

A conspicuous discontinuity occurs between 9800 and 10800 ft (2987-3292 m), in an

otherwise relatively simple trend. Ir was recognh~.d in depth-plots of the various

parameters obrained from X-ray diffraction patternJ (~ee Fig. 1lI-3) as weil as of

geochemical and isotope data. The interval is characterized by lower Kp concentrations

and lighter oxygen isotope ratios (see Chapter V), and displays its own Ils composition

gradient (0.5 %11100 ft) which is less than half of that for the stratigraphie section above.

The top of the interval coincides with a local unconformity at 9880 ft (Chamney, 1973).
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Below 10800 ft (3292 ml, VS composition changes relatively !ittle with depth. The

apparent variations in I-<:ontent may be an analytical artifact resulting from the effect of

chlorite on deconvolution.

Interpretation

The observed trends can be interpreted in four differer., ways (Fig. IV-2). The simplest

interpretation is to relate the discontinuities at 9800 and 10800 ft to local and regional

unconforrnities, respectively (Fig. IV-2a). In this case, the various trend changes across

tÎle unconforrnities are attributed to differences in composition, structure and chemistry

of the starting liS days (cf. Roberson and Lahann, 1981).

The second hypothesis suggests continuation of a Teniary trend into the Cretaceous

(Fig.IV-2r.j. Unconforrnity, age or provenance did not affect systematic changes of liS

with increasing burlal depth (e.g. Gulf Coast). Ils with lowered I-content between 9800

and 10800 ft is related to local variation in diagenetic factors such as temperature,

pressure and pore water chemistry.

The third hypothesis proposes that Cretaceous Ils was i!litized priOT to deposition of

most Tertiary sediments (Fig. IV-2c). The area had been a structural high in most of the

Late Cretaceous forrning an isolated nonhem extension of the Cache Creek Up!ift which

;~ a component of the AkIavik Arch Complex (Young et al., 1976). However, the

presence of geopressnre in the Cretaceous unit (Hitdlon et al., 1990) suggests rapid

sedimentation in A1bian time, and that a consider.ble thickness may be missing due to

erosion before deposition of the Teniary deltaic sequences.
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The fourth hypothesis uses a fault model to explain the compositional discontinuity

of I/S (Fig. IV-2d). If a fault existed at ail, it could have been a growth fault of listric

type that is omnipresent in the basin. A fault at about 9800 ft wou!d simplify the

interpretation. Lowered I-contents and different compositional gradients might be due to

:ocal variation cf diagenetic environments prior to fault movement.

Whether the Tertiary trend is continuous with the Cretaceous trend is difficult 10

determine from the data available. However, circumstantial evidence gathered in the

course of this study suggests that the trends are probably not continuous. The oxygen

isotopie composition of I/S suggests that pore waters of Reindeer D-27 wer,: stratified

(see Chapter V). Thus, the chemistry of the pore waters whieh plays an important role

in the iIlitization of Ils clays may have been significantly different for the Tertiary and

Cretaceùus sections. The mineraiogy and chemical composition of Cretaceous samples

are also markedly different from Tertiary samples (see Fig. V-Î., 4), suggesting that the

provenance of Cretaceous shales may not be the same as that of the Tertiary shales. It

is Iikely that the starting cornpositions of I/S for th~ Tertiary and the Cretaceous were

different. Therefore, the reaction rates that are considered sensitive to pore-water

chemistry and compositions of the starting I/S (Roberson and Lahann, 1981), should have

becn dissimilar between the Cretaceous and Tertiary sections. The apparent continuity

in trends is probably the result of a coincidence. As mentioned, the present compositions

of Cretaceous I/S may have been auained through pre-Tertiary diagenesis prior to uplift

and erosion.

The discontinuity within the Tertiary section is probably due to retarded iIlitization
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bctween 9800 and 10800 ft. The mineru.1ùgical and geochemical compositions of Ils from

the interval are not different from the section above (for geochemistry see Chapter V).

The change in lithology, facies and probably age is very subtle at 9800 ft. The interval

lies within the normally pressured zone, which is sandwir:,cd bctween two geopressure

zones above and below (Fig. IV-l). The retardation of illitization may bc related to fluid

pressure and water chemistry of the interval. The interval is characterized by isotopically

light water {see Chapter V), suggesting that water/rock interaction was no! as active as

the sections above and below.

Layer charge development

Sorne samples were K-salUrated to identify the potential of Ils mixed-Jayers to fonn illite-

like layers by collapse (Appendix II). These layers had layer-charges high enough to

produce I-layers, but bchaved as expandable layers because layer charges were not high

enough to dehydrate interlayer c<itions otlier than K+.

In Reindeer D-27, the proportion of I-layers in random Ils increased by 2 to 28 %1

upon K-saturation (Fig. IV-3). K-saturated random IlS, except for the shallowest sample

(3700 ft), showed a relatively unifonn composition of about 65 %1. In other words, these

random Ils clays are more or less identical in tenns of layer charges. The lack of a trend

based on apparent Ils ccmpositions of Na-saturated samples in the interval of random Ils

is deceiving. If potassium were available, these random Ils clays would display similar

compositions.

Rl-ordered Ils showed a gain of about 5-10 %1 upon K-saturation, plus addition of
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illite. The peaks representing illite, especially (001), in K-saturated samples were more

prominent than in Na-saturated samp!es (see Fig. 1II-6A). In general, the degree of

ordering was improved. R>1-ordered liS showed liule change in the composition and the

degree of ordering upon K-saturation; however, it also produced prominent peaks

corresponding to illite (see Fig. III-6A c,d).

IOE Taglu C-42 (lat. 69"21'03"N, long. 134°56'35j

The Taglu C-42 weil is located in the Taglu gas field where the first major discovery was

made in the Beaufort-Mackenzie Basin. Recoverable reserve-estimates range upward of

3 Tcf (Bowerrnan and Coffman, 1975). The weil penetrated a total depth of 16060 ft

(4895.1 111). A bouom hole temperature of 121.1°C was reported. The stratigraphy

comprises Ùle Reindeer, Richards, Kugmallit and Iperk sequences, and Quatemary

sediments (Fig. IV-4). However, the study is restricted primarily to the Reindeer

Sequence, because sampies from shallow depths. showed signs of contamination by

driIling-mud. Relatively well-consolidated drill-cutting samples were available below

about 9000 ft (2743 m).

ln contras! to Reindeer D-27, the s!udied interval of Taglu C-42 consists of thick

sandstones and sandstone-shale a1ternatio.1s deposited in deita-front and shallov: prodelta

environments. The interval is geopressured from 8800 ft (2682 m) downwards (Hitchon

et al., 1990). Fluid pressure in the Taglu field varies considerably within the geopressure

zone and, internally, higher pressured zones exist (Hawkings and HatleIid, 1975).

A to:al of 29 samples (5 core, 24 drill cUllings) were studied. Mineralogy of the <.1
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Jl fractions is similar 10 that of Tertiary samples of Reindeer D-27. I/S and illite

constitute about 95 % and kaolinite makes up the rest. Compared to Tertiary samples of

Reindeer D-27, the relative abundance of discrete illite is higher in Taglu C-42 (see Fig.

\II-I k).

l/S diagenesis

Taglu C-42 contains the various types of I/S identified in Reindeer D-27, including

random to R> l-ordered I/S. Compositions of Taglu I/S vary from 13 to 85 %1. The

apparent change from random to RI-ordel'l'..d Ils occurs at 11500 ft (3505 m), and from

Rl- to R>I-ordered I/S at 14700 ft (4481 ml. The depths are surprisingly close to those

where drill-bit size. had been changed (11408 and 14791 ft). The possibility exislS that

the aClUal depths of structural changes in US may be shallower than the apparent depths,

because cavings may have delayed detection of the first appearance of I/S with more

advanced structures. A mixture of random and ordered I/S is found only in two core

samples from about 10500 ft (3200 ml. The absence of a mixture of random and order('.J

I/S in drill-cutting samples from the interval between 10500 and 11500 ft (3200-3505 m)

does not necessarily imply that Taglu C-42 ir devoid of the same kind of transitioll zone

from random to ordered I/S observed in Reindeer D-27. The stratigraphic section

between 10500 and 11500 ft (3200-3505 m) is dominated by sandstones, though sorne

thin layers of mudrocks are present. Most ~hale chips in drill-cutting samples of this

interval are probably derived from above where shale beds are more frequent and random

I/S is predominant. However, at 8812 ft (2686 m) casing was set so that no material
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could he derived by caving from above that depth. The apparent I-conlent depends on

the relative abundance of cavings and on the composition of liS in the caved-in material.

K-saturation of Taglu samples produced results similar to Reindeer D-27 (see Fig. III-

6B). In random liS, the proportion of I-Iayers increased by 17-27 %1. K-saturated

random liS acquired about the maximum I-content for randcm liS (62 %1) at 9738 ft

(2968 m) [Fig. IV-4]. Above 9738 ft, compositions of K-saturated samples followed the

trend of Na-saturated samples. A mixture of random and ordered Ils lost peaks

representing random liS. RI-ordered liS showed broader and flattened peah of

(001),,/(002)27' but compositional changes were difficult 10 estimate due to a large

increase of discrete illite that hindered precise determination of the position of the

(002),,/(005)27 peak. RI-ordered liS of Taglu C-42 appears to contain more high-charge

expandabIe layers ("pütential illite-layers") than Reindeer samples. K-saturated R> 1-

ordered liS displayed patterns similar to RI-ordered 1/S. Le. unlike Reindeer samples, K-

saturation aitered the nature of ordering. In Taglu C-42, the (001),,/(002)27 peak and thl.:

equivalent peak for R>1-ordered liS shifted towards lower angles (see Fig. III-6B d).

This suggests that "potential illite-Iayers" may have deveIoped preferentially in crystallites

having long-range ordering. Upon K-saturation, these crystallites were transformed to

illite, resulting in X-ray diffractions consisting of short-range ordered Ils and illite.

Il1itization in Taglu C-42 is lagging hehind Reindeer D-27. Ordered liS emerges about

3000 ft deeper than in Reindeer D-27. The current geothermaI gradient is much higher

in Taglu C-42 than in Reindeer D-27 (...A°C/km higher based on bottom-hole

temperatures). The advanced lt .. ~l of diag- ,,;;sis in Reindeer D-27 is probably due to
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deep burial prior to uplift to the present depth.

Il1itization in Taglu C-42 for random VS above 10500 ft has been about three times

as fast as in Reindeer D·27 (2.9 %VlOO ft). However, once ordering was achieved, it

slowed down to about 20 % (.2 %VlOO ft) of the rate in Reindeer D-27 (-I.l %lnJO ft).

An approximately 50 % increase in I-layers of VS occurred in the 2000 ft thick interval

of random LIS (8468-10508 ft; 2581-3203 ml. Within this depth range, the temperature

increases from 58° to noc (based on logged temperatures), and the stratigraphy changes

at 9302 ft (2835 m) from delta-front sandstones of the Reindeer Sequence to prodeltaic

shales of the Richards Sequence. Gas was recovered at 9440 (2877 m) and 9460 ft (2883

ml, ~.ild oil at 10680 ft (3255 m) from drill-stem tests. The relationship of VS diagenesis

with temperature, stratigraphy, Iithology and hydrocarbon occurrence will be discussed

in a later section.

IOE Taglu G-33 (lat. 69°22'17"N, long. 134°53'36"W)

Taglu G-33 is the discovery weIl of the Taglu gas field. It is located about 6 km

nonheast of Taglu C-42. It penetrated a total depth of 98L:2 ft (2993.7 ml. A bottom

hole temperature of 7(J'C was reponed. Tne stratigraphy of the weil comprises the

Reindeer, Richards, Kugmallit and lperk sequences. Lithology and depositional facies are

similar to equivalent sequences of Taglu C-42. Gas with a flow rate of 28.7 Mcf/d was

recovered in the Reindeer Sequence at 8170 ft (2490 ml. Sandstones between 8150 and

9800 ft (2484-2987 m) were tested for gas (Bowerman and Coffman, 1975). lwelve core

samples were available at variable depths from 3120 to 9271 ft (951-2826 10) that coyer
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the Kugmallit, Richards und Reindeer sequences. Noticeable mineralogical differences

between sequences were not observed.

In Taglu 0·33, all Ils is randomly mixed-layered. Compositions range; from 27 to 65

%1. There is !iule depth-related change in composition (Fig. IV·5). However, below

6817 ft (2078 ml, l-contents become less variable and average about 45 %1. After K-

saturation, these samples give similar compositions of about 65 %1. In terms of layer-

charge development, these sarnples were fully illitized because 65 %1 is the maximum 1-

content for random IlS.

The l-content of Ils at depths comparable to Taglu C-42 is higher by about 20 % in

Taglu 0-33. The layer charge in random Ils of Taglu G-33 is similar to that in Taglu C-

42 at depths about 3000 ft shallower than in Taglu C-42. Advanced illitization in Taglu

G-33 is probably related to hydrau!ics and temperature (see Discussion). -faglu G-33

contains a geopressure zone, the top of which is located at 7600 ft (2317 ml, 1200 ft

higher than in Taglu C-42. In addition, geothennal .' , .. ts in the eastern part of the

Taglu field are generally higher than in the western part (see Fig. 1-9). The contour of

the 30"Clkm gradient runs between Taglu C-42 and G-33.

Wells in the vicinity of Reindeer and Taglu

Severa! wells in the vicinity of the Reindeer and Taglu fields have core samples covering

a wide range of depths. These wells provide the database to appraise the lateral variation

of Ils diagenesis and its relationship to other geologic variables in the area. The wells

include Kumak E·58, Niglintgak M-19, Garry P-04, Adgo C-15, Mallik A-06, Ivik J-26,
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and Unark L-24 (see Fig. 1-11). The Kumak, Niglintgak, Garry and Adgo wells are

located on diapir-cored anticlines. They are sttatigraphically similar to Reindeer 0-27

(Fig. IV-6). The stratigraphy of Mallik A-06 is comparable to the Taglu wells. The Ivik

and Unark wells contain younger sequences than those of the other wells. Ali wells are

hydrocarbon-bearing or, at least, display some shows. Most of them are geopressured at

variable subsurface depths (Hitchon et al., 1990).

Kumak E-SS is located about 30 km north of Reindeer 0-27 (T.D. 5100 ft; 1543 ml.

I/S mixed-layers show variable compositions from 23 to 65 %1 in a relatively short depth

interval between 3517 and 4028 ft (1072-1228 ml. The weil contains a narrow

geopressure zone which is located al the top of the Reindeer Sequence (which spans the

depth range from 3451 to 4052 ft; 1052-1235 ml.

Niglintgak M-19 is characterlzed by the presence of I/S with high I-Iayer contents at

shallow deplhs. R> l-ordered I/S occurs at 4254 ft (1297 ml. The present temperature

at this depth is about 30·C which is too low for the given I/S compositions. Similar to

Reindeer D-27, most illitization may have occurred at greater burla1 depths before the pre-

lperk erosional events removed considerable portions of the section.

Garry P-04 shows a more or less well-defined I/S trend with a gradient of .8 %1/100,

ft. The proportion of I-layers increased from 28 %1 to 66 %1 in the interval from 5211

to 9852 ft (1588-3003 ml. There may he a reversai in composition and orderlng at 10833

ft (3302 m) where random Ils 'with 42 %1 occurs.

Adgo ColS contains random Ils and a mixture of random and ordered IlS. Though

il is not possible to establish a systematic Ils trend from the data available, R1-ordered
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Figure IV-6. Plots of I-content (%1) versus depth, srr"tigraphy, dthology and geopressure

for wells in the vicinity of Reindeer and Taglu. Cl - random IlS, 1 - mixture of random

and ordered Ils or ~l-ordered IlS. For other symbols, see previous figures. For data,

see Appendix 1-3.
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VS appears as part of the mixture of random and ordered VS at 7704 ft (2348 ml, about

2000 ft shallower than in Garry P-04. The interval of the transition from random to

ordered Ils may extend over more than 2200 ft (7704-9926 ft; 2348-3025 ml. Vertical

offset by a growth fauIt between the Adgo and Garry blocks is estimated to be about 1500

ft. This growth fauIt may account for most of the compositionaI differences between the

Adgo and Garry wells at similar depths. In other words, the present compositions may

have been acquired before movement on the fauIt.

Mallik A-06 is located about 20 km northeast of the Taglu field. Mallik A-06

dispIayed ordered VS at 8656 ft (2638 ml, about 3000 ft shallower than in Taglu C-42.

Unlike Taglu C-42, in Mallik A-06 the sandy facies that characterize the Reindeer

Sequence continue upwards in the Richards Sequence to about 7500 ft (2286 ml. The top

of the geopressure zone is also raised to 7345 ft (2239 m) (Hitchon et al., 1990).

Reversais in composition and ordering occur at 9660 (2944 m) and 10530 ft (3210 m)

(random I/S with 50 and 22 %1, respectively).

Ivik J-26 penetrated thick successions of the KugmaIIit and Richards sequences.

Alluvial and deitaie sandstones dominate the stratigraphie section above 8500 ft (2591 ml,

while shale is the principal Iitho1ogy in the section below. A more or less systematic

trend of I/S diagenesis is found in the shaly section (1.2 %1/100 ft). Proportions of 1

layers increase from 30 to 54 %1 in an interval between 8755 and 10494 ft (2669·3199

ml. A mixture of random and ordered I/S with about 60 %1 occurs in a sandy interval

at abolit 8200 ft (2499 ml.

Unark L-24 shows a trend similar to Ivik 1-26. I-layer contents increase parabolically
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from 41 to 81 %1 in an inter.·al from 9696 to 12778 ft (2955-3895 m) 11.2 %VlOO ft].

As Ivik J-26, this well also shows a relatively high I-content of liS in the sandy interval

at relatively shallow subsurface depth (7280 ft; 2219 ml.

Offshore Wells

The study of offshore wells is limited by the scarcity of cores and the poor quality of

drill-eutting samples. Most drill-cutting samples show signs of contamination by drilling

mud. Thus, the data for offshore wells are based on available cores. Eleven wells, from

which 1 to 8 core sampIes were obtained, inc1ude Netserk 8-44, Netserk F-40, Kadluk

0-07, Nipterk L-19, Tarsiut N-44, PilSiulak A-OS, Issungnak 20-61, Alerk P-23, Itiyok

1-27, Amerk 0-09, and Koakoak 0-22. In addition, Kenalooak J-94 was inc1uded because

ilS location may provide information on the frontier area of the basin, although no core

samples were available.

Offshore wells are characterized by younger stratigraphie sequences compared to

onshore wells (Appendix III; see also Fig. 1-5). The lperk and Kugmallit sequences

together are about 2 to 4 km thick. The Mackenzie Bay-Akpak Sequence is usually less

than 500 m thick. The Richards and Reindeer sequences are present in wells from the

western part of the basin (e.g. Tarsiut, Nipterk). In genera!, shale is predominant but, in

the Kugmallit Sequence, deltaic and/or turbiditic sandstones constitute a considerable

thickness. Geothermal gradients are unusually high (>3O"Clkm) for a basin embodying

thick successions of Tertiary sediments. Major oil and severa! gas discoveries wert: made

in the KugmalIil Sequence associaled with growth faullS and diapir-cored antic1ine
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snuctures. Most wells are geopressured at variable depths (Hemingson and Carew, 1984;

Hitchon et al., 1990). X-ray diffraction patterns of the <.1 /1 fractions are similar to those

of onshore samples. IlS, illite, kaolinite and, seldomly, chlorite are present. I/S and illite

constitUle more than 90 % of the fine fractions, and kaolinite and/or chlorite make up the

rest

Netserk 8·44 is the weil nearest to onshore wells. il is located about 18 km north of

Adgo C-15 and at about the same latitude as Ivik J-26. Two samples were available from

10391 and 10845 ft (3167 and 3306 m) [Fig. IV-7]. I/S of both samples is a mixture of

random and ordered IlS. Random Ils is dominant at 10391 ft (3167 m), whereas ordered

Ils is predominant at 10845 ft (3306 m). Netserk F·40, which is located about 12 km

north of 8-44, contains a highly illitized I/S (80 %1) at 6080 ft (1853 m).

The Kadluk, Nipterk, Tarsiut and Pitsiulak wells represent the western portion of the

mid-shelf where numerous diapirs are encountered in addition to growth faults. For

K?1luk 0-07, four samples were available from 981 to 2402 m. The interval comprises

the Mackenzie Bay and Kugmallit sequences. il contains random, but highly illitized Ils

(56-65 %1). The maximum l-eontent for random Ils (65 %1) is acquired at 1483 m,

below which depth little change in composition is observed.

Nipterk L·19 contains various types of Ils in an interval between 1306 and 2511 m

including random, R1-, and R.>1-ordered, for which compositions range from 54 to 93

%1. Random I/S reaches the maximum I-content (- 60 %1) at 1650 m. I/S in the interval

between 1923 and 2303 m is ordered with the maximum degree of ordering occurring at

2094 m. There is a reversai in composition and ordering at 2511 m (Tandom Ils with 54
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Figure IV-? Plots of I-content (%1) versus depth for offshore wells. 0 - random liS, 1 -

mixture of random and ordered liS or R~I-ordered liS. For data, see Appendix 1-4.
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Tarsiut N-44 contains Ils with the lowest I-Iayer content among offshore samples (24

%1, 1596 ml. Random Ils from 1558 and 1647 m are highly illitized (63 and 64 %1,

respectively). Ils from 2266 m is RI-ordered. Pitsiulak A-OS which is located about 20

km west of Tarsiut N-M shows a mixture of random and ordered Ils at 1701 m.

The Issungnak, Itiyok, Amerk and Alerk wells represent the eastern part of the mid-

shelf. Diapir fields that prevail in the west do not appear to extend to the area. Most

wells did not penetrate older sequences such as the Richards that is usually encountered

at about 2-2.5 km subsurface depth in the west. The area saw continuous sedimentation

throughoutthe Tertiary so that the present depths may equal maximum burial depths. The

cumulative thickness of Tertiary sediments exceeds Il km near the Issungnak field.

Samples were available for depths ranging from 1313 to 4866 m. Various types of Ils

were present, for which compositions range from 51 to 87 %1. In general, random Ils

was predominant above about 2000 m; below Ils became ordered. In Issungnak 20-61,

samples were available from 2374 to 3306 m. Ils mixed-Iayers are all ordered (Appendix

1-4). Ils from 1507 m in ltiyok 1-27 is random. Two samples from Alerk P.i3 include

a mixture of random and ordered Ils at 2019 m and RI-ordered Ils at 2799 m. ln

Amerk 0-09, random Ils is present to 2069 m, while below 3861 m Ils is ordered.

(Note that samples were not available between the depths mentioned.)

The Koakoak and Kenalooak wells are located further offshore. Although shallow

samples are not available, the depth intervals for the occurrence of random or ordered Ils

are probably not very different from those for the mid-shelf. Drill-cutting samples
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obtained from helow 2700 m indicate that liS was already ordered at this depth, despile

the fact that these samples show signs of contamination by drilling mud. This sampie

depth is by no means the minimum depth for the lirst appearance of ordered liS.

DISCUSSION

Mixture of Random and Ordered Ils

A mixture of random and ordered liS is identified in a transilional inter'lal between

random and Rl-ordered liS, 1650 ft thick in Reindeer 0-27 and probably 1000 ft thick

in Taglu C-42. The widespread occurrence of mbttures of random and ordered liS in the

Beaufort-Mackenzie Basin suggests that it may have been overlooked in studies of other

basins.

The thickness of the interval in which the mixture occurs may be a relative measure

of the reaction rate for the structural transition from random 10 RI-ordered I/S, i.e.

ordering. For Reindeer 0-27, the average burlal rate was about 900 ftlMa during

deposition of the 7806 ft-thick Reindeer Sequence (1banetian-Ypresian; Dixon, 1986), and

thus the thicla:ess of 1650 ft would correspond to a time span of about 1.8 Ma. This

value should he taken as an approximation only, because teclonics involving the

Cordillera and the Arctic Ocean had complicated the burial history of the basin. TholJgh

o:dering is a relatively sluggish reaction, it does not appear to slow the overall illitization

reaction, i.e. the increase in I-contents of liS. The proportion of I-layers increases from

53 to 65 %1 in the interval of the mixture of random and ordered I/S in Reindeer 0-27

(Fig. IV-I).
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Basinal Trends

Proportions of I-layers in Beaufort-Mackenzie liS generally increased with depth, whik

the dominant type changed from random Ir; R>l-ordered liS. In the interval of random

liS, the increase of I-layers was fast and assumed a parabolic trend with respect to depth,

where a trend could be established (e.g. Taglu C-42, Ivik J-26, Unark L-24, Oarry P-04).

In Reindeer D-27, Taglu 0-33, and some other wells, no apparent trend was observed.

However, K-saturation indicates that most of the liS mixed-layers were fully illitized for

random liS below a certain depth, e.g. 4800 ft (1463 m) in Reindeer D-27, 6817 ft (2078

m) in Taglu 0-33. A relatively fast rate of illitization in th{, interval of random liS (.8-

2.9 %1I100 ft) is probably due to chemical and structural instabilities, Le. high free

energy, characteristic ofrandom liS. Random liS appears ta contain excess cations unfit

for di-octahedral sites (see Chapter V).

Once ordering has started, the rate slows down to .2-1.15 %1I100 ft (Reindeer D-27,

Taglu C-42). The slow rate of conversion in the composition range of ordered liS has

been noticed in many studies of liS diagenesis (e.g. Perry and Hower, 1970). F . and

Franks (1979) attributed the retardation of illitization to the depletion of potassium.

However, hydrothermal experlments in a system, which presumably contained sufficient

potassium, also indicated slower reaction rates for ordered liS (Whitney and Northrop,

1988). The slow rates are probably related to chemical and structural stability of

expandable layers acquired follolJ!ing the ordering reaction.

In the Beaufort-Mackenzie Basin, the transition in the composition range of ordered

liS appeared to be smooth. I-layers increased linearly from a mixture of random and
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ordered I/S to Rl-ordered I/S to R>I-ordered 1/S (e.g. Reindeer D-27, Taglu C-42). The

absence of a break in compositional trends suggests that the transitions may be graduai,

fust-order ~actions. Upon simple K-saturation, higher-order Ils as weil as Blite

developed from Rl-ordered 1/S by transforming high-charge expandable-Iayers into 1-

I~.yers (see Fig. III-6). This suggests that ail ordered I/S and probably also iIlite may

share a common structure. In other words. the RI-structure acquired from ordering of

random I/S could be used as a base for the transition from Rl-ordered through R> 1-

ordered 1/S to i1lite.

'Several wells in the Beaufort-Mackenzie Basin showed reversais in Ils composition

and ordering. Random 1/S appeared at considerable subsurface depths below a thick

section of ordered 1/S (e.g. Mallik A-06, Garry P-04. Nipterk L-19). The mineralogical

compositions and lithology of deep samples containing random 1/S were not significantly

different, i.e., these samples aJ;e probably not bentonitic. The reversai is probably due to

non-reaction or retarded-reaction rather than retro-diagenesis. This reversai should be

related to diagenetic factors of the local environment. However, it was not possible from

the data available to identify specific causes.

ElTects of Geopressure and Lithology on Ils Diagenesis

I1litization of Beaufort-Mackenzie 1/S appeared to be faster and more advanced in

geopressured zones and sandy intervals than in normally pressured zones and shaly

intervals, respectively. In Reindeer D-27, the interval with relatively low I-content and

compositional gradient between 9800 and 10800 ft (2987-3292 m) lies within the
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normally pressured zone. Ils in Taglu 0-33 acquired most layer charge for random Ils

at a depth about 3000 ft shallower than in Taglu C-42 that is only 6 km apart from 0-33

(Fig. IV-8). The top of the geopressure zone in Taglu 0-33 is located about 1200 ft

higher than that in Taglu C-42. MalIik A-06 which is stratigraphically similar 10 Taglu

C-42 displayed ordered Ils at a depth about 3000 ft shal10wer than in Taglu C-42. ln

Mallik A-06, delta front/delta plain sandstones are present to a depth about 2000 ft higher

in the stratigraphie section than in Taglu C-42. The top of the geopressure wne is also

raised by about 2500 ft. In Ivik J-26 and Unark L-24, samples from the sandy interval

showed higher I-content than those from the shaly section, even though they are from

shallower depths.

Apparently, geopressure and a high sandstone/shale ratio accelerated iIIitization of Ils

in the Beaufon-Mackenzie Basin. In particular, the role of geopressure appears to

contradict Colten-BradIey's (1987) conclusion based on thermodynamic arguments that

geopressure will inhibit the dehydration of smectite. However, dehydration of smectite

in diagenetic environments is, in fact, the result of chemical reactions involving layer

charge increase and absorption of cations with low dehydration energy (see Chaper il).

Ils in geopressured environments may have a higher probability of reacting with pore

water solutes owing to the higher water/particle ratios than under normally pressured

conditions (cf. Whitney, 1990). The same reasoning applies to sandy sections because

of their greater porosity and permeability and, therefore, higher chance of encounters

between Ils and pore water solutes. It should be noted that geopressure distribution in

the Beaufon-Mackenzie Basin is facies-control1ed (see Fig. 1-10) [Hemingson and Carew,
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1984; Hitchon et al., 1990). VS diagenesis is probably of secondary importance for

geopressure development in the basin compared to stratigraphic and structural controls.

Rapid Ils diagenesis may he the consequence of geopressure rather than the cause.

Temperature and Ils Diagenesis

II1itization of VS in offshore wells is, in general, more advanced compared to onshore

samples from comparable depths. The maximum I-content for random VS (_65 %1)

appeared to be acquired at depths about 1-1.5 km shallower than ol'shore. The same VS

composition that was auained at about 1.5-2 km subsurface depth offshore was found at

a depth of about 3 km onshore (e.g. Taglu C-42). Higher I-contents at shallow depths

onshore are related to uplifted structures (e.g. Reindeer D-27, Niglintgak M-19). The

initial composition of VS in offshore wells was probably not very different from onshore

VS. VS at shallow subsurface depths offshore and those less evolved VS from equivalent

stratigraphie units onshore showed compositions of about 20-30 %1.

Higher I-contents of Ils in offshore wells than onshore at comparable depths are

probably temperature-related. Geothermal gradients offshore are about 5-lOoC/km higher

than onshore (see Fig. 1-9). Most wells would reach a temperature of about 6O"C at 2 km

subsurfaee depth offshore, which appears to he a threshold temperature for active

ilIitization of Ils in the basin (e.g. Taglu C-42). Temperature is probably the ultimate

control for activation of the ilIitization reaction. Geopressure, lithology, and ehemistry

of the starting material may contribute substantially to local variations in Ils

compositions.
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Hydrocarbons and Ils Diagenesis

Many aspects of petroleum geology and geochemistry of the Beaufort-Mackenzie Basin

have been studied in detail. However, until now il was not clear why hydrocarbons are

reservoired at specifie depths in individual wells. For example, Hemingson and t::arew

(1984) oied to establish the relationship of hydrocarbon occurrence to geopressure, but

concluded that no obvious direct relationship existed. In the Beaufort-Mackenzie Basin,

hydrocarbons are found above, within and below geopressure zones.

Figure IV-9 compares positions of hydrocarbon occurrence with the depths for the

occurrence of the various types of Ils identified in this study. For wells with no

hydrocarbon shows (e.g. Reindeer D-27), the depth of hydrocarbon occurrences in

adjacent wells in the same field was used.

In general, hydrocarbons appear to occur above and in the top part of the interval of

random IlS. They rarely occur below the depth where ordered Ils begins to appear.

Deep hydrocarbon reservoirs are found in wells where ilIitization begins at relatively great

depth (e.g. Taglu, Mallik). For wells where the apparent depth of ilIitization is shallow

due to uplift, caused either by growth faults, diapirs or tectonics, hydrocarbons also occur

at shallow depths (e.g. Reindeer). In offshore wells where the depth of illitization is 1

to 1.5 km shallower than onshore, many hydrocarbon discoveries were made at depths of

1-2 km.

These observations indicate that there is a close relationship between hydrocarbon

occurrence and Ils diagenesis in the Beaufort-Mackenzie Basin. Smectite-water derived

from Ils diagenesis may have played an important role in the migration of hydrocarbons.
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Smeetite-water moves upward as does compactional water. Other than the pressure effect

which forces hydrocarbons out of shale pores, the catalytic effect of VS while

hydrocarbons are being generated, may influence hydrocarbon occurrence. The catalytic

effeet has been demonstrated in experimental studies which showed that VS c1ays acted

as acid catalysts to reduce the activation energy of kerogen decomposition (Johns and

Shimoyama, 1972; Johns, 1979; Goldstein, 1983). It has also been noted that in the

presence of VS clays as minerai matrices, the yield of light-weight hydrocarbons was

increased compared to he"vier molecular products (Espitalie et al., 1980; Johns, 1981).
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CHAPTER V. GEOCHEMISTRY AND OXYGEN ISOTOPES

In the previous chapters, liS diagenesis in the Beaufon-Mackenzie Basin has been

discussed on the basis of mineralogy. This chapter disc'Jsses the geochemistry and 0-

isotope compositions of Ils in relation to mineralogic?j changes which appeared to he

sensitive to depth-related variables, Le. temperaturi; and local diagenetic factors such as

fluid pressure, lithology and probably many others. The Reindeer D-27 weil is chosen

for funher discussions for the following reasons: Samples that display, as mentioned, a

wide range of l-eontents and structures are available from a depth range of about 3 km.

The stratigraphic section helow 6000 ft, where drill-cutting samples of good qualiry were

obtained in addition to core samples, consists of relatively homogeneous mudrocks, and

thus lithology is not a variable that needs to he considered.

EXPERIMENTAL METHODS

Samples for geochemical and isotope analyses were prepared without the chemical

treatments that were applied in the mineralogical studies (see Chapter 1). Preliminary

analyses of the mineralogical samples indicated a high degree of contamination by sodium

metaphosphate that was used as dispersant, despite of up to three days of dialysis.

Therefore, untreated samples were size-fractionated from the same or similar subsurface

depth, in cases where previous sample preparation had consumed all material. Only

soluble salts were removed by dialysis until chloride was no longer detecied with AgNO]

solution. The <.1 Il fractions were collected by centrifugation and freeze-dried.

Major, minor, trace and rare earth element analyses were carried out by induction-
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coupled plasma atomic cmission spectrometry through the services of the Centre de

Recherches Petrographiques et Geochimiques, Centre National de la Recherche

Scientifique, Vandoeuvre, France (for accuracy and precision, see Appendix IV).

a-isotope analyses were conducted in collaboration with the Isotopic Laboratory in the

Depanment of Geology, University of Western Ontario under the supervision of FJ.

Longstaffe. Samples were pretreated at 200"C for 2 hours to remove adsorbed and

interlayer water. Oxygen was extracted by fluorination according to Clayton and Mayeda

(1963), and convened to CO2 for which the isotopie composition was measured.

Accuracy of the analyses was checked by monitoring the 0180 of standard NBS-28 (9.64

0/00 relative to SMOW) analyzed in cycle with the samples. The mean 0"0 value of the

NBS-28 standard was 9.72 %0.

RESULTS

Geochemistry

Concentrations of major, minor and trace elements are plolled with respect to depth and

mineralogy in Figure V-I (for data, sec Appendix V). Figure V-2 shows the results of

principal component analysis (PCA) for major, minor and trace elements and the scatler

diagram of the data with respect to the first two principal components.

PCA is efficient, as a starting point, for differentiating samples in a multivariate data

set, and identifying the most effective variables, Le. elements that could he used to

characterize samples. Elements having a positive correlation plot close together (e.g. Rb-

K,o, Al,03-SiO,), whereas elements having a negative correlation plot at great distance
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Figure V-1. Major and trace element concentrations in <.1 Il fractions of the Reindeer D-

27 well with respect 10 depth. For major elements, the unit is wl. %; for trace elements,

ppm. Horizontal lines divide the intervals based on VS mineralogy and composition: <

6700 - random I/S; 6700-8350 - mixture of random and ordered I/S; 8350-10800 - RI-

ordered IlS; 9800-10800 - lowered !-content; > 10800 ft - R> I-ordered I/S (Cretaceous).
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in the diagram (e.g. Kp-TiOJ. Elements showing least inter-sampie variability plot close

to the origin (e.g. Ba, Cu). As speculated on the basis of mineralogical data (see Chapter

IV), the results show that Cretaceous samples are markedly different from Tertiary

samples and plot in a separate field (Fig. V-2b). Three samples from the depths of 2945,

6641, and 10975 ft plot in isolation. Sample 2945 showed an unusually high I-content

(92 %1) for the shallow burial depth where I/S is random. Sample 6641 is probably

bentonitic. Sample 10975 contains a considerable amount of chlorite. These samples

were excluded in further data analysis and interpretation.

Major elements

Potassium and titanium display systematic antithetic trends with depth in the interval

where ordered I/S appears (67OO-9SOO ft): concentrations of potassium increase, whereas

those of titanium decrease (Fig. V-I). However, both elements do not show trends in the

interval of random I/S. Concentrations of these elements are relatively uniform in the

Cretaceous interval. A lower Kp concentration is observed in the interval just above the

Cretaceous section, for which mineralogical analyses indicated lowered I-contents of I/S.

Major structural, i.e. tetrahedral and octahedral, elements such as Si, AI, Fe and Mg

do not display clear depth-trends, however, their behavior and/or concentrations are

significantly different in intervals delineated on the basis of I/S mineralogy and

composition (Fig. V-l). In the interval of random I/S, the data points for most elements

are scauered, but sorne Si02 concentrations are higher than in other intervals. In the

interval where Rl-ordered Ils appears, concentrations of AIP3 seem to increase with
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depth, while concentrations of MgO decrease. In this interval, Si02 and FeP3

concentrations are more or less uniform at about 44.95 % and 3.57 %, respectively. The

Cretaceous interval is characterized by relatively low concentrations of Si02 and AIP3

and higher concentrations of FeP3 and MgO compared to the Tertiary samples. This

may be partly due to the presence of chlorite. However, core samples (11443, 12462 ft)

that do not contain appreciable amounts of chlorite (see Chapter IV) also show different

concentrations for these elements from the Tertiary. Therefore, the different chemical

composition of the Cretaceous sampies may also be due to the effect of provenance.

Interlayer cations other than K+, i.e. Na+ and Ca2
+, do not show systematic depth-

trends. Nonetheless, these cations are negatively correlated wit\! Si02 and AIP3 which

are positively correlated with each other (Appendix VI). The apparent positive correlation

between AIP3 and Si02 (Fig. V-3) is due to the presence of kaolinite in the samples.

The molar ratios of AlP3 and Si02 in kaolinite do not vary significantly compared to Ils

minerais. Variations in the abundance of kaolinite relative to liS would modify the

relative concentrations of AIP3 and Si02 with respect to other elements, and result in

collinearity between AIP3 and Si02• Concentrations of Nap and CaO that occur

exclusively in VS of the fine clay fractions, decrease as the proportions of kaolinite

increase, and vice versa.

Trace elements

Trace elements can be grouped into 4 categories based on ionic size, coordination,

valency and behavior: interlayer, tetrahedral, octahedral, and adsorbed elements.
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Interlayer elements include Ba, Cu, Rb, Sr and Y. These elements are characterized by

large ionic radii (>.8 Â) and cubic coordination. Concentrations of Rb increase more or

less linearly with depth (Fig. V-1), and show a jJositive correlation with Kp (Fig. V-3).

Concentrations of Ba, Cu, Sr and Y are variable.

Be and V, because of their relatively small ionic size, are candidates for tetrahedral

occupancy. Concentrations of both elements increase with depth (Fig. V-1), and show

positive correlations with AlP3 (Fig. V-3). Octahedral elements may include Co, Cr, Ga,

Ni, Sc, Zn and Zr. These elements show a large difference in concentrations between

Cretaceous and Tertiary intervals. The Cretaceous interval is characterized by higher Co,

Sc, V, and lower Cr concentrations compared to the Tertiary interval. Concentrations of

Sc, Zn and Zr decrease with depth in the Tertiary interval (Fig. V-1).

Nb and Th do not show a significant relationship to depth, stratigraphy or other

elements (for data, see Appendix IV-2). This and very low concentrations (<5 ppm)

suggest that these elements are probably not structurally bound, and may belong to the

group of adsorbed elements.

Rare earth elements

Concentrations of rare earth elements (REE) are considerably lower than North American

shale composition (NASC) and clay minerals previous1y studied (Cullers et al., 1975;

Chaudhuri and Cullers, 1979; Clauer et al., 1990) (Fig. V-4). However, the relative

distribution of REE is similar to NASC, being enriched in light REE relative to heavy

REE. LalYb, La/Sm, Gd/Yb, and Sm/Eu ratios range between 11-38,3-13,2-4,4-8, and
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Sample 2945, 0 -Sample 10975. For data, see Appendix V-3.
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average :8.5, 6.7, 2.6 and 5.3, respectively.

Concentrations of light REE, especially La and Ce, increase with depth in the main

interval of the Tertiary section (Fig. V-5). Both elements show strong positive

correlations to Alp" Be and V (Fig. V-6). Correlations with K20 and Rb, for which

REE are supposed to substitute because of their large ionic size, though less obvious, are

positive. No definite correlations with Y and Sc were detected, despite the chemical

affinity of the REE to these elements.

Cretaceous sarnples are relatively depleted in light REE and enriched in heavy REE

compared to Tertiary sarnples. Two sarnples, 2945 and 10975, which were significantly

different in geochemistry and mineralogy from others, show a relatively high REE

content

Structural formulae

Several elements showed systematic trends in the depth range from about 6700 to 9800

ft. StructuraI formulae were calculated for liS from that interval. It was assumed (i) that

the total cationic-charge equals the total layer-charge qT' (ü) that the octahedral charge

qo equals (No. of Mi+ . No. of Ti4+ in the formula unit) and (iii) that the tetrahedral

charge equals (qT - qo) (Table V-l). The excess and/or shortage of up to 1.161 and

1.261 for Si and Al, respectively, in the structural formula-unit were noted. These

aberrations might be due to the presence of kaoIinite, discrete illite (?) and probably

amorphous phases (Foscolos and Powell, 1982). However, systematic corrections could

not be made because of the small amounts of these impurities (e.g. <S % for kaolinite).

V-13



~,;$ ~ j

a) b)
La (ppm) Ce (ppm)

13000
Depth (ft)

25201510
.

1::.

1::.
r-

A

AA

r-
~ô~, 1::.

1::.-

1::.
"-

A

A A
A A

1::.

6
2000

3000

7000

6000

6000

8000

40(10

9000

11000

10000

13000
Depth (ft)

12000

14121088

1::.

1::.

A

A1::.

1::.

I::.~ 1::.

~
r-

A

1::. 1::.
A 1::.l-

I::.

4
2000

3000

7000

8000

8000

4000

6000

9000

11000

10000

12000
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Semi-quantitative 'iI1a1ysis by X-ray diffraction methods has a precision >±5 % which is

too large an error margin compared to the relatively small differences between samples.

Discrete ilIite cannot be distinguished from elementary illite partic1es that were originally

stacked in crystallites of I/S, but dissociate and contribute the intensity to peaks of

discrete il!ite (see Chapter III). An exceptionally good alignment of Kp data points for

samples between 6475 and 9597 ft (correlation coefficient: .9858) suggests that most ilIite

was originally pan of I/S. Otherwise, the concentration of potassium would vary

depending on the relative abundance of discrete il!ite present in the samples.

Oxygen Isotopes

/)'''0 values range from 2.91 to 15.72 %0 (relative to SMOW), which are considerably

lower than the Gulf Coast results of Yeh and Savin (1977). /)"0 values generally

increase with depth. This trend is opposite to that in the Gulf Coast where /)'·0 values

decrease with depth. /)1·0 values increase linearly and relatively rapidly in the interval

ofrandom I/S (0.20 'Jt4100 ft) (Fig. V-7). Between 6700 and 10028 ft the increase slows

down, and the gradient flattens to about 0.03 o/ocIloo ft. At 10329 ft, the value abruptly

falls to Il.41 %0. Low values of this magnitude continue down to 11443 ft. At 11575

ft, the /)"0 returns to a high value of 14.54 %0, below which depth !iule change was

observed. At about the same depth (11600 ft), geophysical logs indicate the onset of

geopressure in the Cretaceous section (Hitchon et al., 1990).
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Table V-1. Structural formulae of US. Reindeer D-27.

Sample Structural formulae
depth

6475 KI7Na62Ca03(AII.63Mg.22Fe.16Tio2)(Si3.3sAI.6s)Olo(OH)2

6872' K23Na47Ca04(All.62Mg.2IFe.19Ti.o3)(Sh42Al.s8)Olo(OH)2

6975 K23Na48Caos(All.ssMg.22Fe.2STi.02)(Sh39AI.62)Olo(OH)2

7270' K2SNanCa03(Alt.63Mg.20Fc.'9Ti02)(Si3.soAI.44)O,o(OH)2

7475 K27Na44Ca06(Al,.60Mg.2,Fe.22Ti02)(Sh36Al.64)O,o(OH)2

7825' K29Na29Caos(Alt.soMg.22Fe.24Ti.o2)(Si3.s3AI.47)Olo(OH)2

8025 K32Na43Ca06(AI1.60Mg.21Fe.21Ti.02)(Sh33A1.67)Olo(OH)2

8375' K34Na23Ca04(All.64Mg.20Fe.,8Ti.o,)(Si3.ssAI.4s)Olo(OH)2

8475 K33Na44Ca06(Alt.60Mg.20Fe.22Ti02)(Sh30Al.7o)O,o(OH)2

8915' K4INa4sCa02(Al,.64Mg.19Fe.t8Tio,)(Sh30Al.7o)O,o(OH)2

9597' K44Na44Ca02(All.62Mg.18Fe.2oTio,)(Si3.26Al.74)Olo(OH)2

Sample depth- median depth for drill-cutting samples. * -cores.
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Semi-quantitative analysis by X-ray diffraction methods has a precision >±5 % which is

too large an error margin comparee! to the relatively small differences between samples.

Discrete illite cannot be distinguished from elementary illite particles that were originally

stackee! in crysta\lites of I/S, but dissociate and conoibute the intensity to peaks of

discrete Hlite (see Chapter III). An exceptionally good alignment of KzÛ data points for

samples between 6475 and 9597 ft (correlation coefficient: .9858) suggests that most Hlite

was originally part of I/S. Otherwise, the concentration of potassium would vary

depending on the relative abundance of discrete illite present in the samples.

Oxygen Isotopes

0''0 values range from 2.91 to 15.72 %0 (relative to SMOW), which are considerably

lower than the Gulf Coast results of Yeh and Savin (1977). 0180 values generally

increase with depth. This trend is opposite to that in the Gulf Coast where 0180 values

decrease with depth. 0'80 values increase linearly and relatively rapidly in the interval

of random I/S (0.20 'JWl00 ft) (Fig. V-7). Between 6700 and 10028 ft the increase slows

down, and the gradient flanens to about 0.03 o/odl00 ft. At 10329 ft, the value abruptly

falls to lIAI 0/00. Law values of this magnitude continue down to 11443 ft. At 11575

ft, the 0180 rerums to a high value of 14.54 %0, below which depth little change was

observee!. At about the same depth (11600 ft), geophysicaI logs indicate the onset of

geopressure in the Cretaceous section (Hitchon et al., 1990).
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Figure V-7. Depth plot of 15180 values of Ils and calculated isotopie compositions of pore

water according to Savin and Lee (1988). Ali values in SMOW. For IlS: *-cores, 6.-

drill cuttings; pore water: +. Solid lines represent discontinuities in oxygen isotope

trends. Dashed lines represent the same mineralogical divisions as in Figure V-1 (Note

that a 8350 ft line is not shown). For data, see Table V-2.
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INTERPRETATION AND DISCUSSION

Geochemistry

The difference in chemical composition, especially concentrations of severa! structural

elements and probably REE, between Cretaceous and Tertiary samples indicates that they

may not share a common provenance. Though the general source for bath Cretaceous and

Tertiary sediments is the Cordilleran orogen, the mode of deposition was significantly

different. Flyschoid and molassoid sedimentation in the foreland basin of the rising

Cordillera dominaled the Cretaceous (Albian) depositional system. As the basin became

mature, the lluvio-deltaic system with its depocentre in the Beaufort-Mackenzie Basin was

established in the latest Cretaceous to Early Tertiary. Although the exact provenance of

the I/S mixed-layer clays is not known, higher concentrations of MgO, FepJ, most

octahedral and tetrahedral trace elements, and heavy REE in the Cretaceous samples

suggest less silicic parental rocks.

Several elements showed systematic trends with respect to depth. Concentrations of

octahedral elements generally decrease, while concentrations of tetrahedral elements

increase with depth. Concentrations of interlayer elements other than K, Rb and REE do

not show a definite trend. Among the elements assigned to various sites, Cu, Ga, Sc, Y,

Zn, Zr and REE require sorne consideration. Cu was assigned to an interlayer position,

because it dià not show a trend or correlation with depth and other elements. Ga was

dispensed as an octahedral element because of its chemical affinity to Al, though il did

not show a relationship to depth. stratigraphy and other elements. Sc, Zn and Zr can be

distributed either in interlayer or octahedral sites. However, octahedral sites were chosen,
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because concentrations of these elements, as for other structural elements, were

significantly different between Tertiary and Cretaceous intervals and/or changed

systematically with depth. The decrease of Sc, Zn and Zr with depth is probably related

to diagenesis, Le. illitization of I/S (see further discussion below).

REE are expected to occupy interlayer sites because of their large ionic size.

Concentrations of REE, especially light REE, increase with depth. They show relatively

strong correlations to Be and Y which may substitute for tetrahedral Al. The covariance

of REE with Be and Y is probably due to the valency increase caused by ys. which could

he partly counter-balanced by Be2
+ and, in twn, the local valency deficiency caused by

Be could he compensated by high-charge interlayer cations such as REE (+3). Therefore,

the increase in concentrations of REE with depth is probably real, although they are

considered extremely immobile. ln the Gulf Coast, a similar increase in REE

concentrations was observed (Chaudhuri and Cullers, 1979); however, it was interpreted

as a provenance effeet. ln the Beaufort-Mackenzie Basin, the increase in REE

concentrations is gradual over a depth range of 1 km (Fig. Y-5), corresponding to the

interval for which mineralogical analysis also established a linear increase in l-content of

I/S from 55 to 78 %1. Therefore, the depth trend for the REE is attributed convincingly

to diagenesis, rather than lO provenance.

The hehavior of structural elements is related to layer-charge development. It appears

that octahedral sheets release elements such as Mg, Ti, Sc, Zn and Zr that differ in

valency and/or ionic size from Al. The release of octahedral elements would decrease the

overalilayer-charge (see Fig. Y-8). Fe and transition elements belonging to Groups YI
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and VIII (Cr, Co and Ni) do not show a statisticaIly significant variation with depth.

These elements are di- and trivalent in six-fold coordination. They may better fit in

octahedral sites than other elements in terms of valency and ionic size. The increase in

Be, V and AlzÜ, is related to layer-charge development in letrahedraI sheets. To counter

the charge increase caused by addition of these tetrahedral elements, Si should be

released. However, the trend is obscured by the presence of kaolinite.

The curves for KzÜ and Rb show a close correspondence to the mineralogical trends

based on I/S varieties (for a detailed discussion of I/S burlal trends, see Chapter Ill).

Concentrations of KzÜ increase Iinearly belWeen 6700 and 9800 ft (.1 %/1000 ft) where

the increase in the proportion of l-Iayers is aIse Iinear (-10 %1/1000 ft). The lack of

regularity in the intervaI of random I/S is probably due to the occurrence of K and Rb in

exchangeable interlayer positions. The depth intervaI of lower KzÜ and Rb concentrations

coincides with that of lower I-contents between 9800 and 10800 ft. Concentrations of

KzÜ and Rb are relatively uniform at about 5 % and 160 ppm, respectively, in the

Cretaceous section where I-contents stay at about 86 %1.

The cationic charge of I/S increases with depth while the tetrahedraI charge increases

and the octahedral charge decreases (Fig. V-8). The overall changes in geochemistry and

layer charges are related to illitization of lIS. If a stochastic model applies to I/S

mineraIs, then the layer formulae would be obtained by extrapolating formula composition

(Table V-l) to 0 and 100 %1, respectively (Fig. V-9), and the sum of [%Io(l-layer

formula)] and [%So(S-layer formula)] wouid approximate the individual structural

formulae, and thus chemistry. The smectite-Iayers would have the formula
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[AlI.57Fe.,,.Mg.31Ti07)[Si,...Al.,JOlO(OHh, and the illite-layers [All...Mg"J[Si,."Al.d

O'O(OH)2. The resulting layer-fonnulae are similar to structural fonnulae for natural

smectite and illite minerais.

Oxygen Isotopes

The relatively low 1)1·0 values are due to sub-zero temperatures in the high latitudes

where water/rock interaction at the surface is probably negligible; and also 10 I"O-depleted

surfaee water resulting from the global fractionation of atmospheric, and thus meteoric

waters ("Rayleigh effect").

The inerease in 1)'·0 values with depth is very unusual, because the burlal increase in

temperature and I-contents of I/S would shift the isotopic composition of I/S to\Vards the

lower values of pore waters. In the Gulf Coast and elsewhere, 1)1·0 values of I/S decrease

with depth (e.g. Yeh and Savin, 1977). Mathematical models predict that the 1)180 of I/S

in isotopie equilibrium with pore water would decrease with increasing burlaI depth

(Suchecki and Land, 1983). However, if the variations in 1)180 values of pore water

(dl)'·Opexe w....) exceed those due to thennal fractionation (~lJS-wo1a')' different profiles of

1)'"0 for I/S would result (Fig. V-IO). If dl)l·Opooe w.... = - ~IJS-w..... I)I"OIJS will be

constant. If dl)l8Opooe Wo1a' < - ~IJS-w"", I)I8Ous will decrease with depth. If dl)l·O""", Wo1a'

> - ~IIS-w..... I)'·OIJS will increase with depth.

The isotopic composition of pore water (see Fig. V-I) was calculated according to

Savin and Lee (1988):

lOOOlnCllJS-w_ = (2.58 - 0.19 x 1) x Iltr2
- 4.19
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1. Ô18 - 0o pore wa1ler -

II. dÔ 180 pore water = -d fj
I/S-water

III. dÔ 180 pore water > -d fj
I/S-water

Figure V-10. Models depicting variable oxygen isotopie trends of Ils n:sulting from
variations in /)180 of pore water. The relative depth and âJiS.,,_ values are taken from
Reindeer D-27 data.
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where 1 = fraction of illite-layers whieh varies between 0.0 and 1.0 (Table V-2). The

current geothennal gradient (.6°C/loo ft; Geotech Engineering, 1983) was assumed to

correspond to the downhole temperature gradient About 6O°C was assumed to be the

threshold temperature of active illitization (for rationale, see Chapter IV). This required

thatthe observed liS compositions were obtained attemperatures about 30"C higher than,

or at depth about 5000 ft deeper than at present, whieh appear to be reasonable estimates

confonning to the stratigraphy and the burlal history based on basinal trends of Ils

diagenesis (see Chapter IV).

The isotopie trends of the pore water suggest that at least two, but possibly as many

as four water-masses, each having different isotopie evolution paths, might have existed

(Fig. V-Il a). A single curve could accommodate isotopie compositions other than those

between 10329 and 11443 ft, Le. pore waters might have evolved from water having an

original O·isotopic composition of about -30 %0 (Fig. V-lIb). The value suggests tha'

the original water was probably meteoric water «-20 %0 in the region at present). A

discontinuity may exist at about 6700 ft (Fig. V-l la) where the increase in 0180 of liS

as weil as pore water has slowed. Pore water below 6700 ft might have evolved from

water having an original isotopie composition higher than that of the water above.

However, at this depth no significant change in stratigraphy and facies is observed. The

depth corresponds to the top of the interval where ordering of liS takes place. Note that

the extrapolation of 0180 values for ordered liS and pore water, in general, does not

produce the starting isotopie compositions (e.g. Whitney and Northrop, 1988, Fig. 8).

Ordering probably involves a full-scale dissolution of liS (for detailed discussion, see
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Table V-2. Oxygen isotopic composition of liS and calculated ô180 of pore water using IIS
water fractionation factors according to Savin and Lee (1988).... - cores... - projecled %1
for samples without mineralogical data on the liS trend curve (sec Fig. IV-1).

Sample Ôl80 ô'"ü Tempera- %1 âllS-......
depth liS water ture, K

3700" 3.10 - 325.35 45 19.38

4782" 9.86 -8.67 331.84 40 18.55

5355" 10.89 -6.86 335.28 60 17.75

6113" 12.36 -4.80 339.83 60 17.16

6475 13.12 -3.87 342.00 54"" 16.99

6641" 13.17 -3.89 343.00 42 17.06

6872" 14.44 -2.16 344.38 60 16.60

6975 13.57 -2.99 345.00 58" 16.56

7270" 14.96 -1.31 346.77 63 16.27

7825 14.84 -1.03 350.10 62"" 15.87

8025 15.25 -0.46 351.30 65 15.71

8375" 15.72 0.29 353040 79 15043

8475 14.94 -0041 354.00 69"" 15.35

8915" 15.19 0.17 356.64 84 15.02

9597" 15046 0.99 360.73 80 14047

9975 14.98 0.64 363.00 73" 14.34

10028" 14.25 -0.04 363.32 74 14.29

10329" 11041 -2.67 365.12 76 14.08

10475 10.86 -3.13 366.00 76"" 13.99

10867" 10.36 -3.26 368.35 86"" 13.62

10975 11.56 -2.00 369.00 86"" 13.56

11443" 11.27 -2.05 371.81 84 13.32

11575 14.54 1.32 372.60 86"" 13.22

11884" 14.33 1.26 374045 84 13.07

11975 14.99 2.00 375.00 86"" 12.99..

12462" 14.75 1.99 377.92 86 12.76

12655 14.36 1.73 379.08 86 12.63
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previous ehapters) and, therefore, a 100 % exchange of oxygen with pore water, compared

to partial exchange in reactions of random VS (up to 65 %; Whitney and Northrop, 1988).

Thus, ordering might result in isotopie resetting of I/S. The subsequent isotopie trend

could be related to aISe values of VS and pore water at the time of resetling, however,

not to the original composition. The gentler slope is probably due to the slowness of the

reaction compared to that of random I/S (see Chapter IV).

The low aISe values between 10329 and 11443 ft are puzzling. The depth range

overlaps. however. does not coincide with the interval of low I-contents and

corresponding geochemical compositions (9800-10800 ft), implying that the rearrangement

of structural oxygen may have taken place independently of chemical and mineralogieal

changes. The coincidence of the base of this interval with the ,op of the geopressure zone

(11600 ft) suggests that the isotopie composition is related to the hydraulic regime. The

infiection of al'e to lower values at about 10000 ft indicates that mixing of water,

probably upwards. may take place. However. the narrowness of the mixing zone suggests

that the water in a compartment 1500 ft thiek was effectively isolated from the waters

above and below. If this is so, the geopressured Cretaceous water-mass be.low 11600 ft

probably had no connection with the major Tertiary water, though the isotopie trend

appears to continue after the gap of the anomalous zone in the Tertiary above.

The relative timing of emplacement, origin and nature of the iSOlopically lig~t water-

mass in the stratigraphie section encompassing the Tertiary and the Cretaceous (Albian)

could he related to mineralogy and geochemistry of I/S in the interval. Cretaceous I/S

from the interval does not show signiflcant differences in composition and ehemistry from
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that below, whereas Ils from the Tertiary section is characterized by relatively low I

content and K,O concentrations compared to that above. The water chemistry may have

caused retarded illitization in the Tertiary section and, if so, Ils in the Cretaceous section

had been illitized prior to the emplacement of this isotopically and chemically different

water. The water might have a composition which inhibits the illitization process, or the

relatively closed system hampers the efficient supply of ions essential for the reaction

progress. Cannibalization cr the internal source was probably insufficient to keep up the

pace with the open system above.
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CHAPTER VI. CONCLUSIONS, CONTRIBUTIONS TO KNOWLEDGE, AND

SUGGESTIONS FOR FUTURE RESEARCH

The burial diagenetic trends of Ils mixed-Iayer clays in the Beaufort-Mackenzie Basin

have been scrutinized on the basis of mineralogical, geochemical, and isotopic analyses

of core and drill-cutting samples from onshore and offshore wells.

IIIitization in the Beaufort-Mackenzie Basin is characterized by the following four

types of IlS: random, a mixture of random and ordered, Rl-ordered, and R>l-ordered liS.

A mixture of random and ordered I/S is identified in a transitional, but separate interval

from random to Rl-ordered IlS. The widespread occurrence of the mixture suggests that

mixed-layering in Ils may not be an artifact of interpanicle diffraction between the

fundamental particles. The fundamental panicle hypothesis predicts that the mixture of

smectite and Rl-ordered I/S would produce X-ray diffraction patterns characteristic of

random I/S (Nadeau et al., 1984a). X-ray diffraction patterns consisting of bOlh random

and ordered I/S support an alternative hypOlhesis that the natural Ils c1ays occur as

Markovian crystallites in which illite- and smectite-layers are stacked together and

neighbor each other.

K-saturation experiments provide a key insight into the mechanisms of the illitization

reaction. Simple K-saturation alters the composition and/or the degree of ordering in liS,

suggesting that the illitization reaction in nature can he transforrnational. Ostwald

ripening which assumes a unit- or about <5 ecU sizc for I/S panicles cannot explain the

results of K-saturation.

Neoforrnation probably occurs at the transition from random tO Rl-ordered liS.
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Ordering requires large-scale mass transfer, because it involves re-sequencing ofrandomly

arranged 1· and S-layers into an orderly forrn. Therefore, dissolution of the whole

crystallite might take place at this stage. The major changes in slope of mineralogical,

geochemical, and isotopie trends occur in coincidence with the boundary where ordered

I/S begins to appear. The mixture of random and ordered I/S may represent a metastable

state in the ordering reaction. Dissolution under diagenetic conditions is usually very

sluggish. Therefore, the metastable co-existence ofreactants and products is no! unusual.

The thickness of the interval where mixtures of random and ordered I/S occur hints at the

rate of the ordering reaction (e.g. 1650 ft in Reindeer D-27 that correspond 10 a time span

of about 1.8 Ma). However, ordering does not appear to slow the illitization of I/S, since

the I-content keeps increasing in the interval of a mixture of random and ordered I/S.

The proponiùn of I-Iayers in I/S mixed-layer clays increases with depth, while the

dominant type of I/S changes from random I/S to a mixture of random and ordered I/S

to RI -ordered I/S to R>1-ordered US. A temp~rature of about WC is probably the

threshold temperature for activation of the ilIitization reaction. The increase in I-content

is fast and shows a parabolic trend with respect to depth in the interval of random I/S,

whereas it is slow and linear in the range of ordered I/S. For randcm I/S, potassium

availability may be the rate-limiting factor. Below a cenain depth, most random I/S

acquired layer-charges high enough to form I/S of about 65 %1. However, illitùation

may not have progressed due to the Jack of potassium. This may have been the cause for

the absence of a systematic compositional trend in the interval of random I/S (e.g

Reindeer D-27, Taglu 0-33).
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.,.;..;. The increase of I-contents in ordered Ils is graduai and continuuus, suggesting that the

reaction kinetics of ordered Ils may be first-order, regardles~ of the degree of ordering.

Upon simple K-saturation, higher-ordered Ils and illite d'.::veloped from RI -ordered Ils

by transfonnation of high-charge expandable layers into I-Iayers through potassium

fixation. Similarly, long-range ordered Ils and illite may develop from the RI-structure

during burlal diagenesis.

Geopressure in ihe Beaufort-M!ickenzie Basin is facies-controlled (Hemingson and

Carew, 1984; Hitchon et al., 1990). Ils diagenesis is pmbably of secondary importance

in geopressure development Illitization appeal's to be faster and more advanced in

geopressured zones. The Ils reaction in geopn'ssured environments may have been

enhanced owing to the higher water/particle ratie compared to nonnally pressured

conditions (cf. Whitney, 1990). Illitization in sandy intervals is also faster and more

advanced than in shales for similar reasons. Higher porosity and permeability in sandy

sediment increase the chances of encounters between Ils and pore water solutes.

The distribution of hydrocarbons in the Beaufort-Mackenzie Basin is closely related

to Ils diagenesis. Hydrocarbons generally occur above and in the top part of the random

Ils interval, but rarely below the depth where ordered Ils occurs. Deep hydrocarbon

reservoirs are found in wells where illitization begins at relatively greal deplh (e.g. Taglu,

Mallik). Where the apparent deplh of il1itization is shallow due to uplifl, caused either

by growth faulls, diapirs or leclonics, hydrocarbons also occur al shallow depths (e.g.

Reindeer). In offshore wells where the depth of illitization is 1 to 1.5 km shallower lhan

onshore, many hydrocarbon discoveries were made al deplhs of 1-2 km.
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Elemental geochemistty and oxygen isotopes provide a lilliputian viel'.' into the

behavior of atoms in ilS, i.e. interlayer and structural cations and anions, respectively,

during illitization. The behavior and concenttations of elements can he related to I/S

composition that varies systematically with depth.

I/S in the Beaufort-Mackenzie Basin appears to consist of layers having the formulae

smectite- and illite-layers, respectively. The increase in concentrations of K,O, Rb and

REE, the decrease in concentrations of octahedral elements such as Mg, Ti, Sc, Zn and

Zr, and the increase in concentrations of tetrahedral elements such as Be and V are

attributed to the conversion of S-layers to I-Iayers with increasing depth. The conversion

appears to involve the release of octahedral elements other than AI and probably Fe, Co,

Cr and Ni. The presence or excess of ions which do not fit into di-octahedral sites of S-

layers probably triggers their conversion to l-layers.

The increase in cationic contents of liS, especially potassium and Rb, is counter-

balanced by the increase in layer charge. The selective sorption of ions with loI'.'

dehydration energy by high-charge layers would result in the formation of I-Iayers, and

thus cause the increase in Kp and Rb with depth compared to other interlayer elements

(e.g. Na" Ca2+) that do not show a systematic trend. The total layer-charge increases

while the octahedral charge decreases and the tetrahedral charge increases. In other

words, the layer-charge development rea(;;ion involves both octahedral and tetrahedral

sheets.

The mobilization of REE appears to occur during illitization. Concentrations of REE,
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especially La and Ce, increase with depth. This is probably linked to incorporation of

ions with high valency (e.g. ys+) in tetrahedral sites. The excess valency due to Y is

partly counter-balanced by ions with low valency (e.g. Be2+) and, in tum, the local

valency deficiency caused by Be could be c:Jmpensated by high-charge interlayer cations

such as REE (+3).

The behavior of the anion, Le. oxygen, suggests that pore water may play an imponant

role in illitization. /)1'0 values of liS increase with depth, which contrasts with decreasing

trends observed in the Gulf Coast and elsewhere. The isotopie composition of liS

depends on temperature, I-contents and the isotopie composition of pore water in

equilibrium with the clays. The increase in /)1'0 of liS is only possible, if the increase

in /)"0 of pore water was greater than the decrease in fractionation values resulting from

increased temperature and I-contents with increasing burlal depth.

Calculated /)1'0 values of pore water in equilibrium with liS for the Reindeer 0-27

well suggest that the original water was probably meteorie water with a composition of

about -30 %c. The stratification of pore water was postulated from the presence of the

isotopically light interval, about 1500 ft thick. The depth range of the isotopically light

zone overlaps, however, does not coincide with that of low I-contents and corresponding

geochemieal compositions, suggesting the isotopie re-equilibration.

Contributions ta Knowledge

The present knowledge of liS diagenesis relies heavily on observations made in the V.S.

Gulf Coast. This study provides a new basinal-scale database on mineralogy,
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geochemistry and oxygen isotopes of liS mixed-layer clays in the Beaufort-Mackenzie

Basin, which in sorne respects is comparable to the Gulf Coast in size and geology. The

major conuibutions of this study are:

1. A widespread occurrence of a mixture of random and ordered liS in natural

environments has been reported for the fmt time in this study. The co-occurrence of

random and ordered liS signifies that liS may not consist of "fundamental particles". The

rate of the ordering reactionois estimated from the thickness of a transitional interval from

random to RI-ordered liS where the mixture occurs.

2. K-saturation experiments provide insight into the identity of liS and the constituents

in lIS. liS consists of, at least, three components: illite, low-charge, and high-charge

expandable layers. Changes in composition and the degree of ordering after K-saturation

suggest that these components occur together as stacked layers in crystallites.

3. The relationship between fluid pressure and Ils diagenesis is f!Tst shown in field

studies. Advanced illitization in geopressured zones supports Whitney's (1990) view that

high water/particle ratios may promote dewatering of liS, which involves chemical

reactions such as layer-charge development and K-fixation.

4. Hydrocarbon occurrence shows an apparent relation to liS diagenesis. This

relationship between the two found in this study may apply to future exploration in the

Beaufort-Mackenzie and adjacent basins.

5. The mobilization of REE during Ils diagenesis is convincingly demonstrated in this

slUdy. The increase in REE concentrations is related to the layer-charge development

reaction in tetrahedral sheets, while the proportion of l-layers increases with depth.
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6. Oxygen isotopes show the increase in 0180 values with depth, which is opposite to the

trends observed in the Gulf COasl and elsewhere. To explain this unusual trend, a new

model is devised.

Suggestions for Future Research

Despite extensive knowledge and available databases for the illiùzation of smectitic

material, too many conflicting ideas have been developed and left unresolved for the last

JO years. The present thesis altempts to clarify some of the controversial aspects on the

basis of theoretical considerations, experimental and analytical data for I/S mixed-Iayer

clays from the Beaufol1-Mackenzie Basin. The following slUdies should be carried out

after this investigation:

1. In order to obtain a !>etier understanding of the unusual oxygen isotope trend in

Reindeer D-27, 3 or 4 parallel investigations should be carried out using other stable and

radioactive isotopes and other minerais such as hydrogen isotopes, KIAr and the oxygen

isotope zonation in fine-grained qual1z that may contain authigenic overgrowths. One

such study (Rb/Sr of lIS) is presently under way at the Department of Geological

Sciences al McGill (M.Sc. thesis of K. Sears, in progress), but this must he augmented

by the other forementioned methods in order to elucidate the sources of the elements

involved in the reactions and to evaluate the extent of the reactions occurring at different

burial levels and limes.

2. More detailed insighl inlo layer-charge development and distribution could he obtainerl

by applying the alkylarnmonium method in XRD studies rather than simple cation-
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saturation. This method would be particularly efficient, if alkylammonium treatment was

used in conjunction with TEM studies as shown by Vali et al. (1991).

3. Thennodynamic studies based on hydrothermal experiments should consider the

colloïdal nature of Ils mixed-layer clays. I/S in dispersions may behave very differently

from that in rocks.

4. In addition, formatior.-water chemistry and chlorite evolution are subjects of further

studies.
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Appendix 1. Sample wells, depths and I/S composition.

1) Reindeer 0-27

RemarksReich-
air-dried
003 1/004 5

saddle/
pe~kSamp1e depth
rat~o f.w.h.m. peak we~te

2945 - 1.55 27.04 R>l 92 core

3700 .56 2.53 27.37 RO 45 core

4800 .46 2.69 27.62 RO 40 core

5330 .90 2.18 27.38 RO 60 core

6100 .90 2.38 27.50 RO 60 core

6000-6150 .81 2.59 27.50 RO 60

6200-6250 .90 2.73 27.53 RO+R1 57

6300-6350 .92 2.07 27.21 RO+R1 59

6400-6450 .67 3.04 27.84 RO 47

6500-6550 .28 2.60 28.17 RO 27

6600-6650 .72 2.90 27.61 RO 52

6641 .50 2.43 28.22 RO 42 core

6700-6750 .83 2.81 27.64 RO+R1 53

6800-6850 .83 2.66 27.52 RO+R1 57

6866 .90 2.67 27.54 RO 60 core

6900-6950 .86 2.67 27.58 RO+R1 56

7000-7050 .53 2.82 27.70 RO 43

7100-7150 .77 3.03 27.60 RO+R1 52

7200-7250 .88 2.46 27.47 RO+R1 57

7277 .96 2.25 27.41 RO 63 core

7300-7350 .90 2.43 27.46 RO+R1 51l

7400-7450 - 2.06 27.37 RO+R1 69

7500-7550 .60 2.70 27.57 RO 46

7600-7650 .93 2.33 27.45 RO+R1 59

7800-7850 .94 2.37 27.45 RO+R1 62

7855 - 2.04 27.32 RO+R1 75 core

7900-7950 - 2.12 27.38 RO+R1 63

A-2



,', 8000-8050 1 2.23 27.36 RO+R1 65

8100-8150 1 1.95 27.31 RO+R1 65

8200-8250 1 1. 93 27.31 RO+R1 65

8300-8350 - 1.88 27.33 RO+R1 70

8375 - 1. 78 27.31 R1 79 core

8400-8450 - 1. 95 27.30 R1 69

8500-8550 .98 2.16 27.35 RO+R1 64

8600-8650 - 1.98 27.36 R1 69

8700-8750 - 2.02 27.37 R1 71

8800-8850 .84 2.95 27.64 RO+R1 57

8915 - 1.53 27.22 R>l 84 core

8900-8950 - 1.84 27.31 R1 72

9000-9050 - 1.84 27.25 R1 76

9100-9150 - 1.81 27.28 R1 76

9200-9250 - 1.72 27.31 R1 75

9300-9350 - 1. 68 27.28 R1 76

9400-9450 - 1. 78 27.30 R1 73

9500-9550 - 1. 73 27.23 R1 83

9574 - 1.49 27.23 R>l 80 core

9600-9650 - 1.58 27.25 R>l 82

9700-9750 - 1.69 27.28 R>l 80

9800-9850 - 1.81 27.31 R1 75

9900-9950 - 2.01 27.43 R1 71

10000-10050 - 1.99 27. -15 R1 73

10028 - 1.66 27.44 R1 74 core

10100-10150 - 2.09 27.'; 7 R1 70

10200,-10250 - 1.83 27.43 R1 74

10300-10350 - 1.88 27.35 R1 77

10329 - 1. 70 27.41 R1 76 core

10400-10450 - 1.84 27.40 R1 76

10500-10550 - 1.90 27.38 ~1 77
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10600-10650 - 1.66 27.41 R1 76

10700-10750 - 1. 63 27.28 R1 76

10800-10850 - 1. 51 27.21 R>1 84 CHL

10867 - 1. 73 26.95 R>1 94 core, CHL

10900-10950 - 1.43 27.10 R>1 88 CHL

11000-11050 - 1.46 27.00 R>1 92 CHL

11100-11150 - 1.38 27.10 R>1 88 CHL

11200-11250 - 1.38 27.13 R>1 87 CHL

11300-11350 - 1.46 27.17 R>1 85 chl

11400-11450 - 1. 42 27.22 R>1 84 chl

11443 - 1.37 27.21 R>1 84 core

11500-11550 - 1. 63 27.20 R>1 84 chl

11600-11650 - 1.37 27.21 R>l 84 chl

11700-11750 - 1.40 27.19 R>1 84 chl

11800-11850 - 1.41 27.22 R>l 83 chl

11884 - 1. 34 27.21 R>1 84 core.

11900-11950 - 1.36 27.20 R>l 84 chl

12000-12050 - 1.49 27.00 R>1 92 chl

12100-12150 - 1.30 27.16 R>l 86 chl

12200-12250 - 1.32 27.16 R>l 86 chl

12300-12350 - 1.39 27.13 R>l 87 chl

12400-12450 - 1.31 27.20 R>l 84 chl

12462 - 1.42 27.15 R>l 86 core

12500-12550 - 1.50 27.01 R>l 92 chl

12600-12650 - 1.32 27.20 R>l 84 ch!

12650-12660 - 1.47 27.14 R>l 86 chl

present (10-50 %).
present (usually <5 %).

28.
chlorite
chlorite

1. sample depth in feet.
2. Saddle/peak ratio of (001),01 (001),7 for glycolated I/S.
3. f.w.h.m.- full width at half-maximum intensity in 28 b'\sed

on deconvolution of diffraction curves with a two peak model
in the 3.3 À region.
peak- peak position in

4. CHL- a large amount of
chl- a small amount of
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2) TlI.qlu 0-42

RemarksReich-
air-dried
003 1/0045

saddle/
Samp1e depth pe~k

rat~o f.w.h.m. peak weite

8468 .11 N.A. N.A. RO 13 core

·9436 .23 N.A. N.A. RO 24 core

9738 • 40 N.A . N.A. RO 35 core

10000-10100 • 28 N.A . N.A. RO 28

10430 .98 1.97 27.47 RO+Rl 64 core

10400-10500 •61 N.A. N.A . RO 46

10508 - 2.06 27.42 RO+Rl 71 core

10700-10800 .42 N.A. N.A. RO 37

10900-11000 • 66 N.A . N.A. RO 48

11100-11100 .33 N.A. N.A. RO 30

11200-12300 • 46 N.A . N.A. RO 38

11300-11400 .98 N.A. N.A. RO 63

11500-11600 - 1.86 27.31 Rl 77

11600-11700 - 1.66 27.22 Rl 78-
12100-12200 - 1. 81 27.27 Rl 68

12400-12500 - 1. 63 27.20 Rl 70

12700-12800 - 1. 69 27.29 Rl 71

12900-13000 - 1. 63 27.24 Rl 77

13500-13600 - 1.60 27.24 R1 75

13700-13800 - 1.44 27.17 Rl 68.- .-
13800-13900 - 1.58 27.22 Rl 80

14500-14600 - 1. 66 27.25 Rl 78

14700-14800 - 1.48 27.19 Ra 82

14900-15000 - 1.48 27.24 R;e:l 80

15200-15300 - 1. 43 27.28 R;e:l 80

15400-15500 - 1.42 27.19 R>l 82

15700-15800 - 1.47 27.33 R>l 79

15900-16000 - 1.40 27.19 R>l 85

16000-16060 - 1.50 27.25 R>l 82 .,
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.' 3) Wells in the vicinity of Reindeer and Taglu

a) Tag1~ G-33 h) ltumak E-58

Sample Reich-
d th 't %Iep' we~ e

3517 RD 52

3656 RD 47

3751 RD 31

3953 RD+R1 65

4D28 RD 23

Sample Reich-
depth weite %I

:1124 RD 52

4427 RD 27

5376 RD 65

6254 RD 28

6817 RD 48

7489 RD 5D

7637 ~D 41

8058 RD 37

8279 RD 49

~43 RD 43

8525 RD 43

9271 i RD 46

c) Niq1intqak H-19 d) GUry P-04

Sample Reich-
d th 't %Iep1 we~ e

5211 Ra 28

5693 RD+R1 54

6644 RD 37

7617 RD 43

9852 RD+Rl 66

lD833 RD 42

Sample Reich-
d th 't %Iep1 we:t e

3181 RD 54

3915 RO ..R1 75

4254 R>1 83

4426 RD 44

8910 R1 74

9062 R1 71
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e) Adqo C-15

Sarnple Reich-
denth weite %I

3238 RO 53

6086 RO 43

7704 RO+Rl 63

9926 R1 61

g) Ivik J-26

Sarnple Reich-
denth weite %1

5494 RO 29

8118 RO+R1 62

8219 RO+R1 59

8755 RO 30

10213 RO 40

1ù494 RÙ 54

A-7

f) Mallik A-a6

Sarnple Reich-
deoth weite %I

3128 RO 46

4040 RO 10

4470 RO 55

8656 RO+R1 65

9266 RO+R1 60

9655 RO+R1 65

9660 RO 50

10530 RO 22

11852 RO+R1 63

h) Unark L-24A

Sarnple Reich-
deoth weite %1

7280 R1 71

9696 RO ~!..-

11624 RO 57

12778 R>l 81



4) Offshore wells

1 Sarnple well and depth 1 Reichweite 1 %I 1

Netserk B-44 10391 ft RO+R1 56

10845 ft RO+R1 64

Netserk F-40 6080 ft R>l 80

Kadluk 0-07 981 m RO 56

1483 m RO 65

1752 m RO 65

2402 m RO 65

Nipterk L-19 1306 m RO 54

1650 m RO 65

1923 m R>l 93

2094 m R>l 92

2303 m R~l 92

2511 m RO 54

Tarsiut N-44 1558 m RO 64

1596 m RO 24

1647 m RO 63

2266 m R~l 80

Pitsiulak A-05 1701 m RO+R1 80

IS8ungnak 20-61 2374 m R1 87

2494 m R1 86

2624 m R1 84

3306 m R>l 83

Itivok 1-27 1507 m RO 51
1 • 2019 RO+R1 55~Alerk P-23 m

2799 ln Rl. 76
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Amerk 0-09 1313 m R1 78

1534 m RO 62

1765 m RO 63

2069 m RO 52

3861 m R1 84

4370 m R>1 84

4602 m R>1 77

4866 m R>1 76

Koakoak 0-22 3486 m R1 77

4106 m R>1 87

>2700 m R1 *
Kenalooak J-94 >2700 m R1 * Il

* drill-cutting samples contaminated by drilling ;nud.
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Appendix II. Changes in I/S compositon upon K-saturation.

l)Reindeer D-27

Sample depth %I

Na K

3700 45 47

4800 40 62

5330 60 65

6100 60 65

6100-6150 55 65

6500-6550 27 55

6641 42 64

6866 60 65

7277 63 65

7500-7550 46 65

7855 75 74

_!l000-8050 65 65

8375 79 86

8500-8550 64 75

8915 84 91

9000-9050 76 82
•9500-9550 83 81

9574 80 J!~~j
10000-10050 73 n"

10329 76 84

10500-10550 77 77...
11443 84 89...

11500-11550 84 84...
11884 84 88...

12000-12050 92 88...
12462 86 89...

12500-12550 92 89...
12650-12660 86 91

A-IO

2) Taglu C-42

Samp1e depth %1

l-
Na K

8468 13 33

9436 24 47

9738 35 62

10400-15000 46 63

10900-11000 48 65

3) Taglu G-33

Sample depth %1

Na K

3124 52 63

4427 27 48

5376 65 65

6254 28 53

6817 48 65

7489 50 65

7637 41 65

8058 37 65

8279 49
,

65

8443 43 65

f--. 8525 43 65

9271 46 65

* - The apparent decrease is due
to different methods used in
estimating composition .
** - X-ray diffraction patterns
did not show differences upon K
saturation except for the
increase in intensities of
(001) 111ito'
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Appendix III. Stratigraphie data available for offshore wells (based on
formation-top determinations filed at the In3titute of Sedimentary and
Petroleum Geology, Calgary; courtesy of J. Dixon, 1988).

W~ll Name Iperk Akpak- Kugmallit Richards Reindeer
Mackenzie

- Bay

Netserk B-44 10 395 941 1951 2719
-t

Netserk F-40 20 719 1423 2426 3773

Kadluk 0-07 30 676 1126 2584 -

Tarsiut N-44 40 749 1325 2270 3143

Pitsiulak A-OS 49 797 1392 - -

Issungnak 20-61 11 1178 2240 - -

Itiyok I-27 31 1185 1460 - -
Alerk P-23 11 865 1033 - -

Koakoak 0-22 59 2814 3053 3595 -

KenalooaK cl-94 80 missing 3625 ? 4476
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Appendix IV. Accuracy and preclslon of geochemical analysis (based
on a brochure by the Centre Nationale de la Recherche Scientifique,
Vandoeuvre, France).

1) Major, minor and trace element in standard DR-N (diorite).

Major and minor elements (wt %)
(46 analyses)

Trace elements (ppm)
(20 analyses)

x s RV x s RV DL

sioz 52.65 0.19 52.85

Alz03 17.59 0.07 17.52

};FeZ03 9.68 0.05 9.70

MnO 0.21 0.004 0.22

MgO 4.36 0.03 4.40

CaO 7.0 0.06 7.05

NazO 2.92 0.02 2.99

K20 1.71 0.02 1. 70

TiOz 1. 03 0.01 1. 09

PzOs 0.28 0.01 0.25

Ba 370 13 386 5

Be 1.6 0.25 1.8 0.5

Co 33 2.7 35 5

Cr 39 4 42 5

Cu 55 4 50 5

Nb 7.6 1.1 6 5

Nl 22 4 16 5

Rb 65 1.6 70 5

Sc 30 0.3 28 1

Sr 385 3.6 400 5

V 219 12 225 5

Y 26.8 0.3 30 1

Zn 136 4.8 145 5

Zr 127 4.3 125 5

Ga 20 22 10

Th 6 5

X mean; s standard deviation; RV recommended value
(Geostandards News1etter, 1982, Vol. 6, p. 91-159); DL - detection
limit.
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2) Rare earth elements (25 analyses: ppm)

x s ct RV

La 81.93 3.30 4.03 82

Ce 149.38 5.72 3.83 151

Nd 64.15 3.12 4.86 65

Sm 11.85 0.53 4.50 12

Eu 3.66 0.18 4.91 3.7
1

Gd 9.87 0.51 5.17 9.5

Dy 6.31 0.31 4.90 6.2

Yb 1.81 0.10 5.62 1.9

Y 31. 32 1.55 4.95 30

ct - relative standard deviation. RV - recommended value
(Geostandards Newsletter, 1988, Vol. 12, p. 119-201).
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Appea4la Y. Geoch..1cal data- ..jar, trac. and rare .arth .la••nt conc.ntration. (R.ind••r
D-27). S.~le dept~ tor drill cuttinve - .edian depth in teet•• - core a..plea.

1) Major: ele.ente (vt ,

Sa.ple sioz A1ZOJ ..ezoz linO !"9O CaO HaZO Dt> Tiol PlOS LOI Total
DeDth ,_c

• 7.80 0.07 1.95 0.86 Oa4a 2.87 0.252945 42.15 23.13 0.32 19.58 99.46
• 2.29 0.81 1.91 2.72 0.204782 4".53 22.39 5.00 0.06 0.20 17.74 99.85
• 47.07 3.54 tr. 1.92 0.24 2.50 2.70 0.26 0.16 16.8953!55 24.46 99.74

6475 44.09 21.57 2.70 tr. 1.85 0.35 4.04 1.67 0.27 0.26 22.94 99.74
• 2.62 tr. 1.33 2.29 2.77 0.88 1.106641 37.14 19.46 0.54 31.62 99.75
• 24.07 3.29 tr. 1.87 0.44 3.15 2.33 0.43 !'~2~ 19.436872 44.57 99.80

6975 44.40 23.01 4.41 0.02 1.92 0.64 3a24 :.31 0.38 0.24 18.61 99.18

7270· 48.45 25.03 3.45 tr. 1.82 0.34 2.27- 2.82 0.39 0.20 17.13 ~9.65
i'---~

7475 44.89 23.66 3.83 tr. 1.82 O. ,l 3.00 2.74 0.35 0.22 18.69 99·~L

• 0.597825 44.90 24.57 4.16 tr. 1.97 1.95 3.04 0.34 0.20 17.86 99.58

8025 44.07 23.85 3.62 tr. 1.81 O."7C 2.a? 3.22 0.32 0.20 18.98 99.64
•8375 46.97 25.51 3.27 tr. 1.81 0.45 1.58 3.65 0.25 0.17 15.87 99.53

8475 44.02 23.82 3.74 tr. 1.77 0.72 2.97 3.32 0.30 0.20 18.86 99.72
• 3.16 tr. 1.72 0.19 0.16 16.598915 45.37 24.73 3.08 4.24 0.16 99.40
• 44.75 24.57 3.59 tr. 1.62 0.20 3.0!' 4.58 0.17 0.14 16.749597 99.36

9975 :1.70 22.10 3.70 0.02 1.82 1.92 2.54 3.79 0.22 0.15 22.11 100.07
• 3.04 1.92 0.60 3.82 0.14 0.17 18.0610329 43.26 22."4 0.02 5.24 98.91

10975 29.95 14.82 16.7;' 0.71 2.56 1.58 2.66 2.70 0.08 1.12 26.39 99.JO
•11443 44 .. /;,1 22.32 4.83 0.06 2.37 0.20 2.52 5.25 0.06 0.26 17.08 99.42

11575 43',21 21.81 7.08 0.30 2.58 0.64 2.33 4.83 0.10 0.30 16.47 99.65
• 5.55 5.25 0.08 0.17 16.6511884 44. :17 21.91 0.39 2.25 0.29 2.66 99.57

11975 42o!p 21.39 7.34 0.50 2.70 0.96 1.67 5.00 0.10 0.40 17.03 99.62

12655 39.14 19.81 7.44 0.72 2.65 1.70 1.97 4.73 0.10 0.69 20.13 99.08

• tA
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2) Trace e1ements (ppll)

Sa.pIe Ba Be Co Cr eu G" Nb Ni Rb Sc Sr Th V Zn Zr
DeDth

·2945 1664 6.0B 43 2115 125 5B <5 99 114 lB 231 15 4BB 443 152
•47B2 1051 3.29 19 194 BB 45 <5 46 lOB 14 177 <5 290 144 102
•5355 1172 3.59 13 232 91 49 <5 34 11B 13 138 <5 280 146 110

6475 682 0.50 30 176 149 59 10 45 3B 10 B3 <5 lBB 104 5
•6641 1168 2.20 54 386 71 55 12 33 38 13 145 <5 180 249 156
• <5 2B26B72 1069 '.79 lB 190 12B 49 <5 50 B3 13 160 109 67

6975 667 2.40 30 202 131 47 5 79 BO 14 146 <5 261 157 71
•

7270 1176 3.40 20 214 80 56 <5 59 100 13 177 <5 319 105 66

7475 7BO 2.90 2B 206 129 47 5 82 91 12 159 <5 273 142 71
•7825 1216 3.70 12 196 80 56 <5 64 113 13 236 <5 319 75 61

8025 854 3 .. 50 19 199 192 43 <5 60 79 13 169 <5 294 108 65

·8375 1055 3.20 15 192 95 60 "5 43 130 12 165 <5 322 59 51

8475 736 3.20 20 202 140 48 <5 57 1.03 13 15B <5 2B7 98 61
•8915 1023 4.00 18 201 130 47 <5 46 160 11 136 <5 323 61 36
•9597 1101 3.90 6 184 73 48 <5 24 167 13 128 <5 339 35 45

9975 803 2.00 30 161 114 47 5 73 110 15 154 <5 251 56 33

10329• 952 2.58 129 BO <5 228 57 429 43 <5 14 116 14 107

10975 648 4.00 167 154 96 34 <5 75 114 15 285 <5 550 161 44
• 3.50 14 165 157 20 105 <5 427 51 511443 1444 109 52. <5 41

11575 904 5.40 53 197 125 37 <5 69 165 20 115 <5 574 109 64
• 1430 5.00 46 155 128 51 66 17B 23 147 <5 461 74 3211884 <5

11975 968 4.BO 54 164 127 44 <5 64 162 20 129 9 515 90 60

12655 889 4.30 60 169 105 50 <5 58 152 19 19B 5 492 98 45

A-15
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3) Rare earth ele.enta (ppa)

Sa.pla La Ca Nd s. Eu Gd Dy Yb
Daoth

294'\• 12.211 22.63 9.65 2.49 0.49 2.~1 1.80 1.03
•4732 5.11 7.50 3.41 0.74 0.17 0.87 0.6S 0.42
•

:53~5 6.67 11.52 4.68 1.26 0.23 1.15 0.63 0.39

6475 6.01 8.39 4.75 1.13 0.26 0.80 0.79 0.26
• 0.7.8-T 1.256641 11.85 21.04 7.27 1.70 0.97 0.44
•6872 8.29 n.38 4.80 1.20 0.20 1.10 0.64 0.35

6975 6.44 11.ea 4.71 0.93 0.21 1.19 0.63 0.33
•7270 8.59 12.84 5.10 0.97 0.18 0.93 0.61 0.36

7475 7.19 12.04 4.19 1.05 0.18 0.86 0.53 0.35
•7825 12.66 22.03 6.60 1.25 0.22 1.45 0.65 0.46

8025 8.75 15.68 4.57 1.13 0.17 0.97 0.59 0.39
• 16.33 1.058375 11.63 4.54 0.18 O.PO 0.58 0.3:1.

8475 Cl.60 15.10 4.62 0.95 0.19 0.72 0.58 0.36
•8915 Il. 23 14.41 3.77 0.90 0.15 1.00 0.48 0.33
• 1.36 1.21 0.~·89597 12.68 18.44 6.32 0.21 0.66
• 10.82 1.20 0.15 1.32 0.67 0.351032!' 5.66 4.12

10975 9.'.8 23.26 9.67 2.59 0.61 2.60 2.05 0.79
• 1,06 0.4711443 4.69 8.35 3.87 1.48 0.19 0.74

11575 6.81 13.25 4.54 0.99 0.22 1.13 0.86 0.55
• 0.98 0.4511884 5.86 10.58 4.39 1.13 0.16 0.63

11975 8.B 15.94 5.88 1.47 0.30 1.49 1.05 0.61

12655 7.91 15.55 5.72 1.24 0.28 0.86 1.14 0.61
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Appendix VI. Correlation chart for 24 major, minor, trace
and rare earth elements.

si02 Al203 Fe203 MgO CaO Na20

si02 1. 0000

Al203 0.6044 1.0000

Fe203 0.1661 -0.1061 1.0000

MgO 0.2541 -0.3993 0.6392 1. 0000

CaO -0.6393 -0.5272 0.3203 0.1956 1. 0000

Na20 -0.5496 -0.5009 -0.4966 -0.1897 -0.1605 1.0000

K20 -0.1637 0.3467 -0.1067 -0.4625 0.0870 -0.0129

Ti02 0.0945 0.1878 0.1487 0.0343 -0.0439 -0.2443

Ba 0.5980 0.6493 0.0403 0.1265 -0.3988 -0.4429

Be 0.4863 0.7769 0.3059 -0.0995 -0.3231 -0.4429

Co -0.3341 -0.5456 0.1041 0.0849 0.4850 0.0190

Cr 0.6737 0.5392 0.2937 -0.0026 -0.3794 -0.6197

Cu -0.3585 -0.2625 -0.1626 -0.2096 0.1377 0.2005

Ga 0.3728 0.2933 -0.3195 -0.1160 -0.2889 -0.3616

Ni -0.2022 -0.0967 0.4220 0.0482 0.4827 -0.3638

Rb 0.2417 0.5588 0.0473 -0.2922 -0.1726 -0.2379

Sc -0.3275 -0.1544 0.4787 0.2275 0.6632 -0.1135

Sr 0.2505 0.4462 0.5966 0.3008 0.1914 -0.7379

V 0.5123 0.8536 0.2722 -0.2239 -0.2986 -0.6633

Y 0.1222 0.0417 0.5997 0.4454 0.2023 -0.3455

Zn 0.3242 -0.2177 0.4727 0.5355 -0.0578 -0.1154

Zr 0.5736 0.2669 0,6523 0.5362 -0.0930 -0.4525

La 0.1002 0.7620 -0.1276 -0.5806 -0.3713 -0.4271

Ce -0.0604 0.6959 -0.0024 -0.4737 -0.1549 -0.3616
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..~ K20 Tio2 Ba Be Co Cr
'l

K20 1.0000

Tio2 -0.6763 1.0000

Ba 0.2548 -0.0823 1. 0000

Be 0.5441 -0.0939 0.6665 1. 0000

Co -0.5496 0.3870 -0.7480 -0.6616 1. 0000

Cr -0.3092 0.4866 0.2416 0.4522 0.0828 1.0000

Cu -0.;,,,15 0.3050 -0.6795 -0.3049 0.5576 0.1219

Ga -0.3092 0.2622 0.2189 -0.2409 0.0594 0.1898

Ni -0.3738 0.6440 -0.4294 -0.1493 0.7561 0.3615

Rb 0.8701 -0.5907 0.5604 0.7366 -0.6643 0.0066

Sc 0.3066 -0.0945 0.1075 0.1738 -0.0739 -0.2587

Sr -0.0018 0.4379 0.4469 0.5415 -0.1342 0.3919

V 0.5086 0.0306 0.6543 0.9009 -0.5333 0.4844

~1 0.2999 -0.2742 0.5290 0.5297 -0.5239 0.0332

Zn -0.7743 0.5455 -0.2444 -0.1372 O.. 4~SC. r.5668

Zr -0.2136 0.2734 0.3779 0.525l! -0.1974 J.6067

La 0.6227 -0.0623 0.4200 0.5748 -0.4810 0.1537

Ce 0.5197 0.1052 0.3877 0.5731 -0.5021 0.1218
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Cu Ga Ni Rb Sc Sr

eu 1.COOO

Ga -0.2224 1.0000

Ni 0.4278 0.0337 1. 0000

Rb -0.5566 -0.1673 -0.4192 1. 0000

Sc -0.3703 -0.4940 0.1182 0.2480 1.0000

Sr -0.1749 0.1208 0.4726 0.1250 0.2853 1.0000

V -0.3173 0.0649 -0.0150 0.7059 0.0810 0.6095

Y -0.4652 -0.3808 -0.2115 0.4039 0.5588 0.4744

Zn 0.2852 -0.1536 0.4417 -0.5771 -0.0623 0.4744

Zr -0.2071 -0.3043 0.1006 0.079S 0.3309 0.4686

La -0.1705 0.3313 -0.0262 0.6099 -0.1430 0.4112

Ce -'0.1351 0.2094 0.0832 0.4645 0.0170 0.5574

V Y Zn Zr La Ce

V 1.0000

Y 0.3702 1. 0000

Zn -0.2534 -0.0294 1. 0000

Zr 0.3417 0.5579 0.6585 1. 0000

La 0.7643 0.0854 -0.6966 -0.2662 1.0000

Ce 0.6792 0.2119 -0.5689 -0.1245 0.9163 1.0000
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