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ABSTRACT

K-Ar ages of untreated 2:1 clay minerals of the <0.05 pm size-fraction separated from argillaceous rocks of the Reindeer
D-27 well, Mackenzie Delta — Beaufort Sea region, Arctic Canada, generally increase with increasing depth of burial, from
19+ 3 at ca. 1935 m to 65 £ 1 Ma at ca. 3832 m. Although the ages are lower than the stratigraphic ages, XRD patterns and TEM
images of the same material suggest that the K—-Ar ages are mixed ages. These result from a mixture of detrital and diagenetic
illite. The K~Ar ages of the 0.05-0.1 pm fraction generally decrease with increasing burial, but are older than the stratigraphic
ages. K—Ar ages of the <0.05 and 0.05-0.1 pm size fractions after intercalating octadecylammonium cations (nc = 18) also vary
with burial depth. The ages of the 0.05-0.1 jum fraction decreased slightly from 120 + 2 to 115 + 3 Ma at shallow depth (ca.
1935 m), and decreased from 95 £ 2 to 55 + 3 Ma at slightly greater depth (ca. 2065 m). A decrease in age may be due to the
exchange of K and Ar by the intercalation of nc = 18 cations into the interlayers of an illitic phase of detrital origin. At maximum
depth (ca.3832 m), the age of the 0.05-0.1 pm fraction increased slightly from 100 £ 2 to 106 + 3 Ma after treatment with
nc = 18. The increase in K—Ar age with treatment is more evident in the <0.05 wm fraction, which increased from 19 £ 3 to
92 +4 Ma at ca. 1935 m and from 65 + 3 to 97 + 3 Ma at ca. 3832 m. This suggests that exchange of interlayer K and radiogenic
Ar by nc = 18 has occurred in a “young” illitic phase of diagenetic origin. The change in age is less significant in the deeper
sample because it is dominated by an authigenic illitic phase, and the removal of K and Ar by nc = 18 is incomplete. The K-Ar
dating of IS and illite from argillaceous rocks of a burial-diagenetic sequence after treatment with long-chain alkylammonium
cations may help to better constrain the timing of post-depositional events in the diagenetic history. It is possible to distinguish
between diagenetic and detrital illitic subpopulations in shales with small amounts of detrital illite, as well as constraining the age
of the detrital illitic component.

Keywords: K-Ar dating, illite, “alkylammonium illite”, smectite, octadecylammonium cations, TEM, Pt—C replica, Reindeer
D-27 well, Mackenzie Delta — Beaufort Sea region, Arctic Canada.

SoMMAIRE
Les ages K-Ar d’argiles 2:1 non traitées de la fraction <0.05 pm séparées de roches du puit de forage Reindeer D-27, région

du delta de Mackenzie et de la mer de Beaufort, dans 1’ Arctique canadien, augmentent en général avec la profondeur
d’enfouissement, de 19 £ 3 Ma 2 environ 1935 m 3 65 + 1 Ma 2 environ 3832 m. Quoique les dges sont inférieurs & I'age
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stratigraphique, les spectres de diffraction X et les images en microscopie électronique par transmission des mémes matériaux
font penser que les ges K-Ar sont des dges mixtes dus 2 la présence d’argiles détritiques et d’illite diagénétique. Les ges K—Ar
de la fraction 0.05-0.1 wm diminuent en général avec la profondeur de I’enfouissement, mais dépassent I’4ge stratigraphique. Les
ages K—Ar des fractions <0.05 et 0.05-0.1 um apr2s un échange avec cations octadécylammoniaque (nc = 18) varient aussi avec
la profondeur de I’enfouissement. L’4ge de la fraction 0.05-0.1 wm diminue légerement de 120 + 2 3 115 + 3 Ma 2 faible
profondeur (ca. 1935 m), et diminue de 95 +2 2 55 + 3 Ma 2 une profondeur légérement plus grande (ca. 2065 m). Une diminution
de I'4ge pourrait résulter de I*échange de K et Ar par I’intercalation des cations nc = 18 dans les interfeuillets d’une phase illitique
d’origine détritique. A profondeur maximum, (ca.3832 m), Iage de la fraction 0.05-0.1 jum augmente légerement de 100 + 2 to
106 £ 3 Ma apres traitrement au nc = 18. L’ augmentation de I’ 4ge K—Ar suite au traitement est davantage évident dans la fraction
<0.05 pm, qui vade 19+ 3292 +4 Ma 2 environ ca. 1935 m et de 65+ 3 297 + 3 Ma 2 environ ca. 3832 m. Ce résultat fait penser
que l’échange de K et d’ Ar radiogénique de I'interfeuillet par nc = 18 a affecté une phase illitique “jeune”, d’ origine diagénétique.
Le décalage dans 1’4ge est moins important dans I’échantillon le plus profond parce qu’il contient surtout une illite authigéne, et
le remplacement du K et Ar par le nc = 18 serait incomplet. La datation au K-Ar d’illite—smectite et d’illite dans les roches
argileuses d'une séquence diagénétique enfouie suite 2 un tel traitement avec des cations alkylammoniaque 2 chaines longues
pourrait bien éclaicir dans le temps les événements post-dépositionnels dans I'évolution diagénétique. Il semble possible de
distinguer les sous-populations d’illite, diagénétique ou détritique, dans des shales ayant une faible proportion d’illite détritique,

et de préciser 1’age de cette illite.

(Traduit par la Rédaction)

Mot-clés: datation K-Ar, illite, “illite 4 alkylammoniague™, smectite, cations octadécylammoniaques, microscopie électronique
en transmission, réplication Pt—C, forage Reindeer D-27, delta de Mackenzie, mer de Beaufort, Arctique canadien.

INTRODUCTION

Interstratified illite—smectite (hereafter IS) and illite
separated from argillaceous rocks buried at passive
margins and foreland basins are commonly dated by the
K—-Ar method to determine the time-integrated age of
illite diagenesis and the mean age of detrital illite de-
rived from the weathering and erosion of rocks of the
source ferrane (e.g., Glasmann et al. 1989, Elliott et al.
1991, Pevear 1992, Matthews et al. 1994, Clauer &
Chaudhuri 1995, Clauer ez al. 1997a, Zhao et al. 1997).
The acquired K-Ar ages of IS and illite, however, are
commonly recognized as mixed ages owing to the pres-
ence of both detrital and diagenetic components. As
such, they are very difficult to interpret without apply-
ing techniques such as Illite Age Analysis (Pevear
1992). The errors in many of these methods are poten-
tially large, and also include uncertainty in assuming
that the ages can be modeled in terms of a two-compo-
nent system consisting of diagenetic and detrital clay
minerals, compositional heterogeneity of the detrital and
diagenetic components (e.g., IS, illite, mica) in various
clay-size fractions, some of which may have their K-
Ar clock reset by heating above 150°C, the accuracy of
mineral abundances determined from X-ray diffraction
(XRD), and the accuracy of K—Ar ages. Procedures to
purify and separate diagenetic and detrital clay-mineral
subpopulations have had limited success (e.g., Liewig
et al. 1987).

Concern for preferential loss of Ar from the struc-
ture of 2:1 layer silicates has been allayed, as recent K-
Ar studies have shown that illitic phases do not lose
argon at ambient temperatures, at least up to 150°C and
perhaps higher, or if unperturbed by thermal, tectonic

or fluid-circulation processes (Pevear 1992, Clauer et
al. 1997a, Hassanipak & Wampler 1997).

Long-chain alkylammonium cations (12 < nc < 18,
where nc is the number of carbon atoms per alkyl chain
with the general formula CncH2nc+1NH3%) have the
capability to selectively replace K and other interlayer
cations from weathered, degraded, altered or poorly
crystallized phyllosilicates, and from higher charged 2:1
clay minerals such as illite and glauconite (Mackintosh
& Lewis 1968, Mackintosh et al. 1971, 1972, Lagaly
1979, Vali & Koster 1986, Laird ez al. 1987, Ghabru et
al. 1989, Vali & Hesse 1990, Vali et al. 1991, 1994,
Cetin & Huff 1995a, b, Sears ef al. 1998). XRD and
transmission electron microscopy (TEM) analyses have
shown that dioctahedral illite treated with long-chain
alkylammonium cations may be exchanged of its
interlayer K, but it still retains the high-charge charac-
teristic of illite (i.e., “expandable illite”, hereafter “n-
alkylammonium illite” and its variations) (Laird et al.
1987, Vali et al. 1991, 1994).

In an effort to better understand the diagenetic
changes of 2:1 clay minerals that constitute the smectite
to illite (S — I) reaction, and the significance of K—Ar
ages of diagenetic illite during progressive burial of the
Brooks — Yukon Basin (BYB) and Beaufort — Macken-
zie Basin (BMB) in the passive continental setting of
the Mackenzie Delta — Beaufort Sea (MDBS) region,
Arctic Canada, TEM imaging of Pt—C replicas was used
to characterize the evolving morphology of the 2:1 clay
mineral separates with depth of burial, and K—Ar dating
was applied to the samples before and after treatment
with long-chain alkylammonium cations (i.e., octadecyl-
ammonium cations). Our emphasis in this study was to
clarify the origin of “octadecylammonium illite”,
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Fic. 1. A plot of the proportion of illite layers in interstratified IS, as determined from

conventional XRD analysis, with depth along the Reindeer D-27 well. Some of the
values are slightly different from those given in Sears et al. (1995a). The solid lines
delineate the zone of the mineralogical discontinuity (Ko et al. 1995).

account for its contribution to the K—Ar ages of un-
treated samples, and assess the presence of detrital illitic
or micaceous phases in fine clay-size separates.

PreviOUs STUDY

The 2:1 clay mineral separates investigated in this
study were characterized in detail by Sears et al. (1998),
and the following is a brief summary. Conventional X-
ray-diffraction analysis of the Mg-saturated and ethyl-
ene-glycol-solvated <0.05 wm fraction separated from
argillaceous rocks of the Reindeer D-27 well, MDS re-
gion, suggests that the dominant clay mineral is IS, with
the proportion of illite layers progressively increasing
with depth of burial (Sears 1993, Sears et al. 1998)
(Fig. 1). XRD analysis and high-resolution transmission
electron microscopy (HRTEM) imaging of the same
size fraction after treatment with n-alkylammonium cati-
ons reveals a complex diagenetic evolution character-
ized by multiphase assemblages of 2:1 layer silicates
(Sears et al. 1998). These results contrast with the no-
tion of the gradual and progressive conversion of S — I
with increasing burial depth through a series of inter-
mediate IS interstratified structures, as characterized by
numerous conventional XRD studies (e.g., Hower ez al.
1976). Rather, the evolution of S — I is characterized as
a prograde sequence of multiple phases: (1) low- and
high-charge expandable 2:1 clay minerals, (2) a
rectorite-like R1 ordered phase, (3) “n-alkylammonium
illite”, and (4) illite, whose patterns of distribution over-
lap with depth. Low- and high-charge expandable 2:1
clay minerals dominate at shallow depths, a rectorite-
like R1 ordered phase is dominant at intermediate
depths, whereas apparently coherent sequences (pack-
ets) of illite with three to seven layers (R3 ordered) are
dominant at maximum depths in the well. The rectorite-

like R1 ordered phase has compositional and structural
properties that are unique, and cannot be considered as
the interlayering of smectite and illite layers (Vali ez al.
1994). Tlitic and micaceous phases exist in the fine frac-
tions throughout the entire depth of the well, but it is
difficult to distinguish between detrital and diagenetic
illitic components in XRD patterns and HRTEM images
(Sears er al. 1998). “Alkylammonium illite” is only rec-
ognized in HRTEM images of samples at maximum
depth in the well.

MATERIALS AND ANALYTICAL TECHNIQUES

Samples of drill-core and well cuttings of argilla-
ceous rocks of the B.A. — Shell - I.O.E. Reindeer D-27
well of the MDBS region, Arctic Canada, were collected
from the Early to Middle Eocene Taglu and the Late
Paleocene to Early Eocene Aklak sequences (Reindeer
supersequence) of the BMB, and the informally named
Early to Middle Albian flysch formation of the BYB
(Jeletzky 1971, Young et al. 1976, Dixon 1990, Dixon
et al. 1992a, b, McNeil 1997, pers. commun., 1998)
(Fig. 2). More detailed information about location, geo-
logical setting, and sample-preparation methods are
available in Sears ef al. (1998).

Pt—C replicas

A detailed investigation of surface microtopography
and morphology of individual crystals and mineral frag-
ments was possible through the Pt—C replication tech-
nique. TEM imaging of replicas obtained by the
dispersion of heavy metals such as Au, Ag, and Pt onto
surfaces of 2:1 layer silicates allowed us (i) to distin-
guish between detrital and diagenetic particles, and
(ii) to investigate the dissolution and growth character-
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FiG. 2.  Stratigraphic column of of the Mackenzie Delta — Beaufort Sea region, Arctic Canada (after Dietrich & Dixon 1997).

istics of ultrafine 2:1 layer silicates at a resolution close
to 1 nm (Vali & Bachmann 1988). Freeze-dried clay-
mineral separates were dispersed on a freshly cleaved
mica surface, shadowed with a Pt—C film ~1.5 nm thick

consisting of 95% platinum and 5% carbon, and coated
with a supporting C film 10-15 nm thick. This proce-
dure was performed rapidly using a Balzers High-
Vacuum Freeze—Etch unit, Model 301, to minimize
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dissolution of mineral surfaces. The Pt—C film (replica)
was carefully peeled from the mica substrate, and any
mineral particles adhering to the replica were dissolved
in a 6% HF solution, rinsed with de-ionized water and
transferred onto 300 mesh TEM grids covered with a
supporting film of formvar and carbon. TEM investiga-
tion was performed with a JEOL JEM-2000 FX TEM
at an accelerating voltage of 100 kV. Correlation can be
made between the morphological features of individual
2:1 clay-mineral particles observed in the Pt—C replica
images and microstructural information provided by lat-
tice-fringe images of microtomed thin sections treated
with nc = 18, as presented in Sears et al. (1998).

K-Ar analysis

Freeze-dried clay-mineral separates intended for K~
Ar dating were treated with a 0.05 N solution of
octadecylamine hydrochloride (nc = 18) for 5 days at
65°C. During this period, the solution was replaced three
times. At the end of the exchange process, the samples
were washed by centrifugation with a solution of dis-
tilled H,O and 90% ethanol (1:1) followed by 12 to 14
washes in 90% ethanol to remove excess alkyl-
ammonium salts and alkylamines (Lagaly 1994).

The Ar isotopic composition of the untreated clay-
mineral samples and of those treated with nc = 18 was
measured on ~50 mg samples. Argon and reactive gases
were liberated by heating with a radio-frequency induc-
tion furnace. The untreated samples were relatively
clean, allowing standard methods of sample analysis,
whereas the samples treated with nc = 18 produced sig-
nificant quantities of reactive gases, which resulted in
higher background pressures than typical for Ar meas-
urements and longer cleanup times (<1 hour). The gases
were extracted and then cleaned with heated Ti. The
hydrocarbons used in the exchange treatments were
cleaned by the Ti furnaces as Ti cooled to room tem-
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perature (30 minutes). Final cleanup of the extracted
gases was performed using a SAE getter heated to 5
amperes with a Variac controller for 5 minutes. A cali-
brated spike of 3Ar was added as the gases were ex-
tracted from the sample during the final heating step.
Argon isotopes 36, 38 and 40 were measured on-line.
The ratios “°Ar/38Ar and “°Ar/*0Ar were calculated with
a computer interface on-line with the AEI MS—10 mass
spectrometer. The concentration of potassium was
measured using flame photometry with a lithjum inter-
nal standard (Ingamells 1970). The K decay constants
recommended by the ITUGS Subcommission on Geo-
chronology were used in the calculation of K-Ar age
(Steiger & Jager 1977).

RESULTS
K-Ar age of untreated 2:1 clay-mineral separates

The K~-Ar age of untreated 2:1 clay minerals in the
two size-fractions, <0.05 and 0.05-0.1 p.m, were deter-
mined from eleven samples of argillaceous rock: two
core samples from a burial depth of 896.6 and 1463.0
m, a composite core sample from 1920.3-1950.7 m, and
eight composite well-cuttings samples at ~300-m
stratigraphic intervals from 2057.4.2-2072..6 to 3825.2—
3840.5 m. To simplify discussion, composite samples
are labeled according to their median depth.

In general, the K-Ar age trend of the 0.05-0.1 pm
fraction over the present depth-interval of 896-3840 m,
deposited over a >75 Ma period (McNeil 1997), is simi-
lar to that found for whole-rock and coarse clay size-
fractions (1-2 pwm to 2-5 pm) from samples of mudrock
and shale in the majority of sedimentary basins (e.g.,
Aronson & Hower 1976, Velde & Renac 1996). The
K—Ar age decreases with increasing age of deposition
or burial depth (Fig. 3a). Nearly all K-Ar ages of the
0.05-0.1 wm fraction are older than the inferred ages of

TABLE 1. K-Ar AGES OF UNTREATED 2:1 LAYER SILICATES IN THE <0.05 pm SIZE FRACTION
FROM MUDROCKS OF THE REINDEER D-27 WELL, MACKENZIE DELTA — BEAUFORT SEA REGION

2

Sample Depth Type Sequence™ Stratigraphic Age’ Lithology'  X;0 .V K-Ar Age
() %) (10°molgh ~ (Ma)
896.6 core Taglu Middle Eocene mst, sltst 25 5.990 1595
1463.0 core Taglu Middle Eocene mst, sltst 1.136 1.035 6214
1935.4 (1920.2-1950.7) core Taglu Middle Eocene mst, sltst 2.175 1.588 193
2065.0 (2057.4-2072.6) cuttings Taglu Barly Eocene mst, slist 1.586 0.638 27+7
2339.4 (2331.7-2347.0) cuttings Taglu Early Eocene mst, sltst 1.82 1.154 44%3
2659.4 (2651.8-2667.0) cuttings Taglu Early Eocene mst, clyst 2.321 1.862 55t4
2948.9 (2941.3-2956.6)  cuttings Aklak Late Paleocene mst, clyst 2.866 1.280 31+1
3253.7 (3246.1-3261.4)  cuttings Aklak Late Paleocene mst, clyst 2.996 1.383 31+2
3360.4 (3352.8-3368.0)  cuttings  Albian flysch fm  Early - Mid-Albian mst 1.246 1.048 58+3
3558.5 (3550.9-3566.2)  cuitings  Albian flysch fm  Early - Mid-Albian mst 2.853 2.493 602
3832.8 (3825.2-3840.5) cuttings  Albian fiysch fm  Early - Mid-Albjan mst 3479 3.329 65+t1

! Dixon (1990). 2 McNeil (1997). * Symbols: mst: mudstone, sltst: siltstone, clyst: claystone.
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deposition and suggest mixed ages, resulting from vari-
able mixtures of detrital and diagenetic components of
illitic and micaceous phases.

In contrast to the 0.05-0.1 wm fractions, the K—Ar
ages of the untreated <0.05 pwm fraction generally in-
crease, from 19 £ 3 Ma at 19354 m to 65 £ 1 Ma at
3832.8 m, with increasing depth of burial (Fig. 3b, Ta-
ble 1). The K—-Ar ages of the <0.05 pm fractions are
younger than the ages of deposition, with the exception
of the two shallow samples, and younger than the corre-
sponding ages of the 0.05-0.1 pm fractions. Samples
from 896.6 and 1463.0 m gave ages of 159 £ 5 and 62 £
4 Ma, respectively, both older than the age of deposi-
tion (Middle Eocene, (37—49 Ma; Berggren et al. 1995,
McNeil 1997). These latter two ages are interpreted to
reflect a mixture of detrital and diagenetic illitic and
micaceous phases. In addition, the trend of decreasing
age of these two samples with depth suggests the loss of
a dominant, metastable detrital component, possibly due
to dissolution at shallow depth, and the possible addi-
tion of an authigenic illitic component, albeit minor

(Sears et al. 1998). The trends for K,O (Fig. 3¢) and
%*OAr*, as a consequence of the radioactive decay of
40K to Ar (Fig. 3d), increase with depth for the <0.05
pm fraction, generally paralleling the trends in IS com-
position inferred from XRD (Fig. 1) and the K—-Ar age
(Fig. 3b) observed for this fraction.

K-Ar age of 2:1 clay minerals after treatment
with octadecylammonium cations

In the lattice-fringe images of the <0.05 pm clay-
mineral separates from the Reindeer D-27 well after
treatment with nc = 18, Sears et al. (1998) identified, in
addition to expandable 2:1 clay minerals, a rectorite-like
R1 ordered phase, illite and “octadecylammonium
illite”. To evaluate the contribution of the “octadecyl-
ammonium illite” to the K—Ar age of untreated samples
and ascertain its origin, selected 0.05-0.1 and <0.05 pum
fractions were dated after treatment with nc = 18. Shifts
in K—Ar ages were observed in comparison to the origi-
nal untreated samples (Table 2). After treatment with
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nc = 18, the age of the 0.05-0.1 pm fraction at 2065.0
m decreased from 95 + 2 to 55 + 3 Ma as the *Ar*
decreased from 3.901 to 2.429 X 107'° mol g™L. The
0.05-0.1 wm size fraction at a slightly shallower depth,
1935.4 m, however, showed a much smaller decrease
after treatment with nc = 18, possibly within the ana-
Iytical uncertainty (120 + 2 to 115 + 3 Ma) as the “°Ar*
decreased from 4.792 to 3.555 X 10~ mol g~1. The ap-
parent ages of both treated samples are still greater than
the inferred age of deposition (Middle Eocene, 49-37
Ma; Berggren et al. 1995, McNeil 1997), which sug-
gests that there is still a significant residue of a detrital
component in this size fraction.

The fact that the K—Ar ages become younger after
treatment with nc = 18 suggests that the cation-exchange
reaction removes K and “*Ar* from the interlayers of
“older” illitic or micaceous phases of detrital origin.
Lattice-fringe images of the 0.05-0.1 pm fractions at
shallow depths show illitic or micaceous phases having
a core of contracted interlayers with a spacing of 1.0
nm and outer layers with intercalated nc = 18 interlayers,
the spacing being ~2.4-2.5 nm. Also present are appar-
ently coherent sequences of layers (packets) with com-
plete interlayer expansion after intercalation with nc =
18, i.e., “octadecylammonium illite” (Figs. 4a, b). Some
particles or packets have layers with a frayed and wispy
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appearance suggestive of dissolution (Vali & Koster
1986). Fanning er al. (1989) also proposed that K re-
leased from interlayers or edges of interlayers during
weathering results in wedges around a mica core and
frayed edges. Thick packets of illite or mica with more
than six to eight layers are unlikely to have precipitated
as authigenic phases at this shallow depth, whereas thin-
ner packets of illite with two to six contracted interlayers
were observed as the dominant structures at maximum
depth in the well (Sears ef al. 1998). We believe that the
thicker packets are detrital in origin, whereas the thin-
ner ones are diagenetic or authigenic.

In contrast to the shallow samples, the K—-Ar age of
the 0.05-0.1 wm fraction after treatment with nc = 18 at
the maximum depth of 3832.8 m increased slightly from
100 + 2 to 106 + 3 Ma. The *%Ar* decreased from
8.531 to 7.160 X 10719 mol g! (Table 2). Although the
magnitude of the apparent increase in age is not much
greater than the limits of analytical uncertainty, the fact
that the age increased after treatment suggests some
selective removal of interlayer K and *°Ar* by nc = 18
cation exchange from a “younger” nc = 18 illite of
diagenetic origin (see below). Conventional XRD analy-
sis of untreated, Mg-saturated, EG-solvated samples
clearly attests to the increase in proportion of illite lay-
ers in IS with burial depth (Fig. 1), whereas lattice-

TABLE 2. K-Ar AGES OF UNTREATED 2:1 CLAY MINERAL SEPARATES, EITHER UNTREATED OR
TREATED BY OCTADECYLAMMONIUM (, = 18) CATION EXCHANGE

Sample Size Fraction Treatment  K,O AK,0 Aph A¥Ar:  K-ArAge AK-Ar Age
(um) W% (%)  (10Pmolgh (@) (Ma) (Ma)
1935.4 (1920.2-1950.7)' <0.05 none 2.175 1.588 193
1935.4 (1920.2-1950.7)! <0.05 nc=18  0.849 1.152 92+4
-61.0 27.5 +73£7
1935.4 (1920.2-1950.7)" 0.05-0.1 none 2.69% 4792 12042
1935.4 (1920.2-1950.7)" 0.05-0.1 nc=18 2075 3555 1153
230 258 5%5
2065.0 (2057.4—2072.6)I <0.05 none 1.586 0.638 277
2065.0 (2057.4-2072.6)" <0.05 nc=18 1173 n/a n/a n/a
-26.0
2065.0 (2057.4-2072.6)" 0.05-0.1 none 2762 3.901 952
2065.0 (2057.4-2072.6)" 0.05-0.1 nc=18  3.045 2.429 55+3 -40%£5
+10.1 37,7
3832.8 (3825.2-3840.5)' <0.05 none 3.479 3329 651
3832.8 (3825.2-3840.5)" <0.05 nc=18 2250 3.149 974
353 5.4 43245
3832.8 (3825.2-3840.5)" 0.05-0.1 none 5730 8.531 100+2
3832.8 (3825.2-3840.5)! 0.05-0.1 nc=18  4.568 7.160 106+3
20.3 -16.1 +6£5
K-bentonite (RO-I[0.57]/EG—S)2 0.5-1.0 none 1.65 0.1485 60+3
K-bentonite (RO-I[0.57/EG-S)>  0.5-1.0 nc=18 094 0.0945 69+3
43.0 -36.4 96
K-bentonite (R3-1[0.91/EG-S)> <0.1 none 6.85 2.967 293+ 13
K-bentonite (R3-I[0.91V/EG-S)® <0.1 nc=18 513 2.334 291£13
25.1 213 2£26

! Reindoer D-27 well, with depth expressed in meters. * Lykin’s Gulch, Boulder, Colorado (Elliott ef o, 1991). ® Gadsden, Alabama (Elliott &

Aronson 1987).
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Fic. 4. HRTEM images of the 0.05-0.1 pm size fraction after treatment with nc = 18. (a)
Discrete packets of 2:1 layer silicates have a core of layers having non-expanded
interlayers with spacings of 1.0 nm surrounded by layers with interlayers expanded
with nc = 18 having spacings of ~2.4-2.5 nm. (b) Packet of illite with apparently coher-
ent sequences of interlayers expanded with ne = 18 and with spacings of ~2.4-2.5 nm.
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fringe images show that intercalation of nc = 18 has
occurred in the interlayers of an illitic or micaceous
phase (Sears et al. 1998). The K-Ar ages suggest, there-
fore, that the 0.05-0.1 pwm size-fraction at this depth is
still principally detrital or, at least, the detrital fraction
dominates the total mixed age.

The <0.05 pm fraction from 1935.4 m after treat-
ment with nc = 18 shows an age increase from 19 + 3
t0 92 = 4 Ma, as the “Ar* decreased from 1.588 to
1.152 X 107!° mol g (Table 2). The age of the un-
treated sample is much younger than the inferred age of
deposition (Middle Eocene, 49-37 Ma; Berggren et al.
1995, McNeil 1997), whereas the age of the sample
treated with nc = 18 is significantly greater. Again, the
fact that the apparent age has increased after treatment
suggests the selective exiraction of K and *°Ar* by
cation exchange with nc = 18 from the interlayers of a
“younger” illitic phase, leaving an “older” residue of a
contracted illite or mica. Lattice-fringe images of the
sample treated with nc = 18 showed this fraction to con-
sist of a mixture of single layers and sequences of lay-
ers of low- and high-charge expandable 2:1 clay
minerals and packets of illite (Sears et al. 1998). In these
fine fractions, however, it is generally difficult to dis-
tinguish in HRTEM images between sequences of in-
tercalated nc = 18 smectite and packets of intercalated
nc = 18 illite, owing to the very fine size of the clay
mineral particles and the infiltration of embedding resin
into the interlayers of the expandable 2:1 clay minerals.
It may be reasonable to assume that the removal of
interlayer K has occurred from a K-bearing, high-charge
expandable 2:1 clay mineral (Eberl 1993). A high-
charge smectite-group phase can mimic illite in XRD
by incorporating interlayer K, but may be unable to re-
tain daughter “*Ar* in hydrated interlayers at the in-
creasing temperatures associated with increasing depth
of burial (Gramann et al. 1975, Bell 1986).

Expandable 2:1 clay minerals of the <0.05 wm size
fraction at 1935.4 m are observed in TEM images of
Pt—C replicas as free particles, usually one layer
(~1.0 nm) thick (Fig. 5a). They have the anhedral, flake-
like morphology usually associated with smectite (Inoue
et al. 1987). These particles correspond to the dispersed
single layers of expandable 2:1 clay minerals observed
in the lattice-fringe images of Sears et al. (1998).
Thicker particles of illite are observed in Pt—C replicas
of the same sample as predominantly euhedral to
subhedral, lath-like particles indicative of diagenesis, or
as irregularly shaped particles with embayments, sug-
gestive of dissolution of detrital particles (Fig. 5b). The
lath-like particles correspond to the apparently coher-
ent sequences (packets) of illite observed in the lattice-
fringe images (Sears et al. 1998). This observation,
however, does not preclude smectite, both low- and
high-charge, occurring as lath-like particles (Holtzapffel
& Chamley 1986, Clauer et al. 1990, Lindgreen et al.
1991).
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The K—Ar age of the <0.05 pm fraction at 3832.8 m
in the subsurface after treatment with nc = 18 showed
an increase from 65 * 3 to 97 £ 2 Ma as the *°Ar* de-
creased from 3.329 to 3.149 X 1071 mol g1, As with
the <0.05 pwm fraction at 1935.4 m, the exchange of
interlayer K and “°Ar* by treatment with n¢ = 18 is as-
sumed to have occurred in a “younger” “octadecyl-
ammonium illite” of diagenetic origin. In contrast to the
<0.05 pm fraction at a depth of 1935.4 m, however, both
the ages of the untreated samples and those treated with
nc = 18 are younger than the inferred age of deposition
(Early Albian, 109-112 Ma; Bralower er al. 1995,
McNeil 1997, pers. commun., 1998). The age difference
is less striking in this sample (+32 + 5 Ma) than in the
shallow sample at 1935.4 m (+73 + 5 Ma) because of
the predominance of illite of diagenetic origin which is
the more stable phase, in the deeper sample.

Lattice-fringe images of the 3832.8 m sample after
treatment with nc = 18 show predominantly (i) distinct
packets of illite with between two and six non-expanded
interlayers (R3 ordered), (ii) double layers and se-
quences of double layers of a rectorite-like R1 ordered
phase, and (iii) apparently coherent sequences of an
illitic phase with between two and four intercalated
nc = 18 interlayers (“octadecylammonium illite”) (Sears
et al. 1998). In this instance, treatment of the sample
with a short-chain alkylammonium cation (n¢c = 8) did
not reveal any expansion of the interlayers of expand-
able 2:1 clay minerals. Thus a distinct, expandable 2:1
clay mineral is not present at maximum depth in the
well. TEM images of Pt—C replicas of this sample show
the illitic phases predominantly as equidimensional or
pseudohexagonal plates, with lesser amounts of
subhedral lath-like particles and irregularly shaped par-
ticles (Figs. 6a, b, c). The evolving morphology of the
particles from shallow to maximum depth supports the
dissolution—crystallization reaction; metastable 2:1 layer
silicates (i.e., low- and high-charge smectite, micaceous
particles) dissolved with depth and more stable illitic
phases crystallized.

Discussion

Geological significance of K-Ar ages
of untreated 2:1 clay-mineral separates

Several explanations have been proposed in the lit-
erature for the depth-dependent trend of increasing K-
Ar ages of IS and illite separated from argillaceous rocks
of progressive burial-diagenetic sequences, as observed
in the <0.05 wm fraction of this study. Elliott er al.
(1991) suggested that the increasing K—Ar ages of IS
(separated from bentonite devoid of contamination by
detrital illite) represent the true ages of illite formation
during the progressive addition of illite layers with
burial. In sediments not undergoing dissolution and pre-
cipitation, Zhao et al. (1997) stated that the K—Ar ages
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Fic. 5. CTEM images of Pt-C replicas of the <0.05 pwm size fraction from 1935.5 m
subsurface depth, (a) Expandable 2:1 clay minerals occur as anhedral, flake-like parti-
cles one layer thick (arrow). (b) Illitic phases occur as subhedral lath-like particles and
irregularly shaped particles.
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of IS should increase with increasing depth, as deeper
regions of a subsiding basin have reached critical tem-
peratures for the formation of illite earlier than shallow
regions. If the supply of reactants is limited, illite growth
will cease first in the deeper parts of the basin (Hamil-
ton et al. 1992). On the other hand, Zhao et al. (1997)
also contended that if clay-mineral separates from a
sedimentary succession contain a detrital component,
deeper samples should have more of an authigenic com-
ponent and furnish K—Ar ages that are younger than
samples from shallower depths, thus giving a decreas-
ing age with increasing depth, as observed in the 0.05—
0.1 wm fraction of this study.

In shales of low permeability, the systematic disso-
lution of detrital illite concomitant with the recrystal-
lization or precipitation of authigenic illite may allow
excess “OAr* to become trapped in 2:1 layer silicates
during crystal growth (Hamilton ez al. 1989, Clauer et
al. 1997a). It is conceivable, however, that the incorpo-
ration of excess “°Ar* would yield isotopic ages that are
greater than the stratigraphic age, which is not the case
in the <0.05 pm fraction of this study. In addition, if the
incorporation of excess “°Ar* was responsible for the
trend of increasing K—Ar age with depth in the
<0.05 wm fraction, it seems reasonable to presume that
it would also affect the K-Ar age trend of the 0.05-
0.1 pwm fraction in the same way.

Awwiller (1994) suggested the contrary view that a
K—Ar trend of increasing age with increasing depth may
be an artifact of sample preparation, which enables the
fine fractions to incorporate broken fragments of coarser
detrital grains. The downhole increase in the amount of
contamination by detrital illite in size-fractionated ma-
terial enriched in diagenetic illite is a consequence of
the progressively buried mudrocks being better lithified,
and requiring more vigorous techniques of sample dis-
aggregation. If this was the case in the clay-mineral
separates studied, it would be expected that the trend of
increasing age with depth observed in the <0.05 wm
fraction also would be observed in the slightly coarser
fraction (0.05-0.1 pm). In addition, the ages of the
<0.05 wm size fraction for the deepest samples should
approach or be older than the ages of deposition, which
is not the case.

The trend of K-Ar ages of the untreated 0.05-0.1
wm fraction from Reindeer D-27 shows scattered values
similar to the downwardly decreasing age commonly
found in oil wells and attributed to the progressive in-
crease of diagenetic IS and the decrease in the amount
of detrital IS (Perry & Hower 1970, Aronson & Hower
1976, Burley & Flisch 1989, Velde & Renac 1996). In
confrast, the K—Ar age trend of the <0.05 pm fraction
indicates that illite diagenesis was coeval with the de-
velopment and subsidence of the BMB. This basin
formed as a result of the northward migration of sedi-
ment depocenters, from cratonic foredeeps and deep-
water troughs in front of the rising Cordilleran fold belt
in the Late Aptian — Early Albian to a subsiding passive
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continental margin of the Beaufort Sea in the Late
Maastrichtian and throughout the Cenozoic (Dixon
1993, McNeil 1997, pers. commun., 1998). The K-Ar
age profile of the untreated <0.05 wm size fraction sug-
gests a real diagenetic trend wherein illite formation
occurs rapidly after reaching critical threshold condi-
tions of time, temperature, pressure, composition (e.g.,
charge deficiency) or fluid chemistry; this illite was
subsequently buried without further diagenetic change
during the development of the BMB. The K—Ar ages of
the 2:1 clay mineral of the <0.05 pm size fraction, how-
ever, must be reconciled with the XRD and TEM data
for the same material. These data give structural, mor-
phological and chemical evidence for illite neoforma-
tion continuing to the deepest sample (Sears 1993, Sears
et al. 1998). As observed in lattice-fringe images, the
packets of illite show regular thicknesses, implying par-
ticle homogeneity due either to simultaneous processes
of dissolution and growth, or the nucleation and growth
of particles at an earlier stage (Clauer et al. 1997a). The
two samples of the <0.05 pwm fraction, which after treat-
ment with nc = 18 become older, suggest that there is a
residual component of detrital illite. The K—Ar appar-
ent ages of the untreated <0.05 pm size fraction, there-
fore, must be interpreted as a mixture of detrital illite
and micaceous minerals and dominantly diagenetic
illite, with an increasing transfer of a detrital compo-
pent with depth of burial to the finer fractions, due to
partial dissolution in the subsurface, or perhaps, to an
artifact of preparation. In addition, as illite continues to
grow with depth, it grows larger than the <0.05 wm frac-
tion, and so is incorporated into the coarser fractions
(Eberl et al. 1990, Eberl 1993). Sucha et al. (1993) meas-
ured the size of illite particles, and reported that they
continue to grow during the entire process of the
smectite-to-illite transition. Thus, the proportion of de-
trital illite in the <0.05 pm fraction increases with depth
for the possible reasons outlined above.

K-Ar ages of untreated 2:1 clay minerals
in the zone of the mineralogical discontinuity

Ko et al. (1995) recognized a distinct discontinuity
in the IS mineralogy between 2987.0'm and 3291.8 m,
on the basis of XRD analysis of the <0.1 pm fraction.
The base of this mineralogical discontinuity coincides
with a regional unconformity at 3270.5 m that may have
resulted from a break in sedimentation attributed to a
major pulse of uplift and erosion in the Late Albian —
Early Cenomanian. As the K—Ar age of the untreated
<0.05 um size fractions increases with depth, the in-
ferred age of deposition (Early Eocene, 55-49 Ma) is
approached near the top of the mineralogical disconti-
nuity at 2987.0 m, but the illitic material is significantly
younger than the inferred age of deposition (Early to
Middle Albian, 112-104 Ma) below the discontinuity.
Young ages for the two samples from the Aklak Se-
quence at 2948.9 and 3253.7 m may reflect the age of
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FiG. 6. CTEM images (a—) of Pt—C replicas of the <0.05 pm size fraction at a depth of
3832.8 m in the subsurface. Illitic phases occur primarily as equidimensional or
pseudohexagonal particles.
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diagenetic illite, as they correspond to anomalously low
contents of illite in IS, as determined from XRD, and
anomalous O-isotope values in IS of the <0.1 pm frac-
tion (Ko et al. 1995). The ages may reflect retardation
of the S — I reaction in a normal environment with re-
gard to pressure, as opposed to accelerated rates of re-
action in suspected zones of former geopressure above
and below (Ko & Hesse 1992). Issler (1992), however,
reported that porosity of a shale increases sharply at
~2000 m and again at ~3710 m. This increase is attrib-
uted to zones of strong overpressure that may have been
in existence since the Tertiary (Lane & Dietrich 1995).

As K-Ar age is dependent on “°Ar* content, young
radiometric ages from this anomalous zone are the re-
sult of a major decrease in the interlayer “°Ar* content
from the trend above and below this zone, as the K con-
tent continues to increase with burial depth (Figs. 3c,
d). It is difficult to find an explanation for the apparent
loss of “°Ar* from such a tightly bound mineral struc-
ture; such loss may reflect the geochemical and isotopic
changes induced during a retrograde stage of diagenesis,
perhaps due to a major pulse of uplift during the Eocene
(Criss et al. 1982, Lane & Dietrich 1995). Other factors
that may perturb the “°Ar* in 2:1 layer silicate struc-
tures include processes of fluid circulation and thermal
events (Maluski 1978, Solé et al. 1998). Clauer et al.
(1997b) reported a similar disturbance in the trend of
K-Ar ages of illite across a fault zone, which was at-
tributed to either mixing of multiple generations of illite
during shearing or limited isotopic homogenization dur-
ing late migration of fluid.

Significance of K-Ar ages of 2:1 clay mineral
separates treated with octadecylammonium cations
(nc = 18)

Studies of the radiometric dating of 2:1 clay miner-
als after treatment with n-alkylammonium cations have
shown that K-Ar ages may increase, decrease or remain
invariant in comparison to untreated samples (Chaudhuri
et al. 1994, 1997, Sears et al. 1995a, b, 1997). Com-
parison of the amount of K and “°Ar* depleted from the
interlayers of 2:1 clay minerals in the two size fractions
of this study after treatment with nc = 18 would seem to
suggest the preferential depletion of K (AK,0) relative
to “CAr* (A*0Ar*) (Table 2). From experiments on two
reference samples of biotite (one igneous and one meta-
morphic) and a 1-2 pum size fraction from intermediate
depths of the Reindeer D-27 well, Sears et al. (1997)
reported that K-Ar ages remained constant, within the
limits of analytical uncertainty, with treatment with
ne = 18 for two, five and seven days. This finding sug-
gests that no preferential depletion of interlayer K rela-
tive to “°Ar* had occurred in well-crystallized layer
silicates. The two reference samples of biotite had K-
Ar ages that increased with treatment in comparison
with the untreated sample, whereas the K—Ar age of the
diagenetic sample became younger (Sears et al., in prep).

The incorporation of alkylammonium cations into
the interlayer space of 2:1 layer silicates proceeds by a
cation-exchange reaction whereby naturally occurring
interlayer inorganic cations are replaced by organic
alkyl chains (Lagaly & Weiss 1969, 1970). Lattice-
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fringe images of the <0.05 pm fraction after treatment
with nc = 18 generally showed complete expansion of
the interlayers, i.e., no partial expansion of the interlayer
(Sears et al. 1998). Differences in the type or amount of
cation exchanged from the interlayers during alkyl-
ammonium exchange could be expected if the cations
are not distributed uniformly or if they tend to segre-
gate into various interlayers or parts thereof, As “°Ar*
is the daughter product of the radioactive decay of “K,
it is unlikely to have migrated to a site very far from
where it evolved. Assuming no gain or loss of K and
40Ar* other than through the decay process, for samples
that show greater depletion of interlayer K relative to
4Ar* after treatment with ¢ = 18, an explanation other
than preferential depletion, must be proposed. If we
assume a relative uniform distribution of K and 4°Ar*
in the interlayer space of the 2:1 clay minerals at each
sample depth, then the percentage change in depletion
for each cation after treatment should be similar. There-
fore, the differences in interlayer K and “°Ar* after treat-
ment with nc = 18 as shown in Table 2 could reflect the
variance in mineralogical composition, i.e., detrital or
diagenetic illite, or differences in the rate of interlayer
cation-exchange in 2:1 clay minerals of detrital and
diagenetic origin. On the other hand, the different re-
sponse of the illitic phases to treatment with n-alkyl-
ammonium cations may be controlled by growth
characteristics, e.g., polytypism, structural defects. This
is evident in the K—Ar ages of IS from K-saturated ben-
tonite (devoid of contamination from detrital illite) and
treated with nc = 18. The 0.5-1.0 pm fraction from
Lykin’s Gulch, Colorado (Elliott ez al. 1991) showed
an increase in K—Ar age from 61 £ 2 to 69 % 2 (Table 2).
The shift in the K-Ar age of a second IS sample from
K-saturated bentonite (<1.0 wm, Gadsden, Alabama,
Elliott & Aronson 1987) after treatment with nc = 18
was inconclusive owing to a conservative estimate of
age (Table 2). Muscovite is generally more resistant to
weathering than biotite, and Clauer (1981) concluded
that K—Ar ages of muscovite do not change with weath-
ering. In a diagenetic zone, it is to be expected that loss
of “¥Ar* by diffusion should occur in K-bearing inter—
layers in phyllosilicates that were altered, degraded or
poorly crystallized (Clauer et al. 1997a). Hames (1994),
for example, proposed the possible loss of Ar from the
outer layers of mica particles. Removing the K from
these altered interlayers using the alkylammonium
cation-exchange method would result in a more appro-
priate K—Ar age. Some of the illite (or micaceous) par-
ticles shown in Figures 4a, b have outer interlayers or
packets of illite that are expanded with n¢ = 18 cations,
which may help to explain why a “younger” age com-
ponent is removed after alkylammonium exchange.
Altaner & Ylagen (1997) noted that in the Ostwald rip-
ening model of crystal growth, large crystals of illite
may consist of an authigenic core with a set of progres-
sively younger epitactic overgrowths. Overgrowths may
crystallize in both the ¢* (thickness) and a* and b*
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(lateral) directions. Depletion of interlayer cations from
the young epitactic overgrowths after treatment with
nc = 18 would result in increased K—Ar ages.

Detrital illite

Sears et al. (1995b) advocated the potential of the n-
alkylammonium cation-exchange technique in conjunc-
tion with Pt—C replicas to differentiate between detrital
and diagenetic populations in illite from burial diagen-
etic settings. This notion was based on the observations
of Vali & Koster (1986) and Vali ez al. (1991) in
HRTEM images of the selective expansion of illite and
IS from various geological and pedogenic settings after
treatment with n-alkylammonium cations. It is difficult,
however, to distinguish between detrital and diagenetic
2:1 clay minerals in XRD patterns and lattice-fringe
images alone. Increases in K—Ar ages of illitic phases
after treatment with nc = 18 offers compelling evidence
for the presence of a detrital illitic component, even
where the untreated K—Ar ages are significantly younger
than the inferred ages of deposition and appear to con-
tain diagenetic illite. For example, the K—Ar age of the
untreated <0.05 pm size fraction at a depth of 1935.4 m
is younger than the age of deposition, whereas the same
sample treated with nc = 18 gives an age significantly
older than the age of deposition (Table 2). The trend is
not quite as clear in the <0.05 wm size fraction at a depth
of 3832.8 m. The sample treated with nc = 18 gives a
synsedimentary K—Ar age that is slightly younger than
the inferred age of deposition (Early Albian, 109-
112 Ma). K—-Ar ages that are synchronous with the time
of deposition imply a terrigenous, authigenic K-bearing
2:1 layer silicate component, synsedimentary authi-
genesis, or both (Steinitz ef al. 1995), or a coincidental
mixture of diagenetic and detrital components. What is
evident about both <0.05 wm samples after treatment
with nc = 18, however, considering the analytical un-
certainty, is the similarity in age, 92 +:4 and 97 + 4 Ma.
This similarity may reflect a mean age of a detrital illitic
or micaceous phase in this size fraction. The K-Ar ages
of the 0.05-0.1 pm fractions after treatment with
nc = 18 suggest a mean age of the detrital material of
106—-115 Ma. On the basis of Illite Age Analysis JAA:
Pevear 1992), Glasmann (1996, pers. commun., 1996)
proposed a possible metamorphic source-terrane for the
detrital illite found in Tertiary sedimentary basins of
Alaska, which records a K—Ar age of illite of about
130 Ma.

Implications for Illite Age Analysis (IAA)

The results presented in this study also suggest that
there can be no single component of detrital illite (or
diagenetic illite) in an argillaceous rock. This inference
is important, for example, in the application of Illite Age
Analysis to extrapolate end-member ages of diagenetic
and detrital illite (Pevear 1992). There cannot be a “true”



K-Ar AGES OF 2:1 CLAY MINERALS, ARCTIC CANADA

end-member detrital illite giving one radiometric age, if
the detrital fraction is a complex and heterogeneous
mixture of K-bearing 2:1 clay minerals, i.e., K- bearing
smectite-group phases, rectorite-like R1 ordered phase,
illite, and mica, having differing origin and stability, and
existing in varying size-fractions. Simple quantification
of the abundance of each component will not allow for
extrapolation of known age-relationships. It follows that
meaningful geological interpretation of K-Ar ages of
2:1 clay minerals from argillaceous rocks may well al-
ways be hampered by the complex nature of the detrital
fraction.

SuMMARY AND CONCLUSIONS

The analytical approach (XRD, TEM and K-Ar
analysis after #-alkylammonium-cation exchange) ap-
plied in this study and in Sears et al. (1998) facilitates
the distinction among different types of expandable and
non-expandable 2:1 clay minerals in argillaceous rocks,
(e.g., low-charge smectite, high-charge smectite or
vermiculite), and between distinct illitic phases, (e.g.,
rectorite-like R1 ordered phase, “n-alkylammonium
illite”, and illite). Application of long-chain alkylam-
monium cations to 2:1 clay minerals for the purpose of
K~Ar dating does not result in the preferential removal
of K or “°Ar* from the interlayers in all 2:1 clay miner-
als, but rather selective removal of K and Ar from
metastable 2:1 clay minerals, such as weathered, altered,
and poorly crystallized 2:1 layer silicates.

The most significant findings of this study can be
summarized as follows:

1. Although the K—Ar ages of the untreated <0.05
pm size-fraction from argillaceous rocks of the Rein-
deer D-27 well are younger than the stratigraphic ages,
and the trend of increasing age coincides with the de-
velopment and subsidence of the BYB and BMB of
the MDBS region, the radiometric ages are considered
to be mixed ages that result from concurrent processes
of dissolution and growth of detrital and diagenetic
subpopulations of illitic materials with increasing depth
of burial.

2. Results of the K-Ar dating and TEM imaging of
the 2:1 layer silicates in the fine fractions after
octadecylammonium (nc = 18) cation exchange offer
evidence for the presence of illitic phases with a hetero-
geneous layer-charge, and enable the identification and
distinction of subpopulations of detrital and diagenetic
illitic phases.

3. Ttis apparent that regardless of size fraction, it is
not possible to separate diagenetic and detrital illitic
phases from an argillaceous rock solely on the basis of
size, if the simultaneous processes of dissolution and
growth of metastable 2:1 clay minerals are occurring.

4. The alkylammonium cation-exchange method
removes exchangeable K and Ar from interlayer, edge
and surface sites of expandable 2:1 clay minerals. Short-
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chain alkylammonium cations (6 < n¢ < 11) are capable
of replacing K and other interlayer cations from high-
charge smectite-group and vermiculite phases, not eas-
ily replaceable by the usual cation-exchange reaction
(Brindley 1980). As short-chain alkylammonium
cations are not capable of removing K from the inter-
layers of more highly charged 2:1 layer silicates such as
illite and mica, it is possible to isolate the potential con-
tribution of a K-bearing smectite-group phase to the un-
treated K-Ar age, i.e., subtracting the K—Ar age after
treating the sample with #n¢c = 8 from the age of the un-
treated sample (or the opposite, depending on which age
was older), giving the age contribution of the K-bearing
smectitic component.

5. Given the nature of the n-alkylammonium cation-
exchange reaction, the potential exists to completely
replace the inorganic cations from the interlayer space
of 2:1 clay minerals. Thus, it may be possible to iden-
tify the various components in a size-fractionated sam-
ple from argillaceous rock by treating the samples with
alkylammonium cations of differing chain-lengths and
for varying periods of exchange.

ACKNOWLEDGEMENTS

This research was supported by grants from the
Natural Sciences and Engineering Research Council
(NSERC) of Canada (R.H. and H.V.) and the Petroleum
Research Fund administered by the American Chemical
Society (ACS) (R.H.). S.K.S. thanks NSERC, Petro-
Canada, Inc., and Fonds pour la Formation de Cher-
cheurs et I’Aide a la Recherche (FCAR) Québec, for
financially supporting his research through graduate
scholarships. We are grateful to Warren D. Huff (Uni-
versity of Cincinnati), David H. McNeil (Geological
Survey of Canada — Calgary), Jan Srodof (Institute of
Geological Sciences, Polish Academy of Sciences), and
an anonymous reviewer for critically reading and sug-
gesting improvements to an earlier version of the manu-
script. We thank Mr. S. Tariq Ahmedali and Ms. Glenna
Keating (Geochemical Laboratories, McGill University)
for technical assistance.

REFERENCES

ALTANER, S.P. & YLAGEN, R.F. (1997): Comparison of struc-
tural models of mixed-layer illite/smectite and reaction
mechanisms of smectite illitization. Clays Clay Minerals
45, 517-533.

ARONSON, J.L. & HOWER, J. (1976): Mechanism of burial meta-
morphism of argillaceous sediment. 2. Radiogenic argon
evidence. Geol. Soc. Am., Bull. 87, 738-744.

AwWWILLER, D.N. (1994): Geochronology and mass transfer
in Gulf Coast mudrocks (south-central Texas, U.S.A.):
Rb-Sr, Sm~Nd and REE systematics. Chem. Geol. 116,
61-84.



1522

BeLL, T.E. (1986): Microstructures in mixed-layer illite/
smectite and its relationship to the reaction of smectite to
illite. Clays Clay Minerals 34, 146-154.

BERGGREN, W.A., KENT, D.V., SwisgERr, C.C., III & AUBRY,
M.-P. (1995): A revised Cenozoic geochronology and
chronostratigraphy. In Geochronology Time Scales and
Global Stratigraphic Correlation (W.A. Berggren, D.V.
Kent, M.-P. Aubry & J. Hardenbol, eds.). Soc. Econ.
Paleontol. Mineral., Spec. Publ. 54, 129-212.

BRALOWER, T.J., LECKIE, R.M., SLITER, W.V. & THIERSTEIN,
H.R. (1995): An integrated Cretaceous microfossil
biostratigraphy. In Geochronology Time Scales and Glo-
bal Stratigraphic Correlation (W.A. Berggren, D.V. Kent,
M.-P. Aubry & J. Hardenbol, eds.). Soc. Econ. Paleontol.
Mineral., Spec. Publ, 54, 65-79.

BRINDLEY, G.W. (1980): Order—disorder in clay mineral struc-
tures. In. Crystal Structures of Clay Minerals and their X-
ray Identification. (G.W. Brindley & G. Brown, eds.). Min-
eral. Soc., Monogr. 5, 125-196.

BURLEY, S.D. & FriscH, M. (1989): K-Ar geochronology and
the timing of detrital I/S clay illitization and authigenic illite
precipitation in the Piper and Tartan Fields, Outer Moray
Firth, UK, North Sea. Clay Mineral. 24, 285-315.

CeTN, K. & Hurr, W.D. (1995a): Layer charge of the
expandable component of illite/smectite in K- bentonite as
determined by alkylammonium ion exchange. Clays Clay
Minerals 43, 150-158.

& (1995b): Characterization of untreated
and alkylammonium ion exchanged illite/smectite by high
resolution transmission electron microscopy. Clays Clay
Minerals 43, 337-345.

CHAUDHURY, S., CLAUER, N. & FURLAN, S. (1994); Potassium—
argon analyses of alkylammonium treated clays. Clay Min-
eral. Soc., 31st Ann. Meeting (Saskatoon), Abstr. Program,
A4l.

, SRODOK, J. & CLAUER, N. (1997): K-Ar dating of
shale illitic material treated with alkylammonium cations.
Eleventh Int. Clay Conf. (Ottawa), Abstr. Program, Al4,

CLAUER, N. (1981): Strontium and argon isotopes in naturally
weathered biotites, muscovites, and feldspar. Chem. Geol.
31, 325-334.

& CHAUDHURY, S. (1995): Clays in Crustal Environ-
ments. Isotope Dating and Tracing. Springer-Verlag, New
York, N.Y.

, O’NeL, J.R., BonnoT-Courtors, C. & HoLT-
zaprrEL, T. (1990): Morphological, chemical, and isotopic
evidence for an early diagenetic evolution of detrital
smectite in marine sediments. Clays Clay Minerals 38,
33-46.

, SropoK, J., FRANCU, J. & SucHa, V. (1997a): K-
Ar dating of illite fundamental particles separated from
illite—smectite. Clay Mineral. 32, 181-196.

THE CANADIAN MINERALOGIST

, WEBER, F., GAUTHIER-LAFAYE, F., TOULKERIDIS, T.
& S1zuN, J.-P. (1997b): Mineralogical, geochemical (REE),
and isotopic (K—Ar, Rb-Sr, **0) evolution of the clay min-
erals from faulted, carbonate-rich, passive paleomargin of
southeastern Massif Central, France. J. Sediment. Res. 67,
923-934.

Criss, R.E., LANPHERE, M.A. & TAYLOR, H.P., JR. (1982): Ef-
fects of regional uplift, deformation, and meteoritic-hydro-
thermal metamorphism on K-Ar ages of biotites in the
southern half of the Idaho batholith. J. Geophys. Res. 87,
7029-7046.

DIETRICH, J.R. & DIXON, J. (1997): Geology of the Beaufort
Sea continental shelf. /z Geology and Mineral and Hydro-
carbon Potential of Northern Yukon Territory and North-
western District of Mackenzie (D.K. Norris, ed.). Geol.
Surv. Can., Bull. 422.

Dixon, J. (1990): Stratigraphic tops in wells from the Beaufort
— Mackenzie area, nortbwest Canada. Geol. Surv. Can.,
Open File 2310.

(1993): Cretaceous tectonics and sedimentation in
northwest Canada. In Evolution of the Western Interior
Basin (W.G.E. Caldwell & E.G. Kauffman, eds.). Geol.
Assoc. Can., Spec. Pap. 39, 119-129.

, DIETRICH, J.R. & McNEL, D.H. (1992a): Upper
Cretaceous to Pleistocene sequence stratigraphy of the
Beaufort — Mackenzie and Banks Island areas, northwest
Canada. Geol. Surv. Can., Bull. 407.

. ,SNowpON,L.R.,MoORELL, G. & MCNEL,
D.H. (1992b): Geology and petroleum potential of Upper
Cretaceous and Tertiary strata, Beaufort — Mackenzie area,
northwest Canada. Am. Assoc. Petrol. Geol. Bull. 76, 927-
947.

EBERL, D.D. (1993): Three zones for illite formation during
burial diagenesis and metamorphism. Clays Clay Minerals
41, 26-37.

, SroDOK, J., KRALIK, M., TAYLOR, B.E. & PETER-
MaN, Z.E. (1990): Ostwald ripening of clays and metamor-
phic minerals. Science 248, 474-477.

ELLIOTT, W.C. & ARONSON, J.L. (1987): Alleghanian episode
of K-bentonite illitization in the southern Appalachian Ba-
sin. Geology 185, 735-739.

, MATISOFF, G. & GAUTIER, D.L. (1991):
Kmetlcs of the smectme to illite transformation in the Denver
Basin: clay mineral, K—Ar data, and the mathematical
model results. Am. Assoc. Petrol. Geol. Bull. 15, 436-462.

FANNING, D. S., KEraMIDAS, V.Z. & EL-DESoKY, M.A. (1989):
Micas. In Minerals in Soil Environments (2nd edition, J.B.
Dixon & S.B. Weed, eds.). Soil Sci. Soc. Am., Madison,
Wisconsin (551-634).

GuaBru, S.K., MERMUT, A.R. & ST. ARNAUD, R.J. (1989):
Layer-charge and cation-exchange characteristics of
vermiculite (weathered biotite) isolated from a gray luvisol



K-Ar AGES OF 2:1 CLAY MINERALS, ARCTIC CANADA

in northeastern Saskatchewan. Clays Clay Minerals 37,
164-172.

GLASMANN, J.R. (1996): The tale of three basins: illite age
analysis, shale diagenesis, and interpretations of diagenetic
history. Am. Assoc. Petrol. Geol., Annual Convention,
Abstr. Program, AS3.

» LARTER, S., BRIEDIS, N.A. & LUNDEGARD, P.D.
(1989): Shale diagenesis in the Bergen High area, North
Sea. Clays Clay Minerals 37, 97-112.

GRAMANN, F., HARRE, W., KREUZER, H., LoOK, E. & MATTIAT,
B. (1975): K-Ar ages of Eocene to Oligocene glauconitic
sands from Helmstedt and Lehrte (NW Germany).
Newslett. Strat. 4, 71-86.

HaMES, W E. (1994): The dynamic range of argon retention in
single crystals, examples for muscovite across the Acadian
metamorphic field gradient in western New England. In
Abstr. 8th Int. Conf. Geochron. Cosmochron. Isotope Geol.
(M.A. Lanphere, G.B. Dalrymple & B.D. Turrin, eds.). U.S.
Geol. Surv., Circ. 1107, 123,

HamiLToN, P.J., GILES, M.R. & AINSWORTH, P. (1992): K-Ar
dating of illites in Brent Group reservoirs: a regional per-
spective. /rn Geology of the Brent Group (A.C. Morton, R.S.
Haszeldine, M.R. Giles & S. Brown, eds.). Geol. Soc., Spec.
Publ. 61, 377-400.

, KELLEY, S. & FaLLIcK, A.E. (1989): K-Ar dating
of illite in hydrocarbon reservoirs. Clay Mineral. 24, 215-
231.

HASSANIPAK, A.A. & WAMPLER, J.M. (1997): Radiogenic ar-
gon released by stepwise heating of glauconite and illite:
the influence of composition and particles size. Clays Clay
Minerals 44, 717- 726.

HovrtzAPFFEL, T. & CHAMLEY, H. (1986): Les smectites lattées
du domaine Atlantique depuis le Jurassique Supérieur:
gisement et sgnification. Clay Mineral. 21, 133-148.

HOWER, J., ESLINGER, E.V., HOWER, M.E. & PERRY, E.A.
(1976): Mechanism of burial metamorphism of argilla-
ceous sediments: mineralogical and chemical evidence.
Geol. Soc. Am., Bull. 87, 725-737.

INGAMELLS, C.O. (1970): Lithium metaborate flux in silicate
analysis. Anal. Chim. Acta 52, 323-334.

INOUE, A., KoHYAMA, N, KrtaGawA, R. & WATANABE, T.
(1987): Chemical and morphological evidence for conver-
sion of smectite to illite. Clays Clay Minerals 35, 111-120.

IssLER, D.R. (1992): A new approach to shale compaction and
stratigraphic restoration, Beaufort — Mackenzie Basin and
Mackenzie corridor, northern Canada. Am. Assoc. Petrol.
Geol., Bull. 76, 1170-1189.

JELETZKY, J.A. (1971): Marine Cretaceous biotic provinces and
paleogeography of western and Arctic Canada, illustrated
by a detailed study of ammonites. Geol. Surv. Can., Pap.
70-22.

1523

Ko, J. & HEssg, R. (1992): Illite/smectite diagenesis in
overpressured and normally pressured environments, Beau-
fort — Mackenzie Basin, Arctic Canada. Irn Proc.7th Int.
Symp. Water—Rock Interaction (Y.K. Kharaka & A.S.
Meast, eds.). A.A. Balkema, Rotterdam, The Netherlands
(1173-1176).

, & LONGSTAFFE, F.J. (1995): Major, trace

and rare earth element geochemistry, and oxygen-isotope

systematics of illite/smectite in the Reindeer D-27 well,
Beaufort — Mackenzie Basin, Arctic Canada. Econ.
Environ. Geol. 28, 351-367.

LacaLy, G. (1979): The “layer charge” of regular interstratified
2:1 clay minerals. Clays Clay Minerals 27, 1-10.

(1994): Layer charge determination by alkyl-
ammonium ions. Jn Layer Charge Characteristics of 2:1
Silicate Clay Minerals (A.R. Mermut, ed.). Clay Minerals
Soc., Workshop Lectures 6, 1-14.

& Weiss, A. (1969): Determination of the layer
charge in mica-type layer silicates. In Proc. Int. Clay Conf.
(Tokyo) (L. Heller, ed.). Israel Univ. Press, Jerusalem,
Israel (61-80).

& (1970): Inhomogeneous charge distri-
bution in mica-type layer silicates. Jn Reunién Hispano-
Belga de Minerales de la Arcilla (J.M. Serratosa, ed.).
Consejo Cuperior de Investigaciones Cientificas, Madrid,
Spain (179-187).

Larp, D.A., ScotT, A.D. & FentoN, T.E. (1987): Interpreta-
tion of alkylammonium characterization of soil clays. Soil
Sci. Soc. Am. J. 51, 1659-1663.

LANE, L.S. & DETRICH, J.R. (1995): Tertiary structural evolu-
tion of the Beaufort Sea — Mackenzie Delta region, Arctic
Canada. Bull. Can. Petrol. Geol. 43, 293-314.

LiEwIG, N., CLAUER, N. & SOMMER, F. (1987): Rb—Sr and K-Ar
dating of clay diagenesis in Jurassic sandstone oil reservoir,
North Seca. Am. Assoc. Petrol. Geol. Bull. 71, 1467-1474.

LINDGREEN, H., GARNZS, J., HANSEN, P.L., BESENBACHER, F.,
LEGSGAARD, E., STENSGAARD, I., GouLp, S.A.C. &
Hansma, P.K. (1991): Ultrafine particles of North Sea
illite/smectite clay minerals investigated by STM and
AFM. Am. Mineral. 76, 1218-1222.

MackintosH, E.E. & LeEwis, D.G. (1968): Displacement of
potassium from micas by dodecylammonium chloride.
Trans. 9th Int. Congress Soil. Sci. (Adelaide) 2, 696-703.

, & GREENLAND, D.J. (1971): Dodecyl-
ammonium-mica complexes. L. Factors affecting the ex-
change reaction. Clays Clay Minerals 19, 209-218.

s & (1972): Dodecylammonium—
mica complexes. II. Characterization of the reaction prod-
ucts. Clays Clay Minerals 20, 125-134.

Mavruskl, H. (1978): Behaviour of biotites, amphiboles,
plagioclases and K-feldspars in response to tectonic events



1524

with the “*Ar—3?Ar radiometric method. Example of Corsi-
can granite. Geochim. Cosmochim. Acta 42, 1619-1633.

MATTHEWS, J.C., VELDE, B. & JOHANSEN, H. (1994): Signifi-
cance of K—Ar ages of authigenic illitic clay minerals in
sandstones and shales from the North Sea. Clay Mineral.
29, 379-389.

MCcNEL, D.H. (1997): New foraminifera from the Upper Cre-
taceous and Cenozoic of the Beaufort — Mackenzie Basin
of Arctic Canada. Cushman Foundation for Foraminifera
Research, Spec. Publ. 35.

PERRY, E.A., JR. & HOWER, J. (1970): Burial and diagenesis in
Gulf Coast pelitic rocks. Clays Clay Minerals 18, 165-177.

PEVEAR, D.R. (1992): Lllite age analysis, a new too] for basin
thermal history analysis. /n Proc. 7th Int. Symp. Water—
Rock Interactions (Y.K. Kharaka & A.S. Meast, eds.), A.A.
Balkema, Rotterdam, The Netherlands (1251-1254).

SEARS, S.K. (1993): Effects of Sample Treatment on Mixed
Layer Illite—Smectite Revealed by X-ray Diffractograms
and Transmission Electron Micrographs. M.Sc. thesis,
McGill Univ., Montreal, Quebec.

, HESSE, R. & VaL1, H. (1998): Significance of n-
alkylammonium exchange in the study of 2:1 clay-mineral
diagenesis, Mackenzie Delta — Beaufort Sea region, Arctic
Canada. Can. Mineral. 36, 1485-1506.

, ELLIOTT, W.C. & ARONSON,
JL. (1995a) K—Ar dating of illite diagenesis in ultrafine
fractions of mudrocks from the Reindeer D-27 well, Beau-
fort — Mackenzie area, Arctic Canada. In Proc. 8th Int.
Symp. Water—Rock Interaction (Y.K. Kharaka & O.V.
Chudaev, eds.). A.A. Balkema, Rotterdam, The Nether-
lands (105-108).

, , , &
(1995b): A new approach to differentiate between detrital
and diagenetic illitic material. Jr» Euroclay *95, Clays and
Clay Materials Sciences (A. Elsen, P, Grobet, M. Keung,
H. Leeman, R. Schoonheydt & H. Toufar, eds.) (382-383).

, VALL H., HESSE, R., MING, D.W., BOoGARD, D.D. &
GARRISON, D.H. (1997): Significance of n-alkylammonium
exchange for K—Ar dating of illitic material. Eleventh Int.
Clay Conf. (Ottawa), A67 (abstr.).

SOLE, J., DELALOYE, M. & ENRIQUE, P. (1998): K—Ar ages in
biotites and K-feldspars from the Catalan Coastal Batholith:
evidence of post-Hercynian overprinting. Eclogae geol.
Hely. 91, 139-148.

THE CANADIAN MINERALOGIST

STEIGER, R.H. & JAGER, E. (1977): Convention on the use of
decay constants in geo- and cosmochronology. Earth
Planet Sci. Lett. 36, 359-362.

StEINITZ, G., KAPUSTA, Y., SANDLER, A & KOTLARSKY, P.
(1995): Sedimentary K—Ar signatures in clay fractions from
Mesozoic marine shelf environments in Israel. Sediment.
42,921-934.,

SucHa, V., Kraus, 1., GERTHOFFEROVA, H., PETES, J. &
SEREKOVA, M. (1993): Smectite to illite conversion in
bentonites and shales of the East Slovak Basin. Clay Min-
eral. 28, 243-253.

VaL, H. & BACHMANN, L. (1988): Ultrastructure and flow be-
haviour of colloidal smectite dispersions: J. Colloids Inter-
Sace Sci. 126, 278-291.

& Hessg, R. (1990): Alkylammonium ion treatment
of clay minerals in ultrathin section; a new method for
HRTEM examination of expandable layers. Am. Mineral.
75, 1445-1448.

& KOHLER, E.E. (1991): Combined
freeze-etched replicas and HRTEM images as tools to study
fundamental-particles and multi-phase nature of 2:1 layer
silicates. Am. Mineral. 76, 1953-1964.

-, & MARTIN, R.F. (1994): A TEM-based
definition of 2:1 layer silicates and their interstratified con-
stituents. Am. Mineral. 79, 644-653.

& KOSTER, H.M. (1986): Expanding behavior, struc-
tural disorder, regular and random irregular interstratific-
ation of 2:1 layer silicates studied by high-resolution im-
ages of transmission electron microscopy. Clay Mineral.
21, 827-859.

VELDE, B. & RENAC, C. (1996): Smecite to illite conversion
and K-Ar ages. Clay Mineral. 31, 25-32.

Young, F.G., MYHR, D.W. & YoratH, C.J. (1976): Geology
of the Beaufort — Mackenzie Basin. Geol. Surv. Can., Pap.
76-11.

7ZHAO0, MENG-WEI, AHRENT, H. & WEMMER, K. (1997): K-Ar
systematics of illite/smectite in argillaceous rocks from the
Ordos basin, China. Chem. Geol. 136, 153-169.

Received April 6, 1998, revised manuscript accepted Decem-
ber 15, 1998.



