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ABSTRACT

The late Paleogene Kugmallit Sequence has been penetrated in
78 boreholee in the Beaufort—ﬂackenzie Delta area comprising =&
cumulative 84 Kilometres of drilled clastic sediments/rocKs.
Conventional drill core (8.7 km total) was obtained from 27 of
these welle. Detailed petrographic analyses were carried ocut for
166 samples of conventional drill core from 17 of these wells.
The candstones are variably indurated litharenites with detrital
compositions similar to the underlying Reindeer and Moose Channel
candetones. Volcanic rock fragments, however, are significantly
lese common. Grain size is the first order control on detrital
composition with higher chert content in the cocarser sandstones.
Palecenvironment is the second order control. Sandstones
deposited in & high energy environment and low rate of deposition
have & higher quartzose content and are better sorted than those
with a eimilar median grain size that were deposited in a low
enerqgy environment with a high rate of deposition. Over half of
the sandstones contain glauconite pellets suggesting a
predominantly shallow marine palecenvironment.

The diagenetic history ic complex. Guartz overgrowths are
accompanied by planar and sutured pressure solution contacts in
the deeper moderate-to-well sorted sandstonec. This does not
apply to the poor-to—verykpoorly sorted sandstones where quartz
overgrowths are insignificant, irrespective of burial d?pth.
Cementation, replacement and dissclution of shallow mesogenetic
carbonate was reeponsitle for the formation of gecondary

porosity, which accounte Ffor at least half of the present




porosity. The carbonate compositions are highly variable within
and between samples, a fact that must be reconciled in
hydrodynamic/hydrogeochemical models of the Beaufort-Mackenzie
basin. Authigenic clay " minerals include ‘ kaclinite,
montmorillonite, illite and chlorite. Framboidal pyrite lines

pores of secondary origin. Controls on porosity and permeability

diagenesis include median grain size and sorting, ductile
{peseudomatrix) component abundance, overburden pressure,
abundance, locality and morpholagy of authigenic minerals a&and

finally, the distribution and amount of primary and secandary

porosity.
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INTRODUCTION

The Kugmallit Sequence, an impcrtant oil- and gqas-bearing
clastic wunit of Late Paleogene age oaccurs in the subsurface of
the Mackenzie Delta-Beaufort Sex area of Arctic Canada (Fig. .
The main objective was to develop & better understanding of
sandstone petrology, especially as regards relationse between
detrital composition, grain <size distribution, lithofacies,
depth, diagenesis and cother factors. Some of these relations also
define reservoir characteristice and may be useful in the future
exploration and recovery of hydrocarbons, 0Other accounte bearing
on  sandstone petrology of the Kugmallit Sequence include Buchell
(1986> and Schmidt (1987).

A cumulative 84 Km of the Kugmallit Sequence has been
grilled in 78 borehcoles in the Beaufort-Mackenzie Basin. Only
8.786 Km or about 8.8/ of this comprices canventional drill core
cbtained from 27 wellse. The present study ic limited to @@
samplee of caonventional drill core obtained from 17 of these

{(Table 1. Most of the sample localitiees are identified in the

core photographe (voiume 3.

STRATIGRAPHY
The Kopancar Sequence as defined by Dietrich gt al. (198%)
is now included as & subsequence of the Kugmallit Sequence (Dixon
and Dietrich, 1988, a change which effects the following
boreholese where the Kopanocar Sequence was originally identified;
Aiverk 2-1-43, Alerk P-23, Irkaluk B-35, Kcakoak 0-22, Kopanocar
2-1-44 and M-13, Nerlerk J-éé and M-%2, Qrvilruk 0-83 and Uviluk

P-&6. Concequently, conventicnal drill cores from the Kopanoar Z-




I1-44 and Nerlerk J-é7 wells, which were previously assigned to
the Kopanacar Sequence at the time of sampling were excluded in
thie study. The sequence boundaries were determined by J. Dixon
and were obtained from the ISPG Beaufort/Mackenzie Computer Well
Data Base. Subdivision of the Kugmallit Sequence into several
subsequences has been achieved by Morrell and Schmidt (1988). In
addition, a comprehensive account of the Kugmallit Sequence in
the Nipterk area, with the exception of diagenesie ie contained

in James and Baxter (1%3&) .



METHODOLOGY

CORE DESCRIPTIONS

Cores were described for the following boreholes where
company core descriptions were too abbreviated (descriptions in
volume 2)3; AiverK 2-1-45, Amauligak [1-45, Koakoak Q-22, Mallik L-

38, Taglu H-54, Taglu West P-83, Tarsiut P-4%5 and Unark L-24.

THIN SECTION PREPARATION

The camples were fachiconed into rectangular elabs about | cm
thick. Residual water was removed by heating in a vacuum oven.
Crude il was removed by immersion in a 34 methyl hydrate/¥54
naptha gas mixture by volume at room temperature. The soclvent was
replaced at least five times over a 2 week period after which the
samples were removed from the solvent and left to dry in air for
2-3 daye. Any residual solvent was removed by gentie heating over
& hot plate. A low-viscosity (88 centipoises) thermally-curing
epoxy (Spurr Resin) wae chosen as the impregnating medium and was
prepared in & fume hood wuseing rubber gloves as followe
{(components in proportions by weight according to Folysciences
Data Sheet 127, 1973.

1. Flexibilizer: Diglycidyl ether of polypropyleneglycol
(DER 73é: 12 units).

2. Cycloaliphatic diepoxide: Vinylcyclohexene dioxide
(VCD: 28 units).

2. Hardener: Nonenyl succinic anhydride (NS&: 3Z units).
4, Cure accelerator: Dimethylaminoethanol (DMRE: 2.4 units).,
5. Blue dye: 0il Blue N, C.I. &15585%: | unit.

Theee components are manufactured by Folyeciences, Inc.,



Warrington, PA. 18976~-25%6., Componente | to 4 are distributed in
Canada by J.B, Em Services Inc., F.0. Box 693, Pointe Claire-
Darval, Quebec, HYR 488, Item & is distrituted by Analychem Corp.
Ltd., 7321 Victoria Park Ave., Unit 16; Markham, COnt. L3R 228.

All of the samples were vacuum and pressure impregnated.
Cure accelerator was not &added because early curing Was -
undecirable. After evacuating the samples, pressure wae increased
in incremente of about 4686 Kilopascals per day (to a maximum of
24,066 kilopascals), A slow pressure increase was chosen because
csample permeability for samples with & high percentage of ductile
componente decreases dramatically with increacsing overburden
preseure. Curing was accomplished by heating in an owven at &@
degrees C for 2 weeks. Higher temperatures are not recommended
because the dye added to the epoxy may fade and turn pink. In
cpite of these attemptse, some of the Jow-permeability samplecs
were only impregnated to a depth of | mm or lesse. OGnly one thin
section could be prepared from such a emall quantity of
impregnated material. Re—-impregnation was required to obtain
suitable material for a second thin section. This was
accompliched by placing the samples in & mixture of &about &84
epoxy and 484 anhydroue acetone for ceveral dayes in & desiccator.,
They were then removed and &ir dried for Z days. Any remaining
acetone was evaporated by gentle heating over a hot plate,
Al though the manufacturers caution that the epoxy may not cure if
it absorbse water, the 2 dave in contact with air did not
noticeably effect curing. It I¢ probably critical, however, that
the acetone be anhydrous.

Two polished thin cections were prepared from the material.,




The glass microscope slides were machined to & uniform thickness
of 1.266 mm by lapping. They were held toa a lapping Jig
mechanically by means of a 3@ degree bevel on each of the long
csides of the slides. @& circulating slurry system comprising 486
grit (25 micrometre-sized) silicon carbide particles was used
with a cast iron plate and & conditianing ring. The impregnated
sample stubs were ground flat on cne side by hand using & slurry
comprising 3 micrometre-sized xlumiunum oxide particles on &
glase plate. The use of abrasives larger than 3 micrometres on &

lass plate is to be avoided because of gouqing of ductile grains

10

and fracturing of brittie grains (especially zlong the edges).
In addition, the percussive nature of loose abrasive grains may
loosen the contact between grains and epoxy. A viscaus
formulatiaon of cyanoacrylate (e.g. Superglue) waz used to mount
the samples to the glass slides. Heavy and immediate pressure
results in glue thickness of lese than & micrometres. The sample
stubse were cut off with a thin continuoue rim diamond saw blade
(228 grit) leaving a 258 micrometre thick slice of the sample on
the glase slide. @an eight inch Disce Hi-Tec America Inc.
segmen ted diamond wheel (DISCO Technical Bulletin T-B-8643,
May/87) with round edges and approximately 20/3@ micrometre-sized
diamond particles (order no. RS-@1-2-286/38-NM-0) was adapted for
uee on a Felker Model 88BG precicion cut-off machine. The samples
were routinely thinned from 25¢ to S@-78 micrometres with only
one pass of the wheel, & procedure requiring about 5 minutee per
thin cecticon. The ideal machine would be a surface grinder, such

as a miniature version of the seriee Disco Rotary Surface Grinder



Series 4658  model DFG-83H/&, equipped with three wvertical
epindles. The thin sections would paes under three diamond cup
wheele the last of which would contain S-18 micrometre-sized
diamonds. For silican waferé, the maximum surface roughnecs
obtained is only 8.2 to 8.3 micrometres. This particular surface
grinder, which ic capable of producing about 8¢ six inch diameter
¢ilicon wafers per hour is heavy (3,856 Kilograms) and extremely
expencive. A miniature version of the machine but incorporating
the <came features would be well adapted for the making of
petragraphic thin sections.

The clides were then lapped by hand to & thickness of &about
235 micrometres, wusing & slurry of 3 micrometre-sized &aluminum
oxide particles in water. An unfortunate consequence of this step
ie that the extremities of brittle quartzose grainse are fractured
and removed, resulting in a 2 micrometre wide/deep groove &long
grain margine., While thie may not at first ceem important, clayse
coating the grains are obscured and for silt-cized material, the
groove may be a significant fraction of the grain diameter which
later causes errors in grain <cize analysis. Polishing was
accomplished using | micrometre followed by €.3 micrometre csized
particles of aluminum oxide in water on a glase plate. Heavy
thumb pressure on the central part of the thin section combined
with a twisting action was required to palicsh the center as well
as the extremities of the thin secticns. The glase plate wase
firset conditioned using sluries of 3 followed by | micrometre-
sized aluminum aoxide particles, Falishing with diamond
impregnated cloth is not recommended Lbecause sxcessive relief ics

formed between hard and scoft grainse. Experience with grooved saft

10



metal laps charged with diamonds resulted in scratching of the
sample, undoubtedly because relatively large graine plucked from

the sample were embedded in the, lap.

Staining of Epoxy

The recognition of small paores, especially intragranular
pores ie difficult by ordinary petrographic methods., & method of
staining the surface of the epoxy with a flucrescent dye was
developed.by Ruzyla and Jezek (1987 and was adapted for use with
Spurr Resin. The method involves heating the thin section to no
more than &8 degree C followed by immersicn in flucrescent green
dye (PS Hi Brite Lime Green Concentrate). The stain will rnot take
if the epoxy overheated during curing, which is indicated by
tading and discolocuration of the o0il blue dye added to the epoxy
from blue to pink. The method alsoc has & number of limitations.
It overestimates porosity in siltstones because it e*xins the
epoxy surrounding plucked grains. Further, it commonly socaks into
the thin section at the grain-epoxy contacts. It also requires a
microscope equiped with a W source and special exciter and
barrier filters. In spite of thece problems, it doese reveal
details of pore gecmetry in come samples (plate 2b, 4a,b). The
ideal thin section would be cne in which & thin but highly
reflective coating such as aluminum was somehow cselectively
coated to the surface of the epoxy. Ordinary vertical incident
illumination would then show up pore space as a highly reflecting

metallic Ffilm. However, such a method has vet to be developed.

ARlternatively, the pore spacese could perhape be lined by



electroplating i1f the surface of the graing could be made
conductive. Thie method would be most useful for ultra thin
cections (5-16 micrometres) of very fine grained sandetones and
mudstones. The difficulty !iés in finding & soluble materixl
that upon evaporating would bond to the surface of the arains, be

conductive, and alcsoc form a bond with the electroplated metal.

Staining of Feldspar and Carbonates

It wasz coriginally planned to stain one of the thin cections
for alkali feldepar and carbonates. The hydrofluoric acid etch,
‘however damages the polish and it was found that alkali feldepar
could be more eacly identified by cleavage and alteration.
Feldspar <ctaining was therefore omitted. Carbonate staining was
madified from Dickeon (19453 1944). The acid pre-etch was omitted
te prevent dicsolution of carbonate cement in the semall pores:
consequently, only the alizarin red § sclution was wused. The
second thin <section was polished but left unstained to permit
analyses with the electron microprobe. Each thin csection was

analysed qualitatively and 38 were analysed quantitatively

in

or

{volume 2). The detaile of the method used faor modal and ar

size analysis are discussed in detail in Nentwich <1%¥8&).

oPTICAL MICROSCOFPY

Optical microscopy wae carried out with binocular and
petrographic microscopes using both incident and transmitted
light. @&  very useful technique for estimating porosity and
cserting inveolved examining artifical cample fracture csurfaces

with the petrographic microscope in incident light with medium

12



power ¢1@-26X)> high numerical aperture cbhjectives. Although the
depth of field and working distance is limited, & 3 dimensional
view can be obtained by focusing up and down on the cample. The
different colourse of detrital components allow easy distincticon
of particlies compared to monochrome images of the scanning
electron microscope (compare, for example plate la,b and 9a as
well as plate lc,d and ?b). Vertical incident illumination was
alea ucseful for thin secticon grain size analyesie {compare plate

&cy di.

X-RAY DIFFRACTION ANALYSIS

Ten x-ray diffracticon anaivses, mainly of the matrix of the
poorly sorfed sandetones were undertaken. The <camples were
disaggregated in water and the fine matrix material skimmed onto

& glase slide. After drying the analyees were run {(vaolume 2).

SCANNING ELECTRON MICROSCOPY

Scanning electron photomicrographs were taken of 31 of the
164 samples (plates 9-220. A few semi-quatitative enerqy
dispersive x-ray analyses were also obtained for the 1SS2041-Ni5,

NIPL1?-28 and TAGG32-12 samples (volume 2).

ELECTRON MICROPROBE ANALYSIS

A  large number of chemical analyses of carbonates (&4)  and
silicates <(53) were carried out on 12 unstained thin secticns
with the electron microprobe. Total weight percent counts do not

add up to 16@ hecause the method does not detect the precence of

13



elemente lighter than sodium and there may be small quantities of
elemente other than those analysed. A special case of this ic
intragranular porosity flled with epoxy. Epoxy is composed of the
undectable light elements carbo;, aoxygen, hydrogen and nitrogen
which lowers the total weight percent counts. Finally, the top
of the thin section should be flat and polished for good results.
The volume of material analveed with the electron microprobe is
about 16 micrometres in diameter and 3 micrometres deep, which
although very emall, may include a number of different particles

in the phyllcoaid and wolcanic rock fragments {(cee plates 9-22).

OTHER METHODS

It was originally planned to investigate fluid inclusicns in
the carbonate cement in an attempt to determine depth of
formation but no fluid inclusione were found. It was alec planned
to undertake a few carbon/oxygen isctope analyses but the
carbonate cement contains too much iron to permit reliable
isotopic methodse with established methode. The cement also
containe excese calcium which may be either in the dolomite
structure or may represent calcfied dolomite developed on  the

surface of intragranular micropares.

TERMINOLOGY
The terminclogy used is after Folk (1988) except that his
verbal sorting scale was applied to Inman’e sarting coefficient.

In addition, the clay/silt trancition is concidered here to be at

4 micrometrec.

14



DETRITAL COMPONENTS OF KUGMALLIT SEQUENCE SANDSTONES
The detrital composition of the Kugmallit. sandstones is
related to <cource terrain and depositional envirconment. It
contributes to petrophysical properties and has an  important

bearing on diagenesics. The following summarises the main detrital

sandstone components as determined from polished thin secticne.

MONOCRYSTALLINE QUARTZ GRAINS (23-4970

Manccrystxlline quartz grainse are among the gaciest
componentse to identify in thin section. They are most common in
samples with a median grain size ranging from 76-228 micrometres
and are less abundant for camples with a larger median grain
size, probably because lese monocrystalline quartz ie avzilzble

in the larger grain sizes (Fig. 3.

POLYCRYSTALLINE QUARTZ GRAINS (1-18%)

Polycrystalline quartz is clear composite quartz in  which
the average crystal size is larger than 28 micrometres. It s
slightly more common in sandstones with a median grain size
larger than about 158 micrometres and appears to be ancmalously

abundant in some aof the Isesungnak and Amauligak samples.

CLEAR CHERT CLASTS (8-39%7)
Clear chert is inclucion free clear composite quartz with an
average crysetal eize less than 286 micrometres. It 1s more

abundant in candestones with & larger median grain size (Fig. 320.

15



BLACK CHERT CLASTS (2-1354)

Black chert is scemi-cpaque composite quartz with an  average
crystal eize less than 28 micrometres. It is not squeezed between
other graine, polishes easily and has a reflectivity in vertical
incident 1light similar to quartz. Chemically, black chert with
these properties contains mare tharn 984 <ilicon dicxide. There
ic more b' _¥ chert in candestones with & median grain cize larger

-
G

than about 248 micrometres (Fi

0]

ALKALI FELDSPAR GRAINS (1-1270

Alkali feldepar, recagnized by cleavage, showe no change in
sbundarnce in the very fine to medium grained sandstones. It 1is
apparently much more stable than plagioclase. Interestingly, an
electron microprobe analysis of a polysynthetically twinned
feldepar superficially resembling plagicclase in cample UNALZAA-
NZ had & chemical composition cimilar to arthoclase or microcline
(volume 2. 1f this phenomencn is common, then plagicclase may be
significantly overestimated. Alkali feldspar iz also common in

the mud-cized matrix ae shown by & prominent albite peak at

1858 in about & aof the 1@ x-ray diffraction analyses,

5y

PLAGIOCLASE GRAINS (8-1X)

Flagioclase shows no change in abundance with grain size. An
elecran microprobe analysis carried out on & plagicclase grain in
sample AMEQO@9-11 chowed anomalauely high silicon and abnormally
low aluminum, sodium andsor calcium valﬁea. Apparently, leaching

accoampanied eilicification but it is not clear whether this

16



alteration wae pre~ or post-depositional.

PHYLLOID CLASTS (4-284)

Thie term was coined to include ductile low-reflectivity
semi-opaque argillaceocus graine including mudstone, shale and
finely cryetalline chloritic metamorphic rock fragments. Although
the variation with grain size ie eratic (Fig. 3, phylloid clasts
decrease in abundance for sandstones with & median grain size
larger than about 238 micrometres. Some altered wvolcanic rack
fragmente which never had a feldepar lath texture are undoubtedly
included in this category. A& comparative electron microprobe
study of some phylloid claste and waricusly altered volcanic rock
fragments contzining Feldepar laths wae carried out in  an
attempt to discriminate between the twa. Fhylloid claste (some of
which may be volcanic fragments lacKing & feldspar lath textured
were analyveed in camples AMEQEY-11 (analyses RF146.1, 1a.2,
RFzB. 1, .20, UNaLzan~N2  fanalysis RF3A&.1), sample UNALZAA-N?
{analyses and RFzZC.1, 2, 3, RF3B.!, 2 and poessibly UnalZ4A-NG
Canalyeiz 4B, 1) . Altered wvalcanic rock fragmente which have been
depleted in magnesium, iron, eodium, potassium, caxlcium and/or
have been sericitized or silicified are difficult to distinquich

ec of phylleoid <(or altered

143

from phylloid claste., More anxly

tatistically determine

ift

phylloid claste) would be required to
with & large number of analyses the proportion which represente
unrecagnised altered wvolcanic rock <fragmente. Where present,
high waluee for phosphorcous (probably in apatite) and  titamium

are mare indicative of a wvolcanic origin.

17



UOLCANIC ROCK FRAGMENTS (8-2/0

Thie category includes wvaricusly altered rock fragments with
feldepar ltath texture, irrespective of whether the laths have
been replaced or dissolwved. There appears to be no reltatiaon
between median grain cize of the sandstone and abundance (Fig.
3. An electron microprobe etudy wae undertaken in an attempt to
chemically characterize the Krnown wvolcanic rock fragments and
thereby determine the proportion of waricusly altered wvolcanic
rock fragmente which have beern included in the phylloid category.
The matrix of about S Known volcanic rock fragmente (with
feldepar—-lath texture preserved) was analyeed by meane of an
electron microprobe.

The EKEnown wvolcanic rock fragments (with preserved feldespar
lath texture) have & wariable composition, reflecting different
states of alteration., Sericitization ie reflected by high

& fLesample AMEOG%-11/4378.77 m

BU

potaseium  and  aluminum  walu
analysie RFI11.1). Replacement by dolomite is indicated by high
calcium and magnesium values {and lower total oxide weight
percent counte). High intragranular porocsity ie reflected by
anomalously lTow total counte and high <eilica cantent is
indicative of eilicification., Alteration to clay minerale hacs
aleoc been documented (Schmidt, 172875 . Comparisons with average
chemical composeitions of common ignecus récks {in Hyndmar 1972
provides  some  indication of the degree of alteration. It is
aceumed in the following that the volcanic rock fragmente do not

have & peridotite or nepheline svernite composition.

An unaltered ignecus rock shouid have a total oxide weight

18



percent count close to 188X because leces thanm 1Y undetectable
elementes {mainty hydragen and  oxygen) are precent and
intragranular porocsity is negligibie. However, the volcanic rock
fragmente in the Beaufort-Mackenzie Basin with the highest total
caunts are not the least altered of the volcanic rock fragmente.
Rather, the high totale are « result of <cilicification, which
probably  accurred in the source terrain. Sample UMl 246/ -
M2/2935.88 m (analysis RFIB.L, 20, Ffor example, containe 86 to
F@n eilica, Compared to the common ignecus rack types, the Krcwn
but altered wolcanic rock fragments have ancmalously 1 cun

1vesel iran (18 of 1%, eocdium (18 of

[

a

magnesium (18 of 1& an
13, potassium (4 of 15), calcium (5 of 15, and phoephaorous (4
of 13 . High pheosphorous values are generally accompanied by high
calcium wvalues, suggesting the presence of apatite, Except far
gsilicification, which undoubtedly occurred in the scurce terrxin,
and minor sericitization with & net increase of potassium  and
aluminum, most of the important icne have been leached from the
valcanic rock fragments. The question of where these ions have
aone, and whether they have contributed to local carbonate or
clay cementation remains unanswered,

The Known volcanic rock fragmente (with preserved feldspar
lath texture) have a variable compositicon, mainly reflecting

different cstates of alteration.

CHLORITE (@-4X) AND MICA FLAKES (1-184%

Detrital chlorite, as relatively ltarge flakKesz, decreaczes in

o1
=
1
T
b

abundance slightly in sandetones with & median arain cize

than about 146 micrometres (Fig. 32). Authigenic chlarite cccurs
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mainly as partly altered muescavite flakese and mud-cized material
of unknown origin (x-ray diffracticon peake at 7.,8774 and
13,.8848) . 0Of 18 x-ray diffraction analyses, the firet and second
chlorite peaks were significant in the folloawing <(analyses in
volume 2): AIVZI45-N1, ALEPZE-NZ2, 1S520&861-N7, KADOE7-& AND
NIFL19-4. How much of this mud-sized chlorite ie detrital and how
much is replacing illite (by anxlogy with chlarite replacing
muecovite Flakese on a larger scale) ie difficult ta assecs.

Mica is present almost exclusively as flakes af
muscovitesillite, Ite X-ray diffraction peak at &.9822 is
gigni” ~ant in ¢ of the 18 x-r&y diffraction analyses (AIVZI4E-
Ni, ALEPZ3-N2Z, ALEPZ3-7, I155Z20&81-N7, KaADOE7-6 AND 23, MIPLIY-

&6(7, TAGG3Z-12, AND TARF45-N1) .

SILTSTONE (6-340)

Graine were clacssified =zxs <ciltsetone 1f they concisted

predominantly of <ilt rather than clay-sized material.

COAL GRAINS, FLAKES AND FILMS (-840

Coal occurse as discrete particles or thin films and ie most
comman in the very fine sandstones (with & median grain size of
less than %@ micrometrecs). 1t does not exceed 24 in the coarser

grained candstones (Fig. 2.

UNIDENTIFIED DETRITAL GRAINS (@&-22/

Unidentified grains are most common in the siltstonese where

n

a combination of emall particle size, overlapping grainse  and
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maderate quality thin sectians combined to make identificatiane

impossible., For candstones with & median grain size larger than

78 micrometres, however, unidentified material comprises less

than &% of detrital graine.

OTHER DETRITAL GRAINS (8-31)

This category includes graine which were identified but did
nat fit in any of the other categories. Chemical analyses of
heavy minerale with the electron microprobe suggest the presence
of tourmaline, chromite, zircon, rutile and =siderite.

Unaltered glaucconite pellete (plate 74) cccur in 48Y cf the
camples in trxce amounte and never exceed 1¥%. fluesticnable
identifications of altered glaucconite pellete comprize a further
267 of the samples. The larger proportion of samples containing
gluaconite or altered glauconite pellets is not surprising, given
that most of the samples were obtzined from shallow marine
depaosits (Morrell and Schmidt, 1788 . Detaxiled environmental
interpretion of the Nipterk conventiconal drill cores has been
undertaken (James and Baxter, ig8g . It is noteworthy that
unaltered glaucconite pellets identified in the presemt <ctudy
cccur in material considered by James  and Baxter (198%) as
offehore prodelta and delta frant. Further, no glaucconite pellets
were identified in their oauter stream mouth bar or fluvial

channel depasits,

21



DISCUSSION OF DETRITAL COMPOSITION

The Fugmallit Sequence sandstones &re litharenites

compositionally =imilar to the those of the underlying Reindeer

iy

Sequence (Fig. 2). Eacily identifiable wolcanic rock fragm

T

with feldepar laths, however, are much lese comman, a differenc
alea noted by Schmidt (1987, Yaolcanmic roack  fragments  in
sandetanes of the underlving Feindeer Sequence are most cammon in
the medium grained sandstones whers they compricse up to 12,79 of

the detrital components (Mentwich and Yole, 17820, Vaolcanic rock

1]

tragments are alec common i the Moose Channel Sequenc

1]

sandstones underlying the Reindeer Sequence. The basal candstaon

member of the Maooze Channel Formaticon scuthwest of the delt

D

cantaine 77X wolcanic rock fragments (on average) and one medium
grained sandetone contaxined 2% (Young, 1979y . Similar results

were obtained by Holmes and Oliwer (1973 . Since the wolume of

volcanic rock fragmente waries with the median grain size of the

it

candstone, comparizcon of similarly cized szandstones between the
three sequences is required to determine whether differences are
significant. When only fine grained sandetones are considered, it

2z clear that wolcanic rock fragments are much lecse coammon in the

bt s

kugmallit Sequence than in  either of the Reindeer or Mooze

Channel sequences {see bela .

nte
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UNIT FE AN STaNDaRD MO, OF

A DEVIATION AMELYSES
Kugmallit a.5% g.5 14
FReindeesr 4.2 é.@ | 2
Moose Channel 4,4 2.9 7

This change in compasition may be related to a change from &
relatively wvolcanic-rich scurce terrain in the scuthwest to &
wolcanic-paor  source terrain to the south (Holmes and  Qliwer,
1972 Young, 1775 .

The present study rewvexle that the Kugmallit GSequence
zandetones display the same compositicnal variation with median
qrain cize &= those of the Reindeer Sequence. These include

ng proporticons of the following with increasing median

P

decres

tn

!
PR

grain ze; monocryetxlline quartz grains, phylloid clasts, mica
flakes and coxl clasts. Converszely, campetent grains comprising
polveryvetalline quartz as well as clear and black chert are more
common in camples with a larger median grain size. Other detrital
components, including alkali feldspar, plagioclase, volcanic rack
fragments, chlorite flakes, siltetone and cther grain types chow
noa  overall wariation in abundnance for  samples of differing
median grain sizes. Within the overxll trende there are, however,
significant emall-crder warizticonse. Samples from the twa Tarsiut
boreholes contain more phyllaid clastse -3 fewer quartz and chert
claste than camples from cther wells with eimilar median grain
zize. The lower permeabilities cheerved at Tarsiut may e related

te poor sarting and high ductile grain content., The opposite is

true for the lessungnalk and Amauligak szamples which contain more
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quart

4

better

and chert graine and fewer

phvlloid claste.

sorted than cther Kugmallit sandstones

median grain cize.

with &
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DIAGENESIS

INTRODUCTION

Diagenesis includes all physicalvand chemical changes since
deposition of the Kugmallit Sequence about 4@ to 25 million years
ago. Diagenesis was undoubtedly affected by a major lowering of
sea-level from about 178 m above present sea level to about 286 m
below present sea level in the Late Oligocene about 38 million
‘ears aga (Harland £t al., 1?282). Thie euctatic cea level change,
as well as changes of lesser magnitude must have had pronounced
effects by returning cediments from the mesogenetic to the
eogenetic realm for a period of several millien years. It should
be Kept in mind that the diagenetic history is a sequence of
events in which some authigenic minerals have grown, have been
dissalved or corroded, and perhaps later been regrown. The
difficulty 1lies in reconstructing the diagenetic sequence of
events. For ephemeral minerals only obscure textural relations
may remain, if any. In spite of the overwhelming number of
variables, the diagenetic history can be approximately
reconstructed from a large number of individual observations.
Sandstone diagenesis is discussed from the point of view of
induration, diagenetic minerals and those textures which are
important to determine & diagenetic sequence in the context of
factore such as detrital composition, median grzin size, sorting,
lithofacies, depth of burial and position in the bacsin. There is
a comman misconception that diagenesis has not been important  in
pocrly or very poorly consolidated sandstones. This could not be

further from the truth because the same processes recponcsible for
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praducing secondary porosity were also the cones which decreased

induration.

INDURATION

The induration of dry samplecs was assessed as follows:

INDURATION PERCENT
very poor 2z
poor 34
moderate 27
good g
excellent 7

The induration of water wet rather than dry samples is more
significant, both from a geological and from an engineering point
of wview. Small chips broken from the samples were immersed 1in
water. 0Of these, 72/ were either very poor to poorly indurated or
disaggregated by themselves in a few minutes. Only 284 were of
moderate to excellent induration and did not disaggregate. It may
be argued that only the samples that did not disaggregate in
water should be classified as rocks. At the depths from which
these samples were obtained, however, confining pressures are
such that even unconsolidated sediments at surface conditions are
rock—-l1ike. On this bacsis, the samples are classified herein as
rocks.

These <cimple. observaticons on induration are particularty
relevant for examiners of drill cuttings. If the Kugmallit drill

core camples are representative of the Kugmallit Sequence as a

26



whole, then at least 78X of the drill cuttings are likely to be
disaqgregated and represented as individual grains. Unless drill
cuttings have a moderate to excellent degree of induration,
ordinarily as a result of quartz or carbonate cementation, they
are unlikely to remain intact in a water saturated state passing
over the shaker screen at the drill site. There is also the
problem of properly separating these from disaggregated mudstone,
drilling mud and caved material. In cpite of these problems,
integration of information from drill cuttings, wireline Jlogs,
seismic data and conventional drill core is essential for
developing a comprehensive understanding of all aspects of the

diagenesis of the Beaufort-Mackenze basin.

27



AUTHIGENIC QUARTZ (8-51)

Authigenic quartz occurs as overgrowths on grains of quartz
and to a lesser extent polycrystalline quartz and chert (e.q.
plate 2C, 18b,c, f1a,d). Although it is generally present in 11X
or less by wvolume there are a few examples where it 1is more
commorni. In  those &6 samples where quartz overgrowthe comprise Z-
3%, the degree of pressure solution is high (high planar and
concavo-convex sutured contacts between quartzose grains). In
additicon, they are moderately sorted sandstones at present burial
depths in excess aof 2780 m. Only 2 samples have 354 quartz
overgrowths, and these are moderately sor ted sandstones
characterized by concavo—convex sutured contacte between quartz
grains and a present burial depth in excess of 3588 m. Foorly
sorted sandstones buried to similar depths do not contain more
than 1% quartz overgrowthes. Sandetones without quartz overgrowths
(17 are mainly poorly or very poorly sorted

To summarise, Kugmallit sandstonecs are likely to contain 2-
3% quartz cement if they are moderately to well sorted and buried
to more than 27868 m. They are likely to contain 4-54 quartz
cement if they are buried to depths of more than 33686 m. Quartz
overgrowths may not be developed at all if the sandstones are
very poor to poorly sorted, probably because the overburden
pressure is borne by a much larger number of particles. This is a
qood example where & depositio;ally inherited property (sorting
has an important effect on diagenesis. COne may hypothesise that
pressure <cclution and gquartz ovefgrowth formation are part of &

single process. Frecsure colution may be enhanced in well sorted
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sandstones where the overburden pressure is supported only by the
point contacts between competent grains. In very poor or poorly
sorted sandstones, pressure solution'is probably less important
because matrix materizl helpS's;pport the framewor¥ grains. Other
variables such as carbonate cementation/replacement and
dissolution complicate these relations. In many of the sandstones
quartz overgrowths line pores of secondary origin and it is

probable that some quartz cement was removed during the formation

of secondary porosity.
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CARBONATE CEMENTATION, REPLACEMENT AND DISSOLUTION

The present distribution of authigenic dolomite in the 10@e@
camples is as follows; 41% contain no authigenic dolomite, 454
contain SX authigenic dolom{te and.7z contain more than 54
authigenic dolomite. Samples in which porosity has been almost
cbliterated by carbonate cement are common in the <southernmost
welle (Mallik L-38, Taglu H-54, and the Unark L-24 and L-24A
boretoles). The core samples by themselves are probably not,
however reprecentative of the Kugmallit Sequence. A more in-depth
study would require a complete study of drill cuttings and well
loge. Calcite, ancther authigenic carbonate minersal, ic precent
in only 74 of the samples.

Authigenic carbonate occure in sandsetones irrespective of
median grain size or sorting, which suggests that permeability
variations of up to S ordere of magnitude (Fig. 4> have little or
no bearing on the amount or type of authigenic carbonate.
Apparently, enough fluid can pass through the sandstones that
such permeability variations are not significant given the time
available, Carbonate cementation differs markedly from quartz
cementation, because sorting does not seem to be a control,

Replacement by carbonate was an extremely important
diagenetic process. Where carbonate has not been dissoived there
are excellent examples of carbonate replacing the extremities of
grainse <(plate 7c,d, 8a,d>. Muscovite flakes are alsc commanly
replaced by carbonate, especially where they are compactionallw
deformed (plate 8b).

Dissclution of carbonate cement, and more importantly,

carbonate-replaced material wae ltargely responcsible for the
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production of secondary porosity mainly as oversized and
elongate intergranular pores. The dissoclution of carbonate-
replaced grains also contributed grain moldic porosity (plate 2d,
Sa, 6&a). Further, carbonate-replaced grain extremities upon
dissolution contributed corroded grains, commonly with partial
rhombic dissolution molds (compare the outline of grain margins
in plate 2d, 3a,d, 7byc,d and 8a,b,c,d). Grains partially
replaced by carbonate upon dissclution contributed a significant
amcunt of secondary porosity (compare plate 2b, 4c, Sc, ©&c and
14b) . Although the intragranular porosity sometimes comprices
relatively large pores (many of which are rhombic)>, most of the
intragranular porosity 1is underestimated or is invisible wusing
ordinary optical petrographic methods (compare plates 4a, b). Of
all these types of secondary porosity, enhanced intergranular
porosity ie volumetrically the most significant. The evidence for
secondary porosity provided by rhombic indentations should be
used with caution because they may be inherited from & previous
cycle of depcosition, cementation, disscolution and erosion. AN
indeterminate amount of recycled material from the Reindeer and
older sequences where this carbonate replacements/disscolution
process was also operative is undoubtedly also present in the
Kugmallit Sequence. The inferred presence of former carbonate
cement should be baced on the presence of elongate and oversized
pores in addition to the occcurrence of rhombic indentations. The
elongate pores in many cases actually terminate in a rhombic

¢

shape., It ie noteworthy that all of the sandetones have abundant

secondary porosity and textural evidence points to the presence
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aof a former replacive carbonate cement even though 414 of the
samples now contain no carbonate cement at all. The cement was in
all cases introduced after burial to several hundred metres,
Judging by the proportion and aegree df squeezed ductile grains.
In addition, samples from the shal!owest cores (1366~15@88 m) show
evidence of extensive <secondary porosity. These constraints
suggest that most of the secondary porosity was probably formed
mesogenetically in the depth range of perhaps S@6-1288 m. Of
cource there are exceptions (plate 2ci. A comprehensive
explanation of the behaviour of authigenic carbonate requires a
better undercstanding of the precent distribution of calcite and
dulomite. It is assumed that calcite was the mineral originally
precipitated and that dolomitization occurred later. It is not
clear, however, why come calcite remains. Perhaps all the calcite
is calcified dolomite. Ancther problem concerns the large volume
of carbonate necessary in the generation of secondary porosity.
Sediments currently buried to the depth range 58@-1268 m in the
Beaufort Sea are unconsalidated. 1t may be that carbonate was
never much more abundant than at present, but that it was
constantly being dissolved and reprecipitated and forming
secondary porosity in the procees. Changes in temperature and to
a lesser extent pressure, fluid composition, fluid flow and their
relation to carbonate solubility over large time spanes are poorly
Known, though <some strides have been made in understanding some
of these factore in the Beaufort—-Mackenzie Basin (Sauveplane and
Mor tensen, 1986>. Two approaches may be used to refine our
understanding. One is to compare the diagenesis of units younger

and older than the Kugmallit. The other is to characterize the
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carbonates chemically and relate these data spatially on a small
scale (core to edge chemical changes) and on & large scale (depth
and position in the basin). Chemical analyses of carbonate cement
by electron microprobe were undertaken for samples AMAISS-NG
(3547.5 m), AMEOB9-11 (4378.8 m), KIGA43-N2Z (2114.8 m), KOAQOZ2-N4
(3493.3 m), MALL38-NI (928.8 m), TAGHS4-N1 (1184.46 ), UNALZ24A-N2
(2955.8 m) UNAL24A-NIS (2944.4 m), UNALZ4A-NE (2947.3 my), and
UNAL24A-NY (2976.31 m) (csee wvolume 2 for raw datad .
Classification is best carried cut by convertihg the atomic
proportions of calcium, magnesium and iron to atomic percentages.
The analyses show diverse carbonate compositions. Two generations
of ferroans/calcian dolomites were determined in AMARI&S-N&/3547 .58
m (plate 18a,b,c). The iron content of the more ferrcan dolomite
varies from 12.8 to 14.8 mole percent and manganese (at one
atomic percent) is relatively common. The composition of the
calcian/ferroan dolomite in the AMEQGB?-11/4378.77 m sample is
remarkably uniform, whether between grains, near the edge of
grains, in grain fractures or replacing the matrix of wvolcanic
rock <fragmente (plate 1ic,d>. It contains up to $58.5 atomic
percent calcium and up to 7.1 atomic percent iron. The analyses
of the authigenic ferrcan low-magnesian calcite in the KIGA43-
N2/21123.96 m sample are relatively homogenecus with a magnesium
content of 2.1 to 4.3 atomic percent and iron varying from 2.9 to
3.2 atomic percent (plate 4a,k, 15¢) . The KOAQZZ2-N4/3493.3 m
cample containse a ferroan dolomite with iron varying from 6.3 to
2.4 atomic percent (plate 15d, 1éa) . In the MALL3B-NI1/9z6.8 m

sample there is an unusual cancentrically-laminated internally
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radiating dolomite cement (plate 4d, léc,d, 17a,b) . Fifteen
analyses of the laminae reveal a significant variation from the
inner (pore-lining tao the outer <(pore-filling laminae. The
inner lamina in 2 different parts of the thin section (analyses
iDb.1, 1D.2, 2A.1, 2A.2) were compocsitionally uniform calcian
dolomite with calcium varying from S8.% to 8.2 atomic percent
and manganese at about | atomic percent. Three out of four
analycses of the outer lamina (analycses 1B.1, 2E.!, 2E.2) suggest
by contrast a relatively pure dolomite. Laminae between the inner
xrnd outer laminae are calcian dolomites that are compositionally
similar to the innermost lamina. The manganese content of one of
these <(analysis 1C.2), however, is relatively high (2 atomic
percent)., The calcian dolomite cement in TagHS4-Ni/1164.6 m i<
uniform with calcium content varying from 57.2 to 48.4 atomic
percent. Iron and manganese occur at less than 8.2 atomic percent
and calcium wvaries from 57.2 to 46.4 atomic percent. Iron and
manganese occur at less than 8.2 atomic percent. The carbonate in
UNALZ24A-NZ (2955.86 m) is calcian ferroan dolomite of relatively
uniform composition with iron ranging from 12.9 to 15.4 atomic
percent.

A number of analyses of calcite were also carried out. The
texturally complex carbonate of sample Unal24A-NS5/2966.36 m
(plate 28c,d ie a ferroan low-magnesian calcite with about 4
atomic percent iron and 2.3-5.7 atomic percent maagnesium. The
cement in the nearby sample UnalzZ4A”-N&/2%47.26 m (plate 7, 8,
2tfa,b) has a <similar composition. MWith the exception of 3.9
atomic percent iron in calcite which has replaced a feldspar lath

in & volcanic rock fragment, the iron content (1.9-2.4 atomic
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percent) and the magnesium content (8.9-1.9 atomic percent) is
significantly less than the Unal24A-N5S sample only %8 cm higher
in the core. In UNALZ4A-N? (2974.31 m), the carbonate cement is a
low magnesian ferroan calcite with a dniform composition of 4.5
to 4.9 atomic percent iron.

Ta <eummarise, highly variable chemical compositions occur
within but more importantly between samples. The fluids from
which these carbonates were preciptated were probably also of
highly variable compeoesition and perhaps mainly of local
derivation., This initial study shows that more chemical analyses
would be of great benefit in reconstructing the history of fluid
flow in the bacsin and thereby determine to what extent the system
was open.

Carbonate cement ie slightly more common in the underlying
Reindeer Sequence sandstones and partiy explains their bhetter
induration. If carbonate cement is locally derived, as is
suggested from the highly variable chemical compositions, then
overall differences in the amount of carbonate cement may be
related to differences in detrital composition. The only
significant difference in detritxl composition between the
Reindeer and Kugmallit sandstones 1ie the wvolcanic content,
Alternatively, the carbonate Qas derived from the siderite-rich
mudstores of the delta-plain deposits of the Reindeer Sequence.
There are many other possibilities, some of which might be
acscessed by trace element orr isotopic analysese. An approach

similar to that employed by Van Elsberg (1978) might prove

useful .
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AUTHIGENIC CLAY MINERALS
Kaolinite (8-18X)

Authigenic kaolinite typically compricses white curved
vermicular booklets made up of a sefies of stacked hexagonal
platelets {(plate 1Zb) . Al though scanning electran
photomicrographs reveal that they are commonly corroded <(plate
{la,b, 13c, 14d(?> and 18, they are eacily identified by the
vermicular growth habit and white coleour in artificial sample
fracture surfaces. Individual bocklets are most commonly 1@8-15
micrometres wide though they are up to 3@ micrometres wide in the
NIFL19-28, 25, NIPL19A-3 and TARN44A-NI csamples. The largest (ga
micrometres wide) were contained in the TARN44A-N3 sample. Enerqgy
dispersive X-ray analysis combined with scanning electran
microscopy is wvery useful in helping to identify Kaclinite,
especially where it has been extencively corroded. A semi-
qaantitative analysis of a Kaolinite booklet wviewed in  an
artificial cample fracture surface of sample NIPL19-286 revealed
the precence of aluminum and silicon with minor potassium and
iron impurities (volume 2).

- The amount of authigenic Kaolinite wvaries widely and
"spo;gdiCally in the 8-5% range. It seems, however to be more
abundant in sandstones deeper than 2888 m. Estimates of 54 were

commonly made in the Amauligak well from 3541.8-3567.5 m, from

the Tarsiut N44a well (2249 ,.3-2257.8 m) and the Unark wellsr

(2731.9-2976.3 m .
With the exception of the Unark samples in which the
kaolinite <(or dolomite peeudomorphs of Kaclinite) occur in

calcite cement, authigenic Kaolimite mainly lines secandary
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intergranular pares, Leess commonly it occure in compacticnally-
formed grain fractures <{(samples AMATE5-N2,N4 NS, 18SZ061-N3,
NIPL1%-23, NIPL1?A-3) and rarely lines or fillse moldic pores
(plate &a). Kaolinite booklets in rare instances alesc Fill
intragranular carbonate dissclution molds (samples AMAT 45-N2 NG
AND N3). Where these rhomb-cshaped molds were inherited rather
than formed in situ, the Kaolinite formed after dicsciution of
the authigenic carbonate <(decarbonatization). Other evidence
includes Kaolinitic masses which line or fill grain molds
(samples AMEQBY-5, 11, TARN44A-N1, UNAL24A-N& . 1t shauld be
cautioned, however, that Kaolinitic masses more commonly than not
represent extensively altered grains rather than pore-filling
kaolinite. Kaclinite as a pore-lining rather than pore~filling of
grain molds is much better evidence of a relatively late
diagenetic origin. Further textural evdence is provided by the
AMEOQBY-5/3868.17 m sample in which Kaolinite lines pores but not
quartz overgrowthe, suggesting Kaolinite cementation prior to
quartz cementation.

To summarize, it appearc that Kaclinite cementation accurred
mainly after the decarbonatization event at depths less than
about a Kilometre but sufficient for compactionally-related grain
tracturing to occur. Some of the extensively corroded kaolinite

booklets probably formed prior to carbonate cementation.

37



Montmorillonite

Montmorilicnite (@.2-2.8 micrometre-csized fractioro in
sandetones of the Taglu wells was converted to interstratified
clays from 2825.8-321%9.9 m in Ehe Reiﬁdeer Formation (Feoscolas
and Powell, 1988) . No systematic investigation wusing x-ray
diffraction was undertaken in the present study of the Kugmallit
Sequence. The larqe scale effects of expanding clays were noted,

however, for a cample obtained from the Taglu G-33 well at &
depth of 1353.9 m (see also plate 18b,c). Mantmorillaonite was
tentatively identfied on the basie of fused crystals (plate 19d)

in sample TARP4S-N1/2474.9 m.

Illite
The characteristic wispy morphology of authigénic illite was
not obecerved with the scanning electron microscope. Most of the

illite in the matrix of the sandstones determined by x-ray

diffraction is undoubtedly of detrital origin.

Chlorite (8-5/4

Chiorite commonly replaced muscovite flakes and to a lesser
extent muscovite in quartz-muscovite schist. This was cbserved in
samples at all depths <csuggesting that most of the chlorite
replacement probably occurred before burial to depths exceeding &
kKilometre. 1t ceems probable by analogy that illite as discrete
particles and in phylloid clasts would similarly ke partly or
perthaps even completely replaced by chliorite. Only one campie
(ALEPZ3-N8) contained appreciable (54 chlorite cement. This

anomalous cample 1e of interest hecause it occurse only 1.7 m
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below an extensively pyrite-cemented zone. Chlorite also occcurs
as & partial or complete alteration of qlauconite pellets

(electron microprobe analysis 28.1 for sample UNALZ4A-NS .
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PYRITE (8-3870)

Traces of pyrite were found in S24 of the samples while 1 to
3% pyrite was cbserved in 184 of the samples. Only 24 of the
samples contained more than 34 pyrite. The pyrite most commonly
cccurs as framboidse (plate 224> and less commonly &as nodules and
pore—-filling cement. It occure at all depthe lining pores of
csecaondary origin. It has also been observed in the crackes of
compactionally—fractured graines (samples NIPLI1¥-2, NIPL1?-23), in
intragranular pores (samples ALEPR3-NY, AMATI&S-N4, AMEOG?-1,
158Z2661-N2, KADDOB7-1,4, TARN4G4A-NS AND UNALZ4A-N1) , along bedding
plane partings and cesubvertical fractures in mudstone f(sample
ALEFPZ3~-8). There seems to be & slight tendency, in addition, for
concentration of pyrite <framboide in and near coaly laminae
(camples ALEPZ3-8, AMEQA%-1 and 3). Pyrite framboids occcur oan
quartz overgrowths (sample UNALZ4R/29355.8 m, UNALZ4A-N7/2248.84 m
and UNALZAA-NB/276%9.61 m) and are surrounded by carbonate cement
(AMEQO%-11/4378.77 m, UNALZ4-N2/2731.92 m, UNALZ24A-NZ2/2935.8 m,
UNaL24A-N3/2958. 18 m, UNAL24A-NE/2947 .26 m, UNALZAA-N7/2948.84 m,
and UNALZ4A-NZ?/29746.31 m). These data suggest that pyrite was
formed after compaction and after decarbonatization. Exceptions
or complications are rare. In the UNALZ24A-N&/29467.26 m sample
which containsg both calcite (dedclomite?) and dolomite, pyrite
occurs as framboids in authigenic calcite but also as & pore-
filling in and between individual carbonate rhombs, suggesting
pyrite cementation before and after carbonate cementation. This
unuesually late generation of pyrite may be ré\ated to
dedolomitization which releaces the iron in dolomite. Another

exceptiaon is revealed in Ame0B%-1-1312.@.m, in which cellular
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coaly structures containing pyrite have been compacted less than
those <containing no pyrite. Clearty, the pyrite grew before
compaction of the cellular structure. In ALEP23-N7/262%.88 m, the
abundant (1S4 pyrite, which is pore-lining and to zome extent
pore—-filling occurs in intragranular pores of phylloid and chert
claste and also defines moldic and partial moldic poracsity. These
textures point to two episcdes of ongoing secondary porosity

formation before and after pyrite cementation.
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POROSITY AND PERMEABILITY DIAGENESIS

The extent to which porosity and permeability are lowered ic
related in & general way to the original volume of ductile
grains, Ductile grains include‘phylloid clasts, altered volcanic
rock fragments, chlorite/mica flakes, siltstone clasts and coal
grains. During burial these are squeezed between the more
competent quartzoce grains. Permeability is especially affected
because the squeezed grains are forced into the pore throats of
the competent Fframewcrk grains. (bviously, the higher the
percentage of ductile grains, the more important these effects
become. Consider the endmember ccenaric where competent grains
float without touching in pseudomatrix. In such & <sample the
permeability would be lower than that of the pseudomatrix itself.
It is aleo noteworthy that ductile grains in samples from  the
shallowest coree have been extensively squeezed between competent
grains. The 1limiting factor effecting the decrease in porosity
and permeability in the Kugmallit csamples seems to be related to
the proportion of ductile graine originally present. Mechanical
compaction 1is more apparent in the finer grained samples which
contain a higher proportion of these ductile grains., It is
especially strikKing in those sandstone camples with &anomalously
high ductile grain proportione such as at Tarsiut (Fig. 3. In
sample TARN44A-N3-2254.15 m, for example, ductile graine comprice
about 354 of the detrital componente. Even though the sample has
a median grain size of 131 micrometres and is moderately sorted
with a porosity aof 21.854, the permeability is only 2.79
millidarcies. The Tarsiut permeability values are in fact so low

that they were excluded from the data base uced to conestruct the



permeability boundaries of Fig. 4.

Mechanical compaction is expressed to a much lesser extent
by fractured competent grains. Grains are considered to be
compactionally fractured if a large proporticon of them propagate
from the contact pointse between grains. Compactionally fractured
grains were cobserved in 15 samples ranging in depth from 926.8 m
{a conglomerate) to 3543.6 m where they cccur in conglomerates
and the coarser better sorted sandstaones. The evidence suggests
that at least scme of the fracturing occurred at relatively
cshallow depths. In camples MALL3B-NI1/928.86 m, TAGHS4-N1/1164.4
m, UNAL 2Z244-N2/2955,849 m and UNAL24A-N9/ 2976 .31 m the
compactionally-formed grain fractures are filled with carﬁonate
cement. Grain fracturing probably occurred at relatively shallow
depths less than a Kilometre after which the fractures were
filled with carbonate cement. To summarize, the initial volume of
ductile grains governs to a considerable extent the decrease in
porosity and permeability during burial and compaction. This
reduction may be so pronocunced in samples with a high proportion
of phylloid clasts that later secondary porosity formation by
carbonate dissolution may be negligible. The reduction in
porosity and permeability after secondary porosity formation was
with few exceptions minor, as evidenced by uncommon phylloid
claste squeezed into the elongates/overcized pores and corrosion
molds of adjacent competent agrains. Significant compaction after
secondary porosity development ie limited to present depths in

excess of 3068 m and to camples with an anomalously high phylloid

clast content. While the proportion of ductile grains is

43



bl

important in reducing permeability, the most important cantrols
on permeability are sorting and to a lesser extent grain size,
Grain size and sorting were plotted on 2 cycle log-log paper in
order to obtain a good spread of the data (Fig. 4). Permeability
to air values were measured by Core Laboratories-Canada Ltd. from
core plugs taken near the samples. The permeabilities of the core
pluge and of the samples taken for the present study are assumed
to be the same. The permeabilities (to &ir without overburden
pressure) range over at least five ordere of magnitude (Fig. 4
and were obtained from samples with little or no carbonate
cement. Fermeabilities measured under overburden prescures
ranging to S7,888 kilopascals showed highly variable decreases in
both porosity and permeability, undoubtedly related to the
proportion of ductile grains present. The permeability of sample
® (2377.2 m in the lessungnak well was reduced from 21,328
millidarcies <(no overburden pressure) to 1238 millidarcies under
an overburden pressure of 29,5688 Kilopascals and 243 millidarcies
under an overburden pressure of 57,000 Kilopascals. This
represents an 88 fold reduction in permeability, Thé porosity of
sample ¥ was reduced from 33.1% (no overburden pressure) to 21.4%
(57,688 kKilopascals overburden pressure). In other cases the
porosity/permeability reductions are much less dramatic. For
example, <sample 196 (3199.13 m), a very fine to fine—grained
candstone in the lssungnak 2Z-0-41 well had a permeability <(no
overburden pressure) of 378 millidarcies. The permeability of the
same <cample under an overburden precsure of 57,808 Kilopascals
was reduced to cenly 1886 millidarcies. The corresponding porosity

reduction was also minar (24.% to 23.2Y) . The ltarge differences



between the two camples is probably depeqdent an differences in
the ductile (and apparently to some extent elastic) component
percentages. It seems quite likely that & change of only 284 in
the ductile component percentage could explain these very large
porosity/permeability variatione., It ics also ihteresting that the
grain density for the two samples is identical (2448

Kilograms/cubic metre) .
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CONCLUSTONS

A shallow marine interprgtation for many of the scandetanes
ise supported by the presence of qlauconite pellets, which occcur
in over half of the camples. Sandstones of the Kugmallit Sequence
are wvariably indurated litharenites which are compositicnally
similar to those of the underlying Reindeer Sequence. WYolcanic
rock fragments, however, are significantly lesse commoen than in
e#ither of the underliying Reindeer or Moose Channel sequences. The
difference 1is probably related to a change in flow direction of
the Mackenzie River cyetem or its precursor from a csouthwestern
volcanic-rich terrain to & southern volcanic-poor terrain.

The first order constraint on detrital sandstone composition
in the Kugmallit Sequence ie grain size, with competent chert
arain proportione  increasing with median grain size. Locxl
environmental conditions may cauce second order wvariations. The
Tarsiut sandstones, for example, have ancomalously high ductile
component proportions compared to cther sandstones with a similar
grain size elsewhere. The opposite is true for the Amauligak and
Issungnak csamples. These differences &are accompanied by
differences in corting.

Diagenesie wae very szignificant in the Kugmallit Sequence
and involved & large number of minerals. Authigenic quartz
generally occure in amounts lese than 1¥ as overgrowths on
quartzose grains. It ie more common (2Z2-34) in moderate to well
soéted czandstones at depthe greater than 2760 metrec where it is
accompanied by prescsure cscoclution., Only 2 camples contaxined more

than 5% vartz overgrodthe and thece were maoderately corted
b= 3 pa
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candstones from depthe in excess of 3568 m. Quartz overarcwthe
line <secondary pores in many of the <candstones, suggesting &
second generaticn of quartz cementation after decarbonatization.
The firet generation of quartz overgrowthe which formed at
cshallow depths prior to carbonate cementation was probab?y
incignificant wvolumetrically. Moet of the overgrowths were
undoubtedly replaced by carbonate and cubsequently dissclved. The
process of cementation, replacement and dizscluticon of carbonate
was responsible far the formaticon of secondary porosity, which is
generzlly estimated as compricsing at least half of the precsent
porosity. @About half of the samples contain carbonate, most of
which ie dolomite. Carbonate, which is most abundant in samples
from the southernmost wells, was probably introduced in the depth
range from S86 to (286 m, Jjudging by the proportion and extent of
deformation of squeezed ductile grains, combined with the
textural evidence of secondary porosity, The chemical composition
of the carbonate is highly variable, both between and to & lesser
extent within samples. Concepts involving large-scale movement of
fluide in the basin muet reccncile this highly variable carbonate
. Chemistry.

Authigenic clays include Kaclinite, montmorillonite, illite
and chlorite. The KkKaclinite cccurs ag wariously corraded
vermicul ar booklets which moset commonly line secondary
intergranular porec and lese commonly line the widened fractures
of compacticonally fractured graine. WMith the excepticon of
extencively corrcded booklets, Kaolinite cementation ma;nly

cccurred after decarbonatization at depthe lese than about =&
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Kilometre but <cufficient for compaction and grain fracturing.
Authigenic montmorillionite and illite appear to be of minor
volumetric importance, though reactions within phylioid clasts
cauld not be ascsessed using the petrographic methods employed in
thie study. Authigenic chlorite partly replaced muscovite Cand
undoubtedly illite on & smaller ccale) as well as glauconite
pellets. Pyrite generally occurs in trace quantities as frambcoids
lining pores of secondary origin. These include the zracks of
compactionally-fractured graine, intragranular pores and the
hackly partings and bedding planes of mudstonecs. Most of it was
probably formed after compaction and decarbonatization, Given the
complexity of detrital and diagenetic processes, it is little
wonder that porcsity and permeability values wvary widely. The
most important controls are median gqrain <size, corting, the
proportion of ductile grains as well as the quantity and textural
relatione of authigenic componentse. The initial wvolume of ductile
grains determines to a large extent the porosity and permeability
decreace with increasing overburden pressure., Mechanical
compaction after secondary porosity development was generally of

minor importance.
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RECOMMENDAT I ONS

The experience gained in experiments with pressure
impregnation and to a lesser extent with impregnation wusing
acetone—epoxy mixtures suggests that the vapour exchange methad
may be easier and perhaps even better than the vacuum/pressure
method. 1t is undesirable, for example to subject the samples to
confining pressures greater than those acting at the depths from
which the samples were obtained. The following sample preparation
procedure is contemplated for future evaluation. For simplicity
of handling, the <samples could be wrapped individually in
perforated polyethylene (to permit separation after curing’ and
aluminum foil (to permit identification and to support poorly
consolidated samplesy.

The vapour exchange method depends on the diffusion of epoxy
molecules from & higher to a lower concentration in a fluid
medium. It ie therefore critical that all the pore space
(including intragranular porosity) be filled. This can easily be
accomplished by evacuating the samples, then adding acetone to
cover them and finally letting air back into the vessel. Caution
is required with acetone-air mixtures because they are
potentially explosive. If the acetone is separated (using a
stopcock) from the syetem thie problem is avoided. A vacuum i<
drawn first, the pump is shut down and acetone is added to cover
the samples. An aspirator instead of & vacuum pump is an easy and
safe method of obtaining the necessary wvacuum. According to
polysciences data cheet no. 127 (Nov./1973), Spurr Resin i1s also
compatible with tert-butyl alcohcl, dioxane, hexylene glycol,

isopropyl alcchol and propylene oxide. However, anhydrous acetone
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is one of the better solvents because it has a wvery low
viscosity (0.318 centipoise &t 25 degrees C) and & low boiling
point (54 degrees C). After scaking in acetone, the samples are
immersed in & solution comprising 254 epoxy and 754 acetone by
valume and Kept in & separate sealed container such as a
desiccator. After a few days the acetone should have diffused out
of the sample and been replaced with the dilute epoxy-acetone
mixture. The samples are then transferred to another container
containing 50% epoxy and S@4 acetone. The procedure is repeated
for 757 epoxy/25Y acetone and finally 188X epoxy mixtures. The
method is explained in detail by Jim (1985 though undiluted
epoxy was found to penetrate his unconcsolidated clay samples.
Initial experiments chowed that wvacuum impregnation with
undiluted epoxy did not penetrate the compacted subsurface
Mackenzie Del ta-Beaufort Sea samples.

The cured Spurr Resin is unusual because it is soluble in
acetone. This property could be used to advantage for poorly
consolidated rocks because an impregnated sample could be cut and
polished, the epoxy dissclved and the sample examined with an
electron microscope. This cross-sectional view would permit
differentiation of pore-lining clays and pseudomatrix formed by
gqueezed ductile grains.

The production of thin sections is extremely time consuming
by traditional methcds. A multiple spindle surface grinder
equipped with diamond cup wheels of successively finer sized
diamonds would greatly cpeed up the process and cause less damage

than lapping methods using locse abrasives. Final polishing could
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be accomplished using metal bonded diamond laps rather than loose
abrasive particles. Such laps, with 4, 3 and | micrometres-sized
diamonds could be used in lieu of loose abrasives which have a
tendéncy in thin sections to create a groove Jjust inside the
grain/epoxy contact. Metal-bonded diamond laps are available from
the suppliers of Jewellery makers. By eliminating the percussive
action of loose abrasive particles, it should be possible to
manufacture good quality ultrathin (5~16 micrometre) sections
which would shed more light on the very fine grained sandstones
and mudstones. Further recsearch could include a study aof thin
sections of sidewall cores and drill cuttings. Detection and
explanation of carbonate-cemented zones by analysis of drill

cuttings and wireline logs are of particular interest.
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Monocrystalline and
Polycrystalline Quartz

GQuartzarenite

Sublitharenite

Feldspathic Litharenite

Litharenite

Cher t/
Rock Fragments

Fig. 2 Classification of Kugmaliit Sequence sgndstones
according to Folk (198@)>. The symbocis represent very fine (X),
fine (+5, and medium (o) sandstones., Halt of the Friangle with
the pole for feldspar, granite and gneiss fragments is omitted.
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SAMPLE 1.D./DEPTH
™),

MQ

PQ

- 20

PERCENTAGES OF DETRITAL CONSTITUENTS

BC

F 28

AF

18

P

PH

- 28

CHL

MIC

- 28

- 28

MD

- 288

S0

-2

AIVZ2I45-N1/3942.88

ALEP23-N2/2817. 18

TARP45-N1/2474.98

AMATE5-NE/3567.358

AMECR9-1/1312.08

KADO87-23/2398.75

ALEP23-N6/2827.28

158206 1-Né/2488.92

NIPL19-4/1318.48

KIGA43-N1/2113.83

ALEP23-1/2017.15

KIGA43-N2/2113.96

1552061-N15/3199.45

AMAT 85-NS/ 3564 .20

TARNAGA-NS/ 2254, 15

UWNAL24-N1/2731.34

AMEDBP-3/3868 .17

KOAG22-NS5/3493.43

TARNA4A-N1/2249 .28

18S20461-N17/3312.41

INAL24A-N7/2968.84

AMAL65-N4/3563., 48

AMECe?-11/4378.77

NIPL19-28/20895.48

188206 1N9/2497.34

AMAT65-N3/3543. 28

NIPL19A~3/2835,47

NIPL19-25/2587.55

1SS2061-N1/2376.85

1552061-N2/2378, 19

17

increasing

components versus
and grain size analyses of thin

of detrital

Percentage

3

Fig.

grain size based on modal
sections. Symbols for columns are as follows: M@ (monocrystalline

median

56

quartz), PQ (polycrystalline quartz), CC (clear chert), BC (black

feldspar), P (plagiociase), PH (phylloid

CalkKali
V (volcanic rock fragments), CHL (chlorite flakes), MIC

AF

chert),

clasts),
(mica

Q

UN (unidentified),

C (coal),
in micrometres),

S (siitstone),

flakes),

S0 (sorting).

(others), MD (median grain size
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Permeability zones were established on the basis of 41
measurements. The boundary values are in millidarcies.



Nipterk
L-1¢%

Nipterk
L-194

Tagiu
G-33

Taglu
H~-54

E. Tarsiut
N444a

W. Tarsiut
P-45

Unark L-24

Unark L-24A

123472

19¢

335

1985.@

(1788 T.V.D)

1845

4652

&32

In Unit A
1306.1-1323.8
1485.8-1425.4

In Unit B
1649 .6-1652.3
1921.4-1933.4

In Unit C

2094.4-2182.6
2383.4-2311.8
2565.6-2512.0

In Unit C

2334.8-2355.1
2807 .8-2817.0
2825.4-2844.49

P56 .5-957. 1
1379 .2~1385.3

1164.3-1165.2
In Unit C
2245.1-2274.4

Inm Unit C
2473.8-2482.0

2731.68-2743.8
2218.,6-2219.2

2933.3-2963.3
2963.9-2982.2

345a7

34%a7

2928+
(2352 T.V.DO

2911

2748

2986.3
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