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,ABS'I.‘I.lACT - e
in sbuth—central'AlbefFa,-the Viking Formation consists
. of ; lower coarsening’upward sequence of ‘clastic Eccks
(Viking "B; deposits) and oyirlying sheet-like depésits
(Viking "A" deposits)- Seéimentologic;i[ m;neralogical arrg
geochem;cal studies have helped to reveal ghe diagenetic .
historyo.of these clastic rocks during both burial and ‘uplift
s:gggs of the Alberta basin. |
The main rock typesApresént are conglomgraté, coarse )
and fine-grained sandstone énd shale. The Viking "B"
deposfts,cohéists of a lower co;rsening upﬁard unit of
shale, silt and conglomerate (i5—20m) and an upper
coarsening upward unit of shale, fine‘grained'sandstong and
;onglomerate (204§5m). The Viking "A" rocks consist of one

* : . . i . , '
to three,.sheet-like deposits of codrse-grained sandstone

and congldmerate (0.5-2m): that lie above the Viking "B"

T

within the Lloydminster shales. -
The mineraiogy of the shales cbnsists mostly of illite
(60-2?%)_énd_le§§er amounts of illite/smectite (5-25%),
kaolin group minerals (t?ace-20%),4chlorite (trace-10%) and
sméctite (not detected - 5%). Detrital mideralsvin:the
conglomerates and sandstones consist offguartz (5-60%),
chert (5-80%), rock fragments (not detected - 24%) and
feIﬁspar (no@’déteéted‘- 30%). viking "A" rocks usually *
¢on£éiﬁ ﬁigher percentages of feldspar (2-30%) than &iking

4
'

"B" rocks (not detected - 5%).
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Diagenetic minerals 1in the sandstones and conglomerdtes
consist of glauconiEF, pyrite, chémosiée,-gideréte, quartz,
alpite, Fe—calciteranke ite, dickite, illiﬁb, g
1llite/smectite, and smecgite. Siderite 1s a common cement,
esp;cially-in the fine-grained-sandstones (t-63%). Quarti
cementation is more extensive in the fine and coarse-grained
sandstones (3-25%) than in tﬁq_conglomerates (2-14%).
Albite, Fe-calcite, and ankerite are minor components but
are usually mdre'abundant in Viking "A" rocks aﬁd may have
‘fofm;d during albitization of'féld;;ar D1ck1te is the moSt
abundant clay mineral, espec1ally in the coarse-grained
rocks (up to 10%). The composition of illite/smectite in the
‘sanastones was probably controlled by fluid compositidn,
whereas the cbmpasition of 1lllte/smect1te in the shales was
probably controlled by increasing depth and temperaéure *
during burial.‘ " y

The combination of petrographf& and stable isotqpe data
indicate thag siderite (6"9 = +18.1 to +23.9 SMOW, §'°C =
-i,é fo_—6;33 PDB) formed during shallow burial ffom:"C -
rich CO., pgobably derived from bacterial fermentation, and
from "6\; rich connate water. Quartz (5'°'0 =.+20.2), |
Fe-calcité'(é"o = +13.9 to +14.6,v6"C = -7,2 to -8.4{,
ankerite (8'*0 = +16.5 to +16 6 6"C = -6.3 to -12.4) and
dickite (6"0 = +12 4 to +TZ 6) c:ystalllzed from '*0 - poor
:water that may rep;esent a? 1nf1ux of meteoric water during

' dﬁfift. tarbon for Fe-calgitg and ankerite was probably

derived from the Cozireleasedifﬁom;thelthermal destruction

N
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cf organic matter.

Diagenesis of the nging Formation reflects a large
meteorilc water 1nfluence associated w1t§’3§cond phase of the
Laramide or ogeny[Tupllft svage) Glaucoi}ke, early pyrlte,
chamosite + minor quartz, and siderite- are the only phases
that record changing fluid chemistry during burial of the
Viking. These cements probably formed during shallow burial
And during the bacterial breakdown of organic matter. The
cgyétallizékien of quaftz, Fe-calcite, albite, ankerite,
late pyrite, dickite, illite/smectite, and smectite reflects
changes in flyid chehistry associated with an influx of

meteoric waters and fluids released during the thermal

maturation of organic matter,

vi
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I. INTRODUCTION

A. Purpose of Study

The purpose of this study is to determine the
diagenetic history of the Viking Formation 1in south—centfal
Alberta. Over the last ten years, studles ;f clastic
diagenesis have evolved from a purely descriptive science
into a much more appli®&d science. This is because diagenetic
changes can severely alter ghe porosity and permeability of
sandstone reservoiré. By understanding diagenetic processes
it is possible to develop exploration.models that may better,
predict reservoir guality.

Much of the understanding of clagtic diagenesis Qgs
come from studies of sandstone reservoirs in the United
States, particularly in the Gulf Coast and the norQZwestern
States. The Gulf Coast area contains a thick seqguence of
Tertiary clastic’rocks and mineralogical changes Wwithin a
formation can be observed with depth (e.g., Boles and
Franks, 1979; Millikén et al., 1981; Land, 1984). Studie$ in
the Gulf Coast have provided useful information concerning
diagenetic processes that occur in an actively subsiding
sedimentary basin. Some of these processes include the
possible influence that shale diageﬁesis has on sandstone
cemquatiqp (e.g., Boles and Franks, 1979), and the .
influence that organic matter maturation in shales has on

sandstone cementation (e.g., Franks and Forester, 1984).

Studies of Cretaceous clastic rocks in the northwestern
i
1 I

&



United States have provided useful informaﬁiothanerning
the formation okkearly dxagenetlc cements through biogenic
and bacterial action (e.g., Gaut;er,:\BBZ 1983)

The interpretation of the diagenesis of sandstones
within the Albérta basin 1s more complicated tgan in the
Gq‘i Coast because of uplift and eros;5n: The second phase
of the Laramide orogeny (early Eocene) reéﬁitéd in -
overthrusting, uplift and erosion of Tertiary sediments
(Taylof et al., 1964; Hitchon, 1984). The beginning of
overthrusting would have also allowed meteoyié water io
penetrate into the basin and mix with original connate watef
(Hitchon and Friedman, 1969; Hitchon, 1984). Thys, the
evolution of fluids in the Vikiné Formation probably
includes é significant meteoric water influence, ‘simple
thermal or cdmpactional models, sucH as those proposed for
the Gulf Coast fe.g., Galloway, 1984) may not pertain.
Isotééic studies of clastic rocks lying stratigraphically
-above the Viking (e.g., Milk River and Belly River
For@ations) indicate that diagenesis haswbeen significantly
affbcted by meteoric waters (e.g., Longstaffe, 1983, 1984,
in: press, Ayalon and Longstaffe, 1985).

In order to interpret the diagenesis of the V1k1ng
Formation the effects of uplift and metedric water invasion
must be determined. During burial of the Viking diagenetic
 phases probably crystallized but may have been dissolved

during an influx of meteoric water. Many diagenetic phases

present in the'Vikfng sandstones probably crystallized after

o
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the influx of meteori¢ water. In order to determine when
diagenetic phases formed detailed petrographic studies must

be performed. This will help to establish how cementation
varies between different lithologies and help.toées;ablish
the paragenetic sequence of mineral erlacement. P udying
the stable isotope geochemistry Of'cefzgin'authigenic‘
mine}als will help to determine the types of fluids and
temperatures present during their crystallization. By
combining petrographic and stable isotope data 1t may be
possible to determine the effects ghat burial, uplift and
meteqric water mixing had on diagenesis in the Viking. ‘
The specific objectives of this study“are as follows:
- N

(1) to descE}be the types of lichglogie§'present and their

.distribution; (2) to describe the detrital and authigenic
miﬁeralogy of the different lithologies in order to
determine any initial controls on diagenesis and to. \
‘establish the paragenetic sequence of mineral emplacement;
(3) to relate the paragenetic sequence to processes that
havé been establiﬁhgd from other studies of clastic .
diagenesis, such as 4in the Gulf. Coast and nortuwestern
bnited Stages; (4) to study the stable iéotope geochemistry
of certain authigenic minerals in order to determine the
types of fluids that were present during-various—stages of
diagenesis; and (%)“fo develop a model that accounts for the
diagenesis of the Viking Formation during both burial and =3

uplift.

@



B. Location and Stratigraphy

In south-central Alberta, the Viking Formation consists
cf a northeastward thinning clastic yedgé deposiied;oﬁ a
shaliow marine shelf during.lower Cretaceous time. Proven
reserves of 98 mbbl oc1l1 and 31 tcf of raw gas are contained
within thé Viking and are céncenﬂratedNin a number of
isolatedefields (Figure 1.1). All tﬂe,fields occur in the
subsurface at burial depths that rangé‘betweé% 1200 and 3000

~

meters. Most of the production comes from coarse—gréineq )
sandstones and conglomerates with minor production from‘v 5'3ﬂ
‘ fine- graln\f sandstones, ” k

The V1k1ng Formation in central Alberta (Figure 1.2)
consists of marine clastic rocks underlain by marine shales
of the Joli Fou Formation and overiain by the marine
Lloydminster Shales. Formations qﬁat are stratigraphically
equivalent to the Yikiné include the Bow Island (southern -
*ﬁlberta),)Peace Rerr (northwestern Alberta) and Pelican
g?northeastern Alberta)(Figure 1.2). The Viking Fprmétion has
also been correlated to the Muddy and gsw Castle sandston;s
%(Ashville Formation) in northwestern United States (Magdigch
1955; Stelck, 1958, 1975; Glaister 1959; Rubkin, 1964; Berg
and David, 1968). | s

Bentonites within the Vikiﬁg Formation have been
radiometrically dated at 100, + 2 Ma (Tizzard, 1974); these
data agree with biostratigraphic‘evidehce.placing this

“~

formation in the mid-upper Albiaﬁ stage (Stelck, 1958, 1975)

(Figure 1.2).
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C. Geologic History
o

Tectonic Getting

The Viking Formation was deposited 1n a subsiding basin
east of the Albertijfold-and-thrust belt that resulted from
the subduction of the Pacific plate beneath the western edge
of the North American plate (Price, 1973; Dickinson and -
Synder, i978;_Beaumont, 1981; Jordon, 1981). The first phase
of subduction—(late Jurassic to early iate Cretaceous) is
commonly referred to as the Columbian orogeny and reflects
an eastward migration of the fold;and-thrust belt (Amajor,
1980). Deformation during the early Jurassic (Nevadan
orogeny) was restricted to the Omineca Geanticline (western
British Columbia). By Aptian/Albian time, the collision of
the island arc complex with thé continent resulted in
extenéive plutonism and volcanism in the Cordilleranr
geosyncline.

These eatly phases of mountain building uplifted the
previously formed miogeoclinal wedge and created a source
" for most of the Jurassic and Cretacecus sedi@ents (Beaumont;
1981). The combinétion‘of thrust‘Loading,and sediment
}oading after erosion probably enhanced basin subsidence and

the development of a foredeep in Western Alberta (Rice;

'1980; Jordan, 1981). !

,



Late Albian Transgressions

Minor variations in subsidence rates resulted in two

!

major transgressions during the late Albian. The Joi1i Fou
Formation (Fidure 1.2) represents a period of maximum
Fransgression of the Boreal and Gulfian seas during the
éarly late Albian (Williams and Stelck, 1975; Weimer, 19é3)
(Figure 1.3A). A regréssive phase in the late late Albian
marks the beginning of Viking deposition as sediments eroded
oﬁf the rising Cordilleran prograded onto the shallow,
epicontinental shelf of the Mowry sea (Figure }.3B). The
second major transgress%bn occurred 1n the lat 1 ‘

Turonian and deposited the Colorado and Lloydminster shales

(Figure 1.3C).

Laramide Orogeny

The early phase of the Laramide orogeny began {n the
late Cretaceous and was characterized by extensive thrusting
and uplift along fhe eastern .Cordilleran (Taylor et al.,
1964; Dickinson and Snyder, 1978). Thruséing and erogion
continued into the early‘Tertiary and resulted in the R
deposition of a thick sequenée of Paleocene clastic rocks
and caused maximum downwarping of the basin (Beaumont,
1984). Maximum_bUrial depths were attained in the late
Pal€ocene to.early Eécené (50 Ma) and correspond to the end
of Fhis initial orogenic pulse (Taylor et al. 1964; Hitchon,

!
1984). | o :
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The seccrnd phase of the Laramide crogeny occurred in
the ear.y Eocene and caused extensive uplift and erosion. of
7

Palgocene and upper (Cretaceous rocks. Erosion has removed

all but a smail portion of +he Paleocene cjastic rocks that

are still present adjacent to the foothills (i.e., Paskapoo
and Porcupine Hills Formations)(Taylor et al., 1964; Wheeler
et al., 1974; Beaumont, 1981).

Isotopi&‘studies of formation waters from the western
Canada‘sedimentary basin indicate that original connate
waters have probably been modified by mixing with meteoric
waters (Clayton et al., 1966; Hitchon and Friedman, 1969;
.Kharaka et al., 1973; Longstaffe, 1983, 1984, in press). The
beginning of overthrusting associated witﬁ“the second
Laramide orogeni; pulse (early Eocene) cfeated a large
hydraulic head in the eastern foothills and allowed metecric
waters to éenetrate deep within the basin and discharge
eastward (Hitchon and Friedman, 1969; Hitchon, 1984)(Figure
1.4). Toth (1980) indicated that the present hydraulic head
in the Rocky Mountains allows groundwater to circulate to
depths in excess of 3000 meters. The influx of meteoric
water has continued throughout the Tertiary to the present
and has resulted in the movement of large amounts of
dissolved material through the §ubsurface (Toth, 1980;

Hitchon, 1984).
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!
D. Previous Work

The Viking was first described by Slipper (1918) and

-

since then numerous studies have been carried out ma:inly on
'lithoéfratigraphy and depositignal environments (e.g., Hume,
1933; Nguss, 1945: Bullock, 1950; Gammell, 1955; DeWeil,
1956; Glaister, 1958, 1959; Roessingh, 1959). Recent

interest in the Viking has also been placed upon

depositional processes (e.g., Amajor, 1978, 198Q, 1984;
Thomas, 1977; Beaumont, 1984; Hein et gl., in press; Leckie,
in press).

Hein et al. (in press) studied regional’ patterns of
1 <
sedimentology of the Viking Formation at Caroline, Harmattan

East and Garrington of western south-central Alberta. The

Viking was characterized as a coarsening-upward sequque'

A} —

consisting of 20-25 m of interbedded and loaded fifie-grained
sandstone and shale, 6-12 m of fine-drained sandgstone

. . ‘ \\ . .
containing low angle, cross-stratification, ar up to 4 m of
. g
e e
chert-pebble conglomerate and pebbly sandstone. Three main
’ . #

periods of deposition were recognized, the first consisting

of progradation of a shoreline-attached, clastic wedge
L ]
L] .
during a regression that resulted in the deposition of the

fine-grained sandstones and shales. The second phase was

.

characterized by the cut-and-filling of conglbmeratic

cﬁénnels. The third_phésé consisted of marine reworking of

.

material on the shelf into sheet-like deposits of sandstone
‘ L

and congl8merate. ;



Leckie (1in press) étudied the Viking at Caroline and
reported similar features as above. These :ncluded a lower
reggessive seguence of:fine—grained sandstones, shales and
siltstones and an upper transgressive complex of medium to
’coarse-gréined‘sandstones and conglomerates.

Studies concerning the m}neralogy and diagenesls of the
Viking are less common. The Viking was described by Gammell -
"{1955) as a succession of si%p& and sandy bentonites and
dandstonés. The sandstones were described as subgraywackes
consisting of white quartz and rounded black thert grains
cemented mostly by silica. Glauconite, white chert, kaolin
group minerais and ironstone concretions were also observed
in varying amounts.

Glaister (1é59) described the Viking in central Alberta
aé a succession of "salt-and-pepper"” protoquartzites or
agrillaceous protoquartzites inte;bedded with §ray to dark
grey siltstones and shales. The sandstones were describeg.as
consisting mostly of clear quartz and black to dark gray,
Subangular to subrounded chert grains; glauconite and mica
were common accessory minerals. Silica was'ident@fied as the
dominant cement. Grain size and the amount of argillaceous
matrix were shown to increase southwestward, towards the
source.’ ’

Thomas and Oliver (1979) conducted a regional study of
the Viking and Cardium Formations of éentral Aiberta. They
indicated that the Viking shows a normal decrease in

porosity with depth from 640m to 2640m which was attributed



to mechanical compaction, chemical compact:on (pressure

v

solution) and guartz overgrowth development. It wac shown
that at shallow depths mechanical compaction was more
evident in the coarse-grained rocks than in the fine-grained
rocks. The higher resistance to mechanical compaction in the
fine-grained rocks was attributed to a greater number of
grain contacts per unit volume. However,-1t was also
indicated that at greater depths a higher number of grain

. , <
contacts may have enhanced preésure solution and may be the
reason that the fine-grained rocks are mbre extensively
cemented by guartz than the coarse-grained rocks. Authigenic
clays, including kao};n group minerals, illite, chlorite and
smectite were also detected but their occurrences did not
show any relationship to depth-porosity changes.’It was
‘indicated that early clay coats may have inhibited quartz
cementation.

Foscolos et al. (1982) stpdied the Viking in
east-central Alberta (P;ovost)‘where burial depths are
approximately 1000 m. In this area two sandstones were
identified, a shallow buried lithic arkose containing minor
glauconite and a deeper buriedwsublitharenite with abun@ant
glauconite and clay minerals. In the shallow saﬁdstone}
kaolin group mifierals were the aominant‘authigenic phasé and
were reported fo have formed through the replacement of
feldspar. Iﬁ the deeper»sandstone, calcite was moré abundant

[s3)

and where the calcite was absent, quartz cementation was

extensive; calcite was interpreted to be an early phase that



4
may have inhibited guartz cementation. In the lower

sandstone shrinkage porosity was detected-and attributed to
the alteration of glauconite. Smectite and mixed-layered
clays were detected in both types of sandstone.

Tooth et al. (1984) studied the Viking at Dodsland,
Saskatchewan where burial degths are\near 700 m. The
sandstones in this area were described as consisting mostly
of quartz and lesser amounts of chert, clay minerals,
feldspar, glauconite and mica. The dominant cements were
determined to be quartz, feldspar and clays but minor
pyrite, siderite and dolomite were also detected. The
dominant clays were reported to be illite, smectite and
mixed layered illite/smectité; minor kaolinite and chlorite

were also repof&ed.

E. Analytical Methods
Core Description

Regional variations in lithologies were aocumented by
describing 27 cores in detail (for core descriptions see
Appendix-1). Grain sfze (phi scale) wac measured using a
binocular microscope and grain size charts (Figure 1.5). The
cores were described with careful notation of grain size,
sedimentary and biogenic struggures, néture of alih
lithologic contacts, and mineralogy. Cross sections and
fence diagrams vere constructed to reveal regional
variations in lithologies. Sections were drawﬁ using

standard lithologic symbols (Figure 1.6). Problems in
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Shale

Sitstone

Mixed Sand/Shale

Horizontal Laminaton
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Trough Cross Stratification
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Matrix-Supported Conlomerate
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Pyrite
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Bentonite
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Convoluted Bedd ng
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Scour Surtace

Fining Upward

Coarsening Upward

Fish Scales

Plant Debris

Bioctastic Debris

Rip - up Clasts

Siderite Cement

Dolomit.e/ Calcite cement
Slump Structure

Missing Section

Poor Sampie. Questionable Interpretation
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icgging of core occuHred where portions were missing,
removed, broken or scored by the core barrel.
Correlation of Geophysical Logs

Geophysical logs (gammé-ray, spontaneous potential, and
shallow resistivity) were Qsed to supplement lithologic logs
for the purpose of constructing sections (Figure 1.7). The
Base of Fish Scales Marker has been used as a regional datum
in all sections and is considered a good time stratigraphic
marker (Amajor, 1978, 1980). Where coring has not penetrated
complete Viking sections geophysical logs are used to
determine thicknesses of lithologic units (Figure 1.7).
Core Sampling

Samples for mineralogical énalysis were obtained by
cutting one cm® of the core at varizus intervals. More than
300 samples were seiected from all lithologies, including
conglomerates, coarse and fine-grained sandsténes, and
shales.
Hydrometer Analysis

The percentage of fine;grained material in each sample
was determined by hydfometer analysis. Prior to analysis,
each sample was disaggregated, care being taken to preserve

the original grain-size distribution. Grains larger than 2

mm were removed by sieving. A minimum of 20 grams of

material ffom each sample was soaked in 125 ml of a 4 %
sodium hexaﬁetaphosphaié solution for 8 hours to further
disperse the particles. Ultrasonic disaggregation was used

as a final step to ensure thorough dispersion of clay-sized

¢
’

Y



Figure 1.7. Correlation of Iithologs to resistivity logs.
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particles.
X-ray Dif}raction Analysis

Foilowing hydrometer analysis, the solutions were
redispersed and the reqguisite mineral size-fractions (<0.2,
<2.0, ,2-5 and 5-20um) separated at the appropriate time,
according to Stoke's Law. To ensure complete separation, the
dispersion and settling process was repeated three times for
each size-fraction. Approximately 200 ml ®f sodium
hypochlorite was added.to flocculate the qineral ﬁatter in
each size-fraction and to dissolve any organic matter
present. The solutions were then heated f&r two days at 60°C
o destroy any.residual organic matter. The solutions were
thoroughly washed with distilled water using a high speed
centrffuge. The <2um size-fraetion was then divided into two
portfons, oneﬁsaturated with Ca?" and the other with K°, All
the size-fractions were freeze-dried ana deposited by
suction upon a ceramic disc.

X-ray diffréctograms for the discs were obtained using
the following conditions (IgnaSiak et al., 1983):
1. Co k-alpha radiation,.with graphite monochromator;
2. 1 degree divergent slit; time constant = 2; |
3. 1 degree two theta/minute at 600 mm/h;
4, 50 KV, 20mA; ’

The following X-ray charts were obtained for the <2 um
size-fraction:

-1. Ca-disc at 54% relative humidity, 2-40 degrees two-theta;

2. Ca-glycolated, 2-62 degrees two-theta;



3. K-disc at 0% relat:ve hum.:dity, 2-40 . Cegrees two-theta;
4. K-disc at 54% relat:ve humidi*y, 2-22 degrees two-the<-a;
5. K-disc at 300°C, 2-28 degrees two-theta;
6. K-disg at 550°C, 2-28 degrees two-theta.
for‘:he 2-5um and the 5-20um siz?—fractions, X-ray data was
obtained for the unsaturated discs at 54% relative humidity.
For the <0.2um size-fractionrx—ray data was obtained for the
unsaturated discs at 54% relative humidity, glycolated and
at 550°C. For all samples the appropriate conditions were
maintained prior to, and throughout, the X-ray analysis.
This combination of procedures permits unambiguous .
identification of the various clay mineral families.

The relative percentage of clay minerals in each
size-fraction was determined using diffraction peak-heights
(Sc;fe, personal qommunication). For the <0.2um and <2um
material, the heigﬁts of (001) X-ray diffraction peaks wvere
measured for smectite, illite and’kaolin group minerals
using diffractograms for the Ca-saturated, ethlyene-glycol
treated samples. The (002) or (0C3) x-rdy diffraction peaks
(d = 13 A) were used for mixed-layer clays present in the
samples. For chlorite, the height of the (001) X-ray
diffraction was determined from the K-saturated,
heat-treatéd (550°C) XRD pattern. For the 2-5um and the 5-20
umwsizg-fiactions, all measurements were héde using the XRD
pafterns obtained at 54% relative humidity. To account for

the variation in crystallinity of each clay mineral family,

form factors were assigned in the following manner:

#



22

height cf 7 A peaks/4 x heigh:t of i0 A

It

L)
.

[

height ¢i 14 A peak/3 x height of 10 A

5. Kaolin group minerals (7 A) = height of 7>A peak/2.5 x
height of 10 A peak.
These form factors were summed and the relative
percentages calculated for all the phases. For samples

containing both chlorite and kaolin group minerals, the _

*

kaolinite group mineral (001) and the chlorite (002) basai
diffractions overlap. Hence, the amount of kaolin group
minerals may be overestimated. To correct for this )
discrepancy, percentage of.cﬁlorite (14 A) 1s subtracted
from the percentage of kaolin group minerals (7 A); all
results are renormalized to 100% and rounded to the nearest
5%.

Powdered, bulk rock samples were also analyzed by X-ray
diffraction. Crushed samples were placed in an aluminum
holder and analyzed from 2-62 degrees two theta at room
humidity. |
i Values for relative abundances of quartz, feldspar and
clay'minerals were determined graphically ﬁsing standard

mixtures of well crystallized kaolinite (KGal) and quartz

for calibration. Relative abundances are reported as

“
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follows:
N . N -
>35% of phase present .n sample = major 'M);
Z. 10-35% of phase present in sampie = moderate (mMj;
3. 5-10% of phase present 1n sample = minor (m);
4. 2-5% of phase present in sample = minor to-trace (mt);
5. <2% of phase present 1n sample = trace (t).

Scanning Electron Microscopy

A small chip from the center of each sample was mounted
on SEM stubs using conductive silver paint. The stubs were
sputter-coated with 20 nm of gold to ensure proper grounding
during the analysis. The instrument used for the microscopy
was the Cambridge Stereoscan S$S250, Its accelerating voltage
was fixed at 25 KV.

The ratio of crystal widths to pore~thfoat diameters
was determined using SEM..Pore—throat sizes determined in
this manner are pnly an approximation; other techniqgues,
such as acetate peels and mercury injection can be used to
quantify these estimates.

A Kevex system 7000 (energy dispersive X-ray analysis,
EDAX), toupled'to the SEM, was used to obtain chemical data
for mineral phases. Analysis were obtained using a beam |
diameter of 1uh (spot analysis). Acéelerating voltages were
kept at 20 KEV for all anélysis and samples were oriented to
minimize beam scatter. Count rates were ﬁaintained between
500 and %00 counts per second and the duration oﬁ the
analysis varied between 30 and 50 seconds. When chemical

comparisons are made it should be noted that elements with



iow atomic numbers f{e.g., Na and Mg) are suppressed while

elements with high atomic numbers (e.3., Fe) are enhanced.

'y

or these reasons chemica. a~a.ysis crta.ned 1n th:s manner

are gualitative oniy.

M

Thin Section Analysis

Thin section analysis was performed to determine the
nature and abundance of detrital and authigenic phases.
Before preparation samples were impregnated with blue epoxy
to emphasize porosity and preserve pore-filling material.
Thin sections were Staided with potassium ferrocyanide and
alizarin red for identification of carbonates. Mineral
abundances were obtained by point counts (500 counts per
thin section). Classification of rocks was based on the
types of framework grains present or originally present,
prior to diagenesis. |

Polished thin secti?ns were made for selected $amples
for microprobe analysis.lNo stains or epoxys were introduced
duriné sample preparation, ’ | |
Microprobe Analysis A .

Polisked thin sections‘were anblyzgd using a microprobe
to obtain semi-quantitative chemicdl compoéitioné of some
authigenic phasﬁs.vThe instrument used was an Applied =

Research Laboratories (ARL-SEMQ) fitted with a 4-wavelength

spectrometer and an-energy dispersive spectrometer. All

* o

analysis were done using a beam diameter of 1um (spoﬁ
analysis); the results were accurate to #* 2%.

Stable Isotopes

s
- 1.
) N .
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Kaclin group minerals, guartz, Fe-calcite, ankerite,
.3
dolomite and siderite were studied because tiey are
indicative of major diagenetic events and thev'occur in

sufficient abundance for accurate/pxygen~,>nd carbonelsotope
analysxs o )
Oxygen—lsotope analysxs of kaolzn group minerals and
quartz were performed using the BrFy method of Clayton and
.Mayeda (1963). Petrographuc analy51s was ysed ta. determxne
whether samples-Contalned authlgenlc or-detrltal quartz and
kaolin group minerals.‘The 5-20um size—rraCtiop was seleeted
tor these samples for ﬁsotopie analysis because’quartz.and
kaolin.group minerals were us$ually the‘dominant phases

-,

(determined by X-ray diffraction). This material was treated“’

-

with a bdiling 6N HC1 solution to remove any traces of
chlorite or earbonates.bThe‘Srébum,material was then suldt
into‘two>100mg portions; the first was retained for‘isétdg%f
. analysis. The second portion was reacted with 10ml of’ H. SlFe
for three~days and then washed with 0.1N HF and distilled
water This treatment. was follSwed by a 5ml saturated H3BO,
:solution for 12 hours. These procedures removed kaolxn group
m1neraéf, leav‘ng only‘quartz for 1sotop1c analy51s. The
1sotop1t.compos1t1ons of the quartz i-s not affected by these
treatments (Syers et "al.,,1968). The 1sotop1c composition of
the kaolxn group mlnerals were determlned by extrapd'atlon

L]

u51ng the quartz 1sotqp1c comp051t10n and the 1sotop1c
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minerals 1n each sample was determined by’ X-ray d:ffraction.

Prior to 1sotopilc analysis, all samples were dried at

O

r 2%

+105°C for two hours and maintained at zero humid:ity ¢
‘ - O

hours before treatment with BrF,. Replicate analyses of the
silicate minerals were better than * 0.2 permill.

Carbonate minerals were prepared for 1sotopic analysis
by reacting organic-free, powdered rock gamples {(<44um) 1in
phosphoric acid using the procedure described by Walthers et
él. (1972), modified after McCrea (19503 and Epstein et‘al.
(1964). Petrographic and XRD studies were used to select
samples containing >90% of only one carbonate phase.

LY

Mixtures of dolomite and ankerite, in varying percentades,
We;e also analyzed. Replicate analyses oﬁ’carbonate minerals
were better than t 0.2 permill.

The isotope daﬁa are presented in the usual 6 notation
with respect to étandard Mean Ocean Water (SMOW) for oxygen-
(Craig, 1961) and the Belemnitella americana from the Peedéé
Formation (PDB) for carbon (Craig, 1957). The-part(tioning’.
of **0O between two phases, A and B, {s given by
AA-B = 10°1naA-B = (a-1)10° = 6A - §B
where a is the oxygen-isotope fractionation‘factor between A"

—~

and B.

-

~
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11. REGIONAL VARIATIONS IN LITHOLOGIES

‘The Viking Formation consic*s 2f{ :two main depositional
units that are discernable on geophysical logs and in core:-
(1) Viking "B" deposits and (2) Viking "A" deposits (Figures
1§7h& 2.1). These units reflect alterBating periods of
progradation and represent a southward stacking of marine
sand bodies in response tq rising sea levels. A similar
feature of the Viking in southern Saskatchewan and ’
south-central Alberta was reported by Amajor (1980). A
detaaled'description of the sedimentary facies comprising

A
these units is given by Hein e* al. (in press).

A. Viking "B" Deposits ¢

4

Lower Coarsening-Upward Unit’

Tﬁe }ower part of the Viking "B" records a.
coarsenihg—upwafd sequence of silt and shale (Figure 2.1). .
The base of the wedge grades upward from the Joli Fou Shale
into silty shales of the Viking Formation and.reflects thé
first influx.of coarse-claétié'sediwents oﬁtpfthe shelf. TQZ?
lower coarsengng—upward unit is usually 15 to 20 meters
thick (thickness were determined using geophysical logs,

Figure 1.7) and is continuous over most of the area (Figure
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Lower Conglomerate

The si1lty shale 1s ccmmonly capped by a thin
conglomerate 0.2 to 2 meters thick (Figure 2.1). Towards the
south the conglomerate 1s usually poorly defined and occurs
as a thin pebble stringer within the shale. The lower
conglomerate reaches thicknesses of up to 2 meters in the
north (e.g., Gilby field, Figure 3}.1) and has an erosional
contact with the underlying silty shalé. The soushward and
northeastward thinning of the lower congiomerate suggests
that the source was mainly from the west. '

The appearance of the lower conglomerate probably
reflects a minor tecton;c event that disrupted the overall
progradation. A thin bentonite usually occurs along with
this conglomerate (Figure 2.1) suggesting increased volcanic
activity. The bentonite was useful in correlating the lower
conglomerate southward where cores of complete Viking

sections are usually not recovered (e.g., Figure 1.7).

Upper Coatgening-Upward Unit

After emplacement of the lower conglomerate,
progradation continued from the southwest‘deppsitiﬁg a
coarseniné-upward sequence of fine-grained clastic rocks.
This unit is thick in the southwest (e.g., Caroline fieid,
Figure 2.1), varying between 20 and 25 meters. Shale content
decreases up section and the top 8 to 10 meters usually
consisﬁs of parallel to low-angle, cross-stratified

fine-grained sandatones. The fine-grained sandstone unit
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decreases in thilckness and 1ts shale content 1ncreases

towerds the northeast (Figure 2.1). A fence diagram of the
»Ferrier field (Figure 2.2) 1ndicates that the fine-grained

sandstone unit also pinches éut towards the northwest, as

well as the northeast, suggesting a southwesterly source,.

Upper Conglomerate

The top of the Viking "B" 1s capped by another '
conglomefate (Figure 2.1). This conglomerate is th% dominang
reservoir in the Carocline, Ferrier, Willesden Green and
Gilby fields and varies from <1 to 8 meters in thickness.
The conglomerate has an erosional base wigh the underlying
finé~grained sandstones and this contact may reflect renewed
tecto;%c activity and/or maximum regression of the Mowry sea
(Figure 1.3B). The variable thickness of the upper
conglomerate suggests marine rewéLking may. have occurred
during the following transgression. Extensiye‘reworking of

| the Viking "B" conglomerates into ridge-and-swale
topographies at Garrington was reported by Robb (1985).

Up to 8 meters of conglqmera;es and coafse-grained
sandstones occur‘at Willesden Green (well # 5-6~41-6w5{
Figure 2.3) and up to 4 meters oc;uf at Gilby (well #

10-10-40-1WS, Figure 2.1 and 2.4).vThese thickgr |
accumulations occur in-stratigraphic,iOws and may represent
chénnel deposition. Within the channels individual ~

“—tbafsening-upward beds are peserved indicating that

s

vwinnowing of fines did not occur after deposition. A similar

. ’\\
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» 11-24-42 6WS ~

4:12-42-5w5 Figure 2.4. Fence diigram of the Gilby field.
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contro: on the depcsiticn of gravel was suggested by Grant
{*985) for the Viking Format.on at Harmattan East

B. Viking "A" Deposits

Viking "A" deposits reflect minor
progradational /regressive events'during a major
transgression that deposited the Lloydminster Shale (Figure
1.3C). The Viking "A" at Caroline kFigure 2.1 and 2.5)
‘consists of two to three pulses of coarse-grained sandstone
that are 0.5 to 2m thick and have sheet-like morphologies.
These deposits pinch out towards the northeast (Figure 2.1),
suggesting a gouthwesterly source. Viking "A" deposits are
also seen 1n the northwestern part of the Gilby and
wille§den Green fields (Fiqure 2.3 and 2.4) and c@nsistvof 1
or 2 pulses of conglomerate or coarse-grained sandstone 0.5
to 1m thick. These deposits pinch out towards the east
suggesting a westerly source (Figure 2.4). A change in
source for the Viking "A" 1s also reflected in their

detrital mineralogy, as discussed later,
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I1I. RESULTS OF MINERALOGY & ANALYTICAL GEOCHEMISTRY

A. Mineralogy of Shales

Shaies interbedded with the Viking Formation were
anaiyzed in order to determine mineralogicali variations with
depth. An 1mportant reaction that occurs during buria.
diagenesis of shales 1s the 1llitization of smectite layers
in illité/smectite (Perry and Hower, 1970; Boles and Franks,
1979). By studying.the compositions of illite/smectite in ‘
the Viking ;hales the extent of .llitization can be
determined and this may reveal the maximum temperatures
reached during burial.

The mineralogy of shales interbedded with the Viking
Formation 1s given in Table 3.1. In ail samples clay
minerals are a major phaée; other phases present 1include
guartz and feldspar. Illite (60-85%) is the dominant clay
mineral with lesser amounts of illite/smectite (5-25%),
kaolin group minerals (t-20%), chlorite (t-10%) and smectite

(nd-5%). ’

Nature of Illite/Smectite

The percentage of smectite in the illite/gmectite
decreases with depth (Figure 3.1). The percentage of
smectite layers can be determined from the positions of the
(001) and (002) basal diffractions (I1/S (001) and (002),
Figure 3.1).At shallow depths these diffractions are near

13.6 A (001) and 5.29 A (002) (Figure 3.1A and 3.1B) and

36
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Figure 3 1. Nature c¢ 'ilite. smectite in shales, <C 2 um size-fraction,
1 (00 1) |
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“illite/smectites found at depths less than 2000m have

BT 39
s .
correspond to an :llite-glycol smectite with 30-35% smectite
layers (Reynolds and Hower,, 1970). There is a decréase in
the values of these diffract}ons with depth to a minimum of
12.2 A (001) and 5.17 A (002) (Figure 3.1D) reflecting <20%
smectite layers,(Reynolds and Hower, 1970)

The percentage of smectite layers was also determined

by comparing the values of the {002) and (003) diffractions

- to computer calculated data for various percent smectite

layers- (Srodon, 1984;. Table 3.1). The results show that at
shallow depths there are between 32 and 39% smectite layers
(e.g., samples MSE & M79; Table 3.1) and at maximum depths
;etwégn ;4 and 19% smectite layers remain (e.g., samples M72
& M623, Table 3.1). Srodon (1984) indicated that the
percenigé; of smectite layers ié usuaily underestimated if
abundant discrete illite is present, as in'the case of the
§Hales studied (Figure 3.1 and Table 3.1). o

A more precise idgntification of ‘the
interstratification was dete}mined by p;otging the (001)
diffraétions valués on alplot of different, theoretigal
illite/smectite types (Sroaop, 1984). On the basis of this
plot, Snoddn'(1984)_indicatéd~that a continuous serigs of
1nters§ratifip§tion fyp§5!exists including randomly .
intgrstraéif{ed, I;S‘ordered (élterqating layers of illjite
aﬁd smeétite), and ISII ordered (repeating units éonsisting

of.illite-smectite—illite;illite). In the Viking Formation,

.

Vihterstratificatiohs that'are between random and IS ordered.
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At gepths greater than 2500m 1interstrat.:iication approaches
I1S1I ordering (Table 3.1).

The composition of 11lite/smectite in the Viking'shqles
may provide useful information concefning ma x imum
temperatures of burial.\Shaleﬁcinterbedded with the Viking
have illite/smectite compositions that range between ==35%
smectite layers at 2Km depth and =15% smectite layers at
=3Km depth;.a change from random to ordered
interstratification is also.present At =2Km depth (Table
3.1). These variations prébably reflect:dffferent stages of
smectite diagenesis, assuming all shale samples had similar
Starting compositions. The relationship between .

11lite/smectite compositionuin shales, burial depth and
temperature has been’studied.extensively in the Gulf Coast
area (e.g., Perry and Hower, 1970; Perry et al., 1976; Boles
.and Franks, 1979). These studies ;nd&cate that .there is a
decrease in smectite layers from about 70% at 1Km (60°C) to
about 10-30% smectite layers at >4Km (>170°C) and the change
ifrom randor to ordered interstratification occurs at |
aépro#imateiy 2Km (100°C) (Boles, 1981)., If shaleé in the
Viking had similiar starting illite/smectite compositions a;(
) s

in the Gulf Coast shales then temperatures in excess of

100°C were probably also reached in the~viking.
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B.>Detrital Mineralogy of Sandstones and Conglomerates
The detrital mineralogy of the Viking sandstones and

conglomerates was studied in order to classify the rocks and
~determine any variations in source during deposition. Three

main rock types have been examined: conglomerates,

coarse-grained sandstones and fine-grained sandstones. The

detrital minerals 1in these rocks consist of chert, gquartz,

feldspar, rock fragments (mainly shale), and dolomite. 7

(Tables 3.2 & 3.3).

o~

Conglomerates
The éonglomerates are dominated by chert (45-80%) and
_contain lesser amounts of quartz (3-26%), rock fragments
(nd-18%), and feldspar (6-12%, Viking "A"; t-5%, Viking.
"B"); conglomerates also have thelhighest porosity values of
all the‘lithologies studied (t-16%)' (Table 3.2).
Conglomerates contain many different varieties of chert
including micro, macro and polycrystalline grains that
commonly show relict limestone textures.(Plate 3.14).
Conglomérates are usually cemented by small pore-lining
guartz crystals (cﬁert cemept) and pore spaces are commonly
filled by authigenic kaclin group minerals (Plate 3.1A).
Compaction of the conglomerates has resulted in numerous
sutured chert contacts (Plate 3.1B) and in the deformation .
' ,

of shale rock fragments (Plate 3.TC). Some conglomerates
also contain a clay-rich matrix comprised mostly of kaolin

- — e - ———— v — - —— = . — -

'‘Porosities were determined by point count1ng and preobably
are minimum estimates
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group minerals (Plate 3.1D). The origin of these <aoliln
group minerals in uncertain but they are probably detrital
and were elther deposited along with the conglomerate or
infiltrated after depcosition. This detrital matrix commonly
contains authilgenic pyrite and quartz and, in some places,
appears to have been replaced by well crystallized

authigenic kaolin group minerals (Plate 3.1D & 3.1E).

Coarse—-Grained Sandstones

K The coarse-grained sandstones are dominated by chert
(18-65%) and quartz (5-48%.,, and contain lesser amounts of
rock fragments (nd-14%) and feldspar (2-30%, Viking "A";
t-4%, Viking "B"); porosity‘values are normally high (t-14%)
(Table 3.2). Detrital clays, mainly kaolin group minerals,
are common and, 1n some piacés, may have inhibited the
growth of quartz cement (Plate 3.1F). Coarse-grained
saﬁ@stones containing abundant detrital gquartz are usually
well gemented by extensive quartz overgrowths (Plate 3.2A).
Detrital gquartz is usually unstrained, contains few
inclusions and has well rounded outlines (Plate 3.2A).
Boundaries between quartz grains are commonly
convexo-concave but may be the result of mergence of gquartz
overgrowths within pore spaces (Platg-3.2B). Biogite is a )
common accesory phase and is usually compacted around quartz
and chert (Plate 3.28)? Pord%ity has been enhanced in some

of these rocks by the dissolution of chert and feldspar .

(Plate 3.2A & 3.25):
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Fine-Grained Sandstones

The fine-grained sandstones are dominated by guartz
(34-60%) and contain lesser ‘amounts of rock fragments
{3-24%), chert (5-19%) and feldspar (nd-5%, kaing "B").
Very little visible porosity is seen in these rocks,(t-4%)
because of extensive qQuartz overgrowths (Plate 3.2C).
Detrital dolomite is common (nd-12%) and, in some samples,
is replaced by'ankerite (Plate 3.2D & 3.2E). Shale matrix
(shale rock fragments) is usually compacted around quértz
and chert grains (Plate 3.2F). Muscovite commonly occurs as
an accesory phase and is usually degraded along its edges
(Plate 3.2F). o .
Classifiéétion

The bulk mineralogy of the Viking Formation is
summarized in Figure 3.2. The classification scheme (?igure
3.2) follows the argument of Blatt et al. (1980, p. 370-372)
and separates chert and>quartz from feldspar and uns&able o
rock fragments (in¢lud4ng shale matrix). This form of
classification places emphasis on the relative stability of
frémework grains where quartz + chert > feldspar > unstable
rock fragménts (Blatt et al., 1980). For the Viking, this
classification helps to separate ;he reservoir rocks
(congloﬁerates’and coarse-grained sandstones) fram the
non-reservoir rocks (fine-grained sandstones) (Figuée 3.2).

The presence of quartz, chert, shale rock ffagments and

~dolomite suggests that the source was predominantly

‘
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sedimentary in brigin (i.e., from the West); plutonic rocks

would have provided a source for the feldspar.
N
Viking "B" rocks contain low percentages ol detrital
feldspar and consist mainly of guartzarenites,
sublitharenites and litharenites depending on the amount of
detrital clays present (Figure 3.2). The Viking "A" rocks at
Gilby and Willesden Green contain a high.feldspar content
and consist of subarkoses, arkoses, and lithicarkoses
(Figure 3.2). The Viking "A" rocks at Caroline have a lower
feldspar content and consists mostly of sublitharenites. The
higher feldspar content 1in the Viking "A" rocks relative to

the Viking "B" rocks reflects a change in source for the

younger Viking "A" deposits.
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\J‘_// PLATE 3.1

A Photomicrograph of a Viking ‘B conglomerate showing detrital chest (Chi quartz Q!
authigenic quartz (AQ! and kaolin group minerals tAK) Chert grams show relict
imestone textures such as crinoid stems and sponges spicules tarrows! (Wiliesden
Green figld well # 13-19-40-6W5 sample # M189 depth = 2257 8m plane
polars dark blue = porosity, fieid of view = 2 7 x‘2 7mm;

B Photomicrograph of a Viking ‘B conglomerate showing the dissolution of chert (Ch)
along sutured gramn contaglts (arrow) and within grains {Willesden Green field. well #
5-6-41-6W5 sample § MO4 depth = 2294 3m plane polars, dark blue = porosity
field of view = 2 7 X 2 7mmj.

C Photomicrograph of a Viking "A’ conglomerate showing the compaction of a detrital
shale rock fragment (RF) around chert (Ch). quartz (Q) and feldspar F) (Willesden
Green field. well # 7-29-40-6W5. sample # M180. depth = 2257 Om._ plane polars.
dark blue = porosrty. field of view = 2.7 X 2.7mm).

D Photomicrograph of a Viking "B” conglomerate showing detrital kaolin group minerals
{K) surrounding chert (Chl. The matrix 1s very extensive and inhibited quartz
cementation. The matrix also contains authigenic (PyFand authigenic kaolin group
minerals (AK) (Ferrier field. well # 2-32-37-3W5. sample # M28. depth = 1980.0m,
plane polars. field of view = 2.7 X 2.7mm).

E. Photomicrograph of Viking B” c0nglomera§e showing authigenic kaolin group minerals ¢
{AK) growing within the detrital kaolin grdup minerals (K}. Abundant quartz (Q) 1s also
present (Ferrier field, well # 2.32-37-3W5, sample # M28, depth = 1980.0m. plane

# polars, dark brown = hydrocarbon staining, field of view = 1 X 1mm).

F. Photomicrograp;w of a Viking "B" coarse-grained sa:dstone showing detrital kaolin group
minerals (K) that contain pyrite (Py) and siderite (Sid) (Gilb}l field, wall #
3-17-40-4WS5. sample # M50, depth = 2157.0m, plane polars, field of view = 1 X

1mm). .
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PLATE 3.2

A Photomicrograph of a Viking B medium-graned sandstone showing detrita’ quartz Q.
chert (Chi and a shaie rock fragment (RF) Compiete quartz overgrowths tAQ! occur
on detrital quartz The dissolutior of chert has created oversized pores (white
arrows! (Willesden Gre}én field well # 3-31-40-6W5S sample # M132 depth =
2278 Om. plane polars dark blue = porosity fieid of view = 2.7 X 2 7mm])

Bﬁ’hotomncrog'raph of a Viking "A” medium or coarse-gramned sandstone showing detrital
feldspar (F) biotite (B quartz (Q) and chert (Ch). Lithification has occurred primarily
through quartz cementation (AQ) and contacts between detrnt;l quartz are commonly
convexo-concave (black arrow). The dissolution of detrrtal feldspar (large arrow} and
feidspar overgrowths (AF) are aiso seen {arrow) (Willesden Green field. wel #
7-29-40-6W5, sample # M181 depth = 2258 Om. X polars field of view = 1 X 1
mm).

C. Photomicrograph of a Viking B’ fine-grained sandstone showing detrital quartz (Q).
chert {Ch} and dol9mut’e (Dol). The formation of quartz overgrowths (AQ) completely
occludes porosity In some areas (Caroline field weli # 6-16-35-5W5 sample # \
M2 18. depth = 2468.0m. plane polars. fieid f view = 1 X 1 mm).

D. Photomucrograph of a Viking "B fine-graned séndstqne showing the replacement,of
detrital -dolomxtek(Dol) by ankerite (Anklistained blue) (Well # 14-30-31-28W4,
sample.¥ M5 19. depth = 1866.0m. plane polars, field of view = 0.64 X 0.64mm.

E. Photomu,} ograph of a Viking "B” fine-grained sandstone showing euhedral ankerite
o«%wths (Ank) on detrital dolomite cores (Dol) The formation of ankerite
completely filled remaining pore space. Small granular crystals of sndente {Sid} lining
grain surfaces are aiso seen (Caroline field. well # 6-16-35-5W5, sample # M218,

, depth 2468.0m, X polars. field of view = 0. 64 X 0.64mm).

F. Photomicrograph of a Viking "B” fine-grained sandstone showing detrital shale matrix
(RF). Muscovite (high-birefringent mineral) has altered mostly to illite (arrow) (Carbdline

field, well # 6-16-35-5W5. sample # M218, depth = 24£8.0m, X polars, field of
“view = 0.64 X 0.64m).

o4
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Glauconite S
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C. Authigenic Mineralogy of Sandstones and Conglomerates
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Authigenic minerals in the sandstones and conglomerates

were studied in order-to determine their abundance and to

establish the relative timing of mineral empalcement. The S

v
I

Kol .
authigenic minerals observed 1n the Viking Formation are

" glauconite, pyrite, chlorite, siderite, guartz, feldspar, b

Fe-calcite, ankerite, kaolinite group minerals, illite,

illite/smeétite and smectite (Tables 3.2 & 3.3).

Il

™

Glaucehite is usually present in amounts <5% at
willesden quen, Gilby and JOﬁfreiand 1s usually not

detected 1n fields to the south“(l e., Caroliﬁe) Glauconite

‘occurs as large rgynded gralns (?late 3 3A) and -as mater1al

a

'compacted; etween more .competent grains (Plate 3.3BT~ .

4

‘G%auc5h%te commonly_shcys‘dissolutipn or shrinkage porosity

that occhrred after quartz'cementation (Plete 3.3A & 3.4C).
Shriﬁkage'porosity, assoc1ated with glaucon;te, ;s a'common
feat%re of the V1k1ng sandstones at Provost éast qentral
Alberta (Eoscolos et gl., 1982). EDAX analy51s of glauconlte‘

indicates that 4t'conta1ns Si, al, K, Ca and Fe (Plate .
v o &v

3.4D). Many glauconlte grains alxo shov replacement by .

' .pyrit\eﬂﬂ'la‘te\l‘v.}'a &,.3.4!52).‘~ ‘ ) " o .

5yrite S ; R

Pyr1te is found in trace amounts 1n most samples.,It

B

",

.usually occurs as large eﬁhedral aggregates (Plate 3. 3C)
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 Fe=rich chlorjtes_ (Brown and Brindley, 1980). ;;g
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that commonly show compléx twinning'(Plate 3.4A). Aggregates
of smaller crystals (framboids) are also present (Plate
3f4B). Pyrite occurs as a replacement of glauconite (Plate
3.4E) and is also found witbin some detrital clay matrices

.

(Plate 3.1D). Some pyrit@ fcrmed early, predating chlorite

(Plate 3.4G) and si ite (Plate 3.3E). Some pyrite also
formed late, postdating gquagtz cementation (Plate 3.3C &

3.4A).

Chlorite-

Chlorite occurs in trace amounts in most samples and
A Y
1

usually comprisés t-40% of the <2um size-fractien (Table

3.3). Authigenic chlorite occurs most commonly as well
{ .
crystallized plates or rosettes (Plate 3.4G, 3.59) and ase

inter10cking aggrégates that appear amorphous (Plate}3.5B).

A~

Chlorite is commonly enveloped by later cements, sug as

quartz (Plate 3.5C & 3.5E) and siderite (Plate 3 5D 3.5F) .

EDAX analy51s of chlorite indicates that it 1is Fe rich
{

L(Plate 3.5G) .

X-ray diffraction analy51s of chlor1te suggests that it

is cham051te (Flgure 3. 3). The lower 1ntens1ty of the

+

chlorite 001 peak (14.2A) relatxve to the 002 (7 1A) and 004

- (3.5A) is characterlstxc of cham051te (Br1nd1ey,}1951).

L
= e

. H@at1ng to 550 C greatly 1ncreases the intensity of the 001

d1f£racv10n;(F1gure 3.3),;a feature also indicative of



Figure 3.3. X-ray diffraction analysis of chlorite
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The replacement of detr;tal kaoc.ln group minerals by
chnlorite is common and has been documented in sample M13S
(Plate 2.6). Intermediate stages of replacement are
characterized by alternating layers of kaolinite group.
minerals and poorly crystallized "pseudo-chlorite” (Plate
3.6C & 3.6E). EDAX analysis of the "pseudo-chlorite”
indicates it oontainsqgi, Al and Fe and probably represents
a 1:1 layered, Fe-rich.clay mineral, such as berthierioe; In
some places the chlorite appears well crystallized (Plate
3.6F); EDAX analysis indicates 1t contains minor Mg (Plate
3.6G). This phase 1is probably chamosite. Since XRD patterns
for berthierine overlap w1th those of chamosxte prec1se
identification is not possible, However, the occurrence of
minor amounts of Fe in partially altered detrital kaolin
group minerals (PlaEF 3.6F & 3.6H) suggests that the'
intermediate phaserexists.

v

Sxderxte ' )

Siderite is a common cement ranglng between t- 2% in the

~ .

-

coarse- gralned sandstoﬁes and conglomerates and up to 63% in
some fine- ;raxned sandstones (Table 3. 2). Siderite usually
occurs as pore- 11n1ng crystals that formed before quartz
cementation (Pléte 3.3D). Some siderite occurs.as radiating
crystals with rellct pyr1te cores (Plate 3 3E) similar.

texhural features have, been observed by Gautler (1983) 1n_

“ s

the Cretaceous Gammon Shale of northwestern United States.‘

-

Samples conta1n1ng a high, volume percent 51der1ternorma11y

s .
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oreserve uncompactec sedimentary textures (Plate 3.3F).
Lérge rhombohedral crystals of siderite are also present
(Plate 3.5D); they commonly envelope earlier cementé,_such
as chamosite (Pilate 3.5F). Siderite also replaces detrital
dolomite and, 1in some pléces, this may have inpibited

ankeritization (Plate 3.7A).

Quartz

Quartz is the most abundant cement in all rock types
ranging between 3-25% in the fine and coarse-grained P

sandstones and between 2-14% in the conglomerates (Table

. -
3.2). Complete qguartz overgrowths usually form around '
detrital quart;;(Plate 3.7C, 3.8A) and, in manyAs.pples, the

mergence of overgrowths resulted’in_the destruction of

porosity (Plate 3,7D). Small, prismatically terminated

‘ éry%ﬁals are common on chert gréins (Plate 3.7E, 3.8A).
t)

Thomas and Oliver (1979) indicated.that the gréwth of quartz
in Vik}ng copglgmerates waé‘prgbab\y inhibited because tﬁe
‘randgm-orienlation-of c-axes ini;hert grgins-ihhibits
;gucleation. . | |

ﬁ* The“tiﬁing‘of_most Quartz cements ié late and it
cémmonly énvqlops earlier phases) such as chamosite (P}aﬁe
%??C & 3.5E) andeidérite.(Plafe 3.3D). Some authigenic:

»

quattz appears to have formed with the chamosite (Plate
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Feldspar

Feldspar cement 1s usually\present in minor amounts 1n
lithologies containing abundant detrital feldspar (e.g.,
Viking "A" rocks). Authigenic feldspar usually occurs as

optically discontinuous -overgrowths around detrital feldspar

(Plate 3.7F). Authigenic feldspar also occurs as small .vs
).

tabular crystals growing on host grains (Plate 3.8B & 3. 8C
EDAX analysis indicates that most overgrowths are alblté“(
(Plate 3.8B, 3.8C & 3:8D). The timing of authigenic feldspar
appears to be late and commonly overlaps with quartz cements
.(Plate 3.8C).
Fe-Calcite )
Fe—éalcrte (dioe = 3.03 A) s uncammon but cgmpriseé up
to‘12% of ona rock (sample ¢ M631,vTaPle 3.2). Fe—talcite
cryatallized after quartz and, in some places;/ completelf
gilis pore space (Plate 3.9A). Fg—caicite also occurs as a
replacement of detrital feldspar; much of the Fe-calcite
cement contains smail'feldspar inclusions (Plate 3.9B).

'Ankerite

Diacrete anker;te (d1oa = 2.90 A) occutsAmainlyuiﬁ the
coarse- gralned sandstones ana conglomerates and is present
" in amounts up to 5% (Table 3 2). Discrete ankerlte occurs as
euhedral pore‘fllllng crystals that formed after quartz
cementat1on (Plate 3.8D,-& 3. 9C) Anker1tg also occuts as/a

replacement of detr1ta1 feldspar (Plate 3. 9D) EDAx analys1s

-

R
L
.

L]
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of ankerite indicates 1t is Ca-rich (Plate 3.8G).

Ankerite alsc occurs as a“}eplacement of detritail
dolomite in the fine-grained sandstones (Figure 3.4).
Samples that show only minor ankeritization usually contailn

a large unreacted dolomite core (d;os = 2.88) and a small

Fe-dolomite or ankerite rim (d,os = 2.90) (Figure 3.4A and

Pfate.é:éE-& 3.8F)z Intermedid;e stages of ankeritization
are characterized by eqgual duaotities of dolomite (d 64 =
2.89) and ankerite (d;oa = 2.92) (Figure 3.4B and Plate
3.7B). Extensive ankeritization is charactecized by'a small

Fe-rich dolomite core (d o =‘g.89) and a large ankerite

component (d,os = 2.92) (Fiqgure 3.4C and Plate 3.2D).

Kaolin Group Minerals

Kaolin group minerals are abundant in the

-

' coarse-grained sandstones and,conglomerotes (nd-10%) and. are

a minor component in the-fine-grained sandstones'(nd-Z%)

(Table 3. 2). Most of these clays are pcesent in the 5-20um
s1ze fractlon and decrease in abundance 1n the 2-Sum (£-95%)

and <2um 15 60%) size- fractlons (TabIe 3.3). Detrital %aolin

' group mlnerals occur as exten51ve pore- f1ll1ngs in many -

.

} conglomeraﬁ%s and coarse-gralned sandstones (Plate 3.10A

) ‘&3»108) Detrltal kaol1n group m1nerals are usually greater

L2

~than 10um 1n diameter and have corroded and compacted edgesA

(Plate 3.11A & 3.113) Many detr1tal crystals are also

'cnveloped by quartz cements (Plate»3.11p) Auth1gen1c kaol1n

'group‘minerals_alSO occur, as extensivevpoperfjglings (Plate

7
x

\

2
. ©e
. : R &
' ' . o °
. L » s . . .
. - . 3



Figure 3.4. Degree of ankeritization of Viking golomites
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3.9E & 3.10C) and, in some Places, appfar to have formed as

a replacement of detrital kaolig group minerals (Plate
N ©

3.108B, 3.10F & 3.iiE). The auth: éeﬂl” phase usuaily occur

~

as well defined crystais, 10-20um 1in diameter, with

.

psuedohexagonal outlines and booklet ke stacking (Plate

3.11E & 3.11F).

X-ray-‘@iffraction analysis indicates that the kaolin
group minerals are comprised of dickite and kaolinite
(Figure 3.5). Samples that contain mostly authigenic kaolin
group minerals (e.g., samples M119 & M122, Plate 3.9C &

.10E) are comprised mostly of dickite (Figure 3.5A & 3.5B).
XRD patterns obtained for dickite usually show very sharp

and intense peaks characteristic of a well crystallized

‘phase. Samples that contain both authigenic and detrital

kaolin gtoup mifterals (e.g., samples M139 & M45, Plate

. “
3.10A, 3.10B & 3.10D) contain both dickite and kaolinite
R 3 s
(Figure 3.5C)s In XRD, dickite sflows well developed

" crystallinity while the kaolinite has broad, .low intensity

peaks characteristic of a poorly crystallized‘phase. Samples
that contain a high percentage of detrltal kaglin group
m1nerals(e g., samples M191 & 'M81, Plate 3.10E, 3.10F, 3. 1A

& 3.11C) conta1n a high percentage of kaol1n1te (é?gure

.3.5D).

fllité ‘ T : : .,
R ,_ . - Bl N
The coarse- gralned rocks contaln few detrztél cla/§s-°

most of the illite seen in XRD is probably authigenic

L .

~
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(Figure 3.6). Authigenic i..ite uUSua..y OCCUIS as .ath-.ike
crystals Iining jram sur-faces and previously fcrmed phases,

12G).

(a2

.such as guartz and anker:ite (Plate 3,11G, 3.17= &

Illite and 1ilite/smectite car have similar morphologies and
¢

/

can be difficult to distinguish (Plate 3.12F). (f

Illite/Smectite ) )

Illite/smectite occurs in trace amounts in most rpcks
and usually comprlses nd-25% of the <2um Ssize-fraction. A
detrltal onigin for some of these clays canno*\be ruled out;
however authigenic illite/smectite is common._in all rocks;
It usualli'occurs as 1i1nterlocking networks of cgystalS(
("honeycombs")gthat line grain surfaces (Plate 3.12A).
Inaividual crystals ually contain lath-like projections
that may be mistakeéujof’illite in\SEM (Plate 3.12F). EDAX
analysis of ilrﬁte/smectite'ghggesis that they contain a
high illite (K') content (Pl;te 3, 12H) .

The nature of the 1nterstrat1f1catzon and tqb '
percentage of smectite layers does not vary with depth in
either the fine or cda;se—gréined rocks (Figure 3.6%& 3.7).

The values of the I/S (001) and €002) basal diffractions are

constant within éhese'sandstones apd do not show a -+

contlnuous decrease w1th depth. At shallow bur1a1 these -
values are 12 7 to 13 34 (001) and 5. 22 to 5.28A (002)
§F1gur§ 3.6A and 3.7A). At_mgxlmum burial similar valges are
seen: 12.2 to 12.84 (001) and 5.21 to 5.23A (002) (Figute

[

3.6D & 3.79).
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, Figure3.6. Nature of clay mineralis in Coarse-grained "gcks, <2 0 um size-fraction
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Figure 3.7 Nature of illite  smectite in the fine-gramed sandstones,

<0.2 um size-fraction Na- saturated - glycolated (25°C) —
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A ccmgpariscn of the /S (2C1), (002), and (2323 b:isa’.
ciffracticn va.ues to computer generatec da‘ta for
?Y . i:e smectite (Srodon, 1984) alsc Shows similar resuits as .
)
a¥ove (%éble 3.4). The percentage cf smectite lavers :S
consistent between 22 and 29% and the ordering :s
predominantly IS-type. The well developed ordering of these
phases 1s also illustrated by the appearance of superlattice
W
4

- ~

diffractions between 30 and 40 A (Figures 3.6 & 3.7).

The lack of varlation 1n percent smectite layers and , +&
b ‘e

T

: A | b : -
ordering of. the 1llité/smectite in the sandstones contrgsts

L v ) . . . ¢
with tbe_rlllte/smectlte in the shales. In the shales, the

-

decrease 1in percent smectite layers and in¢rease in ordering

.

with depth may reflect the corversion of smectite to 1llite,
A o LY . t 4
‘similar to the illitization reactions reported in shales of .

the Gulf Coast (e.g., Boles and Franks, 1979). In the 'ﬂal e
sandstones, illite/smectite fouhdbat shallow and at gréi

burial depths are similar in composition indicating that thé"
. oy ‘ et 4
dominant control on their formafiqn was fluid chemistry

-

rather than temperatufe. -~ .
-Illite/smectite appéars to be one of the last phéses to .
form. It ogcurs as extensive coatings on sider#te and

chamositel(Plé2313.12E), authigenic kaolin'group;hinerals

(Plate 3.11G), and ankerite- (Plate 3.12G). The

crystallization of illite/smectite appears:to have occurred
at the same time as illite and'sméc‘ipe.»‘

et
h
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TABLE 3.4. PERCENT SMECTITE IN ILLITE/ SMECTITE/IN SANDSTONES i\
~& .
SAMPLE ROCK DEPTH  SIZE % ORDERING 1}
NUMBER TYPE (m) { um) SMECTITE M
6-36-29-26W4
MS 11 FSst. 15400  <2.0 .25 1S
<02 25 IS
2-32-37-3W5 _ g
M30 FSst.  1987.0 <2.0 24 1S
. <0.2 24 , IS
2@2}% :
M597 FSst. 2177.0 <2.0 22 IS> IS
. <0.2 22 IS>IS
7-14-37-6W5
M3 FSst. 23810 <20 ° 29 IS>iIS
. <0.2 29 1S>11S
13-8-35-6W5
M204 FSst. 27270 <20 23 IS

<0.2 ¢ 23 IS

&
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Smectite

.

) ‘Smectite occurs in trace amounts in.the coarse-grained
sandstones and conglomerates and has not been defected in
the fine-grained sandstones (Table 3.3). Smectite 1is found
maihl{ in the <2um size-fractibn where it varies from nd-25%
(Table 3.3). Smectite usually show a strong 17A basal
diffraction upon glycolation and has been found in all
fields including Gilby, Willesden Green, Ferrier and
Caroline (Figure .6).

Most of the smectite present is probably authigenic.
Authigenic smectite uéually occurs as honeycomb-networks of
¢rystals that lipe grain surfaces (Plate 3.12B)~ EDAX
analysis of smectite indicates the dominant catigfé\are Ca,

Mg and Fe (Plate 3.12D). The timing of smectite formation

appeafs to be late and postdates guartz and albite cements

(Plate }.12C). ,



PLATE 3.3
A. Photomicrograph of a Viking "'B” coarse-gramned sandstone shpwing large.
pellet-shaped glauconite grains (Gl undergoing dissolution Dissolution postdat;s
quartzbementatlon as shown by the relict outiine of the glauconite grain (arrows)
(Gilby field. well # 10-10-40-1W5. sample # M13 depth = 1682.0m. plane polars.

dark blue = porosity. field of view = 1 X 1 mm).

N
'3

B. Photomicrograph o-f a Vukung "B” coarse-grained sandstone showing the compaction o}
glaucginite (Gll'and its replacement by ;;'yrite Py) (Willesden Gredn field, well # o

10-10-40- 1WS. sample # M13, depth = ,1682.0m', bnané polars. dark blue =
porosity, field 6f_vnew =1 X1 mm.

C. Photomicrograph ot a Viking "B” conglomerate showing clusters of pyrite crystais (Py)
tining chert (Ch). Th'e dissolution of chert s apparent with secondary pore spaces
filled with pyrite (white arrow). Pyrite also occurs as extens.ive p<'>re-fullmgs fhat
appear to postdéte quartz cementation (AQ) (dark arrp;v) (Willesden Green field. well
#5-6-41-6W5, sample # M34, depth = 2294 .3m, plange polars. dark blue =
porosity. field of view = 1 X 1 mm).

D. Photomicrograph of a Viking "B” coarse-grained sandstone showing detrital quacsz (Q)
lined py early authigenic siderite (Sid}. The siderite has been enveloped by quartz
overgréwths (AQ) (Carotine field, well # 2-25-35-7W5~, sample # M233, depth =
2727.0m, plane pplars. dark blue = poros'ity, field of view = 1 X 1 mm).

E. Photomicrograph of a Viking "B" coarse-grained sandstone showing how early pyrite
(Py) may have served as a nucleation site for authigenic siderite (Sid} (Caroline field,
‘v'\-rell # 2-25-35-7W5, samplé # M233, depth = 2727.0m, X polars, field of view =
0.64 X 0.64mm). ) ’

F. Photomicrograph of a Viking "B" fine-grained.sandstone showing extensive siderite
cement (Sid). Sid‘erite either fc-med as a replacement of détrital grains or crystallized

before significant compaction {Carbon fieid. well # 7-7-2’9-'22W4, sample # M503,
depth = 1289.0m, X polars, field of view -"-‘20‘;6,4 X 0.64 mm).
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PLATE 3.4
* A.Scanning electron photomicrograph of a Viking B” conglomerate showing quartz
overgrowths (AQ) and pyrite (Py). The pyrite appears to be growing on top of the

authigenic quartz (Willesden Green freld. well # 5-6-4 1-6W5. sample # M94_ depth

=2294.0m).
B. Scanuﬂ@ electron photomicrograph of a Viking "A” coarse-grained sandstone showing
authigenic quartz (AQ) and framboidal pyrite (Py). The pyrite appears to be growing . B

on the authigenic éﬁargz (Carohine field, well # 13-8-35-6W5, sample M198, depth =

2720.0m). ' .
C. Scanning electron photomicrograph of a Viking B” coarse-grained sand%tow .

the dissolution of glauconite (Gl}. An energy dispersive X-ray analysis (EDAX) of the

glauconite (Photorhicrograph"D) indicates that it contains Si, Al, K, Ca and Fe ! (Joffre

a. -

field, well # 11-7-39-26W4, sample # M556. depth = 1548.4m).
“E. Scanriing electron photomicrograph of a Vikfng "B” coarse-grained sand}tone showing

. the surface of a glauconite grain and its replacement by pyrite (Py);An EDAX of the

- glauconite surface {Photomicrograph F) indicates tﬁa-t Feand S are presént {Joffre '
field, well # 11-7-39-26W4, sample # M556, depth = 1548.4m).

G. Scanning electron photomicrograph of a Viking “B” conglomerate showing pooriy

crystallized pyr\ite (Py) with a chlorite {Chl) rosette growing on its surface. An EDAX
of the chiorite (Photomicrograph H) indicates it is Fe-rich (Wingsden Green field. well

# 3-31-40-6W5. sample # M191, depth = 2276.0m).

4

l1Au and Ag. commonly present on EDAX., were introduced during sample
preparation






PLATE 3.5 /

A. Scanning electron photomicrograph of a Yiking B coarse-graned s’and.ston'e showing
well crystallized. platy chlorite (Chl) lining grairy swrfaces (Gilpy field well &' g
3;27-210-6W5. sample #M 114 depth = 223OA(‘)m)

B. §:;nnmg electron pr?otomxcrograph of a Viking "A” coarse-graimed sandstone showing
poorly crystallized chiorite (Chi) and authigenic quartz (AQ)"(Carol;ne field. well #

' ._7-32-38-BW5, sample# M250. depth = 27 10.0mi’

C. Scéhmng électror) ph/o;ormcrograph of a Viking "A” conglomerate showing authigenic
chléﬂ«H&ﬂ) that- is being enveloped by authigenic quartz {AQ) (Gilby fieid. well #
11-24-42-6WS5, sample ¥ M8O. depth =2121.0m) » ’

D. Scanning electron photomicrograph of a Viking "'B" med;um-“gramed sandstone showing
authigenic chlorite (Chl),“sidertte (Syd). quartz (AQ) and kaolin gro;p minerals (AK).

Siderite can be seen enveloping chiorite (arrow) (well # 10-24-33-8W5, sample #

P

M660, depth = 3101.0m).

E. Scanning electron photomicrograph of 3 Vikmé "A” conglomerate sﬁowmg-a well
crystalhied chlorite (Chi) rosette which is being enveloped by authigenic quartz (AQ).
An EDAX of the chiorite (Photo’:‘pz’crograph G) indicates it 1s Fe-rich (Gilby field, well #

4

11-24-42-6W5, sample # M80, depth =2121.0m). .
F. Scanning electron photomicrograph of a Viking "B" fine-grained sandstone showing
' “early chlorite (Chi) that is bein'g replaced by siderite (Sid) {arrow). An EDAX of the

siderite (Photofﬁicfograph H) indicates that it contains minor Mg. Ca & Mn; the Si may

reflect chiorite contamination (Gilby field, well # 2-30-38-7WS5, sample ¥ M141,

depth = 2537.0m).






PLATE 3.6

A Scanning electron pPhotomicrograph of a Viking B conglomerate showing kaolin group

minerals (AK). Some of these Crystals are enveloped by authigenic quartz (arrow) and
may be detrital (Ferrier field well'# 2-30-38-7ws Sample # M139 depth =

2534.0m).

B. Scanning electron photomicrograph sYowing details of kaolin group minerais in

Photom:crograph A Crystals are well formed with Psuedohexagonal outiines and are

stacked into booklets Individual Crystals ran?e between 10 and 20 microns in

diameter .

C. Scanning electron photomicrograph of Viking ‘B” conglomerate showing detrital kachn

.,

group minerals (K) and its repiacement by chiorite (Chi). The Chlorite can be seen
replacing certain layers within the stacked booklet (black arrow). An EDAX of the
Chlorite (Photomucrograph D) indicates it 1s FeQrfch (Ferrier fiald. well #

2-30-38-7ws, sample # M139. depth = 2534 .0mj.

E. Scanning electron photomicrograph showing details of chiorite in Photomicrograph C.

The nature of the intergrowths reflects the layer by layer replacement of kaolin

group minerals (K) by chiorite (Chi).

F. Scanning electron photomucrograph, of a Viking "B" conglomerate showing detrital kaokin

-

[}

group minerals (K) and well crystallized authigenic chiorite (Chl). In some kaolinite

group mineral booklets thin chlorite interlayers (arrow) are visible. Authigenic quartz

{AQ) can be seen growing within and around some of the chlorite. An EDAX of the
chlorite'-(Photomicrograp‘h Gl indicates it is Fe-rich but also contains Mg. An EDAX of
the kaolin group minerals (Photomicrograph Hj indicates it co(r:tains minor Fe (Ferrier

field. well # 2-30-38-7ws, sample # M139, depth = 2534.0m).






PLATE 3.7
' 4

A Photomicrograph of a Viking B’ fine-gramned sandstone showing the replacement of

dolomite (Dol by aythigenic sideriie (Sidl The formation of siderite may have
inhibited ank eritization of the dolomite (Caroline field. well # 10-24-35-7W5 sample

# M42 depth = 2737 Om. X polars. field of view = 0.64 X 0.64 mm)

B. Photomicrograph of a Viking "B fine-grained sandstone show)wg extensive

ankertization (Ank) (stained blue) of detrital dolormite (Dol). Detrital dolomite cores
(Dol show prtted surfaces reflecting mechanical abrasion. Authigenic pyrite (Py) s
also seen growing within some carbonate grains (Caroline field. well # .
7-32-34-6W5, sample # M253, depth = 2719 1m. plane polars. field of view = ..R
0.64 X 0.64 mmi. '

C. Photomicrograph of a Viking "B" coarse-gra’l'{\ed sandstone showing complete

overgkowths of quartz (AQ) on detrital quartz (Q). The dissolution of chert has
created secondary p‘oroksity that has been filled with bitumen (stained black).

Dissolution occurred after quartz cementation as shown by the irregular outiine left

by the quartz overgrowth (white arrow). (Willesden Green fisld,. well # 5-6-4 1-6 WS

sample # MS3; depth = 2293.0m. plane polars. dark blue = porosity, field of view =

1X 1 mm).

D. Photomicrograph of a Viking "B" coarse-grained sandstone showing extensive quartz

-

cementation. Complete overgrowths on many grains end in triple junctions within
pore spaces (arrows) (Willesden Green field, wefl # 5-6-4‘1‘ 1-6W5, sample # MS3,
depth = 2293.0m, X polars, field of view = 2.7 X 2.7 mm). -

- Photomicrograph of a Viking "B" conglomerate showing numerous, small quartz crystats

(AQ) lining chert (Ch) (Gilby field. well # 1 1-24-52~6w5, sample # MB0, depth =

2121.0m, plane polars, dark blue = porgsity. field of view = 1 X 1 mm).

'F. Photomicrograph of a Viking "A” coarse-grained sandstone showing optically

discontinous feldspar overgrowths {AF) on detrital feldspar (F) (Gilby field, well #
6-15-40-5W8, sample # M106. depth = 2145.7m, X polars, field of view = 1 X 1

mm).

R
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PLATE 38
A Scanning electron photomicrograph of a Viking B’ conglomerate showing large.
complete quartz overgrowths (AQ) and smalier, pore-hmng authigenic quartz (AQ)
(Gilby field. well # 14-9-39-2W5, sample # M 18 depth = 1905 Om) ‘
B. Scanning electron photomicrograph of a Viking "A’ Coarse-grained sandstone showing
pore-lining authigenic quartz (AQ) and pore-filling authigenic kaolin group minerais
‘(AK), Individual kaolin group minerals range between 5 and 20 microns in diameter
and are stacked into booklets. Authigenic feldspar (AF) are also seen b(owing or:
detrital feldspar. An EDAX of the authigenic feldspar (not éhown) |ndncétes.it-fs aibre.
(Caroline field, well # 6- 16-35-5W5, sample # M2 16. depth = 5465.0m). ~
C. Scanning electron photomicrograph of a Viki'hg "A” coarsr\gr:i—rf sandstone showing
authigenic feldspar (AF) partly enveloping authigenic quartz (AQ) (arrow). An EDAX of
the feidspar (not shown) indncate; it tAs albite (Caroline field. well # 6-16-35-5WS
sample # M216, depth = 2465.0m). .
D. Scanning electron photomicrograph of a“vikmg A coérse-éranged sar:détone showing
abundant authigenic quartz (AQ), ankerite (Ank). and feld$par (AF). The ankerite partly
envelopes the éuthigenic E;Wtz (arrow). AnIEDAX of the authigenic feidspar (not
shown) indicates it is albite. An EDAX of the ankerite {Photomicrograph E) indicates it
is Ca-rich (Caroline fieid, well # 6-16-35-5W5, sample # M2 16,'depth = 2465.0m).
- F. Scanning electron photomicrogréph of a Viking ‘B” finé-g"ramed sandstone showing an
ankerite overgrowth {Ank) on a detrital dolom:te core (Dol). An EDAX of the ankerite
{location #2) (Photomacrograph G) indicates it is Fe-rich,; the dolomste core contains
minor amounts of Fe (location # 1) (Caroline field, well # 6-16-35-{5W5, sample #
M218, depth = 2468.0m). »
_H. Scanning electron ﬁhotomiCrograph of the 5-20 micv:ons size-fraction from sample #
M4’5.'Authigenic' quartz 1AQ), broken off detritél grains during disaggregation, was

concentrated in this size-fraction. Kaolin group minerals (K) are also present.






¢ PLATE 3.9 &

A Photomicrograph of a Viking "A” coarse-grained sandstone showing authigenic quartz
(AQ), detrital gran boundaries are marked bvy smq gaps where nucleation was ‘
inhibited (arrow). Fe-calcite (Cal) fills remarmning por; space (well # 6-18-31-2W5H
sample # M63 1. depth = 2199 8m. plane polars. field of view = 1 X | mm).

B. Photomicrograph of a Viking "A” coarse-grained sandstone showing authigenic calcite
(Cal) and detrital feldspar (F}. Small lath-like inclusions of feldspar are seen within
some calcite cements suggesting replacement (arrow) (well # 6-18-31-2W5. sample
# M631, depth = 2199.8m_ X polars. field of view = 1 X 1 mm).

. C. Protomicrograph of a Viking "A” conglomerate showing authfggnic ankerite (Ank)
{stained hght blue) and sideritized chert (Sid). The formation ankerite was late and 1s
seen enveloping authigenic quartz (AQ) (Gilby field, ;fvell # 3-17-40-4W5, sample #
M48. depth = 2156.0m, plane polars. dark blue = porosity, field of view = 1 X 1
}nm). L

D."Photomacrograph of a Viking "B” conglomerate showtng ankerite (Ank) replacing detrital
feldspar (F). small feldspar laths are present within the ankerite (arrow), Replacement
occurred aftér Quartz cementation {AQ) (Harmattan field, well # 6-24-32-3WS5,
sample # M24/ 3, depth = 2200.0m. X polars. field of view = 0.64 X 0.64 mm).

E. Photomicrograph of a Vikung "B” conglomerate showing authigenic pore-filling kaoln

group minerais (AK) and pore-lining authigenic quartz (AQ) {Ferrier field. £
6-1-39-7wWs5, sample# M122 depth = 2393.0m, plane polars, dark blue =

L .b .
porosity, field of view £ 1 X 1mm). = | ' ' g s .

¥

F. Photomicrograph of a Viking 'B, conglomera;e showing the partial dissolution of detrital
feldspar (F) and its alteration to aut\fwigenic kaolin group minerals (AK) (Caroline field,
- well # 10-24-35-7W5, sample # M40, depth = 2734.0m, piane polars, field of/view

=1 X 1mmj.
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PLATE 3.10
A Photomicrograph of a Viking 'B' conglomerate showing chert (Ch) floating in a8 matrix

comprised of detrital kaolin group minerals (K). Dark brown areas contan authigenic -

- -

kaolin group minerats (arrows). Numerous. small guartz cry$tals 1Q) are also seen

withing the matrix (Ferrier fyeld: well # 2-30-38-7W5, sample # M139 depth =

2534 Om: plahe lars fifid of view = 2.7 X 2. 7mm).

'B. ;hotom:crograph sho tails authigenic kaolin group minerais (AK) in
Photomicrograph A. TNy appear as large crystals that are stacked into booklets
(Dark brown = hydrocarbon staining, field of view = 0.15 X 0. 15mm).

C. Photomicrograph of a Viking “B” conglomerat.: showing extensive pore-filing -
authigenic kaolin group minerals (AK). Remanents of detrital kaolin group minerals (K)
and authigenic quartz (AQ) are also seen {Willesden Green field. well #
14-25-40-7W5, sample # M119. depth = 2289.2m, plane polars, dark blue =
porosity. field of view = 1 X\mek -

D. Photomicrograph of a Viking "B” conglomerate showing detrital kaolin group minerars
(K) and pore-ining authigenic quartz (AQ) (Giiby field. well # 10-9-41-3W5, sample #

epth ="1923.0m, plane polars,}dark blue = porosity. field of VIC;IV =1X
1 ' -

E. Photomicrograph of a Viking B" coarse-graméd sandstone showing chert (Ch) and

quartz Q) floating in detrital kaolin group minerals (K). Quartz overgrths arg’ absent

on most grains (Gilby field. ‘well # 1 1-24-42-6W5 sample # M8 1. depth =
2122. Om plane polars, dark blue = porosity, field of view = 0.64 X 0.64mm).

F. Photomncrograph of a Viking B" conglomerate showing detrital kaolin group-minerals
(K), sudeme (Sid), pyrite (Py), and minor authigehic kaolin group minerals (AK)
(W:Ilggen Green field, well # 3 31- 40 6WS, sample # M191_depth = 2276.0m,
plahe po]ars, dark blue = porosity, field.of view = 0.64 X 0.64mm).

J
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| PLATE 3.11 ‘ -
A Scanning electr.on photomicrograph o'f a Viking 'B" conglomerate showing detrital
~  kaoln group minerals (K) compacted against grain surfaces (Gulb;\ueld_ well #

S AN 11;24-42-6W5 sample # M8 1 depth = 2122 0m) |
Oﬁ.‘gcanmng electron photomicrograph showing details of the detrital kaoln group minerals
"‘_ in.Photomicrograph A Crystals have corroded edges and appealeg be compacted

against grain Sur faces. ) | ;
N C. Scanning electron photomncrc;graph of a Viking "B" conglomerate showing détrltal kaohn

‘ ~group minerais (K). Crystals have psuedohexagonal outlines but are brdken and
incompiete NVillesden Green field, well # 3-31-40-6W5, sample # M191 depth =
2276.0m). | |

«

D. Scanning electron photomicrograph of a Viking B" conglom\erate showing authigenic
quartz (AQ) enveloping detrital kaolin group minerals (K} (Caroline field,‘ waell #
6-16-35-5W5, sample # M217. depth = 2467.0m). .

E. Scanning eiectron photomicrograph of a Viking “B" conglomerate’ sho‘wmg de-‘trital kaoln
group minerals (K) and authnggmc kaohn group minerals (AK) (Ferrier f'aeld, well 4
6-1-39-7W5, sample # M122, depth = 2393.0m). :

F. Scanning electron photomicrograph of a Viking "B" conglomerate sfl\owmg authigenic
kaolin group mmer;ﬁls (AK) lining authigenic quartz (AQ)."Some of the kaolin group
minerals may be détrital and have been enveloped by authigenic quartz (arrows),
(Ferrier field, welll,‘jw 6-1-39-7W5, sample # M122, depth = _2393.0n;5.

G. Scanninﬁ electron p%otomicrogkaph of a Viking "A" coarse-grained sandstone showing
illite (I} and illite/#mectite {1S) Iinipg detrital grains and authigenic kaolin group minerals

. (AK). lilite occugé as digcrete lath-like fibers while illite/ smectite is comprised of
networks of cr/ystals {Caroline field, well # 13-8-35-6WS5, sample # N}ISS. depth =
2720.0m.

H.\Scanning'electmn photomicrograph of a Viking "B cbnalomerate showing authigenic

/ quartz (AQ) ,And kaolin grdup minerals (AK) that are lined wittt iflite (I) and
ilIite/smec/t/ite (1S) (Gilby field. well # 4-3-42-4W5, sample #.M87, depth =

1909.0mi. ,






PLATE 3.12
v - ' A. Stanning electron photornicrograph of a Viking "A” coarse-grained sandstone showing
late pyrite (Py) and pore-jining ilite/ smectite (IS). The illite / smectite forms

~

- interiocking networks of crystals ("honeycombs™) that have lath-Iike projections

(Caroline field. well # 4-TB-35-6W5. sample # M220. depth = 2734 .0m).

B. Scanning electron photomiorograph of a Viking B” coarse-grained sandstone showing
authigenic quartz (AQ) and pore-lining smettite (Sm). The smectite has a
honeycomb-like'%sexture, similar to illite/ smectite. An EDAX of the smectite (not
shown) indicates that the dominant cation 1s Ca, minor K and Fe ar:’a also pres:%;nt‘
(Willesden Green field. weli # 5-6-41-6W5. sample # M33, depth = 2293 .0m).  _

(o} Scannm'g electron photomicrograph of a Viking "A” conglomerate showmg authigenic ‘
feldspar (AF) ined by smectite (Sm). An EDAX of the smectite (Phcx-torﬁucrogriph D.)
indicates the prgence of Fw and Mg. An EDAX 'of the authigenic feldspar (not shown)
indicates 1t is albite (Gllby freld. well# 3-17-40-4W5, sample # M48, depth = —
. 2156.0.). ’

E. Scanmng electron photomicrograph of a Viking "B” fine- grauned sandstone showing
authigenic chlorite (Chl) and siderite (Sid) that are coated b{: illite / smectite (IS). The

’ illite / smectite occurs as honeycomb-likp crystals that contain lath-like projections
(Ferrier field. well # 2-30-38-7W5. sampie # M141, depth = 2537.0m).

F. Scanning eleé"’tron p-hotomncrograph of a Viking "B” fine-grained sand$tone showing )
‘aathigenic illite {l) and illite/ smectite (IS). The illite occurs as fibrous crystals while

' Cillite/ sme'tlte occurs as honeycomb like crystals with lath-like pro;ectuons An

%;2 EDAX of the ilite / smectite (Photomucrograph H) indicates it is Ca and K-rich (Caroline

sample # M218, depth = 2468 Oom).

Enkeme {Ank) lined by illite (l) and illite / smectite (IS) (Ferner field, well #

6-3:37-5W5, sample # MO2. depth = 2290.0m). : o






Pt

the fields studied (Figure 3.8). Chamosite and early
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Paragenetic Sequence

The relative timing of mineral emplacement Qgsed on
textural evidence (Figure 3.8) 1is as follows:
1. Glauconite;

2. Pyrite;

3. Chamosite + minor quartz cement;
4. Siderite; . v
5. Quartz overgrowths; - 1

4 -

6. Albite fﬁﬁinor dickite + Fe-calcite + ankerite;

E3

7. Pyrite;

8. 'Dickite;
9. Illite + illite/smectite + smectite.

This paragenetic sgghence applies for the Vikiné‘
Formation in a ‘general séﬁge but can vary between different

areas and Q@Eﬁeen different lithologies. Glauconite is found

mainly atﬁailby, Joffre, and Willesden Green indicating that

“

it formed in the offshore areas. Early pyrite is common in

all rock types and formZé”gh;rfiy?afﬁér burial in moét of
au;higenic quartz formed after pyrite kFigure 3.8) and, in
some samplest may haye formed from the replacemen£ of
detrital kaolin group minerals. Early chamosite and quartz
are usually most abundant in rocks containing abundant
detrital.kaolin group minerals, such as some conglomerates

and coarse-grained sandstones. Siderite cementation occurred

after chamoﬁite (Figure 3.8); siderite is found in all rock

types but is most abundant in the fine-grained sandstonesf
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The crystallization of Quartz cement occurred after siderite

- !

(Figure 3.8). Quartz cementation ié most extensive in the
fine and coarse-grained sandstones gnd occurs as overgrowths
on detrital guartz, In the chert-pebble conglomerates,
quartziéemeAt 1s less extensive and occurs as small
pore-lining e}ystals. The albitization of detrital feldspar
and crystallization of albite, minor dickite, Fe-calcite and
ankerite followed quartz cementation (Figure 3.8).
Albitization is most gxtensive in rocks containing abugdant
detrital feldspar, such as Viking "A" rocks. The
crystallization of extensive bore-filling and pore-lining
clay minerals occurred late in the diagenetic history
(Figure 3.8). Dickite was the first élay mineral to form and
is more abundant in the conglomerates and coarse-grained
sandstones than in the fine-grained sandstones. The last
clay minerals to crystallize were illite, illite/smectite -~

and smectite (Figure 3.8), mainly in the coarse-grained

rocks.



b. Stable Isotopes

Stable iéotope studies were conducted on certaln
carbonate and silicate mineralg to aid in the interpretation
of the dlagenetic history. Stable isotopé studies are
helpful for determining the nature of the fluids and the
temperatures present during mineral crystallization. This
information can be used with the petrographic data to |
develop a more complete‘understanding of the diagenetic

history.

Carbonates Minerals

Stable isotopes of carbon and oxygen were obtained for
siderite, Fe-calcite, ankerite and mixtufes of dolomite and
ankeritg (Table 3.5). Isotopic compositions for siderite
were determined for both 10 dﬁy and 3 week extraction times;
similar values were obtained indicating that 10 days was
sufficient time for complete reaction of these siderites.
The average §'°0 (SMOW) values for siderite range between
+18.1 and +23.9; the average &'°C values (PDB) range between
-1.5 and -6.33. Siderites having high 8'*0O values also have
high $'°C values (e.g., sample M29, Table 3.5); siderites
* having low §'%0 v;lues generally have low §'°C values (e.g.,
sample M660, Table 3.5); Two samples containing Fe-calcite
were analyzed; the average §'*'O value was +14.3 and the
average §6'°C value was -7.8. The two ankerite samples
analyzed had an average 6''0 value of +16.5 and an average*

6'2C value of -9.3.



TABLE 3.5. S’LABL,E ISOTOPE RESULTS FOR CARBONATE MINERALS
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SAMPLE ROCK DEPTH  MINERAL EXTR. §:C "0 60
NUMBER TYPE  (m) PHASE  TIME PDB  PDB  SMOW
2-32-37-3W5
M29 FSst 19810  SIDERME 10 dy 19 -68 239
. 3 wk -13 68 239
4-19-39-5W5 \
M57 F.Sst. 2201.0  SIDERTE  10dy 63 -74 233
2-30-38-7WS '
M141 * F.Sst. 2537.0 SIDERITE 10 dy -15 -8.6 220
10-24-33-8W5 |
M660 F.Sst. 3101.0  SIDERME 10 dy -46 -122 183
3 wk 47 126 179
16-1-46-4W5 )
M726 Congl. 1730.0  Fe-CALCITE, 1hr -8.4 -16.4 13.9
6-18-31-2W5 ‘
M631A C.Sst. 2200.0 Fe-CALCITE “1hr 72 -158 146
11-7-39-26W4 .
M556 C.Sst. 15484  ANKERME 10dy  -124 -138 166
6-24-32-3W5 .
M24/3 Cong!. 2200.0 ANKERITE 10dy 63 -140 165
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TABLE%}E. CONTINUEP
.
SAMPLE . ROCK DEPTH  MINERAL EXTR. §°C 5 60 80
NUMBER" TYPE  (m) PHASE  TIME PDB  PDB  SMOW
‘ B
14-30-31-28W4 oo
M519 F.Si 1866.0  ANK+DOL  thr -35 %132 173
_ . 10 dy -1.8  -122 183
7-32-34-6W5 .
. M253 F.Sst. »2719:1  ANKgDOL  1hr 7.7  -134  17.0
. « . 10dy -6.0 -11.4 189
7-7-29-26W4 , st
M500 F.Sst. 1280.0 DOL>ANK  1hr - - -
: o C . 10 dy -5.0 -105 200
M502  F.Sst. 1288.1° ANK+DOL  1hr -49 -126 179
R . \ 10 gy -28 -11.6 789
6-16-35-5W5 ’
M218 F.Sst. 2468.0 DOL>>ANK 1hr - - -
10 dy -2.8 © -85 221
‘ .
4 .
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Mixtures of detrital dolomite and ankerite weére alsp
analyzed. Samples containing mostly detrital dolomite have
§'°0 values of +22.0 to +22.1 (Table 3,.,5); these values are

similar to .those reported for detritdl dolomites found 1n

“the Coloradc -Shales, lying above the Viking Formation

(Longstztfe, 1983, 1984). Samples contaimimg greater

percentages of ankerite have lower &§'*0O values of +18.3 to

. *+18.9 (Table 3.5) (e.g., closer to values obtained for

authigenic ankerite). . ‘ *

- ?
Silicates Minerals

b} ‘,r
§'%0 values were determined for 5-20um samples
containing both kaolin group minerals and quartz and for the

quartz isolateg from this material; these values were then -

T

s

used to caiculate the 6'*0 values of the kaolin grodp f”/
minerals (Table 3.6%9. Mineralogical anplys;s of sampls£ M191
gnd M81 (Plate 3.10E, 3.10F, 3;11A & 3.;}Qi\and Fig?fé 3.5)
indicate that the dominant kaolih group miné£§1"T§
kao}inité. 5'*0 values for these kaolinites were calculated
as +28.1 apd +28.2‘(Tablé 3.6), typical of detrital ciays
(Savin and Epstein, 1970a,b; Longstaffe, 1983). éample M45
contqins mostly pore-lining, authigenic quartz (Plgteﬁ3.1ODO
that was.diélodged and concentrated in the 5-20um
size-fraction (Plate 3.8H)..The §'*0 value of‘this
authigénic quartz is +20.2. Sample M119 contains mostly

authigenic dickite (Figure 3.5 and Plate 3.10E) and has an

§''0 value of +12-.6. Sample M122_contains 75% dickite and

!

- [}
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25% guartz that 1s mostly authigenic since abundant
pore-lining quartz was observed {Plate 3:9E & 3.11E, and
Figure 3.5). An 6'*0 value of +20.2 (authigenic guartz from
sample M435) was used to calculate the 6'*0O of the dickite <
(6'*0 = +12.4) (Table 3.6). The kaolin group mineral i
sample M45 has an 8§'°*0O value of +15.3 suggesting that it
contains a large fractilon of authigenic dickite. The 6'*0
values for the 5-20um quartz materia% 1n samples M191 and
Mg? are +17.2 and +18.2 (Table 3.6) and probably reflects
mixtures of both detrital and authigenic quartz.
Oxygen Isotope Geothermometry
The §'*0O values determined for the authigenic

carbonates and silicates were useful for interpretiné the
6'*0 composition of the fluids and the temperatures involved
in crystallization of these minerals. For each mineral 6'*0
.value a range of possible fluid compositions and
temperatures exists (Figure 3.9). These values have been
calculated using the following eguations:
1. calcite-water, 10’16« =2.78(10¢T"%) - 2.é9 (Friedman

and O'Neil, 1977);
2. quartz-water, 10°lna = 3.38(10*T"*) - 3.4 (Friedman and

O'Neil, 1977); |
3. kaolinite—ﬁater, 10°lna = 2.5(10‘T;’)“— 2.87 (Land and

buttén, 1978; from Eslinger, 1971). ' @

6'*'0 water;temperaturg pairs for siderite were

determined using the calcite-water eguation; for a given

.



Figure 3.9. Summary of oxygen-isotope results. Curves represent the relationship
between §*O - mineral (average values), §''O - fluid and temperature.

Methods used to construct thege curves are discussed in text.
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5'*0 - water the temperatures obtalned may be underestimated
(o]

(Gautier, 1982). &6'*0 water-temperatures pairs for ankerite
were calcuiated using the dolomite—wéter equation; althougk”
similar in structure 1t 1S uncertain how the iron content of
ankerité effects the calculations (Dutton and Land; 1985).
In order to construct the fluid-temperature curves in
Figure 3.9 reasonable temperature and 8'*0O - fluid ranges
must be assumed. For the Viking, 0 to 200°C was used to
represent the possible range of temperatures reached during
diagenesis. Constraints on the fluid compositions include
present day formation water §'°'O of approximately -6
(Hitchon, 1969; Schwartz et al., 1981}, and an o;iginal

composition of 0, since seawater was probably the original

pore fluid.
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E. Microprobe Analysis

r

Chemical data for sideritL, dclomite, Fe-calc:ite,
. . i , » , _
ankerite and feldspar were obtained by microprobe analysis
(Table 3.7). Average compositions (expressed as mol% X 100%)

for the carbonates are:

A}

Siderite: {(Fe;sMg,sCaoe¢Mng,)CO;; .

—_
.

Detrital dolomite: (Cas Mgq,e)COs;

N

3. Fe-Calcite: (CaysFeo;)CO;;
4. Ankerite‘ﬁeplacing detrital dolomite: (Cas Mg,sFe,,)CO;;

5. Discrete ankerite and ankerite replacing feldspar:

(Canggste”)CO;.

Feldspars were analyzed near areas showing replacement
by ankerite. Tliree analysis indicated mixtures of feldspar ¢
and ankerite (analyses 21, 22 & 26, Table 3.7) and one
analysis indicated that the feldspar was albite (analysis

25, Table 3.7). ' \Z

r
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TABLE 3.7. MICROPROBE RESULTS
SAMPLE & DESCRIPTION COMPOSITION (MOLE%)
2-30-38-7W5 (M 141 F Sst))
1.SIDERITE . (Fe,,;Mg,,Ca,Mn,)CO,
2. SIDERITE ..o Fe,.Mg,,Ca,Mn,)CO,
3.SIDERITE ... {Fe,,Mg,,Ca.-Mn,)CO,
4. SIDERITE ..ot (Fe.,Mg,.Ca,;,Mn,iCO,
7-7-29-22W5 (M500 F .Sst )
5. SIDERITE ..o (Fe,,Mg,,Ca,,Mn,)CO,
6. SIDERITE o covvovorriorsnn (Fe,,Mg,,Ca,Mn,)ICO,
2-30-38-7W5 (M3 1A C.Sst)
7. CALCITE CORBN. ..o (Cay,Fe,ICO,
8. CALCITE CORE ..o (Ca,,Fe,1CO,
Q. CALCITE RIM .o (Ca,,Fe,)CO,
10. CALCITERIM ... {CayFe,)CO,
7-32-34-6WS (M253 F Sst )
11. DOLOMITE CORE oo (Ca,;Mg,,ICO,
12. DOLOMITE CORE ...ooooooeeiiinn. SO (Ca,,Mg,,/CO,
13. ANKERITERM ... (Ca,;Mg,,Fe,JCO,
14. ANKERITERIM _.......... e (Ca,,Mg;,Fe,)CO,
11-7-39-26W4 (M556 C.Sst.)
15. ANKERITE CORE ......oooeoieiiiiiiiiieeeee (Ca,,Mg,Fe,,ICO,
16. ANKERITERIM ... ians (Ca,,Mg,sFe,)CO, -
17. ANKERITECORE ... (Ca,,Mg,.Fg,,)CO, .
6-24-32-3WS (M24/3 Cong!.) ‘
18. ANKERITE CORE .....coooeeeeeeeiiiiireeeaaaeeenn (Ca,,Mq,Fe,,)CO,
19. ANKERITE CORE ..c.ovvieiiiiiiveeieeeeieeenen, {Ca,,Mq,,Fs,,)CO,
20. ANKERITERIM ......oovivviiieieeeeneeeene, (Ca,,Mg,Fe,,)ICO,
21. FELDSPAR IN ANK. ......ooeeeinirieennineennns Na. Al Si. Ca, Mg. Fe
22. FELDSPARINANK. .....c.ocvvereeenaenrineeennn. Na. Al, Si. Ca, Mg, Fe
5-30-41-6W5 (M181 C.Sst.)
53 ANKERITE CORE .....oovevenieriisnenneenss (Ca,Mg,.Fe,CO,
24. ANKERITERIM ..ooooiiniiiieeiicreeeeeeeeen, (Ca,,Mg,,Fe,,)co,
25. FELDSPAR NEAR ANK. ....cvvvieeriireeeene I, Si
26. FELDSPAR IN ANK. ......oooommricrnieisnnnnin, Na AI Si, Ca, Mg, Fe

N4



IV. DIAGENESIS

A. Interpretation of Paragenetic Sequence

The interpretation of the paragenetic sequence of
mineral emplacement is anliﬁportant step towards
understanding processé;‘that occurred throughout the
diagenetic history. Diagenetic minerals that formed during
early burial ofy the Viking may be éimilar to minerals that
cryséallized,early in Cretaceous rocks of northwestern

y
United States or similar to minerals crystallizing in
shallow buried Gulf Coast sandstones. Changes in fluid
chemistry during later stages of diagenesis_ in the Viking
are probably related to uplift and an influx of meteoric
water; these changes should bé reflected in the types of
minerals that formed late in the paragenetic seguence,

The paragenetic sequence in the Viking (Figure 3.8)
showed that the types of minerals that crystallized evolved
from early iron-rich phases, such as glauconite, pyrite,
chamosite and siderite, to quartz. This was followed by a
period of albitization a;d crystallization of Fe-calcite,
kaolin grou§ minerals (dickite) and ankerite. Late pyrite
cement also formed at this time. Among the last phases to
crystallize were the;slay minerals beginniﬁg with dickite
followed by illite, illite/smectite.and smectite. Detailed
studies of this paragenétic sequence may help to revéal the
dominant processes that were active during various{;tages of

diagenesis and may help to determ}pe when the influx of

g/ B
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meteoric water occurred.

Early Iron-Rich Cements

The formation of glauconite, pyrite, chamosite, Quartz,
and sideri:e occurred either during deposition or early
burial (see Chapter III). The crystallization of most of
these phases reflects the formation of a reducing
environment with a high irop activigy.

The formation of glauconite occurred priog/to or during
deposition since many grains are highly compacgted (e.g.,
Plate 3.3A). Some of the glauconite also appears aé
pellet—shabed grains suggesting Fhat it formed through
biogenic activity (e.g., Plate 3.3A). The assocliation of
gluaconite aad biodenic activity is well established; many
glauconites appear to have formed from the alteration of
clay minerals aggregated as ‘fecal pellefs (Burst, 19%58;
Hower, 1961; McRae, 1972; Pryor, 1975; McConchie et al.,
1979; Birch et ai., 1976; Bayliss and Syvitski, 1982).
Glauconite has also been reported forming as a replacement
of non-clay minerals and through the recrystallizaiion of
amorphous Fe, Si and Al-rich gels (McRae, 1972; Sorokin and
Vlasov, 1979; ﬁ;rder, 1980). The recrystallization of
amorbhous gels cap better account for the presence of
glaﬁconite in coarse, relatively’clean sandstones that
otherwiée show little evidence of biogenic activity (Harder,

1980). In the Viking Formation, the occurrence of glauconite

in many clean coarse-grained rocks suggests that some of the .

{

7/
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glauconite may have Iormed through the recrystallizat:on of
Fe, Si1 and Al-ricn gels.

- The associat:cn of glauconite and organic matter s’
we.l knawn and 1t 1s likely that during early bur:.al the
bacterial decay of organics created the necessary reducing
conditions for glauconite formation (MéRae( 1972; McConchie
et al., 1979). Under reducing conditions detrital Fe-bearing
phases will dissolve, mobilizing iron (Berner, 1981). In
‘more oxidizing zones Fe will precipitate as iron Bydroxides
and through the absorption of Si, Al, K and Mg, derived from
the solution or breakdown of other phases, glauconite forms
(Sorokin and Vlasov, 1979; Harder, 1989).

In the viking, glauconite is common in the offshore
region.(e.;., Gilby’and Qoffre). Porrenga (1967) showed that
glauconite is more commofh in cool, deep marine environments,
‘while chamosite farés in shallow, warm waters. Harder (1980)
indicated that in deeper waters original pore fluids are
higher in dissolved silica because of the dissolution of
siliceous organisms and high Si saturations favour the
formation of glauconite over chamosite.

The crystallization of pyrite occurred after glauconite -
(e.g., Plate 3.4E) and reflects the introduction of agqueous
sulfide. The formation of early sulfides has been documented
in many»of the Cretaceous shelf sandstones in the
northwestern United States and is thought to represent the

anoxic decomposition of organic matter (Gautier, 1983).

Berner. (1981a) indicated that during early Qﬁriai sulfate

&
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recduc:ng bacter.a decompose organic matter and release HS
The continued dissclution ¢f coxidized Fe-bearing minerals,
such as Fe-cxliges or bictite, also coccurs under these
condi:ions/(Berner, 198 ta; Wilson, 1982). In the presence of
HS , free 1ron will be readlly transformed into pyrite
(Berner, 1981b). Much of the early pyrite in the Viking
"probably originated in this manner with additional iron
provided by the breakdown of glauconite.

Chamosite (Fe-chlorite) formed earl; in the burial
history primarily through the replacement of detrital
kaolinite. The replacement of detrital kaolinite by
chamosite reflects early reducing conditions with high Fe
activities. In such an environment kaolinite was proba%}y
unstable and Fe was 1ncorporated 1nto its structure for;?ng
an Fe-rich, 1:1 layered phase, such as berthierine (e.qg.,
Plate 3.6C). With complete replacement and incorporation of
minor Mg, probably from trapped seawater, chamosite formed
(e.g:, Plate 3.6F). Iijima and ﬁatsumoto (1982) reported
berthierine forming through the reduction of detrital
~kaolinite"in the upper Triassi¢ coal measures of Japan and
in déeper sections it had also transformed to chamosite.

Sources of iron for the Viking chamosites were probably

from-detrital Fe-minerals or pyrite. Bhattacharyya (1983)

was able to synthesize berthierine by reacting kaolinite

~.
~

with pyrite under reducing conditions. In the synthesis

small euhedrél quartz crystals were also found with

berthierine and were interpreted to have formed from the

rd
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excess S. re.eased during the t:ansfcrmaticn.(Bha:tacharyya,
1983). A similar associat:i:on is seen in the Viking: detrital
kaolinite / berthierine *+ chamosite / neocformed guartz
(e.g.: Plate 3.9F). This may also explain g{he abundance of
small quartz crystals found within some kaollnite matrices
(e.g., Plate 3.1E & 3.10A).

The cessation of pyrite formation and the incorporation
of Fe into chamosite geflects early changes in pore fluid
chemistry. Irwin and Curtis (1977) indicated that marine
sulfate levels decline after 10 meters of burial causing
bacterial sulfate reduction and early pyrite formation to
end. Due to the high oxidizing potential of HS-, only in its
absence can Fe be used in the formation of other Fe-bearing
phases (Berner, 1981a). Another possibility {s that only a
1small percentage of organic matter was initally present in
the sandstones and was consumed quickly by Eacteria. The
presence of an intermediate stage of chamosite development
(berthierine) and the preservation of abundant detrital
kaclinite suggests that conditions for.chamosite formation
did not last long. This may reflect the depletion of Fe due
to a limited supply of detrital Fe-minerais or a change in
pore fluiq chemistry resulting in the crystallization of a
more stable‘Fe-minefal (e.q., éiderite). '

The crystallization of siderite reflects the influx of

A
dissolved CO; into the pore fluid system. Average §'?C

values for the siderite vary between -1.6 and -4.7; these

values are similar to the §'°C values reported for early
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~Mlagenet:c s:der:zes found in Cretacecus shales of
e

Q.

acrthwestern Urnited States (Gaur:er, 1983; Figure &. ',
Early formed carbcnates usually have heavier &'’C wvalues
than late carbonates due 0 a change f{rcom bacterialiy
derived CO; to :inorganica.ly derived CO, (Irwin et al.,
1977; Figure 4.1).

The release of 1sotopically heavy carbon occurs at the
same time methane generation during initial burial
(Rosenfeld and Silverman, 1959; Irwin et al., 1977). The
production of early methane is attributed to the bacterial
breakdown of organic matted (bacterial fermentaglon) shortly
after the cessation of bacterial sulfate reduction (Irwin et
al., 1977; Berner, 1981b; Gautier, 1982). The fermenta%ion
process can continue to temperatures of about 60°C wherc¢ the
thermal destruction of the bactprié occurs (Irwin et al.,
1977; Surdam et al., 1984) (Figure 4.1). Siaerite from the
Viking Formation has the highest §'°’C values of all the
carbonates studied and probably formed from CO, evolved
during bacterial®fermentation (Figure 4.1).

It is doubtful that the sandstones contained sufficient
organic matter to account for the volume of sideri&e cements
seen in some samplesﬁYe.g., sample M29, Table 3.2). Most of
the CO,; was probably provided by eérl& methane generation in
adjacent shales. With compaction and shale dewatering thé

CO, + methane would have migrated into adjacent sandstones

stablizing Fe with respect to siderite.
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Siderite 1s very patchy 1in distzibutiqn_and!tends'to
selectively replace certain sands$tone beds. With compaction,
CO, cenerated 1in the shaly_interbeds wou¥d have migrated
into all the sandstones. Siderite would have crystallized
only 1f geducing conditions existed and if sufficient Fe had
been mobillized.

A likely source of Fe for siderite may have' been"
authigenic chamosite. In some samples Sideritefig see;
enveloping chamosite (e.g., Plate 3.8F). Bhéttacharyya
§1982) sndicated that giderite commonly replaces chamosite
during the burial diagenesis of ironstones. In the Viking
Formation: the introduction of CO, would have 1increased the
PCOz‘le;els stabilizing Fe with respect to._siderite (Garrels
and Christ, 1965, p. 161).

The average siderite composition indicates that Mg, Ca
and Mn were also available during crystallization (Tabie
3.7). Mn was probably derived from the dissolution of minor
detrital Mn-oxides. Mg and Ca may have been derived from the

breakdown of detrital dolomite, clays or organic matter;

Irwin (1980) stated that ,organic matter tan be comprised of

2-10% chlorophyll containing up to 2.8 wt% Mg. Additional Ca

and Mg may have been provided by the original connate watérs
and some Mg may have been p;Bvided by chamosite.

_ 1
Quartz Cementation, ,

Quartz cementation is very extensive in the Viking

Formation and, where comglete overgrowﬂhs are-present, has

"y
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almost completely destroyed original porosity (e.g., Plate

3.7D). Thomas and Oliver (1979) studied regional

-depth-porosity variations of the Viking 1n the same area as

this study; their results show that compaction and quartz
cementation was the dominant mechanism of porosity
reduction. They also indicated that most of the Si for
quartz overgrowths was probably provided by pressure
solution; however the'lack of extensive suturéd contacts
between quartz grains was also noted. Many quartz grain
contacts appear convexo-concave (e.g., Plate 3.2A), but
where distinct dust rims are visible it 1s apparent that few
detritallgrains are actually touching and the contacts are
the Eé;ult of’mergence of overgrowths within pore spaces
(e.g.,'Plate 3.7C). Cathodoluminesgcence studies of
extensively guartz cemented sandsténes indicate that
convexo-concave boundaries, resulting from the mergence of
overgrowths, are commonly mistaken for pressure solution
contacts (Sibley and ﬁlatt 1976; Blatt 1982). The amount

of pressure solution that has occurred in the V1k1ng cannot
be deduced since cathodolumlnescence was not performed. B
However, the océurredce of sutured chert contacts suggésts
that some Si for éﬁartz overgrdgths may have been provided
by pressure solution (e.g., Plate 3.1B).

A number of addit?énal sources for Si have been
proposed to account for quartz cementation in quartz-rich

sandstones. In the Gulf Coast region the release of Si is

commonly associated with the illitization of smectite layers



:n 1llite/smectites during burial c¢f shales (e.g., Boles and
Franks, 1679). Other studies of shales 1in the Gulf Coast
indicate that most of the Si 1s consefved;dnrin§
illitization and a very large Quantity of 1llite/smectite
would be needed before any excess S1 could be transportéa
Qrto adjacent sandstones (Hower et al., 1976; Yeh and Savin,
1977; Hower,‘1981). Considering 1llite/smectite 1s a minor
component 1n most Viking shales (e.g., see Table 3.1), if is
unlikely that any Si was transported into the sandstones
during illitization. ’

Other possible sources of;Si include silica derived
from the devitrification of volcanic glass and from the
dissolution of opaline radiolaria aﬂd siliceous sponges
(Blatt et al., 1980; Blatt, 1982). These sources seem
unlikley for the Viking sandstone due to their clean, -
quartz-rich composition. Blatt et al. (1982) indicated that
a likely source of Si for quartz cement in quartz-rich
sandstones 1s from the circulation of meteoric waters since
they contain the highest concentrations of dissolved Si (up
to 13 ppm) when compared to sea water (<1 ppm). This would
suggest that quartz cementation can occur very early in
continental‘quartz-rich sandstones while marine quartz-rich
sandstones require upiift and ﬁeteoric water flushing before
extensive quartz cement can develop (S}bley and Blatt, 1976;
Blatt et al., 1980Q; Blatt, 1982).

In the Alberta basin uplift and meteoric water invasion

is commonly associated with the second phase of the Laramide
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orogeny (Hitchon and Friedman, 196%; Hitchon, 1984; see also
Figure 1.4). The circulation of ground waters at or near
maximum burial of the Viking may have been an important step
towards the development of extensive guartz overgrowths. A
continued influx of meteoric water may have provided a
transport mechanism for large volumes of Si derived at depth
and at high temperatures through pressure %olution. S1i

solubility increases at high temperatures (Blatt, 1982) and

the presence of organic acids, associated with hydrocarbon

maturation, may have further i1ncreased Si solubility

'(Curtis, 1983). Upon entering more shallow buried regions of

»

the Viking, the Si solubility of the meteoric waters would
have decreased and extensive qguartz overgrowths may have

resulted.

Albitization

Following quartz cementation chgngeé in pore fluid
chemistry resulted in the_aissolution and albitization of
feldspar and crystallization of carbonates (e.g., Plate
3.9D) and minor amouﬁts of authigenic kaolin group minerals,
mostly éickite (e.g., Plate 3.9F). Albitization is mést_
evident .in Viking "A" rocks sincé they contain high
bercentages,of detrital feldspar that commonly show
feplacement by carbonates (e.g., Plate 3.9D). Microprobe
analpsis of the feldspar inclusions within these carbonates

indicate a nearly pure ak?ite phaser(Ano)(e.g., see Table

3.7, dnalysis #25), whereas surrounding feldspars have

8
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compositions ranging from Ans to An,s (based on optical and
X-ray diffraction technigues). In the Gulf Coast region the
appear;nce of such textural and mineralogical relationships
tusually indicates that albitization has occurred and that
+here has been an i1nflux of acidic fluids (Milliken et. al.,
1981; Boles, 1982; Siebert et al., 1984; Dutton and Land,
1985). The generation of *an acidic fluid capéble of
d&ssolving feldspar at or near maximum burial 1s commonly
associated with the release of CO, and carboxylic acids o
during hydrocarbon maturatin (Carothers and Kharaka, 1978;
Momper, 1978;‘Al—Shaieb and Shelton, 1981; Porter and
Wiemer, 1982; Surdam et al., 1984).

In thedAlberta basin, the generation of hydrocarbons
and acidic fluids from Cretaceous source rocks probably
occurred at the end of the Paleocene/eafly Eocene when
maxigum burial depths and temperatures were reached (Taylor
et al./, 1964; Deroo et al., 1977). /The timing of hydrocarbon
generation would have also overlapped with the influx of
meteoric waters associated with overthrusting during the
second Laramide orogeny (Hitchon and Friedman, 1969;
Hitchon, 1984). Given these.circumstances, it is likely that
albitization in the Viking sandstones was-initiated by an

"influx of acidic fluids derived from a mixing of meteoric
waters and acidic fluids released from shales.

Assuming an average feldspar composition of An:,

{oligoclase) for detrital feldspar in the Viking,

albitization during an influx of acidic fluids (denoted H")

4
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can be expressed as the following:
NaosCaozAl,20Si:050e + 0.4H,0 + 0.2H" = 0.8NaAlSi O, =+
0.2A1,S51,05(0OH), + 0.2Ca*" *~0.05H,Si0-
Albitization, as shown 1in the reaction above, does not
require an influx of Na and *is similar to reactions written
for feldspar dissolution in Gulf Coast sandstones (e.g.,
Siebert et al., 1984). It is likely that albitization in the
Viking was a form of dissolution where only the Ca-rich
domains of, a feldspar grain were dissolved leaving behind
the Na-rich domains; thgse textural features have been
observed in some Gulf 'Coast sandstones &Siebert et al.,
1984); In the Viking, albitizat;on (or selective
dissolution) of a few percentage of detrital feldspar can
accoﬁht for the occurrence of albite inclusions'within somé
carbonate cements (e.g., Plate 3.9D). Complete dissolution:
of other feldspar grains may -have provided a source of Na
for local albite overgrowths (e.g., Plate 3.8B).

The minor amounts of authigenic kaolin group minerals
associated with feldspar dissolution (e.g., Plate 3.9F) may

have also formed during albitization. Boles (1982) indicated

‘that dickite was a common product of albitization in the

. #5
Frio Sandstone (Gulf Coast) and formed from the -excess Al
|

released during the reaction (see reaction above).

Thé calcium released during albitization can be used in

the formation of local carbonate cements, as seen in many

-

Gulf Coast sandstones (e.g., Siebert et al., 1984). In order.

to crystallize calcite in an acidic environhent fluids would

e
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have to contain high CC,; ievels and an ac:d buffer reac:ion,
such as decarboxylation (Crossey et al., 1984; Surdam et
al., 1984). Carbon :sctopic aralyses of Fe-calcite and
ankerite from the Viking indicate that they probably formed
from CO; released from decarboxylation; &'°C values of -6 to
-8 are common for these carbonates (Milliken et al., 1981;
Figure 4.1).

Alpitization alone cannot account for the total volume
of’;arbonates present in some rocks. For.example, sample
M631 contains 12% Fe-calcite and 6% detrital feldspar (Table
3.2). Textural evidence indicates that some of the
Fe-calcite has replaced feldspar (e.g., Plate 3.9B) but if
albitization only releases 0.2 moles of calcium for every |

mole of feldspar (see reactibn written previously) then 66%

-feldspar must have originally been present. This is,highly

unlikely and suggests that the fluids entédring at this time
also contained Ca. The additional Ca may have been brought
in with the meteoric waters because, before entering the
Viking, these fﬁiids would have had undergone fluid-rock
interactions with deeper Mississippian and Devonian
carbonates (Clayton et al., 1966; Hitchon and Friedmanl\ \\
1969; Longstaffe, 1984; Figure 1.4).
Ankeritization e

Ankerite occurs as a discrete cement (e.g., Plate
3.9¢), as a replacement of feldspar (e.g., Plate 3.9D) and

as a replacement of detrital dolomite (e.g., Plate 3.7B).

| N



Microprobe data obtained [or these ankerites

corntain a high Ca content (Flgure &.2). Discrete

3

and ankerite rep.acing feldspar contain an average of 58
Ca; ankerite replacing dolomite has an average of 6:% Ca.
These compositions are higher than the 1deal f1eld for
ankerite established by Deer et al. (1962) and are similar
to those reported by Boles (1378) (i}gure 4.2). T£e excess

Ca was interpreted by Boles (1978) to represent

ankeritization of a Ca-rich precursor, such as calcitej In
the Viking fine-grained sandstones the excess Ca was
probably derived from the ankeritization of dolomite. In the
coarse-grained rocks Ca was probably derived from the
.ankeritization of calcite that either formed during
albitization or that crystallized from Ca-rich, meteoric
water. The preservation of some Fe-calcite indicates that
ankeritization is incomplete.

Using the average comp;sitions for Fe-calcite and
ankerite, ankeritization of Fe-calcite can bé expressed as:
CageFeo CO; + 0.106Fe?* + 0.17Mg?* = 2CaseMg.sFe,;(CO;);
Using the average compositions obtained for detrital
dolqmite and ankerite rims, the following reaction can bé
wrf!gén to express ankeritization of dolomite:

Cas iMQa9(CO,)3’+ 0.14Fe?* = 0.83Caq Mg;sFe,,(CO5); +
0.28Mg?*" |
Both reactlons shown require an influx of Fe and Mg. In the

\ :
Gulf Coast region ankeritization of calcite is thought to be

related to the late-stage release of Fe and‘Mg from smectite
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d.:agenesls {(Boies, %
assoc:ated with the Jik.ng Formation conta:in Sma..
percentaces of illite/smectite (Table 3.1) and .t :s
un.:kely that any Fe or Mg were provided by smect.te
diagenesis. It is possible that Fe and Mg were derived from
the breakdown of organic matter (Irwin, 1980) or from the
breakdown of prev1ou§ly formed Fe-bearing minerals, such as
siderite or chamd%ﬁﬂgk

In order to mobilize Fe and Mg for ankerite reducing
conditions must have developed near maximum burial. The
development of reducing conditions may be associated with
late stége hydrocarbon maturation and an influx af H,S
(Hunt, 1979). Initially CO, levels may have been high enough
to stabilized Fe and Mg with respect to ankeri;e. As H,S
levels rose Fe would have been reduced to pyrite, much of

the late pyrite may have formed in this manner.

Late Clay Minerals

Authigenic clay minerals are very common in the Viking
sandstones and appear to be among the last pﬂases to have
formed, commonly lining earlier cements, suchaas guartz
overgrowths and ankerite (e.g., Plate 3.8B & 3.12G). These
clays minerals include digkf;e, illite, illite/smectite and
‘smectite.

Dickite was the first clay mineral to form and it is
the most extensive, comprising up to 10% of some

coarse-graihed rocks (e.g., sample M55, Table 3.2). Dickite
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CCTUIS ma.n.y as a pere-fi.l.ing flelg Plate 3.SE) but, :n
Al
some places, .t agpears 1o have formec through the
g
sciution/recrystailization of detr:ital xacl:nite (e.g.,
Plate 3.i0F & 2.77EZ). In a similar fashion, Wilson (1982)

indicated that much of the original kaolinite found in
guartz-rich sandstones, such as the Spirit River (Alberta)
and Hosston (Loulsiana), has also been converted to dickite
during diagenesis.

The crystalllzation of dickite probably reflects
continued m{xing of surface waters with pre-existing
formation flulds. Kaolin group minerals are usually stable
in the presence of meteoric waters due to its low pH-and low
ionic strength (Hurst and Irwin, 1982). Flushing of
sandstones by groundwaters is considered an important‘step
in the kaolinitization of many gquartz-rich sandstones (Almon
and Davis, 1979; Bjgrlykke et al., 1979). In the Alberta
basin, fresh water flushing is related to overthrusting and
uplift during thegsecond phase of the Laramide ofogeny
(Hitchon, 1984). Authigenic‘kaolin group minerals are the‘
most widely distributed authigenic clay mineral in many
Cretaceous and Tertiary sandstones found in the foothills
and plains region of Albterta (Carrigy and Mellon, 1964) and
probably formed when acidic groundwaters startéd,to flush
through - the basin. In the Viking, the crystallization of
dickite suggests that temperatures were still high when

flushing occurred; dickite is usually the most stable

polytype at high temperatures (Brbwn and Brindley, 1980).



Mcst of the Si and A: for dickite was prcbably broughs in
with the meteor:c waters a.though some S: énd Ai may have
ceen provided by the sclution of detrital kaclinite. Al
morility may have been enhanced by the presence of organic
acids associated with hydrocarbon maturation (Curtis, 1983).

The crystallization of dickite instead ol quartz
indicates that there was an increase in the Al/S1 ratio of
the fluids entering the Viking (Blatt, .1982). As uplift
congghued and temperatures started to drop quartz stability
would have been greatly reduced (Drever, {982, pPg., 101) and
crystallization of quartz may have been Confinedtto deeper
formations. As a result, fluids entering the kainh would
have been less Si-rich and more stable with respect to
dickite. ‘

Authigenic illite and illite/smectite are alsé common
in the Viking sandstones and crystallized after dickite
‘(e.g., Plate 3.11G & 3.11H). X-ray diffraction studies of
illite/smectite indicate they contain#getﬁben 70 and 80
percent illite layers (e.g., Table 3.4). The composition of
illite/smectite in shales is commonly associated with
illitization reactions with increasing temperature (depth)
(Boles and Franks, 1979). This relationship may exist in the
shales associated with the Viking (Table 3.1), but no
*relatiénship between burial depth and illite/smectite
composition is apparent in the sandstones (Table 3.4). This
suggests that the most 1mportant factor that controlled the

crystallization of\{he illitic clays was f1u1d chemlstry

Lo |
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In the Viking, a similar change in fluid chemistry may
be associated with decreasing temperatures during uplift. As
temperatures decreased the crystallization of kaolin group
minerals and quartz probably occurred in deeper parts of the
basin. As a result, fluids moving into shallower buried
“formations were richer in dissolved cations, such as K-,
relative to Si and Al. These changes in fluid chemistry may
have initiated the crystallizatidOn of the illNtic clays.

Smectite also occurs as a late clay mineral phase in
some coarse-grained rocks {(e.g., Plate 3.12B). EDAX analysis
indicates that these smectites contain Ca, Fe and Mg fe.g.,

S
Plate 3.12D). The cryStallizqtion of smectite appears to
coincide with the formation of illite and illite/smectite
but Es difficult to determine pecause of the similar
morphologies of these clays (e.g., Plate 3.12B). The
crystallization of smectite probably reflects local

variations in pore fluid chemistry where concentrations of

Fe, Mg and Ca were higher than K.

B. Isotopic Constraints on Diagenesis
Oxygen-isotope ratios of authigenic minerals are useful
in deterﬁining temperatures and fluid conditions during

their crystallization, assuming these values have remained
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unchanged during later diagenesis. Isotopic exchange 1S

’

reported to be negligible in gquartz under 300°C and
?egligible in kaolin group minerals under 100°C (O'Neil and
Kharaka, 1976: Yeh and Savin, 1977; Longstaffe, 1983).
Isotopic exchange in carbonate minerals, especially calcite,
is likely to be more important during later stages of
diagenesis (Cléyton, 1959; Clayton et él., 1966) .

The relationship between 6'*Q - mineral, 6'°*0 - water,
aéd temperat;re were shown in Figure 3.9. In order to
calculate temperatures of crystallization for the authigenic
minerails the following parameters mhst be known: (1) maximum
?depth§yand temperatures of burial; (2) evolution of §'*0 -
water during, burial and uplift; and (3) the paragenetic
sequence.

Pgeéeht burial depths for most of the samples selected
for i§d£opic anélysis range between 1500m (Gilby/Jof?re
fiéldé) and 2500m (Caroline field). Using a surface
temperature of 5°C and a geothermal gradient of“2ﬁ°c/km for
southwestern Alberta (Hitchon; 1984), 48 to 60°C can be
calculated for present day formation temperatures. This .
agfees with actuai fi€ld measurements (corrected bottom-hole
temperatures)‘fo;Asome Vikiné fields_thatvoccUr within the
study area (é.g.,;;he‘vik{ng Formation a Chigwell (=1500m

depth) is at 46°C, Hitchon and Friedman, 1969). During

. burial and before'the second ‘phase of the Laramide orogeny,

~geothermal gradients were approximately 26°C/km (Hacquebard,

1977; Hitchon, 1984) and surface temperatures were about*®
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16°C (Piel, 1977). In order to calculate the'maxrmum
temperature of burial the amount of overburden removed must
also be known. |

Estimates or the amount of overburden removal 1n the
Alberta basin have been calculdted based on shale compaction
and coal maturation data. Magara (1976) used shale
compaction data obtailned from transit times on sonic logs
and calculated the amount of overburden removed in the
Caroline field at 1400m. Nurkowski (1984) étudied
equilibrium moilsture content of near surface, Cretaceous
coalsvand calculated the amount of removed overburden in the
Gilby area to be 1600 to 1700m. Maximum estimates of |
overburden removal for south-central Alberta were obtained
using vitrinite vreflectance and moisture content data from
coals.(Hacquebard, 1977; and Hitchon, 1984) and indicate up
to 2300m removed at Gilby and 2500m at Caroline. Using these
maximum estimates, a paleogeothermai gradient of 26°C, and a
paleosurface-temperature of‘16°C, maximum burial
temperatures of approximately 115°C_(Gilby/Joffre) to 150°C
(Caroline) can be calculated. These estimates also agree
with the temperatures needed to account for the level of
illite/smectite diagenesis seen in the Viking shales
(Chapter III-A). '

Another important assumption concerns the §''0°
compasition of the fluid; during diagenesis. Pfesent day
formation waters in the Viking are depleted in 6''0; values

of around -6 permill have been reported by'Hitchon and
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Friedman (1969).‘These values indicate that a significant

fraction of meteoric water has mixed with the original

connate water (seawater) (Clayton et al., 1966; Hitchon and
el
Friedman, 1969).
L]
The starting composition of the formation waters Y

probably depends on the location of the reservoir relative
to the Viking paléoshoreline (Figure 4.3). Offshore regions, ”
such as Gilby, Joffre, Willesden Green, Ferrier and
Harmattan;East, probably had an originalvé"o fluid
composition of 0 due to the presence of trapped seawater
(Figure 4.3). A rooted zone has been identified in the
southwestern part of the study area (Hein et al., in press;
Lecke, in press) and probablyArepresents a nearshore,
deltaic or barrier island environment (Figure 4.3). Original
fluids in this area were probably brackish due to the mixing
of sea water (6'*°0 = 0) and fresh water (8'*0 = -16; Clayton
et al., 1966; Hitchon and Friedman, 1969). Isotopic studies
of the Cretaceous Basal Belly River Formation (Longstaffe,
in press), lying stratigraphically above‘the'ViJ}ng (Figure
f.4), indicate that original shoreline-aeita related
formation waters were probably brackish and had 6'*O values
of -5 tb -9. |

It is unlikely that meteoric waters penetrated the
formation during burial since the hydrq@ynamic’regime was
probably controlled by compaction, siﬁilar to most Gulf
Coast areas (Galloway, 1984). It is probable that during

burial fluids became enriched in &'*0 through fluid-rock
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Figure 4.3. Location of some of the wells containing sampies analyzed for isotopic
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interactions with carbonates or feldspars (Clayton et al.,
1966; Hitchon and Friedman, 1969; Longstaffe, 1683, in
press). Enrichments of +2 to +4 permill are common in cdeeply
buried sandstones in the Gulf Coast region (Land and Dutton,
1678; Milliken et al., 1981; Dutton and Land, 1985). Most of
the §'*0O depletion in the Viking and other formations in the
Alberta basin probably occurred because of an influx of
meteoric water associated with the second phase of the
Laramide orogeny (Clayton et al., 1966; Hitchon and

Friedman, 1969; Longstaffe, 1984, in press).

Using the above information and the petrographic data
(discussed in Chapter III) it is possible £o reconstruct the
evolution path of the formation fluids and its relationship
to the oxygen-isotope curves of the diagenetic phases
(Figure 4.4). The following parameters have been assumed:
initial fluid composition of 0 permill (offshore region,
Figure 4.3); present fluia‘composition of approximately -6
permill; an average present temperature of 50°C; an average
‘maximum temperature of 130°C.

During burial fluids probably became enriched in &'*'O
4éhrough fluid-rock interactions; an enrichment of +2 permill
at maximum burial has been assumed (Stage I, Figure 4.4).
Textural evidence indicates that siderite formed duripg
early burial and probably crystallizéd during this in;iélg
enrichment trend (Figure 4.4).

Siderite shows a large variation in 6120 values,

ranging Prom +18.1 to +23.9 (Figure 4.4). Assuming that all
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Figure 4.4. Fluid evolutton model showing the relationship between §'*0O - mineral

6 1O-Fluid (SMOW)

(average vailues). §'*0 - fluid. and temperature. Evolution of a fluid with
a starting §*0 composasion of 0 permill 1s shown (dashed line #1).
Where the dashed line crosses the §!*O - mineral curves this indicates

possible temperatures of crystallization (see text for further discussion).
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reservoirs had a starting fluld composition of O permiil the
observed temperatures of crystallization would be S5 tl
110°C (Figure 4.4). These temperatures are much higher than
those reported for most siderites forming in the bacterial
fermentation zone (Irwin et al., 1977; Irwin, 1980; Gautier,
1982). The thermal destruction of these bacteria usually
occurs around 60°C and after this thermal catalytic.
reactions in shales produce fluids that dissolve carbénates
(Surdam et al., 1984; Figure 4.1),

Due to the location of siderites analyzed it is more ’
likelé that original fluid compositions varied. Sample M660
(6'*0 = +18.1) occurs in the extreme southwestern part of
the study area within the rooted zone (Figure 4.3). Using an
original fluid compos;tion of -6 permill (brackish water) a
crystallization temperature of 55°C can be calculated for
siderite in sample M660 (dashed line g2, Figure 4.4). The
other siderites analyzed are located further offshore
(Figure 4.3) and initial fluid compositions were probably
closer to 0 permill., A crystallization temperature of
appfoximately 55°C can also be calcglated for samples M29
and M57 (8''0 = +23.3 and +23.9) using a fluid of 0 permill
(dashed line #1, Figure 4.4). Assuming a 8'°*0 - water of 0
permill, siderite in sample M1¢1v(6"6 = +22.0) either
crystq}lized at a slightly higher temperature than the other
siderites or the‘;}iginal pofe fluid was slightly.less than

0 permill. A lower starting §'*0 - water is probable because

"of the close proximity of sample M141 to the'paleoshoreline

-
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(Figure 4.3). Thus, the observed variation in 6'°0 values
for siderite (Figure 3.9 & 3.4) probably reflecrts
crystallization from fluids with different starf:ng“é"o
compositions rather than crystallization at different
temperatures.

At or near maxlmum burial there was an influx of
meteoric waters associated with the second Laramide orogenic
pulse (Stage II, Figure 4.4). Petrographic data indicates
that extensive silica cementatilion occurred after siderite
(e.g., Plate 3.9A) and probably reflects an influx of
Si-rich, metecoric water. An §'*0 value of +20.2 was obtained
for one sample contaihing mostly pore-lining authigenic
guartz (Figure 4.4). According to the model (?igure 4.4)
crystallization of this authigenic quartz appears to have
occurred towards the end of Stage 1. However, by changing
some of the assumptions used to construct the model, such as
using an enrichment of +3 instead of +2 permill during
initial burial or by using a maximum temperature of burial
of 120°C instead of 130°, this quartz could have
'crystallized at the beginning of Stage I1I. Placing the
formation of quartz cement at the beginninngf Stage I
would still be consistent with the petrographic data and
would correlate better with the influx of Si-rich meteorjc
water. T | ‘

The crystallization of Fe-calcite and ankerite occurred

following gquartz, and, in the model (Figuti/;.4), is

accompanied by a rapid decrease in §''0O - water. Isotopic
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press; Aya.on and Longstaffe, '9Y83), ly:ng stratigrephica..y
above the Viking, indicated a sim:ilar feature which has peen
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interpreted to represent meteoric water inf
overthrusting (beginning of second Laramide orogeny/ and
before significant erosion. This caused a rapid depletion 1n
6'*0 - water values and a slight decrease in temperature.
The exact timing of'Fe-calcite and ankerite
crystallization cannot be deduced from textural evidence
since they rarely coexist; however 1sotopic eiidence
suggests that Fé\qg;;ite predated ankerite (Figure 4.4).
§'*0 values for Fe-calcite average +14.3 and for ankerite
+16.5 and during the rapid decrease in §'*0 - water (Stage
11, Figure 4.4) it appears Fe-calcite crystallized first
followed by ankerite. The ‘observed separation in the
oxygen-isotope curves of thé carbonate phases may‘be related
to varying rates of isotopic exchange (Clayton et al.,
1966); however microprobe data supports crystallization at
different times. The average &6'*O - ankerite (+16.5, Figure
4.4) was obtaiqed from samples M556 and M24/3 (Table 3.5);
these samples werg\also analyzed by electron microprobe
(Table 3.7). Both these ankerites contain excess Ca in their
structures (Figﬁre 4.2) and may have formed as a replacement
of éalcite. This would suggest that calcjite crystallized
first and was later ankeritized. -
The uplift stage (Stage III, Figure 4.4) is

characterized by decreasing temperatures’and further
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this cocl:ng period since

they appear tCc be the last phases to have crystallized

le.g., Plate 3.8B & 3.12G). Dicklte was the f{irst clay

mineral to fdrm (e.g., Plate 3.11H) and has an average § 'O

value of +12.5 1ndicating crystallization from &' *O - poor
il (e &

fluids (Figure 4.4). .

Isotopically, dickite could have for%ed at the same
time as Fe-calcite (Stage II, Figure 4.4) or later, during
cooling (Stage III, Figure 4.4). It 1s unlikely that
extensive dickite cement formed during Stage II since kaolin
group minerals are unstable in solutions that crystaliize
carbonates (Surdam et al., 1984). The decrease 1n
temperature associated with stage 111 (Figure 4.4) may
better account for the crystallization of large quantities
of dickite since Al and Si solubilities decrease rapidly

with decreasing temperatures (Drever, 1982, pg. 96}.

’
\

/

C. Diagenetic Model - Summarflﬂ

The® crystallization of diagenetic minerals occurred
during burial and uplift (Figure 4.5). The burial sequence ™
reflects changes that occurred as a result of increasing
temperature and compaction. In the early Eocene,the second
Laramide orogenic pulse allowed an influx of meteoric waters
which éontributed to a decrease in temperatJre (Figute 4.5).

Further reduction of porosity and permeability occurred

because of the crystallization of authigenic phases,
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chamobite and siderite indicates tha:t reducing conditions
ex:sted during shéllow buria. (F:gure 4.5). Under these
conditions oxidized Fe-bearing phases dissolived, mobilizing
irron. The iron was combined 1ntially with amorphous Si and
Al gels or biogenically altered detrital clays to form
glauconite. With greater burial, sulfate reducing bacteria
produced HS , which combined with the iron to form early
pyrite. After a few meters of burial, marine sulfate levels
declined and solutions became saturated with iron. This
probably enhanced the replacement of some detrital kaolinite
by chamosite, through an intermedliate phase, such as
berthierine. The excess Si released from this transformafion
produced early authigenic quartz. The introduction of
dissolved CO,;, probably from bacterial fermentation,
eventually stabilized iron with respect to siderite.
Siderite is the most extens;ve of the early cements and, in
‘some sandstones, competely destroyed the original porosity.
[ s i
The aﬁdﬁéénce,of these early cements was probably qontrolled
by the availability of detrital Fe-bearing minerals, organic
matter and clays.
It is possible that during burial of the Viking other

diagenetic phases crystallized but no record of these phases
is preserved (Figure 4.5). In the Gulf Coast region many

stages of carbonate cementation are recognized guring the

burial df sandstones (e.g., Franks and Forester, 1984). It

>
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s i:kely addit:onal pnases of carbon
dyr:ing burial ¢f the Viking. However cCarbonates, especia..y
calcite, are very suscept.ble 0 recrystaii:zat.on (Franks
and Forester, 1584) and 1sotopic exchange (Claytcn et a..,
1966). For these reasons 1t is unllkely that early stages of
calcite cementation would be preserved.

The beginning of the second Laramide orogenic pulse

occurred near maximum burial of many Cretaceous clastic
p—

\

rocks and resulted in overthrusting and an influx of \
meteoric water (Figure 4.5). The influx of ground waters
probably altered the pore-fluid chemistry and resulted in
the crystallization of most of the authigenic phases seen in
the Viking sandstones. i

One of the first phases *o have crystallized during
meteoric water invasion was probably quartz (Figure 4.5).
The circulation of groundwater through the Viking probably
resulted in the transport of large‘voiumes of Si, derived
from pressure sclution at greater'depths, i‘to shallow
buried regions were extensive quartz overgrowths fofmed.

Following quartz overgrowths, albitizati ’ of’detrital
feldspar and crystallization of albite and calcite occurred
(F&gure 4.5). The crystallization of carbonates indicates
~that high PCO, levels were present and may reflect the
release of CO, - rich fluids associated with hydrocarbon
maturation (Sufdam et al., j984)§ The calcium ions were

probably derived from the albitization of detrital feldspar

(Boles, 1982) and additional calcium may have been
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Isctopic and microprobe evidence i1ndicates tha:
ankerite formed after calcite and probably replaced some of
the calc:ite and detr:tal dolcmite. The anker:tization of
calcite places some unusual constraints on the nature of the
fluids entering at thls time since it is unlikely that the
meteoric waters suddenly beca&e rich In Fe and Mg. The
formation of ankerite may be associated with late stage
hydrocarbon generatlion since the reducing conditions, needed
to mobilize Fe and Mg, could have been-created by an influx
of H;S-bearing fluids (Figure 4.5). The Fe and Mg may have
been derived from the dissolution of earlier formed
minerals, such as chamosite and siderite, or brought in with
the-fluids released from the maturation of organic matter
(Irwin, 1980). In areas that contained high PCO, levels
ankerite would have been stable and ankeritization of
calcite and detrital dolomite may have occurred. As H;S
levels rose, Fe would have been reduced to pyrtie (late
pyrite, Figure 4.5). .

Further meteoric. water mixing resulted in the
crystallization of gickite, sometime after the carbonate
phases (Figure 4.9‘. Meteoric waters entering the Viking:
saﬁdstones probably contained high levels of dissolved
silica and intialdy this resulted in the crystallization of
quartz. The.crystallization of dickite instead of quartz

reflects an ingrease in the activity of aluminum relative to
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silica (Drever, 1982, pg S96). An increase in the activity of
Al may be associated with the maturation of organic matter;
Cur;is (1983) indicated that the solubility of Al .is greatly
enhanced by the presence of organic complexes. The decrease
in temperatures associated with uplift (Figure 4.5) would
have lowered silica saturation and may have re;ulted in the
crystaliization of dickite.” Some of the dickite may have
also formed through the solution=< crystallizgtion of
detrital kaolinite (e.g., Plate fﬁ).

v - 8
Following dickite, illite, 1llite/smectite and minor
e 4

smectite crystallized (Figure 4.5) and reflects a® increase

in pt and ionic strength of the pore« fluids. The -
crystallization of illitic clays instead of dickite
indicatgs that the pore-fluids became richk in potassium
(Biatt, i982). An increase in the K content relative to Si
and Al may have been a functioﬁ of uplift and decreasing

' ]
tempefatures; The solubility of Si and Al are greatly .

\

lowered as temperatures decrease and quartz and kaolin group

. e

“minerals may have crystallized in deeper formations: As

meteoric fluids reached the Viking potassium levels may have
» .

increased enough relative to Si and Al to stabilize illite-

and illiteé/smectite. Variations in the concentrations of

:

dissolved K, Ca, Fe and Mg may have resulted in the.

crystallization of smectite instead of illitic clays.
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were conducted on the Viking Formation in south-central

CONCLUSIONS

Sedimentological, mineraicgical and geochemical studies

O

Alberta 1n order to determine the diagenetic history. The

results of the study show that:

1.

$e

The Vikirg Formation consists of two main depositional
units, the lower Viking "B" deposits and the upper
Viking "A" deposits. The Viking "B" consists of two
coageening upward seqguences capped by conglomerate. The
lower coarsening upward sequence consists of 15-20m of
silt and shale and is capped by a thin (<0.5m)
conglomerate. This conglomerate 1s well developed in the
north east (Giiby field) and becomes poorly defined
towards the southwest (Caroline field) and probably had
a nesterly source. The upper coarsening rupward seduenqe
consists of 20-25m of shale and fine-grained sandstone
at Caroline and pinches out towards éilby‘(northeast).
The upper conglomerate varies ifrcm <1 to 8 m in
thickness and is the dominant reservoir in most fields.
Thick accumulations of this upper conglomerate oconr in
stratigraphic lows and may reflect channel deposition.
Viking “h"‘cons1st of sheet-like deposits of
coarse- gralned sandstone and conglomerate usually 0.5 to
2m thick. At Caroline 2 or more pulses of Viking "A" are
present while in the northwestern part of Gilby and
Wwillesden Green 1 to 2 pulses are present.
Shales interbedded with the Viking Formation contain

e . 151



mostly 1llite (50-85%) and lesser amounts of
illite/smectite (5-25%), kaolin group minerals (t-20%),
chlorite (t-10%) and smectite (nd-5%). The
l1llite/smectite shows a decrease in percent smectite
layers and an increase 1n ordering with depth. These
changes probably reflect various stages of smectite
diagenesis associated with increasing depth and
temperature during burial. A comparisoﬁ of the
illite/smectite compositions of Viking shales to
illite/smectite compositions of ‘Gulf Coast shales
indicates that burial.tempenatures in the Viking
probably exceeded 100°C in the past.

Sandstones and conglomerates in the Viking are
composed mainly of quartz (5-60%), chert (5-80%),
feldspar fnd-30%) and shale rock fragments (nd-24%).
Viking "B" rocks contain low percentages of detrital
feldspar (nq—S%)'and are usually quartzarenites,

sublitharenites or litharenites depending on detrital

‘clay content. Viking "A" rocks contain high percentages

of detrital feldspar (nd-30%) and consist of arkoses,

subarkoses and lithic arkoses. The change in feldspar

content reflé;fs a change in source for the Viking "A"
deposits. ’

Diagenetic minerals in the sandstones and‘congiomerates

consist of glauconite, pyrite, chamosite, siderite,

guartz, albite, Fe-calcite, ankerite, dickite; illite{

.illite/smectite and smectite. Glauconite is a minor
» . .

-~ | * %



component 1n the offshore areas (e.g., Gilby field) and
s usually absent in the nearshore areas (e.g.,
Caroline). Siderite cementation i1s most extensive in the
fine-grained sandstones (:t-63%) and may reflect their
lower energy, more reducing environment of deposition
and thelr higher initial organic matter content. Quartz
cementation is more extensivé 1n the fine and
coarse-grained sandsténes (3-25%) than in the
conglomerates (2-24%). Albitization and the formation of
albite and carbonate cements is more extensive in Viking

"A" rocks because of their higher detrital feldspar
C

content. Dickite is the most common clay mineral,”

especially in the coarse-grained rocks (nd-10%). All
other authigenic phases occur in minor or trace amounts.
The illite/smectite present in the sandstones and
conglomerates (authigenic illite/smectite) does not show
any relationship between burial depth and composition.
This would indicate that fluid chemisﬁry instead of
temperature was the dominant factor that controlled its
formation. |
The combination of petrographic and isotopi; data
indicates that siderite (6'*0 = +18.1 to +23.9, §'°C =
-1.5 to ~-6.33) formed during shallow burial from '?C -

rich CO,, probably derived from bacterial fermentation

and from '*0 - rich connate water. Quartz (8'*0
+20.2), Fe-calcite (6'°0 = +13.9 to +14.6, 6'°C = -7.2

to -8.4), ankerite (6'*0 = +16.5 to +16.6, 6'°C = =6,3
) | ~ e



to -12.4) and dickite (6'*0 = +12.4 to +12.6)
crystallized from '*C - poor CO., probably derived from
+he thermal destruction of organic métter and '*O - poor
water, probably associated with an 1nflux of meteoric
water.

Diagenesis of the Viking Formation reflects a large
meteoric water influence associated with dverthrusting,
uplift and erosion initiated by the second phase of the
Laramide orogeny. Glauconite, early pyrite, chamosite +
minor quartz, and siderite are the only cements that
record changlng fluid chemistry during burial. These
cements E%rmed during shallow burial and are probably
associated with the bacterial breakdown of organic
matter. It 1s possible that othér cements formed during
burial (e.g., calcite) and we}e not preserved. The
formation of extensive quartz overgrowths probably marks

the beginning of the second Laramide orogenic pulse when

--ground waters began transporting large volumes of Si

through the Viking. The thermal mafﬁration of organié
matter in shales probably occurred during maximum-‘burial
and the acidié fluids released (containing CO. and
organic acids) also entered the Viking. This may have
resulted in alﬁiti;ation of some‘detrital feldspar, and
formation of calcite andrminor amounts of authigénic
kaolin group minerals (dickite). Additional calcium for

calcite may have been brought in with the meteoric

waters since they prgbably passed through thick

t
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carbonate seqguences before entering the Viking.

The ankeritization of calcite and detrital ;olbmite
occurred after albitization and reflects the mobility of
Fe and Mg. The reducing conditions needed to mobilize
these 1ons may have been generated during the late stage
release of H,S from organic matter maturation. Initially
CO, levels may have been high enough to stabilize
ankerite and as H;S levels increased Fe was probably
redﬁced to pyrite. The Fe and Mg may have been brought

»

in with the fluids released from organic matter
: ¢

maturation or derived from the dissolution of Fe-bearing
phases, such aé-chamosite or siderite.

Ektensive pore-fillings of dickite formed as uplift
continued. Decreasing temperatures probably decreased
the solubility of Si relative to Al and stabilized
incoming meteoric waters with respect to kaolin group
minerals. Al mobility may have been enhanced by the
preéenge of orgénic acids.

During further uplift, pore-linings Qf illite,
illite/smectite and smectite formed and refleéts aﬁ
increase in the K*/H® ratio of the’fluids. Tbe increase
in the ionic strength of the fluids (i.e., K-contept)
may héQé‘been a function of'decreasing temperatures
during uplift. During uplift, the Viking Formation would
have moved out of the temperature zone in whichAquart;

\ .
and dickite were stable and these phases would have

started to crystallize in deeper, hotter formations..As'
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a result, fluids entering the Vik:ing would have beccme

ative tc K, and other cations,

f

depleted in Si ané Al re
and saturated with respect to illite, 1llite/smectite

and smectite,
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