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ABSTRACT

The Upper Cretaceous (Turonian} Cardium Formation was
deposited along the western margin of the Western Interior
Seaway, within the Alberta Forsland Basin of the Canadian
Cordillera. Like other Cretacecus formations within the
Wastern Interior Seaway, it is characterized by a series of
linear sandstone and conglomerate bodies pncassed in maring
shales. Ferrier ogil field is ane of the western—mast of the
Cardium linear sand ridges.

The Raven River Member in Ferrier field consists of two
coarsening—-itpward segquences. The upper ssguence contains
hummocky X cross—stratified sandstones, which suggest
deposition below fairweathsr wave base. Cross sections show
that the two sequences are scoured to variable depths by a
maicor asropsion surface {(termed "ES").

The ETS srosion surface defines an undulating topography
of gently and steeply dipping surfaces, termsd "terraces®
and "bevels,” respectively. Ferrier Ffield and neighbouring
Willesden Ereen Ffield are terraces; an srosional beval
coincident with the northeastern margin of Ferrisr separates
the two terraces. These morphological elesments cannot be
explained by either totally subagueous or totslly subserial
erosion; strosion at the shorsface during stilistands of sea
level is invoked.

The terraces at Ferrier and Willesden GBreen have dentle
southwestward dips relative to horizontal well log markers,
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but were probably cut horizontally at fairweather wave base
during stillstand. This swuggests that the Raven River
sediments were dipping to the northeast during shoreface
incision. Since the mean dip of the terrace at Willesden
Green (0.07 degrees) exceeds that of the terrace at Ferrier
{(0.03 degrees), a downward flexing of the sediment surfacs
is suggested in addition to an initial basinward tilt.

The conglomerates which immediately averlie the £35
erosion surftace at northeastern Ferrigr are interpreted to
be shoreface gravels.

Bagsed on the morpholeogy bof the ES srosion surface
basin—-wide, and assuming & constant depth te fairweathser
wave bazsa of 10 meters, it is possible to separate the
horizontal and vertical erosion components of stillstand and
strady sea level rise from aone another. In total, 132 meters
of vertical sea level rise occurred over the 8% kilometers
which separates Carrot Creek field Ffrom western Ferrier
field. Assuming that the rate of erosion effective during
incision of the ES5 surface teo be 1.2 m/year, then it would
have taken Jjust over 70,000 vears to cut the srosion surface
from Carrot Creek to Ferrisr, Dwring this time; zea level

ross at an average rate of 1.9 mm/year.
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CHAPTER 1 - INTRODUCTION

1.1 INTRODUCTION

Many Fformations in the Cretacegus Western Intsrior
Seaway, such as the Shannon, Sussex, BGallup/Tocito, Viking,
and Cardium, are characterized by long, linear sandstone and
conglomerate hodie=. Theze bodies, which are usually tens of
kilometers long and F-4 kilometers wide, trend paralliel or
sub—parallel to the regianal strandiine. They are
proklematic in origin, having apparently been deposited on
the open shelf tens of kilometers away from the time-
equivalent paleoshoreline (examples given by Walker, 19843
Tillman and Siemers, 1%843 Slatt, 1984). Internally, the
lingar ridges are rooted in offshore marine muds and have
been considered to coarsen gradually upward into sandstones
and conglomerates.

I1f these linear ridges were deposited tens of
kilometers from the nearest shoreline, then a number of
problems arise. 5Sand and gravel can be moved across tha
shelf by various combinations of storm—generated geostrophic
flows, density currants, and tidal currents, buf there iz no
convincing explanation for how this coarse material can
then be focussed into long, narrow, en schelon ridges. The
problem of the formation of coarsening-upward seguences with
gravel on top remained unresolved until very recently; this
problem is the major focus of this thesis.

1



2

The Cardium Formation (Upper Turonian) of the Western
Interior Seaway has received considerable attention in
recent years because it consists of a series of these linear
ridges which are characterized by coarsening—upward
sequences capped by conglomerates.

Recent work in the Cardium Formation has suggested that
the problems of transporting coarse material across the
shelf and moulding it into linear ridges are no longer the
most important ones. In the subsurface a series of erosion
surfaces have heen traced, and numbered E1 through E7 {(Flint
et ail., 178435 updated by Plint et al., 1987). These dissact
the Cardium. They have heen used to establish an event
stratigraphy or *allostratigraphy” (North American
Commission on Stratigraphic Nomenclaturs, 1783) Ffor the
Cardium in the subsurface (Plint et al., 1984}, and the six
alliopstratigraphic units bounded by these surfaces have a sest
of allomember names (Flint et al., 12B&). OF these seven
erosion surfaces, ES has become the best documented. RBergman
{1987) has shown that the conglomerates at Carrot Ereesk
field overlie the ES erosion surface, and hence the idea of
a continuous coarsening—upward sequence which ends in a
conglomerate is not correct. The conglomerates are not
genetically related +to the underliying coarsening—upward
sequence. The erpsion surfaces are thought to have bheen
created as the resulft of sea level Fluctuation (Plint et

al., 19863 Bergman and Walker, 1987).



3
The problems posed earlier regarding the "offshore bar”
hypothesis become inapplicablie in the context of erosion

surfaces and sea level fluctuations.

1.2 FERRIER FIELD AND ITS RELATION TO OTHER CARDIUM OIL.
FIELDS

Ferrier oil field is one of the western—-most long,
linear Cardium o0il Ffields producing from the Raven River
Mamber {(Plint 2t al., 1784) and the overlying Carrot Creei
conglomerate (Figure 1.1). It is the field geographically
clozest to the presumed Raven River shoreface in the west,
although this shoreface has never been identified, sither in
subsurface or in outcrop. Ferrier and adjacent Willesden
Green +Field are caompared to the more "distal” and well-
documented Pembina and Carrot Creek il +ields farthsr to
the northeast {Leggitt, 1987; Bergman, 1987). The morphology
of the ES surface must be documented in detail at Ferrier in
arder to understand the full regional implications of it.

This thesis enpilasizes the role of sea level
fluctuation and erosional shoreface incision in determining
the erosional morphology of theE major EE surface which
dissects both Ferrier and Willesden Gresn. The distribution
of the conglomerate which rests on top of the ES surface is
compared to that Ffound in the Pembina and Carrot Creesk
fields. Sand body development and geomstry of the Raven

River Member is documented for Ferrier and part of Willesden



Figure 1.1 HMap of zouth central Alberta showing location of
subsurface Cardium oil fields. Open circles indicate outcrop
gxposure at Seebz and Clearwater River. Black circles

indicate their restored lpcation after palinspastic

reconstrurtion (Walker, 19843.
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5
Green, and is compared to the "offlapping" sequences of
Keith (1985, 1987) for Willesden Green (recently guestioned
by Walker and Eyles, in preparation), and to the
southeastward shingling pattern of Raven River sands in

Ferrier hypothesized by BGriffith {(1981).



CHAPTER 2 — BACKGROUND AND SETTING

2.1 FREVIOQUS WORK

There is a wealth of published information available
regarding the Cardium Formation. Only those works which are
relevant to this thesis will be mentioned here; the reader
is referred to Walker {(1983a} and Bergman (1287, pp. 1-&67)
for additional background.

In 1943, Stott published his classic Cardium outcrop
study which bad been initiated by the Beological BSurvey of
Canada in 1954, following the discovery of o0il in the
Eardium Formation at Fembina the previocus vyear. He proposed
a six member "layer cake" stratigraphy for the Cardium,
which has since been modified by Duke {(1985). Stott's work
postdated an earlier attempt by HMichaelis (19537 +to
correlate Cardium outcrop with subsurface data (Figure 2.1}).
Michaelis’® stratigraphic packages anticipate what is now
called an "event stratigraphy.” Later industry studies by
Berven {19464} and Swagor st al. (1974) tried to explain the
offshore transport of coarse Cardium sediments by storm
events. It was later suggested by Wright and Walker {(1981)
that Cardium gravel emplacement as bedload was unresasonable.
However, their assumption of emplacement during only one
storm was certainly incorrect (Walker, pers. comm., 1987).

&n integrated, detailed study of Cardium stratigraghy
and sedimentology was initiatsd in 1982, and the first

&



Figure 2.1 Correliation of Cardium outcrop to subsurface as
suggested by Michaelis (1957). Mote that the five
coarsening-upward sequences are separated from the overlyina
conglomerates. The relative position of the ES surface

(Flint ot 21., 19848) is indicated (after Michaelis, 1937).
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8
publications from this study consisted of a series of papers
{Walker, 19B3a,b,c} Ffecussing on regicnal correlation
between Ricinus, Caroline, and Garrington fields.

Mors recently, Plint et al. (1984} have divided the
Cardium Formation in the subsurface into stratigraphic
packages separated by basin-wide ®rosional unconformities
numbered EI1 through E7 (Figure 2.2). Bartlett (1987,
Bergman (1987, Plint and Walker (1987), and Bergman and
Walker (1984, 17987) have documented the geometry of the
various sedimentary packages of the Cardium Formation.

This thesis is concerned specifically with Ferrier
field. The only previous study of this area has besen that of
Briffith (1981}, who suggested that the Cardium sandstones
there were deposited as a series of southeastward shingling
sandbodies. Keith (1983, 1987! has suggested a depositional
model for the Cardium sandstones and conglomerates at the
adjacent Willesden Green field. He documented a series of
northeast-dipping, offlapping coarsening—upward sequences,
the southwestern =dges of which are depositiomnal. This model
has recently been modified hy MWalker and Evies ({in
preparation), in which there is no apparent shinoling of the
sands in Willesden Breen; in fact, the thickest sands are
stacked wvertically, rather than being offset as the term
"shingling" implies. Fuwrthermore, Walker and Eyles ({in

preparation) have suggested that the southwest leading zsdges



Figure 2.2 Proposed Member terminoclogy for the Cardium
Formation. The event stratigraphy shown is based on the
recognition and correlation of regionally sxtensive srosion
surfaces numbered E1 through E7. Each erosion surface is
followed by a transgression, numbered Tl through T7. Where
the conglomerates which overlie the erosion surfaces are
limited to thin pebble horizons, the E and T surfaces are
essentially coincident. Where thz deposits of conglomerate
are thick (2.g-, 20 m at Carrot Creek), the E surface is
itraced beneath the conglomerate, and the T surface separates
the conglomerate from the overlying mudstones {(after Walker

and Eyles, in preparation; modified +from Plint =t al.,

1984) .
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10
of the Willesden Green sands are erosional, rather than

depositional.

2.2 STRATIGRAPHY OF THE ALBERTA GROUP

The Upper Cretaceous (Turonian) Cardium Formation is
composed of mudstones,; sandstores, and conglomerates. It
overlies about 200 meters of marine shales assigned to the
Blackstone Formation, and is overlain by about 500 meters of
marine shales of the Naﬁiabi Formation. The three formations
together compose the Alberta Group (Figure 2.3), which is
equivalent to the Colarado Group in the iUnited States
(Stott, 12463}. The Cardium is roughly time equivalent to the
Ferran, Frontier, and Ballup Sandstones of the southern part
of the WHestern Interior Seaway.

Portions nof the Alberta Broup crop out in the Foothills
of the Canadian Rocky Mountains. Here, the Cardium Formation
is approximately 100 meters thick, and can be divided into a
series of coarsening-upward sequences (Duke, 1985). The
Cardium in the subsurface beneath the Alberta flains can
also bg divided into coarsening—upward seguences (Plint et
al., 1984), but there is, as vyeat, no well-established
correlation between the seqguences of the subsurface and
outcrop. & preliminary, possible correlation has hbeen
suggested by Walker (198&), based on the work of Duke

{1985), Plint et al. (1984}, and others.



Figure 2.3 Stratigraphy of the Alberta Group {(Colorado
Group} in the Alberta Foothilis. #Absclute ages {(Palmer.,

1983) are given on the left {(after Walker, 1985a)
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The ztratigraphy of the Cardium Formation is based on

the recognition and correlation of sharply bounded
coarsening-upward sEquUences, separated by basin—wide
uncenformities numbeared E1 through E7 (Plint et al., 1984&).
This thesis focusses on the EI surface at Ferrier field,
which erosively truncates the coarsening—upward Raven River
Member (Walker, 19845 Plint et al., 1984). The E3J erosion
surface is commonly a knife-sharp contact between Raven
River sediments and the overlying Carrot Creek Member, which
includes the thick conglomerates at Carrot Creek field
(Bergman, 1987} and all the cther conglomerates and pebble
venesrs which rest unconformably on the ES surface. This
thesi=s also brisefly examines the two overlving members, the
Dismal Rat and Karr Members. The Dismal Rat tMember {(Flint et
al., 1986) includes the dark mudstones ("laminated blanket™)
which overlie the Carrot Cr=zek Member up to the log marker
labelled "E&" on the cross sections in this thesis. The last
stratigraphic unit to be considered is the Karr Mesber
(Flint et al., 198&), which is bounded below by téé\E&/T&

y
surface and above by the E7/7T7 surface.

2.3 BIOSTRATIGRAFPHY AND CHROMOSTRATIGRAPHY
The Cardium Formation is of Upper Twonian age {(Stott,

i7463). It lies within +the Scaphites preventricosus Cobban

ammonite zone (Jeletzky, 1974) and the Inpceramus deformis

Meek hivalve zone {(Jeletzky, 1974). The Cardium is bounded
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below by the Pseudoclavulina sp.- foraminiferal zone and
above by the Trochammina sp. foraminiferal zone (Wail,
1967), but the Cardium Formation itself cannet be subdivided
using forams.

if the Turonian encompasses 88.5 to 9?1 Ma, as suggested
by Palmer (1983), then it is possible that the entire
Cardium Formation was deposited in approximately one million
years, given that the uppermost Blackstone is also Upper

Turonian.

2.4 STRUCTURAL SETTING

The Cardiam Formation at Ferrier field amaintains a
regional dip of approximately 0.5 degrees to the southwest.
Mo +olds or m@major faults have bheen observed, although
iocalized +aulting in northern Ferrier is evident iIin
repeated sections of the Raven River Meaber {(well i0-17-42-
W3 and others).

Jones (1980) suggested regional isostatic adiustment
faulting in the Alberta Hasin as a structural control on the
hvdrocarbon entrapment within oil fields, including Cardium
reservoirs. The hypothesis of long, vertical Ffaults
throughout Caroline and Garrington fields, and along
northeastern Willesden Green may easily be extended to
Ferrier. However, this thesis suggests that the Cardiam
sands in Ferrier arse largely structurally uwunaffected. It

seems likely that Jones® proposed vertical displacszment of
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the Cardium "zone" log marker and the Cardium reservoir sand
in cross sections may be, and probably is, an artifact of
erosional irregularity, rather than postdepositional

structural displacement.

2.5 FERRIER FIELD

Ferrier field is approximately 175 kilomsters northwest
of downtown Calgary (Figure 1.1). It is located betwesen
townships 38 and 42, ranges 7W3 to FUWS. Discovered in 1763,
it postdates the discovery of vast reserves of oil in the
Cardium sandstones at Pembina in 1253. Over 700 welis
penetrate the Cardium at Ferrier; within the confines of the
thesis map area, 1267 wells penstrate the reservoir or the
off—Ffield stratigraphically equivalent horizon. The elongats=
shape of the field is a function of both the preservation of
the Raven River reservoir sandstone and the deposition of
patches of conglomerate on tep of +the ES unconformity.
Erosion along the ES surface has removed most of the Raven
River sand in the off-field areas.

The estimated in-—place gas reserves are 12,171 x 10%
cubic meters, with an average net pay zone of 6.5 meters.
The average porosity of the gas-bearing net pay is 15.9%
{G.8.C., 1981). In—place o0il reserves are estimated at
30,700 w 10° cubic meters for the E—-pool, 18,000 x 10% cubic

meters for the D—pool, and 15,400 x 10%® cubic meters for tha
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G-pool (G.S.C., 1981). Qil net pay zones average 3.4 - 4.0
maters, porosity ranges between 13 and 14,84,

Ferrier is located to the west of Willesden Green

field, and to the north of Carcline field. It lies on strike

with Barrington field to the south (Figure 1.1).

2.4 DATA COLIECTIGN

This study is hased on the examination and correlation
of 144 cores and over 1200 shallow-focus resistivity well
logs. Standard three-inch diameter core was logged from
stratigraphic bottom to top, paying special attention to the
thickness of individual facies and the natwe of the
contacts between them. Litholegy, grain size, sedimentary
structures, and trace fossil assemblages were noted for esach
facies. Cored sectisons which w=re logged but not included in
the drafted core cross sections presented in the foldouts at
the back of this thesis are available for viewing at the
Departiment of Geology, McMaster University. Colow and black
and white photographs were taken of continuous sections of
boxed COre, while indiwvidual facies, contacts, or
particularly noteworthy features were photographed as close-—
UpS.

Cores were provided by +the Alberita Energy Resource
Conservation Bgard (ERCB), Calgary. Well logs were collected

at Home 0il Company iLtd.. Calgary.



CHAFTER 3 - FACIES DESCRIPTIONS

=.1 INTRODUCTION

The Raven River, Carrpt Creek, and the Dismal Rat
Members of the Cardium Formation at Ferrier and Willesden
GBreen fields can bhe described in terms of the original eight
farcies described in detail by uWalker {1983b). Facies
numbered 9 through 14 (Walker, 1983h) and 15 through 22
{(Plint and Walker, 1987) are not found anywhere within the
field area, despite Ferrier’s western location and presumed
proximity to the final position of the Raven River
shoreline. A brief description of the eight facies is
presented; facies 7, 74, and three types of facies B are
elaborated on. Facies 2P is introduced, and an ideal
vertical facies sequence is illustrated (Figure 3.8} based
on the mean thickness of individual facies measured in

Fearrigr and Williecden Green cores.

3.2 FACIES DESCRIPTIONS
Facies 1, Massive Dark Mudstone

Fagies 1 {(Figurs 3.1la} is a wvery dark grey to bhlack
structureless mudstone +found at the base of the Raven River
Member, and at the base of the Karr HMember. It contains no
recognizable burrow forms, but exhibits a faint mottling

presumably made by the pinworm Gordia (Walker, 1983b).
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Figure 3.1
A. Facies 1, Massive Dark Mudstone. Maote fragments of
Inoreramus shell. (0-19-41-BWS, 46831 ft. Scale is 3 cm.

B. Farcies 2, Laminated Dark Mudstone. 10—8-41i-BWS, &830

ft. SBcale is 3 om.

C. Facieg 2, Laminated Dark Mudstone. 4-28-41-BW5, &B20

ft. Scale is 3 cma.
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Massive sideritic nodules, pyrite clusters, and Inoceramus
shell fragments are found in a few cores.
Facies 2, Laminated Darik Mudstone
Faciegs 2 (Figure 3.1b,c) mudstones are similar to those
of facies 1, but are-distinct in that they contain thin (i-3
mm}, silty laminaticons; hence the informal designation
*laminated blanket" mentioned earlier. t aminations are
sharp—based with diffuse tops and may be =2ither continuous
across the width of the core or discontinuous, having been
disturbed by bwrowing organisms. Layers may contain fine
internal parallel lamination and may be brgadly undulose.
The facies occupies almost all of the thickness of the

Dismal Rat Member.

Facies 2P, Laminated Dark Mudstone Containing Febbles

Facies 2F (Figure 3I.Za.b,c) mudstones are thinly
laminated facies 2 shales which contain sparse rounded chert
pebbles rarely excegding 1 cm clast size. Facies 2P differs
from facies 3P, 4F, and 5P of Hergman and Walker {1986) and
Bargman (1987) in that the delicate laminae of facies 2 are
preserved and have not been pervasively bioturbated. Facies
2P always overliies the main clast-supported conglomerates

{facies B) of the Carrot Creek Member.

Facies 3, Dark Biocturbated Muddy Siltstone



Figure 3.2

A. Facies 2F, Laminated Dark Mudstone Containing

E.

C.

Pebbles. 10-B-41-8WS, &880 ft. Scale is I cm.
Facies 2, Laminated Dark Mudsione Containing
Pebbles. 10-13-41-9W35, 7111 ft. Scale is F cm.
Facies 2F, Laminated bDark Mudstone Containing

FPebbles. 14-22-39-QW5S, 7260 ft. Brcale is 3 cm.
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Facies 3 (Figure 3.3a) overlies the massive dark
mudstones of Ffacies 1. It contains discontinuous silty
laminae and occasional patches of very fine sand, having
been thoroughly “"stirred" by mud-dwelling organisms. The
silt and wvery fine sand impart an overall lighter cqiaur to
facies 3 in contrast +to the dark grey to black underlving

facies 1.

Facies 4, Pervasively Biaocturbated Muddy Siltstone

Facies 4 (Figure 3.3b.c}) is gradational from facies 3
to facies 5. 5ilt and very Ffine sand compose up to S04 of
this pervasively bioturbated facies. Some sharp-based, wave-
rippled, graded beds {1-5% cm thick) are preserved, bhut the
thorough mixing of the substrate by burrowing and scavenging
organisms is the dominant characteristic. Trace forms
include Teichicpus, Terebeilina, Rhizocgrallium, S3kolithos,

Helsinthopsis, Zoophycos, and occasional Chondrites.

Facises 5, RBioturbated Sandstone

Facies 5 (Figwe 3.4a,b) is a pervasively biocturbkated,
sandy (> 804 silt/very fine sand) version of facies 4.
Graded and non—-graded wave-rippled beds up to several
centimeters thick may be preserved, although intensive
bioturbation rarely leaves bedding intact. Trace forms

include Teichicnus, Terebellina, Ophiomorpha, Flanolites,




Figure 3.3

A.

Facies 3, Dark Bioturbated Muddy Siltstone. 4-28-41-

BWS, 46891 ft. Scales is 3 cm.

B. Facies 4, Pervasively Bioturbated Muddy &5iltstons.

1-19-41-46Wl5, &390 ft. Scale is 3 cm. Facies 4 is

sandier and more thoroughly bioturbated than Facies

-r

-t

Facies 4, Pervasively Bioturhated Muddy Biltstone.

10-20-41-6W5, 46345 ft. Scale is I cm.
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Skalithos, Zoophycos , Helminthopsis, Rhizogorallium,

Conichnus, Rosselia, and abundant Chondrites.

Facies &, Speckled Britty Mudstone
Facies & {Walker, 1983bh) is not found within the Raven
River, Carrot Creek, or Dismal Rat Membhers of the Cardium

Formation at Ferrier or Willezoden Green field.

Facies 7, Non—-bioturbated Sandstone

The very fine and +fine—-grained sandstones of facies 7
{(Figures 3.4c,d and 3.5a,b,c,d} make uwp the Raven River
reservoir sands within Ferrier and Willesden Green fields.
Individual beds, which wvary in thickness from a Few
centimeters to tens of centimeters, may be massive (Figure
J.4c) or may contain parallel lamination (Figure 3.4d), low-
angle inclined stratification (Figure 3.5a,b), or wave
ripple cross-lamination (Figure 3.5c). No angle of repcse
cross—bedding or current ripples have heen observed in core.
Rip—up @mud clasts, both =sideritized and non—sideritized
(Figure 3.5d), are usually well-rounded and lie with their
long axes parallel! to bedding planes. ERioturbation is
exceedingly rare and is Jargely limited to occurrences of
large Conichnus burrows.

The abrupt-based beds dominated by low—-angle (£ 15
degrees), inclined stratification are interpreted as

humnocky cross—stratified.



Figure 3.4

A. Facies 5, Bioturbated Sandstone. hNote occurrence of
Helminthopsis and Terebellina. 9-7-40-8W5, 2208 m.
Scale is 3 cm.

B. Facies 5, Bioturbated Sandstone. 10-13-41-9W5, 7124
ft. SBScale is I cm.

. Facies 7, Non—bhioturbated Sandstone. Massive., 4—20-
41-8W3, &BS7 ft. Srale is 3 cm.

D. Facies 7, NMon—tbioturbated Sandstone. Parallel

lamination. 10-13-41-9W5, 7115 ft. EBrcale i=s I cm.
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Figure 3.5

A

Facies 7, Non-bioturbated Sandstone. Low—zangle
inclined stratification {{15 degrees) interpretad to
be hummocky cross—stratification. 6-2—-32-7W5, 4527
ft. Scale is 3 cm.

Facies 7, Mon-bioturbated Sandstone. Low—angle
inclined stratification ({135 degrees) interpreted to
be hummpcky cross-stratification. 9-11-41-10W5, 74600
ft. Bcale iz 3 cm.

Facies 7, Mon-hiocturbated Sandstone. Wave-ripple
cross—lamination. 10-256-40-BW3, &754 ft. Scale is 3
cm.

Faties 7, Non-bicturbated Sandstone. Rounded mud-
clasts parallel to stratification. 11-13—-40-%W5,

7497 ft. Scale is I cm.
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Facies 74, Interbedded Sandstone and Mudstone
Facies 724 (Figure 3.4a) is very +Fine to fine—grained
sandstone interbedded with black, Ffeatureless mudstone.
Sharp—based sandstone beds range from 1 cm te S5 cm in
thickness and are usually wave rippled or wave cross-
laminated. Mudstone intercalations occur as drapes between 5
mm and 2 cm thick. Bioturbation is rare, and is restricted

to neccurrences of sandy Planolites within the mudstone.

Facies 8, Conglomerates

The conglomerates can be divided into numercous types
(Bergman, 1987); three types will be presented hera.
Thicknessas var? fram a thin pebble horizon to a maximum of

12 meters at northern Ferrier fisld.

Clast—zsupported conglomerates

The clast-supported conglomerates of the Carrot Creek
Member (Figure 3I.6b,c) can be divided into stratified and
massive. Startification is rare in the Carrot Creek ares
(Bergman and Walker, 198&; Bergman, 178B7), and is virtually
non—existent in the FerriersWillesden EBreen area. Textural
variations such as changes 1in grain size, sorting, and the
prasence or absence of matrix exist; and even some vague
imbrication (Figure 3.&6b) of clasts has been observed, but
no definite stratification has been detected. Massive clast-

supported conglomerates (Figure 3Z.6&6c) form the bulk of the



Figure 3.6

A.

Facies 78, Interbsdded Bandstone and HMudstone. Note
wave-ripple cross—lamination and shsence of
bioturbation. 1&626-31-7W3, &590 ft. Bcale is T om.
Facies 82, Conglomerate. Clast-supported, with wvague
imbrication. 10-10-41-BWS, &478 Ft. Scale is 3 com.
Facies 8, Conglomerate. Clast-supported, no
stratification. 4-20-41-8BWS5, &848B +t. Scale is 3 om.

Ffacies H, Conglomerate. Mud-supported. 10-20-41-8U5,

&789 +t. SBcale is I om.
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clast—-supported conglomerates at Ferrier and Willesden
Green.

Clast size varies aver the field area, ranging from 2

mm to 5.5 cm; average size is S mm.

Matrix—supported conglomerates

Matrix—-supported conglomerates (Figures 3.4d and 3.7al
are referred to as "mudstones with conglomerate stringers”
by Bergman and Walker (1988} and are designated facies 3P,
4P, and 5P, suggesting that these are pebbly versions of
facies 3,4, and S. However, the matrix in the matriz-
supported conglomerates at Ferrier and Willesden Green
fields is almost always black mudstone which bears 1ittie
resamblance to +the silty, pervasively bioturbated facies
described earlier. This mud—-supported conglomerate differs
from facies 2P in that the wmud does not contain continuous
silty lamipations {(1-4 mm thick)! within it. Aalso, the
pebbles in facies ZF are not confined to continuous pebble
stringers but are sparse and seemingly randomly distributed,
occurring singly or in small, discontinuous lenses. Febbles
in the matrix—supported conglomerates often ocour in
"gstringers” which are continuous across the width of the

core. The pebbles rarely sxeeed 1 cm in size.



Figure 3.7

A,

Facies B, Conglomerate. Mud-supported. 4-2-39-7W3,
2080 m. Becale is 3 cm.

Gritty Siderite. Angular to sub-angular chert grains
up to I mm in partially sideritized bicturbated

muddy siltstone. 2-31-38-6WS, 20746 m. Scale is 3 om.

GBritty Siderite. Angular to sub—-angular chert grains

up to 2 mm in partially sideritized biotwbated
muddy siltstone. &#-10-38-&6W3, 4738 ft. Bcale is 3
CMa

ES Erosion Surtace. A knife-sharp contact betweesn
Facies 7 horizontally—stratified sandstone and a
clast—supported chert pebble conglomerate. 11-13-40-

WS, 7489 ft. Scale is 3 om.
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Gritty siderite

The gritty siderite faties (Figure 3.7b.c) consists of
coarse subangular to angular chert grains set in a
backgfuund of bioturbated silt and mud which is usually
partially sideritized. In Ferrieé and Willesden Green
fields, the gritty horizon varies in thickness from 5 to 30
cm and contains grains which range in size from medium—
grained sand to 4 mm cglasts. It is included in Beargman
{1987) and ieggitt (1987 as part of facies @
(conglomerates).
3.3 VERTICAL FACIES SEGQUENCE

The Raven River Mamﬁer consists of two coarsening-—
upward sequences {(Figures 3.8 and 3.9) over a large area of
the +ield, but they becomes one large sequence in ceEniral
Ferrier field. The lower "b" seguence is invariably rooted
in fagies 1 and gradually coarssns upward through facies 3
and 3, often grading into the bioturbated sandstones of
facies O.

The "b" segusnce is abrupltly overlain by either facies
Z or & of the "a® =sequence, and it is at the base of these
units that the gritty siderite horizon is aften found.
However, it should be noted that the gritty siderite is not
rastricted +o the base of the muddy Ffacies directly
averlying the biocturbated sandstones of the "b" seEguencs, a5

it is in the Carrot Creek area {(Eergman, 1984, 17873 Bergman



Figure Z.8 An idealized vertical facies sequence showing
facies relationships. Facies numbers, sach preceeded by the
letter "FY;, are shown to the immediate right of the
stratigraphic section beside each facies ("F8" is shown to

the left of the =section). The coarssning-upward segquences

" n

a" and "b" of the Raven River Member are indicated. Gritty

siderite m@may occur at various horizons within the "a®
sSaqguence as indicated by the hracketed interval. &
resistivity well log signature which shows the "a"  and “b"

sequences is provided for comparison.
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Figure 3.9 The following three pages show core photographs
af well 10-20-41-8W5. Cora depths are given in feet; the
bottom of the core in esach photeograph is in the lower ileft,
and the top is in the upper right. All thres photographs in
succession show a stratigraphically continuous cors. Both
the *a" and "b" coarsening—upward ssquences arg shown. The
core begins in Facies 4 muddy siltstone and coarssns—upward
intog Facies 5. Gritty siderite is located at the top of
Facies 35 {(the top of the "b" coarsening-upward sequence,
46811 ft.). The "a" sequence begins abruptly in Facies 4 and
coarzens—upward into hummocky cross—stratified Faciss 7

sandstones. These are abruptly overlain by Facies &8

conglomerates,
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and Walker, 1984, 1787). Also, gritty siderite may be found
at wvarious horizons within +the "a" sequence and, as is
evident from the core cross sections (Chapter 4), there are
up to three distinct and stratigraphically separate gritty
siﬂerité horizons.

The "a" sequence begins with facies 3 or 4 and coarsens
upward into the hummocky cross—stratified (HCS) reservoir
sandstones of facies 7.

The Ffacies 8 conglomerates of the overlving Carrot
Creek Member {(Plint et al., 1984) rest unconformably on top
of various parts of thé "a" and "b" sequences depending on
the depth of erosional scour along the ES surface which
separates the Carrot Creek from the Raven River Member. The
conglamerate contact is either sharp (Figure 3.7d) or
bioturbated.

Facies 2P or 2 overlies the conglomerate. Facies 2 is a
basin—wide unit which mantles the Carrot Creek Meamber and is
informally termed the "laminated blanket.” Facies Z grades
upward into facies 1, but i= not separated From it by a

"gritty layer” as 1is the case in the Carrot Creesk ar=a

{Bergman and Walker, 198&).



CHAPTER 4 — CROBS SECTIONS

4.1 CONSTRUCTION

The morphology of the ED erosion surface and the two-—
dimensional facies geometry within the Cardium Formation are
summarized in well log and core cross sections. Thirty—=-tuwo
detailed correlation lines based on all 144'cnres and over
1000 well 1ngs were constructed over the entire map area.
For this thesis, five cross sections and one "closed" loop
werse "distilled” from the wealth of longer lines and loops
originally constructed. 0Of the +ive sections, fow are
perpendicular to the +trend of Ferriegr and one section is
parallel to it (Figure 4.1). Their construction is baszd on
correlation of the shape of shallow—focus resistivity well
log signatures. Individual well log signatures were traced
onte tracing paper and then overlain on adjacent well log
signatures in the cross section in order te achieve a "best
fit" correlation between their general shapes, as well as
hetween individual well-def{ined peaks. 0Once this had been
done over +the entire map area (Figure 4.1}, a datum common
to all log signatures was chosen based on its prominence and
proximity to the ES surface. This datum lies heiow the main
reservoir Raven River sand in both Ferrier and Willesden
Green fields and has been informally designated the "vellow
spike" by MWalker and Eyles {in preparation). A datum below,
rather than above, the ES suwwrface was chosen sc that erosion

-r
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Figure 4.1 Map showing the location of cross ssctions AR

through F-F’'. Loop E~E’ i= shown with a slightly bolder line

than that of cross section D-D°. A1l examined cores within

the field area are shown.
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along the ES may be recognized and documented. An upper
datum might easily drape the EY surface or some other
erosive horizon between it and the ET surfaces; +flattening
the upper datum might therefore either "flatten out" the
irregular morphology of the ES in cross section or distort
it. By extensive loop—tying, that is, the cmnsfruetinn of
circular or rectangular log cross sections that begin and
end at the same well log, datum consistency was insured over
the entire map area (see cross section E-E’ at the back of
this thesis for one example of -this). The cross sections are
hung on thia lower "vellow spike" datum. Three upper markers
{lahelled "UD—-1" and "markers®) are correlated across the
linezs of sectiocn; they serve as an additional control on the
geometry of the ES surface. Where they parallel the "vellow
spike" datum, the undulopse morphalogy of the ES surface is
"gandwiched” between haorizontal markers, which lends

additional support to the erosive nature of the EI surface .

4_.2.1 WEL! L0G6E CROSS SECTION A-AT

HWell log cross section A-A° {(Feldout A-A° in pockst at
back of thesis) is the most scutherly transect of the four
laog cross sections perpendicular to the trend of Ferrier
field presented {(Figure 4.1}). In some regpectis it is the
most complete well log cross section presented as most of
the wells used in its construction are long ones which

pensetrate the entire Cardium Formation. The cores which
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accompany the well logs used in this cross section
{indicated by wvertical bilack bars alongside the well log
signatures) aid in log correlationy neither a well log
section nor a core cross section can be constructed
independently of the other.

The "yellow spike” datum below the ES5 surface was
selected for the reasons given in section 4.1. The datum
(labelled “datum") 1is a prominent positive resistivity
deflection over much of A-A", but loses its distinctiveness
in 13-3-38-8W5, 146—-15-38-8W5, and 146—-13-58-8BW3, Careful
lopp—tving over this area, linking the loops with other
areas with more prominent "vellow spike” deflections, and
use of pther lower markers, have insured that these ars
consistent log picks.

There is significant northeastward change in the two-
dimensional morphology of the ES erosion suface. It is
undulose, attaining regional lows at 11-22-37-9WS and i0-8-
3F-&WS, the Former occupying an off—field position teo the
west of Ferrier, and the lattsr occupving the off—field gap
betwasn Ferriar and Willesden OGreen field. Realative
topographic highs on the £E5 swface occw at Ferrier field
{16—-15-38-BW3 to 4-7-39-46W3) and at Willesden Graeen fi=ld
(H—3&—39-6WS). Az much as 11 meiers of topographic relief
sxists between 1&-153-38-8WS and 10-8-39-4UWS. The davelopment
of the Rawven River reservolr sandstons, which appears as

both a blocky and a spiky positive resistivity deflection,
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is best observed in those wells which define Ferrier field.
The ES surface rises over these prominent log responses and
descends into the gap between Ferrier and Willesden Green
before climbing up back on to Willesden Green.

It is difficult te pinpoint whers the ES surface
intarsects the log signature of 7-1-F7-10MW5, the
snuthwestérn—must well featured on this section. 7-1-37-10WS
iz part of the Ricinus o0il field which consists of a
channalled reservoir sandstone which has been cut into clder
Raven River sasediments (Walker, 1985h). Walker (pers. comm.,
following a suggestion of A.G. FPlint) suggests that perhaps
the ES surface is the erosion surface at  the base of the
Ricinus channel. Howsever, the other erosion surface log
responses of 7-1-37-10WS correlate reasonably well with
those of neighbouring 11-22-37-2W3. The E& surface roughly
paralleis ES and appears to drape ity this is particularly
w2ll—-illustrated betwesn 4-7-39-&WS and 12-2&6-39-6W3, the
region of greatest relief along the ES5 surface. The E7
surfacs shows considerable ralief, stepping down
approdimately 10 meters betwesn 16-13-Z8-8WS and 7-32-38-
7WS. The E4 surface below the “yellow spike" datum "steps
down" between 16—-15-3B-8WS and 16-13-38-8BW33; three such
steps have bes=n documented along the £4 surface by Pattison

(1987} .
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4.2.2 CORE CROSS SECTION A-A°

The "yvellow spike" datum upon which the -4’ sectiocns
are hung is the top of the "b" coarsening—up cycle (Foldout
A-A'), It 1is the contact between facies 3 and an overlying
tacies 4. Only in 13-3-38-BW3 is the datum indistinguishable
from the surrounding lithologies; this is also reflected in
the resistivity well log for that well. The gritty siderite
in 13-3Z53-3B-7W5 is found within the facies T horizon which
caps the "b" coarsening—up sequence. In &—36—3F-6WS, it is
found two meters ahove the faop of the "b" seguence and
defines the contact between facies 4 and facies 3. Gince it
is found at different horizons relative to the datum, ths
gritty siderite has not been used as the marker horizon
along line A-A°, The "yellow spike" datum marks the top of
the "b" coarsening—upward sequence, which 1s laterally
traceable over the entire map area.

The ES surface is undulose over Ferrier, dips down
between Ferrier and Willesden Green (10-8-37-46H5), and rises
back wp onte WHWillesden Bre=n te the northeast. The "a®
sequence is largely absent from 10-8-3%9-&WS5; only Z.5 meters
of facies 4 defining the base of z=gquence "a" are present,
the overlying coarser units having been removed by erosion
along the EIS surface. The Carrot Creek conglomerate is
present as a pebhle wvenser over much of southern Ferrisr,
but attains a thickness of threes meters at the eastern edgs
of the +ield (13-35-3Z8-7W3, =z relative +topographic highl.

Facies T in seguence "a" decre=asss in thickness towards the



41
northeast, changing laterally into the more muddy facies 4
and 3.
The Eb surface, at times virtually uwunrecognizable in
core {146-13-38-8WS, Ffor example}, is sasily detected in 10-
8-39—-&WS by the presence of anproximately one meter of
sideritized conglomerate which rests upon it. This is not
the LCarrot Creek cengl omerata {which always rests
unconformably upon the ES surface) bhecause this gravelly
unit iz underlain by faciaes 2F, which, along with facies 2,
always overlies the ED surface. ES is marked hy a subtle but
distinctive contact between facies 4 and facies 2P in 10-B-
I7-4WE. The cparse unit which rests on the Eé& surface in
this well has changed character in nearby 12-2&6—-37-&HS,
there present only as approximately three meters of silty
mud. The tacies 7 reservoir sand which is not found in the
gap between Ferrier and Willesden Green re—appgars at

Willesden Green (&—3&6-39-&WaO0.

4.3.1 WELL LO5 CROSS SECTION B-BC

Well log cross section BB {Feldout B-B' in pocket at
back of theesis) lies several kiiemeterz to the north of, and
roughly parallel to, cross section A-A7 (Figure 4.1:. It
cilosely resembles section A-A'; the primary difference
betwean the two sections is the greater topographic relief
along the ES surface of section B-EBE'. Like A-A°, B-B" is a

relatively complete well log cross section in that most of
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the wells used in its construction are long ones which
penetrate the entire Cardium Formation.

The "yellow spike" datum {labelled "datum"} below the
ES surface is a prominent ppsitive resistivity deflection
over much of B-B’, but loses its prominence in 12-1-40-8W35,
10-12-40-BW3S, and 10-7-40-7W5. In these wells, the "yellow
spike® datum cccurs as a small resistivity peak within an
overall coarsening-upward seguence which culminates in the
Raven River sandstone blocky/spiky log response. Extensive
loop~tying over this area has insured datum consistesncy.
Also, correlation of cored intervals (some of which include
the datum lithology) of some of the wells used in the
construction of core cross section B-B (Bection 4.3.2) has
shown that the "yellow spike” well 1log pick is consistent
over line B-B .

Thae ETS erosion surface undulates over the line of
section in much +the same way that it does over A-A".
Regional topographic lows along the ES surface are +found at
G—24-38-10W3, &—15-40-TUW5, and A4-23-40-7W3. The first of
these thres wells occupies an off—field position to the west
of Ferrier {ield, while the latter two occupy the off-+fisld
gap between Ferrier and Willesden Green field. Relative
topographic highs on the ES surface occur at the eastern
edge of Ferrier {(10-7-40-7W3) and at Willesden Gresn field
{(6-22-41-6WS) . There i approximately 10 meters of

topographic relief between £-15-40-7W5 and &-22-41-6WS. The
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topographic highs always correspond to wells in which the
Raven River sand is particulariy well-developed (i.e. - the
reservoir sand in Ferrier and Willesden Green +fields), hence
the raised topography which defines the il fields. Regiocnal
lows along the ES always correspond fte little or no
development of Raven River sand.

The Eb& erosion surface roughly parallels the ES surface
over mast of B-R°, but deviates from this trend at &-15-40-
7WS. Here it continues northeastward at a ralatively
constant horizon while the ES helow. it dips into the gap
between Ferrier and Willesden Green. The undulose E7 surface
maintains as much as 13 meters of topographic relizf between
10—-12-39-9UW5 and 12-1-40-BWS. The E7 1log response  is
indistinguishable between Ferrier and Willesden Breen fields
(4-Z3-40-7WS to 3-31-40-&WS); it is conceivable that it
coincides with or cuts out the E4 surface here. To the west
of Ferrier the E7 surface is present as a relative high (8-

F-3FF-9WS and 10—-12-39-2W5).

4.3.2 CORE CROSS SECTIOM -8B

The datum upon which the B-B’ sections are hung is the
"veliow gpike" datum, which is the top of the "b"
coarsening-upward sequence {(Foldout B-B"). It is the contact
betwesen either facies 7 or 5 and an overlying facies 5,4, or

FZe Only in 1G—12-40-8W3S, diresctly underneath Ferrier field,
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is the datum ambiguous ahd not easily distinguished as a
major facies change.

Lateral Ffacies change 1s evident along the "vellow
spike" horizon. From the southwest to the northeast, the
facies and facies contacts becoms progressively muddier,
beginming with facies 5 underlain by facies 7 in B-9-39-2W5,
a Ffacies 4/5 contact in 10-12-39-9WE and &-9-30-7WS5, and
ending in a facies 3/%3 contact in 11-26-40-7WS. The facies
2/3 "contact® in 1G-12-40-BWS5 is characteristic of the
single coarsening-upward ssquence immediately below the
Ferrier field Raven River sandstone. This sandy “"contact"
interrupts the northeastward lateral fining trend.

The ET% surface rises relatively steadily from 10-12-329-
WS to the eastern edge of Ferrier field (10-12-40-BWS and
10-7-40~-7UWS, core not shown Ffor the latter). It dips down
betwaen Ferrier and Willesden Green (4-23-40-7W3S) and then
rises back up onto Willesden Green to the narthsast. The "a®
sequence is largely absent from 4-23-40--7WS; only ahout 3.5
meters of facies ¥ and 4 defining the base of sequence "“a®
are present, the overliying coarser units having heen removed
by srosion along the ES surface. The Carrot Creek
conglomerate is present as a thin harizon of pebbles over
much of B-B°, but attains a thickness of approximately 3
meters at 10-12-40-8UWS.

Tha E& surface is sometimes recognized in core by the

presence of exceptionally silty horizons i otherwise
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monotonous laminated dark mudstones (facies 2). E& is eazily
detected in 14-22-39-BWS5 and in 6—F-40-T7HS by this
criterion. In 4-23-40-7W5, where the E& surface may be
coincident with, or cut out by the E7 surface, it is
detected by a pebble horizon abruptly overlain by a gritty
siderite. The E& erasion surface may be distinguished by the
maszive siderite appronimately &6 meters above the Carrot
Creaek pebble venear in 11-26~40-7U5, although the
distinction is +tenuous at best. The E7 surface is detected
in 6-9-40-7W5S by the presence of an overlying silty unit.
4.4.1 WELL LOB CROSS SECTION C-C°

Well log cross section C-C° {(Foldout C-C° in  pocket at
back of thesis) lies a Ffew kilometers to the north of
section B-B’ and trends approximately parallel to it Figure
4.1). S8ix of the wells used in the construction of C-C° do
not pepetrate the entire Cardiam Formation; 2-15-40-8WS
through 4-36—40-8W53, and 16-256-41-7W3 and &-5-42-&8W3 have
bheen drilied through the Raven River sandstone and 20-30
meters intoc the underlying muddier sediments. 2-15-40-BWH3
through 4-3&5—40-8WG are Ferrier Field wells, 16-26-41-7WHS
and &-5—42-&W35 are Willesden Grezen figld wells. The longer
wells which penetrate the entire Cardium Formation are those
which occupy off-field positions.

The “"vellow spike” datum belaw the ED surface is a
prominent resistivity deflection over all of C-L£°. The

difficulty in picking the ‘“vellow spike” datum given the
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choice of +two equally attractive prominent resistivity
deflecticons in &-31-39-%9W5 and 4-2-40-7W5 was resolved by
careful tracing of well logs and subsequent superimposition
of signatures, and by loop—tying with other well logs in
which the "yellow spike" datum was easily recognized. Ths
prominent log response not selected as Yyellow gpike” is
marked by an asterisk (¥) in 4-2-40-FW3.

The ES erosion surface rises steadily from the
southwest to the northeast, reaching a topographic high at
the =zastern edge of Ferrier {(4-36—-40-8BW3}. It then dips into
the gap between Ferrier and Willesden Green (regicnal low at
16-31-40-7W5}, gradually rising to the northeast up aonto the
back of Willesdsn Green. Between the highest topegraphy (6-
5—4Z2-&6WS) slong the ES surface on this cross sectioﬁ and the
ipwest topographic depression  {(146-31-40--7W3S) ., there is
approximately 12.3 meters of relief. As might be expected,
the relative highs coincide with blocky and spiky reservoir
sandstone log responses immediately belpw the ES surface.
However , the prominent log responses which characterize the
Faven River =sand are found ofi-field to the southwest of
Ferrier as well as on—+ield. These distinctive off-field log
signaturss gradually become less hlocky to the southwest as
the ES surface srodes down into them.

The Eb erosion surface is roughly sub—-parallel to the
"vellow gspike" datum. It may be either coincident with ar

cut gut by the &7 srosion surface hetwesn 7-8-40-8WS and 10—
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22-40-8W5; inclusive, since a distinct E7 log response above
the typical E& log response is not apparent. The Eé surface
does not appear to drape the ED morphology between Ferrier
and Willesden Breen fields along this line of cross section.
It is difficult to determine the morphology of the E7
surface hbetween Ferrier and Wiliasden Green due to the
difficulty in picking the E7 well 1log response fraom the

signatures of 1&-31-40-7WS, 7-5-41-7WS, and 14-9-41-74S.

4.4.2 CDRE CROSS SECTION C-C°

The datum upon which the C-C° sections are hung is the
"vallow spike®” datum which iz the top of the "b® coarsening-
upward seguence {(Foldout C-C'}). It is the contact betwesn an
underlying sandy facies rslative to an overlying muddier
facies; in this core section, facies 3/7 and facies 4/5
contacts are documented (&—31-39-9W5, 4-2-40-%W5, and 7-8-
40-BW3). & Facies 5/3 Tcontact” defines the "yeilow spike”
datum lithology in 10-Z24-40-BW3, whers a more sandy facies 5
underlies a less sandy Facies SO. Lateral facies change is
best aobserved alpng the datum horizon, where facies 7 in &-
31-3P-FYS and 4-2-40-PH5 passes into facies T in 7-3-30-8H5
and 10—26;40—Bw5q This iateral northeastward gradation of
sandy to muddy facies is svident in the previous two lines
of section as well. Facies 3 and 7 are thickest directly
underneath Ferrier field, occupvying much of the "a"

coarsening—upward seguence in 10-2&6-40-8BWS and A4-346—-40-BWS.
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The ES surface rises steadily from the southwest to the
northeast until the eastern edge of Ferrier field is reached
{(4-356-40-BW3). The ES surface then dips into the off-field
gap between Ferrier and Willesden Green {(146-31i-40-7WS, not
shown in core section). Erosion along the ES unconformity
has removed approximately 11 meters of vertical section
hetween 4-346-40-8BWS and 1&~-31-40-7WS5. Immediately to the
northeast the erosion surface steps back up onto Willesden
Green {(see well log section), allowing the preservation of a
topographic high at 16—26-41-7W5.

The Carrot Cresk conglomerate which rests unconformably
ot the ES surface attains a maximum thickness of 2.3 meters
at 4-36-40-BWS, the sastern edge of Ferrier field. 0f the
cores shown, it is only present as a pebble venesr in 431-
IQ-FWS to the sapthwest. It i= intsresting to note that the
Carrot Creek Member rests on top of facies 4 in 6-31-39-FW3,
despite the ortcwrrence of approximatsly 3 meters af hummocky
cross—stratified Raven River sandstone immediately below
this "anomalous" occurrence of facies 4. The conglomerate is
relatively thick throughout the rest of the cross section,
including a one meter thicknesé of it at the southwestern
edge of Willesden Graen +ield (16—2&~-41-7W3).

The E4 and E7 surfaces were not recagnized in any of
the C-C' cores, owing to the subtle nature of the relatively

nondescript erosive mud-on—mud contacts.
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4.53.1 WELL L0OG CROSS SECTION D~D°

Well log cross section D-D° (Foldout D-D° in pocket at
back of thesis) is the northern—-most transect of the four
log cross sections perpendicular to the trend of Ferrier
field presented (Figure 4.1). It shows among the thickest
accumul ations of conglomerates found anywhere within the
field area, and 1illustrates the extreme degree to which
erosion along the ES5 surtface has taken place (5-28-31-8BWS!.

The "yellow spike" datum is easily recognized along D-—
D, becoming more prominent towards the northeast. To thse
soguthwest of 10-13-41-9WS, however, the datum becomes less
pronounced as a resistivity log responsgse. Extensive loop-
tying has insured that this is a consistent "yvellow spike®
log pick. Loop E-E°, described in section 4.4, shows the
"vellow spike" datum consistency between northern Ferrier
field and Willesden Green field in the vicinity of cross
section D-D’.

The EI esrosion surface maintains the same general
morphology along bB-D° as= it does alona the cther cross
sections described previcusly. OF particular interest is the
thick accumulation of Carrot Creek conglomerate on the
eastern edge of Ferrier Ffield (10-20-41i-BW3), and the
pauvcity of it only 1.5 kilomsters tc the northeast (4-~-28-41-
8W3). The blocky log response present in 10-20-41-8BWS is
reduced to a minar resistivity peak in 4-28-41-8UWS.

ﬁppruximateiy 15 meters of vertical relief along the ES



S0
surface occurs between 10-20-41-8WS and 4-28-41-8BWS5. The EI
climbs back up onto Willesden Green field to the northeast
of 4-28-41-8W5.

The E4 erosion surface follows much the same pattern
along line D-D' as it does along the cross sections
described previously. It does not appear to drape the ES
surface at 4-28-41-8W3S, but rather planes across the gap
hetween Ferrier and Willesden Green fields as it does in
cross sections B-B° and C-C’'. This contrasts with some
recent observations by Walker and Evyles {in preparatipn) in
which the E& surface roughly drapesgs the ES topography at the
western margin of Willesden Green. The E7 surface is
relatively masy to correlate across Willesden Green fizld,
but is not traceable across the bhetween—fiesld gap or across
the top of Ferrier fieid. It is conceivable that the E7 log
response is coincident with or erodes out the Eb log
response arcroess  those areas where correlation of these

gurfaces is difficult.

4.5.2 CORE CROSS SECTION DD

The datum wupon which the DD sections are hung is the
"vellow spike" datum, which is the top of the ™h"®
coarsaning—upward seqguence  {(Foldout D0-D°). As with other
cross sectionsy, 1t is the contact between an overlying
muddi=sr facies and an underlying sandier one. The lateral

facies change along the datum horizon tends to progress from
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sandier to muddier facies to the northeast, particularly
avident between 4-20-41-8W3 and 10-20-41-8BUWS, where facies
7A and 7 of the "a" and "b" sequences, respectively (4-20-
41-8W5) , become facies 4 and facies 5 of the "a" and "b"“
sequenées of 10-20-41-BWS. The "a" seguence corresponds to
the Yred” sequence in Willesden Green {(Walker and Eviles., in
preparation), and the "b" sequence corresponds to the
"vallow” sequence in Willesden Green (Walker and Evyles, in
preparation).

There are three distinct gritty siderite horizons shown
in cors section D-0'. There is one in 4-13-41-9KW5 {which
caps either the “"green" or the "gray® coarsaning—upward
saquence of Walker and Evles, in preparation), =a
stratigraphically higher one which is correlatable between
10-20-41-BWS and 4-11-42-8BWS {which caps the "yellow"
coarssning—upward sEquence of Wal kear and Evles, in
preparation}, and a third one, even higher, in 1-15—-42-8WS
{which caps the "red" seguence of Walker and Eyles, in
preparation). The presenca of these thres separate horizons
shows that a single gritty siderite horizon cannot be used
as a basin-—wide marker or- datum.

Approwimately 7 metesrs of Carrpt Creek conglomsrate
rests on a relative topographic high along the ES surface
{10-20-41-BWG), as is the norm aiong the eastern edge of
Ferrier field. This thicknesszs correlates with a thin pebbla

venesr in 4-28-41-BWS, only 1.3 kilometers to the northesast.



Figure 4.2 The following four pages show core phintographs
of well 4-28-341-8W5, which is featured in both well log and
core cross section D-DF {Foldout at back of thesis}. Core
dapths are given in feet; thg bottom of thea core in each
photograph is in the lower left, and the £Gp is in the upper
right. A1l four phaﬁngraphs in succassion show a
stratigraphically continuous core. This i=s an off—field well
and hence lacks reservoir—quality facies. It begins in
Facies 3 bicturbated muddy siltstone and coarsens—upward
gradually into Facies 4 pervasively bioturbated muddy
siltstone. At &B78 feet, the seguence is erosively truncated
by the EIS surface which is mantled by a thin pebhble veneer.

This in turn is abruptly overlain by Facies 2F and 2

faminated dark mudstonss.
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The conglomerate is piled up against and on top of the
eastern =sdge of Ferrier field, buft dpes not maintain its
substantial thickness to the northeast, into the betwesn—
field gap. The correlation of the thick Carrot Creek
conglomerate in 10-20-41-8W5 with the lowermost pebble
horizon in 4-28-41-8W5 is Jjustified by the comparison of
vartical facies successions. Facies 3 and 4 below the Carrot
Creek pebble horizon in 4-28-41-8WS are only found below the
ES surface. Facies 2P and 2 which overlie the Carrot Cresk
pebble veneer in 4~-28-41-BWS are only found above the ES
surface. Thus, the lowermost pebble horizon in this
predominantly muddy core was correctly chosen as the Carrot

Creek Member {(see Figure 4.2).

4.5 |.OOF E-E’

Well log loop E-E° {Foldout E-E‘/F-F' in pocket at bhack
of thesis) is one example of "loop—tying," that is, insuring
datum consistency by construction of rouvghly circular or
rectangular cross sections which begin and 2ad at the same
well, In this example, the "yellow spike" datum bélnw the ES
surtface has been successfully tested for closure between
northern Ferrier and Willesden Breen fields. The loop begins
along the western edge of Ferrier field (4—-13-41-2W5),
traverses the gap between Ferrier and Willesden Green +tislds
(12-146-41-8WS to 6-26—41-BW3), and continues into Willesden

Green. The section reverses the direction of traverze there
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{switch from scuthwest-northeast to northeast-southwest) and
continues back across the between—field gap, ending at 4-13-
41-9W5.

The =alient features of loop E-E° have already been
discussed in the previouzs sections in terms of cross
sections &6-A° +through D-D'3y E-E° most closely resembles
cross section D-D’', as both traverse the szame genseral
vicinity {(Figure 4.1). E-E’ shares 4-13-41-2UW3 and &6-19-42-
7WS with D-D'. However, there are two items which deserve
explanation. First, the dip of the ES surface bhetween 12-i6-
41-8BWS and 6—-26—41-8BW3S is assumed. Thare is no core or well
lpg data in this immediate area, but nearby wells indicate
that the deep scouring along the ES surface to the immediate
east of Ferrier field is almost certainly present betweesn
12-16~41-8W% and &6-26-41-BWS. Secand, the abrupt and of two
marker correlation lines below the ‘“yellow spike” {(one
slightly above the other), between 10-31-31-BWS and 10-346-
41-2KW5, is drawn so that ther2 can bhe no doublt regarding
their separate identities. The upper one is correlative with
the first marker.haluw the "vellow spike" datum between 4-

1Z3~41-FW5 and 16-7-42-7H3, inclusive.

4.7 WELL .05 CRGSS BECTION F-F-
Well 1log cross section F-F° {(Feldout E-E'/F-F° in
pockat at back of thesis? is a northwest—-southeast

longitudinal section along the elongate trend of Ferrier
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field. A core cross section has not besn constructed along
F-F’' because a number of wells used in the construction of
well log section F-F° are already Ffeatured, with cored
sections, in the four cross sections perpendicular to the
elongate trend of Ferrier field.

The "yellow spike” datum, upon which this cross section
iz hung, is presumably eroded away by the ES surface at the
northwestern end of the cross section (7-346—42-10W5). This
well has been placed relative to 10-17-42-9WS by correlating
the next lower marker (a prominent positive resistivity
detiection in the northwestern portion of the fiesld areal
between the +two wells on a flat horizon parallel with the
*vaellow spike" datum above. The well log sicgnature for 19—
17-42-2W5 has been "restored" back to its original pre—fault
shape; the fault-repeated section of Raven River Member,
evident in cored section and on the original well icg, has
been removed for the purposes of smooth correlation.

It is swprising that the ES srosion surface does not
erode down through the Raven River reservoir sandstons
{prominent pasitive resigtivity deflection) to the
spoutheast, 12-30-37-6W3, an off—Fieid well, is a relative
topographic high with respect +to the morphology of +tha ES
surface. Onz would expect a topographic low alcng the ES
suyrface in an off—field position {i.e. 7-36-4Z2-10W3). The
thin, spiky resistivity well log response which represents

the Raven River reservoir sand in 12-30-37-4W5 is probably
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not worthy of economic exploitation, and hence is an "off-
field" well (alsoc, other factors such as diagenesis and
reservoir water content may differentiate between sconomic
*on—field" wells band uneconomic "off—Field” wells). Thus, it
ig important to note that while the northwestsrn end of
Ferrier field is defined by the degree of erosion along the
ES surface, the southeastern end is defined by the
development of the reservoir sand along topographic highs,

where the degree of erosion may have been less intense.

4.8 SUMMARY

i. The "yellow spike” datum upon which these cross
sectians are hung is a consistent positive resistivity
deflection. In core, it is the top of the "b* coarsening-~
upward sequence, defined by a facies contact behtween an
underlying sandy facies relative to an overlying muddier
one.

2. The elongate depression defined by the erosive
morphology of the ES erosion surface extends the entivre
langth of Ferrier and defines the eastern margin of the
figeld. As much ag 13 meters of srosional relief along the ES
surface ics documented along the northeastarn marygin of
Ferrisr field {(D-D").

3. The LCarrot Creek conglomerate is concentrated along
the esastern edge of Ferrier field on a relative topographic

high- The gresatest thickness occurs along the northeastern
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margin of the field, adjacent to the area of deepest
erosional "scour."

4. lLaterally, Raven River facies become muddier to the
northeast. Facies 7 and 3 to the southwest become facies 5
and 4/3, respectively.

S9. There are three digtinct gritty siderite horizons
within the Raven River Member at Ferrier and Willesden Gr=en
fieids. None of them is laterally traceable for more than a
few kilometers. They are not facies dependent.

bd. The EbH erosion surface does not drape the ES
morphology between Ferrier and Willesden Green +ields,
except along section A-A°. This contrasts with recsnt
obeservations by Walker and Eyles {in preparation).

7. The E7 erozion surfacs shows considerable relief; it
rises Etratigraphically te the southwest and northeast, and
daescends over Ferrier, western Willesden Green, and the gap
which separates them. It is concaivable that the E7 surface
is either coincident with or cuts out the E4 surface in
places where a distinct E7 log response is unrscognizabla,
the most likely being within the gap which separates Ferrier

and Willesden Green.



CHAPTER S - MAPS

S.1 INTRODUCTION

The cross gections in chapter 4 demonstrate the
presence of a major erosion surface, ES of Plint et al.
(1?86), within the Ferrier/Willesden Green area. This
chapter focuses on the morphology of the ES suwrface within
the field area, and seeks to determine the relationship of
the averlying Carrot Creek conglomerate and upper markers
Up—-1 and UD—2 to the E3 surface. This is best accomplished
by the cnnstr@ctimn of isopach maps which contour the shape
of the ES surface and reveal the changes in morphology along
upper "datums," as well as determining regional trends in
the thickness of the Carrot Creek conglomerates.

Four isopach maps and two cpomputer-generated three—
dimensional mesh diagrams are presented. The first of these
maps, UD-1 to UD-2, 1is an isopach of the interval betweesn
two upper “datums® and has been constructed to test the
validity of using upper markers as relatively flat basin-—
wide datums. The second map, UD-2 to EI, ocontours the
morphelogy of the ES surface assuming a flat upper datuwm
(LUD-2). A conglomerate thickness map follows which, when
superimposed on the contowred ES surface, illustrates the
distribution of the Carrot Ureek conglomerate relative to an
sr-oded topography. The three-dimensional mesh diagrams are
computer plots of the same data ussed o construct the "UD-2

&1
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to ES" igopach map; these diagrams are visual aids for

showing the topograpby of ero=ion surface ES.

5.2 CONSTRUCTION

Isopached intervals are bounded by distinct resistivity
waell log deflections. The determination of the ES haorizon
{Carrot Creek conglomerate lower contact) and the top of the
Carrot Creek Membher were facilitated by mateching cored
intervals with well log signatwures; only where conglomerate
thicknesses were less than 2.5 meters did it become
difficult to differentiate between the ceoarsening—upward log
response and the response of the overlying pebble veneser.

The markers UD~1, UD-Z2, and ES are labeiled on all the
cross sections presented in chapter 4 (foldouts at  thes back
of thizs thesis) and are shown in Figure 5.1. The associated
numerical values, given in either meters or fest of
subsw-face depth, were entered into a lptus 1.2.3 computer
file which converted all imperial unit values to meters and
mades the necessary subitractions Ffor subsequent izopaching.
Appendix 1 contains the raw numerical data.

Tha interval UD-2 to ES was printed az two thrze-
dimensional mesh diagrams by Zycor graphics at Homes il
Company, Ltd.. The method by which these diagrams wsre

constructed is explained by Bergman {1987, see her

appendixl.



Figure 5.1 Resistivity well log markers used in the
construction of Figures 5.2, 5.3, 5.5, and 5.7. The "datum"
is the "yeliow spike" datum indicated on the cross sections
and in the text. "E1" is the El erosion swrface {Plint ot

al., 19B4) and denotes ths base of the Cardium Formation.
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5.3 Up-1 TO UD-2

The interval between UD-1 and UD-2 has been isopached
tc study the morphology of these markers. The purpose of
constructing this map (Figure 5.2 was to see i+ the ULR-2
surface (upon which the "UD-Z to ES" isopach map is *hung"}
is relatively flat with respect +to the stratigraphically
higher marker UD-1, thereby landing support to what one
hopes is a realistic ES morphology {Figures 5.3, 5.&, and
3.7). The map alsc shows whether there is significant
variation in sediment thickness between upper - markers. If
thers is an appreciable amount of relief betwsen UD-1 and
Ub-2, then one is left doubting the reliability of an upper
marker as an originally flat surface.

Theres is up to 6 meters of relief between UD-1 and UD-2
{(Figure 5.2}). The isopached interwval is thickest in T37-38,
R8-10, and is thinnest in T3I8-39, R& and part of 7 these
arz2 the sxtremes. There appears to be no systematic trend in
Figure 5.23 it appears as though UD—-1 and UD-2 are largely
two different irregular surfaces {(however, they do become
parallel in T40-42, RY-10 and T42, RB). Hence, UD-Z was
probabiy not an originally flat surface and iz probably not
a2 gonod choice of datum by which tag illustrate the srosive

morpholegy of the ES surtace.
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5.4 UD-2 TO E3J

The interval between UD-2 and the ES erosion surface
has been isopached {(Figure 5.3) to determine ths morphology
of the ES surface.

This is a map of +the thickness of sediment, largely
mudstone, which rests between two markers. Therefore, larger
numerical values indicated en the map (in meters) suggest
topographic lows along the ES surface. These correspond to
erosional scours, portions of which are shown in profile
along lines of cross section in chapter 4. Smaller values
indicate relative topographic highs, or areas where srosion
along the ED surface is not so deep, and,;, the underlvying
coarsening—upward seqguences are more completely pressrved.

There is an slongate topographic low which is situated
parallel to the esastern margin of Ferrier field. This iz the
area of maximum erosion along the EJ surtace and marks the
inter—Field area between eastern Ferrier and western
Willesden Breen fiplds. Drilling density is censiderably
lower in this area becauvse most of the "a'" coarssning—upward
sequence, which culminates in the reservoir faciess 7
sandstones, has been eroded away: most of the waells that do
exist within the inter—field gap were drilled to deeper
exploration targets.

Immediately to the west of the sliongate scour is a
relative topographic high which runs the length of Ferrier

+ield and centinues both to the south and to the west of the



Figure 5.3 UD~2 to ES5 isopach map showing the morphology of

the E3 erosion surface assuming a flat UD-2. Larger

numer-ical values indicated on the map {in meters) suggest

topographic lows along the ED surface, while smaller values

indicate topographic highs. Contouwr interwval is 5 m.
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field, with minor vériatinn. To the northwest, the scour
along the ES surface persists and defines the northwestern
boundary of the field. With the exception of 10 meters of
localized scour in T3%9, R8, the ES surface does not undulate
more than about 5 meters in total topographic relief to the
immediate west and south of Ferrier field., Only tgward
Ricipus field in T37; R1C do the isopach values become quite
large, dindicating ES (?) Stour there {see previous
discussion of Ricinus in section 4.2.1).

The fact that the whele of Ferrier field is not definsd
by a single prominent linear ridge {(topographic high! in
Figure 5.3 is also indicated on the well log and cores cross
sactions in chapter 4. There, the ED surface was undulatory
over most of the western portion of the field arsa,
including some development of the "a" coarsening—-upward
saquence wall to the west of Ferrier field itself. It is not
until the eastern margin of Ferrier +iz2id is reachad that
the ES surface is consistently situated on a linear,
northwest-trending topographic highy, and aven then, the
relisef is only proncunced along the portheastern edge of
Ferrier field (T4l, R8 and 7T42, R} where the 45 meter
contour iz pressnt.

Toward Willesden Green field, the £5 surface rises from
the slongate trough onto the western side of Willesden

Green,  sxhibiting a makimum relisd of aporoximately 36
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meters, although the average relief ig closer to 510

meters.

5.5 CONGLOMERATE THICKMESS

There is an obviaus +ftrend to the distribution of the
Carrct Creek conglomerate (Figure 35.4). It is thickest at
the northeastern margin of Ferrier field and rests along its
erosive bevelled edge and along the northeastern topographic
high indicated on Figure 35.5. It is plastered on the
southwestern flank of the erosive scour in T41, RB-2 and
T42, R? and rises up onto northeastern Ferrier. The thickest
occurrence of cenglaomerates lies along the esastern margin of
Ferrier, and the areaz_ distributien of the Carrot Creesk
Member appears to be strongly controlled by the shape of the
ES surface upon which it rests.

It should be noted that these maps (Figures 5.4 and
53.5) only show the > 2.5 m thickness of the Carrot Creek
conglomerate within tha fisld area. In almost every core
axamined, and probably within almost every well which
penetrates the Raven River Member, there is at least =

pakhle veneser overlying the ES surface.

5.4 MESH DIAGRAMS
Figures S.& and IS.7 are computsr—generatsd mesh
diagrams which show the reliesf along the ES surface based on

the data used to construct the "UD-2 to ES" isopach map



Figure 5.4 Izopach map of the Carrot Creek conglomerate.
Contour interval iz 2.3 m. Only >2.5 m thicknesses of

conglomerate are shown.
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Figure 5.5 Map showing the areal distribution of Carrot
Creek conglomerate upon the ES erosion surface. Contour
intervals are the same as those in Figures 5.3 and 5.4. Note
that the thickest deposits of conglomerate are concentrated
along the northeastern margin of Ferrier field, resting on
the erosive bevelled edg2 and along the northeastern

topographiic high (741, RB-%? and T42, R?).
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Figure 3.5 Mesh diagram of the ES surface when viewed from
the southwest corner (240 degrees) of the field area.
Ferrier +i2ld is elongate and trends northwest. The term
"terrace® denotes a raised, relatively flat topographic high
{mee Chapters 7 and B8 for a compiete discussioni. The term
"heval ¥ denotes a relatively steeply inclined surface (sees
Chapters 7 and 8 for a complete discussioni. The “hevel” is

facing away from the viewer and is not visible from the

viewing angle.
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Figure 5.7 Mesh diagram of the ES surface when viewad from
the nartheast corner (45 degrees) of the field area. Ferrier
field is eslongate and +trends northwest. The northeastern
edge of the field (T41, RB-9 and T42, R?} appears as a
ridge. The "bevel” faces the viewer. The large peak in the
southwest corner of the field area is an artifact of sparss

well control and ambiguous well logs.
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(Figure 3.3). While the vertical scale is greatly
exaggerated, it emphasizes the deep trough-shaped scour
along the sastern edge of Ferrier field and the gentle risge
back onto WHWillesden Gresn field. The terms "terrace" and
"hevel " (Bergman, 1987; Bergman and Walker, 1987) featured

on the mesh diagrams are introduced in chapter 7.

5.7 SUMMARY OF MAPS

The isopach maps presented illustrate some important
points.

1. The use of upper markers ("datums") is potentizlly
dangerous in the construction of isopach maps (and cross
sections) which are intended to show the morphalogy of
Ear&ium erosion surface ES5. It bhas been shown that the upper
marker (UD-2} well above the EI surface may itseif be
erosive (and hence not an originally +lat surface),
therefore not reflecting the ES morphology as accurately as
possible.

2. The EI surface maintains a trough—sheped scoured
depression betwesn Ferrier and Willesden Green fields. It isg
continuous along the eastern edge of Ferrier fisld and
defines its eastern and northwestern margins.

3. The greatest thickness of Carrot Creek conglomerate
banks against the srosional “Yhevel" along the northeastsrn
edoge of Fervier +Fi=ild and overrides the top of Ferrier

there, resting on top of a reiative topographic high. Only a
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pebble veneer lies within the scoured depression to the
immediate northeast of the area of greatest conglomerate
thickness.

4, An undulose topography defined by erosion along the
ES surface characterizes the area to the west and south of
Ferrier field; there is no distinct, continuous topographic
depression directly to the west or south of Ferriar which
accounts for the western and scutheastern margins of the
field, as defined by drilling density. Unly along the
northeastern margin of the field is there a substantial
topographic "ridge" which shows up on Figures S.6 and 5,73
the rest of the field is not a prominent linear ridge in the

subsurface.



CHAPTER &

THE RAVEM RIVER MEMBER

6.1 DEPOSITION OF THE RAVEN RIVER MEMBER

The character of the Raven River Member varies
throughout the field area. It is commonly composed of two
coarsening—upward sequences {Fig. 3.8), but may contain only
one, or as many as five sequences {(Keith, 1785). Individual
coarsening—upward seguences rarely exceed a few meters in
thickness, although single sequences which underlie Ferrier
field 1i1tself may be as thick as 19 meters. Complste
sequences end in either facies 4 bicturbated mudstones,
facies 5 biocturbated sandstones, or tfacies 7 hummocky cross—
stratified sandstones, each of which may be capped by a
gritty siderite.

The deposits of the Raven River Member represent
aggrading shelf sediments deposited below fazirweather wave
base and above storm wave base. Individual hummocky beds
suggest episcodic emplacement by stors currents  {Haraes =t
al., 197%). Amalgamated hummochky cross-stratified ssandstones
interbedded with bioturbated sandstones and mudstones
stiggests rapid deposition of storm—reworked sands in an
ardinarily gquisscent environpent. Below the hummocky sands
are hioturbated sandstones and mudstones; slow background
sadimentation alliowed burrowing organisms to churn up the
substrate and obliterate most of the wave—formed sedimentary

7&
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structures. Gritty siderite occurs at the top of
cparsening—upward sequences; it is suggestive of a pause in
sedimentation (Bartlett, 1987), during which time only minor
amounts of coarse material {("grit") was transported into the
bazsin. The =siderite formed just below the sediment-water
interface. HWal ker and Evles {in preparation) have
demonstrated that ripping up of the substrate is often

asspciated with the deposition of gritty siderite.

6.2 BHINGLING SAND BODIES

Frevious interpretations of the sand body geometry at
Ferrier and Willesden Green +fields suggest that the Raven
River sands were deposited as a series of thin, preograding,
offlapping units (Briffith, 19813 Keith, 1985; 1967). At
Ferrier, Griffith (1981} has suggested a southeast—dipping
offlapping pattern; the entire +field was thought to have
been an offshore "build up® bar. At Willesden Green, Keith
(1985) has identified Ffive individual coarsening—upward
"units” which shingle to the northeast. A similar prograding
arrangemsent of sand bodies has been documented for the
Gallup Sandstone in the San Juan Basin, M2w Mexico
{(Campbell, 1571}.

Longitudinal cross section F-F- {(foldout at back of
thesis) was constructed parallel ito the southeast—-trending
£-Z" mection of Griffith (1%81). Unlike Griffith’'s (i781)

apparent shingling pattern, F-F’ does not suggest a series -
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of thin, southeast prograding sand bodies. A series of
planar and coentinuous lower markers indicate thaﬁ there is a
continuous and predictable stratigraphy which runs  the
length of Ferrier {ield; thers 1is no indication that
positive resistivity well log defiections which might
represent sandy bodiss die out into stratigraphically 1ower
muds. Particularly noticeable is the "yellow spike" datum
which is continuous the length of F-F'; Griffith (1981) has
chosen to pinch out the "yellow sand” {(Walker and Evies, in
preparation) at this horizon half way down the fiesld, for
which there is no justification.

Keith (1983 has documented a series of northeast-
dipping, offlapping Raven River sands in Willesden Green.
His choice of datum from which the offlapping geametry was
determined was the E6 mrosgion surface {Flint =t al.., 19857,
The EA surface has been shown to drape the ES  topography at
western Willesden Breen (Walker and Eyles, in preparation).
Since the ES surfare dips to the southwest along the western
margin of Willesden Green +ield, the E& surface does so as
well. Restoring the southwestward-dipping ES surface to the
horizontal for use as a datum exaggerates the northeast dip
of the zseqguences. Within the context o©f this thesis, the
Svellow spike” datum is correlative with the top of Keith's
{i983) Unit 1 sesguence  {cross sections 1123 kKeith, 1985).
I+ Unit 1 is +Flattensed (o the horizontal {(mimiciting the

"vellow spike® datumi, then the northeast dip to Keith's
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overliving units iz lessened considerably; in some cases, the
dip disappears. In addition, there is some doubt regarding
the correlation of =some of Keith’'s (1285} unit boundaries

{Walker and Eyles, in preparation).

6.3 CORRELATION BETWEEN FERRIER AND WILLESDEN GREEN

Walker and Eyles (in preparation) have colow—coded
individual cparsening—upward sequences in Willesden Breen
field. These colours have been inciluded +for the Willesden
Green wells in core c;ass saections B~B° through D~D° in this
thesis. LCertain depositional trends gexist in thase
sagquences, as seen in a series of isopach maps (Walker and
Evliles, in preparationl). These trends extend into Ferrier
field, and are correlative across the inter—field srosional
gap. These trends include:

a) A thin development of the "yellow sand®  (Walker and
Eyles, in preparation) in northern Willesden Green; likewise
in northern Ferrier.

b)Y The “red” and "biua” sands (Walker and Evies, in
preparation) which overlie the "yellow spike® arg well-
developed in west—central Willesden Grsen; they ares thick
and amalgamated in northeastern and central Ferriser as well.

) The gritty horizons which separate the vyvellow, red,
and bBlue sequences in Willesden Green {cora cross sactions

of Walker and Eyles, in preparation) occcasionally do so in
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Ferrier as well, even though these sequences are amalgamated
together (see core cross section C-L°, this thesis).

d} The thick "yellow sand” in southern Willesden Green

is thick in southern Ferrier too.

&.4 RELATIONSHIFP BETWEEN SAND BODY GEOMETRY AND SHAFE QF
FERRIER FIELD

The ES erosion surface and not the depositional
geometry of the Raven River sands defines most of the
slongate shape of Ferrier field. Previous interpretationsg
suggest that the sands are stacked wvertically or offlap in
the seaward direction, producing a topographic high
(Griffith, 1?281; Griffith et al., 19823 Keith, 19B5; 1987).
Thizs elongate mound has been referred to as a "build up” bar
by Griffith ({i98Bi). Howsver, the arguments pressented in
Chapters 4 and 3 suggest that the ES srosion surfaca has
largely determined the shape of the field. In the north and
east; intense scouring of the sandy Raven River subsirate
has removed any potentizl reservoir sand. To the west, thes
undulose nature of the ES surface has locally sroded away
some of the thick sands and hags left others preserved. Most
of the drilling to the west of the field is directsd at
either locally exploitable accumulations of Raven River
sand, the Burnstick Member (Plint et al., 19B&; Fattison,
1987), or deeper targets. To the south, the ES surface does

not erosively truncate the coarsening-upward sequences of
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the Ravén River Member {cross section F~F’). The Raven River
reservoir sand is depositionally +thin here and is not
éconumicaily exploitable, hence the relative decrease in

dirilling density "off-field" to the south.



CHAFPTER 7
EROSION COF THE ES SURFACE
AND

THE DISTRIBUTION OF THE OVERLYING CONGLOMERATE

7.1 GEOMETRY OF THE ES SURFACE

The morpholegy of the ES surface is defined by cross
sections, an isopach map, and three—dimensional mesh
’diagrams. The salient features of the surface includes

a) A pronounced topographic depression {(bevel) between
Ferrier and Willesden Green fields.

b) fAn undulose topography along the ES surface 4o the
west of Ferrier {(terrace) with littie sygtematic trend.

c) A maximum relief along EIS of 15 meters (Twn.4i,R.8).
The terms "terrace"” and "hevel" of Hergman and Walker {1987}
may be applied tc the erogive morphology documented within
the Ferrier—Willesden Green field area. The "tervace" refers
to the area west of Ferrier field which exhibits 1ittie
systematic relief. The "bevel" reters to Lhe sastern margin
af Ferrier field which is relatively steen and truncates the

underlving coarsening-upward seguences of ths Raven River

Membear .

7.2 MECHANISMS OF EROSION
Befare the formation of the £S5 swface, storm waves
were allowing the deposition of fine— and very—+fine sand on

B2
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the bed az hummocky cross—stratified sands in the Raven
River Memher. Therefore, in order to cut the ES erosion
surface,; there must have been erosion on the bed. In arder
toc do this, erosion must bhe intensified so that waves may
effectively scour the substrate. Ercéiun could have taken
place in one or more of three environments (Bergman, 1987;
Rergman and Walker, 1987 Bergman and Walker, 1in
preparation}. First, it could have cccurred  fully
subaquecusly on the shelf. Second, the lowering of sea level
could have been so drastic that the erosion could have hesn
entirely subaerial. The third possibility is erosion at the
shoreline by shoreface incision. Each of these possibilities
is discussed in turn.

i. Submarine erosion on the shelf

Storm waves bhave the capacity Ffor scouring the
substrate at depth below fairweather wave base (3-13 mj
B.J.P. Switt, in Walker, 1985c). Gcowr surfaces producsd by
storm wave egrosion are generally broad, shallow depressions
{meters across, tens of centimeters deeps reisa, 19813
fiigner, 1985). However, the sastern margin of Ferrier §iald
is 1long, continuous, and relatively siteep, suggesting
strong, localized erpsion rather than broad, undulose
scouring by storm waves on an apen shelf. Thersfore, the
linear erosional relief along the eastern margin of Ferrier
{up to 15 meters) makes storm waves an unlikelvy candidate

f+or seatloor srosion.
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2. Subaerial erosion:

The morpheleogy of the ES surface in the field area is
broadly undulose with a pronaounced northwest-southeast
trending valley between Ferrier and Willesden Breen fields
that is parallel to the regiunal_ tectonic trend. The
topographic surface does not resemble one carved by river
channels, particularly since the elongate scour betwesn the
two Ffields trends parallel to the rising Cordillera; had
rivers sculpted these valleys, then prasumably they would
have heen flowing across rather than down regional
paleoslaope.

There are no “conventional” traces of Fluvially—
dominated erosion along the ES surface. No concentrations of
coarse material identified as channel lags exist in the
bottoms of desp erosive scowrs. Mo roots, paleosols,
desiccation cracks, or coals have been observed at the ES
horizon, although such evidence could have been removed by
subsequent transgressiocn. Pzrhaps the most compelling
evidence against subasrial scour 1is the presence of marine
facies {facies 2P and 2} immediately above the =rosion
surface in areas where the Carrot Creek conglomerate exists
as a thin pebble veneer.

3. SBhoreface ercsian:

Bergman and Walker (1987} have proposed the shorseface

as the most likely environment of erosion for the ES surface

in the Carrct Creek area. A rapid lowering of sea level
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caused the original shoreface to mu#e many tens of
kilometers basinward. At its maximum extent, 1t appears to
have moved Jjust nnrtheastward of tha "bumpz and hollows"
ragion described by Bergman (1987) and Bergman and Walker
(1987) at Carrot Creek (Figure 12 of Bergman and Walker,
19873 Figure B.1a, this thesis). Wave scour at Carrot Creek
during this maximum lowering of sea level incised a lowstand
shoreface there.

The details of the ercsicn of ths EG surface at the
Carrot Creek and Pembina {fields are given in Bergman and
Malker {(1%87), Bergman and Walker {in preparation), and
Leggitt (1987). In general, a periocd of stillstand followead
the rapid lowering of sea level, during which time erosional
shoreface retreat to the southwest scoured the seafloor {the
underlying Raven River sandstones and bioturbated mudstones)
up to the "bevel." Bravel was deposited episodically into
the newly—formed shoreface, presumably supplied by fluvial
processes and reworked alongshore by waves. The gravel might
have armored the erosion surface in the reqgion of bumps and
hellows at Carrot Creek, and was plastered along the seaward
bevelled edge {shoreface) farther to the southwest as the
shoreface eroded 1andward.

The "terrace" area to the southwest of the srosicnal
bevel {(Fig. 12 of Bergman and HWalker, 1987) must have heen

emergent during @maximum lowstand, but all evidencs of
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gubasgrial exposure has presumably been removed by subseguent

erosion associated with the ensuing transgression.

7.3 MCDEL FOR SHOREFACE INCISION

The sculpting of an erosional shoreface profile at
Carrot Creek may be extended to tha other Cardium oil fislds
{lLeggitt, 1787; MWalker and Eyles, in preparation; this
thesis). The geometry of the ES surface, which defines the
shoreface profile, has by +tradition been documented from
correlations hung on markers drawn as horizontal. The
Cardium reservoir sands lie within the same stratigraphic
horizon (the Raven Hiwver Mamber), and the EI surface
undul ates between them, truncatiﬁg potential reservoirs and
preserving others {(the 01l fields)!. This geametry is
illustrated in the upper hzalf of Figure 7.1, and represasnits
the way geologists have viewed the distribution of the oil
fields in the past. However, if each successive reservoir
rests at the same horizon, and the msechanism of shoreface
erosion that was active at Carrot Creek is wvalid for the
naortheastern margins of other Cardium reservoirs, then a
problem arises: how does sea level {luctuate such that
transgressive shoreface profiles are scoured into Cardium
marine =sands landward of Carrct Cresk while successive
ridges seaward of the newly ercded shorefaces are preserved?
Given the argument illustrat=d in the upper half of Figurs

71, it is apparent that sach consecutive seaward ridge



Figure 7.1 The morphology of the EI erosien surface with
respect to horizontal and dipping markers. The upper half of
the diagram, entitled "The Past," illustrates the way in
which genlogists familiar with the basin-wide ES
unconformity have viewed the distribution of Cardium oil
fields. Flat markers vield the undulose ES profile pictured.
However, given the arguments in Sections 7.2 and 7.3 which
suggest that shoreface incision has carved the ES morphoiogy

into an originally dipping stratigraphy, we npw visw {(at

"The Present") the EL surface with respect to dipping

markers.
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would damp out the erosive effects of waves. Therefare, when
wavaes ware incising a 15 meter high shoreface at Ferrier,
fields such as Willesden Green and Fembina to the northeast
{seaward) would have been huge, flat-topped islands that
would have damped out the proposed wave action at Ferrierg
the "incised shoreface” between Ferrier and Willesden Green
would be very difficult to form using this model.

A new approach to Cardium shoreface incision has
recently been suggested by Bergman {(1987), Leggitt (1987},
and Bergman and Walker (in preparation). Re-examination of
cross sections hung from horizontal markers suggest that the
backs {southwestward sides) of the bumps in the region of
bumps and hollows at Carrot Creek m@might once have been-
horizontal erosional hites {Bergman and Walker, in
preparation). That is to say that the backs of the bumps
represent erosion to fairwsather wave bass. I+ the datums in
the upper half of Figure 7.1 are given an initial dip into
the basin {(the lgwer hald of Figure 7.1} equal +to the
present measured values of the inclination of the backs of
the bumps in the bump and hollew region at Carrot Creek,
then the bump and hollow topocgraphy becomes a series of
stepped incised shorefaces (Figure Sh of Bergman and Walker,
in preparation). & succession of stillstands interrupted by
episodes of relatively rapid rises in sea leavel carved out a
"stepwise® shorsface profile in an originally dipping

stratigraphy. The lower half of Figure 7.1 {entitled “The
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Present” in reference to present thought regarding shoreface
incision) illustrates the above principle. Horizontal
araosional "bites" between o0il fields represent sea laevsl
stasis (landward shoreface retreat), while the preserved
reservoirs represent relatively rapid sea level rise Qhere
the erosive shoreface profile has overstepped what are now
the northeastern margins of Cardium 0il fields.

Tha idea of stepwise retreat is not entirely new.
VYariations of it have been discuseed by Kraft (1971), Bwift
gt al. (1972), Swift et al., {1973}, Sanders and Kumar
{1975}, and Rampinc and Sanders {(1980). However, esach of
these studies of the formation of the pre-Holocene erosion
surface differs from the formation of the EJ surface in the
Cardium Formation. The Holocene rise in se2a level is a
sustatic event directiy controlled by the rats of glacial
meiting. However, in the absence of glaciation, large-scale
fall and rise of sea level would presumably have to be
controlled by changes in the volumes of spreading centers.
Therae is no evidence, worldwide, for such major and rapid
s2a level fluctuations in the Upper Twonian {(Bergman and
HWalker, in preparation), particularly when one considers
that the Cardium Formation is dissected by seven regionally
sxtensive erosion surfaces {(Plint et al., 19B&). By
contrast, in the #lberta Foreland Basin, se=a level rose with
respect to a fixed point, or structural hinge, which was

pirobably situated many tens of kilometers to the northeast
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of Carrot Creek (Bergman and Walker, in preparation). The
nbserved regressions and transgressions occurred as a resuylt
of initial upwarping Followed by periods of progressive
downward +flexing (Bergman and Halker, in preparation).

Any sustatic sea level changes in the Turonian (e.g.,
Yail et al., 1977) would probably be masked by tectonic
overprinting in the active Foreland Basin {(Jeletzky, 1978).
It is important to note that the Cardium was deposited into
a tectonically active environment, wihich diftars
dramatically from the passive margin setting characteristic
af the present Atlantic coast. Modern examples of "stepwise
retreat” (Rampino and Sanders, 12840) are influenced by
sustatic sea level change on a passive margin rather than by
tectonism in a foreland basin. Foreland basins are hingsd
immediately seaward of ths accumulating sediment pile and
ara subject to periods of upthrust Ffollowed by periocds of
subsidence. Bubsidence oocurs during loading of the craton
by suctessive thrust slices {(Jordan, 1%986t). Upthrusting
causes regression, while subsidence induces transgression.
These reslative sea level fluctuations appear to be
controlled by rapid tectonic movements which are much faster
and much more local than those modelled on the scale aof
foreland basins (Beaumont, 1981; Jordan, 17813 Buinlan and
Beaumont, 17984). It has tentatively been suggested (Bergman
and Walker, 1in preparation)? that thrusting within the

foreland bhasin during Cardium deposition might account for
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the relatively rapid, short-lived movements of the basin

+loor.

7.4 RECONSTRUCTION OF THE ORIGINAL DIF OF THE RAVEN RIVER
STRATIGRAPHY

Cross sections A-A" through D-D° {(Chapter 43 foldouts
at the back of thesis) were constructed approximately normal
tg the trend of Ferrier field. These cross sections show:

a) An undulating ES surface which scours down betwesn
Ferrier and Willesden Green fields. Along isopach map UD-2
to ES5 (Fig. 5.3), in the vicinity of lipe D-D7 (Fig. 4.1},
the eastern margin of Ferrier field dips steeply to the
northeast, This steepened Ffront is referred to as the
"Farrier bevel.”

b A gentler, southwestward-digping +lank to +the
northeast of the bhevel referred to as the Y"Willesden GBreen
terrace.”

This asymmetrical morphology is also observed on the UD-Z to
E5S isopach map {Fig. 3.3).

The dips across the terrace of western Willesden Br==n
field were calculated along sections A-A° through 5-0° by
the method illustrated 1n Figure 7.2. They were also
calculated {for the back of Farrier field along the same
lines of cross section {Fig. 7.3), but there is little
appreciable relief to the west of the figld from which a

shoreface profile can be determined. Hence, the slbpe values



Figure 7.2 Methond for calculating the original dip {"a") of
the Raven River stratigraphy. The “kack” af the field

pictured is synonymous with "terrace."
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Figure 7.3 Lalculated dip values at western Ferrier and
western Willesden Oreen. The line segments approdimate
portions of the lines &-A° through D-D° featured in Chapter
4 {Figure 4.1). The southwestern and northeastern endpoints
of each 1line =zegment are situated in regional lows and
highs, respectively, along the ES surface ({(lows and highs
ware determined from lines A—-4&° through D-D°}. The "X"

distances are given in kilometers, the "Y" lengths are given

in meters.
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for the back of Ferrier vary considerably in magnitude as
there is no systematic regional low to the west from which
calculations such as those made for MWillesden GBreen can be
made. An average of the Willesden Green and Ferrier dips
vields numbers which, according to the model (Section 7.3),
approximate the original dip of the Raven River stratigraphy
at Willesden Green and Ferrier during "shoreface incision”
there.

The palenslope wvalues calculated by Bergman (1987} for
the dip of the Raven River stratigraphy at Carrot Creek have
been extensively revisead by Bergman and Halker {in
praparation). The area of bumps and hollows hbhas been re—
evaluated Ffor alongstrike continuity of isopach contours,
and where formerly there were arsas of bullseye contours
around groups of data points, now there are smooth
northwest—southeast contours which suggest conziderable
lateral continuity parallel to regional strike. The slape
valuegs decrease from 0.28 to 0.11 degrees from the northeast
3 the southwest scross the field area {average of ¢.18).
Farther to the souvthwest, at Fembina, the paleoslope values
of Leggitt {1%87) have hbeen revised, with a mean value of
the slope on the back of the main fisgld of .14 degrees
(croszs section B, Figure 7.42, Leguitit, 17287). At Willesden
Green, Walker and Evles (in preparation) have calculated a
mean slope of G.077 degrees for the area to the immediate

northeast of the bevel which defines the northeastern sdge
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of Willesden Green field. The mean slope at western
Willesden Green is 0.07 degrees (Figure 7.3}, and the m=2an
slope at western Ferrier is 0.03 degrees (Figure 7.3).

The mean paleoslopes given above generally decrease
systematically to the southwest, from Carrot Creek to
Ferrier (it will be shown in Chapter 8 that given an actual
continuous line of cross section across the Alberta Basin,
the values do not rigorously adhere to the decrease—to-the-—
southwest trend, which is to be expected along a single iine
of section which only shows leocal slope values and does not
show mean values of paleoslopes). This general trend is
consistent with thes stepwise profile model, which relies on
local tectonic upwarping followed by progressive downward
flexing. To achieve the initial rapid lowering of sea level
which moved the shoreline to the immediate northeast of the
region of bumps and hollows, Bergman and MWalker {in
preparation! have proposed a flexure o the basin floor,
with maximum uplift to the west, and fiexure gradually dvying
out bhasinward. The point aof zero movemant (a structyral
hinge) was presumably lpcated many tens of kilometers to the
northeast of Carrot Cresk {Bergman and Walker, in
preparation)-. With the seafloor now uplifted, shoreface
incision began during a relative stillstand of sea lesvel
which produced the northeastern—-most horizontal erosional
bite at Earrot Cresk {(position #3, Figwe Ja,c, Berogman and

Walker, in preparation; Figure B.la.b, this thesis!. Once
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the incision has been made, the uplifted surface began to
flex downward slowly, coming to rest at position #2 (Figure
Sa,c, Bergman and Walker, in preparationy Figure 8.1a,b,
this thesis). This alternation of stillstand and steady sea
level rise {(downward flexing of the basin floor) bhas been
documented basin-wide {(Figure B.la,b). Whereas the mean
basinward dip was "quite steep"” at ECarrot Creek (0.i8
degrees, Bergman and Walker, in preparation; 0.15 degrezes,
this thesis, see Figure 8.1al, by the time the Carrot Creek
shoreface had moved to the position of the bevel at Ferrier,
the basin had subsided (flexed downward) to 0.07 degrees
{(the mean of the paleoslopes calculated for western

Willesden Breen, this thesis).

7.5 DISTRIBUTION OF CONGLOMERATE

The Carrot Cresk conglomerate which rests unconformably
on the ES5 surface is found in localized concentrations
throughout the Qardium Formation. There are  two main types
of congiomerate; the clast—supported conglomerates and the
mud—supported conglomerates. The clast—supported

conglomerates have been interpreted as shorsface gravels

banked up against a major bevel surface {(the incised
shoreface; Bargman, 1987). &6t QCarrot Creek, ©Tthes clast-
supported gravels rest within the "hollows® and bank up

against adjacent "bumps" (Bergman, 1787). At Pembina, the

clast—supported conglomerates are confined to the northern
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edges of the ridges, or what Leggitt (1987) calls the "upper
shoreface profile.” At Ferrier, the thick concentrations of
conglomerates are banked up against the northeastern edge of
the field and overlie the eastern topographic high to the
immediate southwest, on top of northeastern Ferrier {(Figure
5.9).

The mud-supported conglomerates are found above clast-
supported ones, or occur by themselves immediately above the
ES surfage; matrix-supported gravels are rarely found below
clast-supported ones. Mud-supported conglomerates largely
occur in the off-field areas and on top of the incised
"steps' or “terraces” (the back of Ferrier and Willssden
Green).

Bergman and Walker {(1987) have suggested that the
Carrot Creek conglomerates wers deposited during stillstand
and hence rest in the position of the shoreface. The graveis
were subseguently worked along the shoreface and into the
hollows by waves. Ensuing transgression cut off tha gravel
supply. Some of the thick concentrations of gravel wers
reworked from the bevel and redistributed across the top of
the terrace as a transgressive lag {e.g., the thick
accuymul ation of conglomerate which resits on a topographic
high in 10-20-41-8W3, cross section D-D° at back of thesis).
Storms moved some= of the shoreface gravel offshore,
incorporating stringers of it into black transgressive auds.

dihen the depth became too great +for any gravel movemsnt, a
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blanket of mud settled over the region (Bergman and Walker,
i987). The above saquence of events was repeated aver
Pembina, Willesden Green, and Ferrier fields. With sach
incised shoreface at the eastern margin of each of these
fields came a supply of gravel, presumably from a fluwvial
source {(Bergman, 19873 Leggitt, 1987; Bergman and Walker,
1987). Subsequent transgression drowned the river mouth {s)
and cut off the gravel supply. At Ferrier +field, up to 12
meters of predominantly clast-supported conglomerate occurs
in a very concentrated area along a portion af the
northeastern bevel edge and onto the eastern ridge at
Ferrier immediately adjacent (T.41, R.828 and 9. Such a
concentration suggests that this was once a point of gravel
input into the Ferrier shoreface.

The model {for stepwise ietreat, discussed sarlisr,
suggests a decreasing slope gradient to the southwest. At
Carrot Creek, where gradients should be and areg the greatest
{e.q., ©O.28 degrees slope at position #3; ERergman and
Walker, in preparation), the average conglomerate clast gize
ig 1~-2 cm {Hergman, 1987). Roughly along strike, at sastern
Fembina, the gross average «clast size is approximately the
same ia slight decrease exists within Fembina itself,
Leggitt, 1987}. To the socuthwest, at Ferrier, the average
clagst sizxre is 353 mm. Assuming that the gravel supply (in
terms of clast size)l was the same at  boeth Carvyot  Creek and

Ferrier, then %the smaller clast size Ffound at Ferrier
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implies a gentler gradient along which the gravel-hbsaring
rivers flowed before dumping their 1lopad in the Ferrier
shoreface. The northeast to southwest decrease in average
clast size Ffits into the stepwis2 shoreface/flexing basin

model quite well.



CHAPTER B8

GUANTIFICATION OF BASIN~WIDE STEFWISE RETREAT

8.1 INTRODUCTION

With the exception of Ricinus, which appears to be
channelized, Ferrier {field is the western—most of ths
Cardium linear =zand ridges. To the west of it, thers exists
no known "final position® of the Raven River shoreline, nor
is there another ES5 erosive shoreface bevel documented in
the subsurface or outcrop. However, the rate of relative saa
level rise in the Upper Turonian can be quantified given the
known positions of the ES bevelled shorefaces in the Cardiom
Frormation. Faleoslope data from the Carrot Creek area
(Bergman and MWalker, in preparation) and Ffrom the FPembina
field {(Leggitt, 19B7; modified figures used in this thesis),
and new data from Willesden Green {(Walker and Evles, in
pfeparatinn; this thesis) and Ferrier allow extensive
calculations to be made regarding sea lesvel rise and the

formation of the ES surface.

8.2 SHOREFACE RETREAT

The mechanism of erosive shorefare retreat is discussed
in Chapter 7 and by Bergman and Walker {in preparation). If
the datums upon which the cross sections of Bergman (1F87)
and Beirgman and Walker (1987} are hung are given an ipitial
dip inte the basin equivalent to the present inclination of

150
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the backs of the bumps, then the bump and hellow topography
at Carrot Creek becomes a seriges of stepped incised
shorefaces (Bergman and Walker, in preparation). Such a
stepped profile implies alternations of stillstand {incising
horizontal erosicnal "bites") and relatively rapid sea leval
rise {(to produce a series of incised steps) (Bergman and
Walker, in preparation; Walker and Eyle=s, in preparation).
The structural mechanism which causes the fluctuation in sea
level may be referred to as "basinal flexure." Episodes of
downward structural flexing effect relatively rapid sea
lavel rises, preserving the remnant erosional topography.
Gradual =zubsidence produces a relatively steady rise of ssa

leval.

B8.Z CROBSS SECTION G6-G”

Figure B.1la is a cross section of the ES surface across
a portion of the Alberta Basin. It was constructed using the
raw data of the wvariocus authors noted in the figure. The
points which mark the position of the ES surface at Carrot
Ereek and northeastern and central Pembina were taken from
the base maps from which Bergman (1987) and lLeggitt (1987)
constructed their isopach maps of the ES suwrface (Foldout 5
of Bergman, 1787; Figure 53.31 of Leggitt, 1987). The dashed
line which =xtends from southwestern Fembina to the area to
the immediate northeast of Willesden Green was plotted from

Figure 3.40 of kKrause and Collins {19841, which is an



Figure 8.1

A. A cross section {(6-5’) of the ES surface across a portion
of the Alberta Basin {se2 inset for location). This section
is hung on horizontal markers, and shows the topography of
the terraces, bhevels, and the region of bumps and hollows.
The numbers 1, 2, and 3 in the region of bhumps and hollows
correspond te the incised steps of Bergman and YWalker
{(Figure 53 in preparation). The dip angles with respect to
horizontal markers of the segments shown by projecting lines

range from 0.04 to 0,20 degrees.

B. 8 reconstruction of cross section EQE' with respect to an
inﬁiined Raven River stratigraphy. It is not 2n actuzl
representation of the ES5 surface because sach ocriginally
dipping steppsd surface has been restored to the horizontal.
By making all the terraces and the backs of the bumps
horizontal, the actual differences in dip relative fo a
tilted underlying stratigraphy are incorporated inte the
bevels which separate the terraces. The lower nmarkers
undulate slightly because reostoring the terraces and the
backs of ithe bumps to the horizontal has initroduced some
distortion into the diagram.

The predominant direction of shoreface translation is

indicated by the arrows in the inzset bowx.
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isopach map of the sediment thickness between the E7 and ES
surfaces {(terminplogy of Plint et al., 1984). The ES horizon
which extends across northeastern and cgentral Willesden
Green was taken from cross section 4 of Walker and Evies (in
preparation). The surface across western Willesden Green,
which terminates to the west of northern Ferrier, comes from
cross section D-D° (this thesis).

Each of ths segments of the eerasion surfac2 was
constructed using the same horizontal and vertical scale,
and then they were positioned relative to one another to
produce one composite seaction.

The relative positions of the "yellow spike,” basz of
the yellow sand, and the "intlection point” i{tzken fraom
resicstivity well 1log signatures) markers are plotted on
Figure 8.1a. The "yellow spike" datum is .the datum upon
whick 211 +the cross sections in this thesis were hung. The
base of the yellow sand, which iz a resistivity well lag
pick that marks the bazse of the "yellow sand" coarssning-—
upward sequence  {HWalker and Eyles, in preparation), was
estimated from well log cross section B-D° (this thesis) and
was plotted underneath Ferrier Ffield. In Willesden Green,
the base of the yellow sand is the datum upon which ali the
cross sections of Walker and Evles {in preparation) are
Rased. The relative position of the "inflection point®
underneath Pembina and Carrot Creek was estimated from cross

sections B-1 and B-2 of Leggitt (1987 and cross section B-
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B’ of Bergman (1987}, since these sections are those which
lie closest to the lines of section upon which &6-G° {this
thesis) is based.

The position of the inflection point "rises" with
respect to the ES surface at Carrot Creek relative to its
position at Pembina. Carrot Creek field lies along strike
and to the north of FPoplar Valley at Pembina (the main
*bevel” of Bergman, 1787, and Bergman and Walker, 1987). IFf
the inflection point represents the hase of the
stratigraphically lowest economically exploitable sand, then
Pembina is producing huge guantities of @il from the thick
sandy interwval between the EI surface and the inflection
point. However, the same sandy interval at Carrot Creek to
the north iz thin, discontinuous, and presumably uneconomic.
Carrot Creek is largely producing from the conglomerates
which overlie the ES surface.

The relative positions of terraces, bevels, and bumps
and hollows {(terminoclogy of Bergman, 1787) are shown on
Figure B.la. The incised steps of Bergman and Walker {in
preparation) in the bumps and hollows region of Carrct
Creek, numbered 1, 2, and 3, are indicated. The terraces are
regionally flat areas which are usually bounded on the
seaward side (northeastern side) by a relative "low.” A4
terrace is arbitrarily defined as a +Fflat surface which
extends for at least 4 kilometers along a 1line of cross

section which is constructed normal o the ssawarg bevelled
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edge of the terrace, or it must be bounded on the seaward
side by a bevel which exhibits a minimum of 3 meters relief.
Surfaces of these dimensicne are readily identified along
line 6—6'3; anything smaller than 4 kilometers in length or
not bounded by a 5 meter high bevel is not considered to be
a “"terrace."” The bevel is an area of appreciable relieaf
where underlying hummocky cross—stratified sandstones and
bicturbated mudstones are truncated by the erosion surface.
The bumps and hollows are a remnant erosional topography
which have recently been shown to be parts of continuous

incised shorefaces (Bergman and Walker, in preparation).

8.4 EROSION AND SEA LEVEL RIBE ALONG 337

r

fross section -8 is drawn to scale, with considerabls
vertical exaggeration. It is therefore possible to measure
=stillstand and steady rise of sea level directly From the
diagram. It will be shown that 85 kilomsters of horizontal
shoreface translation and 13Z meters of wvertical shorsface
transiation have ogccurred over line G-G°.

Shoreface ercsion is a function of the relative rate of
sea level rise. A stillstand .m¥ sea 1evel implies a
horizontal landward ftranslation of the erozional shoreface
profile. In the following calculations, depth to fairweather
wave bhase will be taken at a constant 10 meters (pfegant day
ranges are given as 59—13 m by Swift =2t a31.{1987) and SBwift

{in Walker, 1?85c). Thus the result of wave pounding during
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a stillstand is ordinarily to srode the shoreface down to a
depth of 10 meters. If the depth to fairweather wave base is
greater than 10 meters, then proportionately fewer episodes
of sea level rise are reguired to erode a given vertical
distance. & horizontal Enmponent of eropsion relisted to
stiligtands may be measured along the lines with paleocdip
values assigned to them in Figure B8.l1la. The corresponding
component of vertical erosion associated with each
stillstand shoreface retreat is 10 meters.

A steady rise of sea 1level implies & combination of
horizantal and vertical shoreface translation. Each of these
components of erosion may also be measured from Figure 8.1a
by construction of an "erosional envelops" (Bergman, 19873
Bergman and Malker, in preparation) which approximates the
slope of an inclined surface carved by erosion. It is
important to emphasize that both stillstand and steady rise
vertical compenents are always measured npnormal to  the
horizontal, keeping in mind that in Figure 8.1 a, the
"horizontal® dips to the southwest when hung on horizontal
markars.

A rapid rise of gea level dmplies a rapid hranslation
of the shoreface. Given the gentle undulating morphology of
the ES surface {remember that Figuwre B.1 a and b are grossly
praggerated), it is difficult at best to separate vertical

transliation of a rapid rime in =ea level from the
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combination of horizontal and vertical translation involved
in "steady rise.”

The stillstands and intervals of steady rise of ssa
level may be differentiated from one another along line G-G°
by the presence of terraces and bevels, respectively.
Terraced surfaces represent stillstands with a predominantly
horizontal erosional camponant which may be measured
directly from the diagram, e.g.; the terrace at western
Willesden Breen is 11.7 kilometers long. The vertical rise
preceding the stillstand is taken to be 10 meters (the
assumed depth to fairweather wave base). Bevels represent
episodes of steady rize, where both the horizontal and
vertical dimensions of steady shoreface retreat are measursd
directly from the diagram. Any bevel or northeastward-facing
gide of a bump in the region of bumps and hollows
approximates the hypotenuse of & right +triangls, the
hoprizontal and vertical dimensions of which are measurable
using the scale provided (e.g., the northeast side of the
bump st position #3ZT on Figure 8.1a extends for 2.4
kilometers horizontally, and 10 meters vertircally}). Over the
entire section, the sum of the horizontal distances
attributable to stillstand eresion is 64 kilometers. The
total vertical stillstand distance is BS5 meters (ths reason
that this number is not & multiple of 10 is due to the
undulatory nature of the ES surface which sxhibits iess than

13 meters, but greater than 5 meters, srosional relisf over
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Fembina and on top of Willesden Greenl. For example, the
stilistand denoted by the terrace dipping at 0.06 degrees on
the back of Pembina to the immediate southwest of Buck
Valley maintained 8.5 meters of vertical erosion before a
steady rise of sea level shifted the peosition of the
shoreline. The total horizontal distance attributable to
steady rise is 20.5 kilometers. The total vertical steady
rise distance is 48 meters.

Figure B8.1b is a reconstruction of cross section G-G°
with respect to an inclined Raven River stratigraphy. 1t is
not an actual representation of the newly—Fformed ES =surface
because mach originally dipping stepped surtface has been
restored to the horizontal. 1In fact, hecause the angles of
the terraces differ slightly, esach would be gently dipping
relative to the surface being actively incised at
stillstand. For example, if the terrace at western Willisgcsden
Green were being eroded by stillstand horizontal shoreface
transiation, then the incised terraces to the northeast of
Willesden Green featured in Figure 8B.la would maintain wvery
gentle northeastward dips, while the bascks of the bumps at
positions 1, 2, and 3 in the bumps and hollows region at
Carrot Cresk would dip very gently to the southwest.

By making all the terraces horizontzal, the actual
differences in dip ralative to a tilted underlying
stratigraphy are incorporated into the bhevels which separats

the terraces. For instance, the 0.07 degres differsnce in
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paleodip between the 0.11 degree slope and the 0.04 degree
slope at Poplar Valley and at Buck Valley, respectively, is
absarbhed by a distorted bevel shape bestween the two slopes
once =zach has been restored te the horizontal.

fAssuming as before that the depth o an erosive
fairweather wave hase is 10 meters, a series of stepping
shoreface profiles have been drawn. Vertical arrows suggest
a relatively rapid rise of sea level, where remnant Raven
River stratigraphy is preserved. Predominantly horizontal
shoreface translation is given by horizontal bites, with the
10 meler shoreface profile having eroded its way to the base
of the next successive bevel. From there, the profile
translates upward at an obligue angle as the srosion
assgciated with =mea level riga carves a hevel {the
horizontal and wvertical steady rise components ars measured
from Figure B.1la).

The lower markers undulate slightly with respect to the
ES surface because some distortion hes beer introduced into
the diagram by restoring slightly dipping terraces to the
horizontal.

The average regional paleodip of the Raven River
stratigraphy from Carrot Cresk to Ferrier pver line G-G6' is
Q.02 degrees. This may be calculated directly from Figure
8.1t by measuring the total horizontal and vertical {(x = 83

km, v = 132 m}, or may be ralculated by taking the mean of
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all ten paleodip wvalues indicated in Figure 8.1ia. Both

calculations yield 0.0% degrees.

8.5 IMPLICATIONS

As mentioned earlier, there are three relative rates of
sea level rise. Stillstand suggests that the sea level does
nat rise at all. However, the result of wave pounding during
sea level stasis ordinarily ercdes the shoreface down to
fairweather wave base. Through time, an erosion surface (ED)
is produced, and a horizontal bite is taken out of the
coastal plain.

An ahrupt or rapid rise of sea level ideally suggests
that gea level rose so quickly that fairweather wave base
did not have time to immediately scour the hed. The dominant
direction of shoreface translaticn is landward, hence
preserving sediments ismediately socuthwest of the former
position of the shoreface prior to rapid rise.

fi slow but steady rise of sea lsvel is intermediate
between the stillstand and the rapid rise, both in terms of
the rate of relative sea level rise and the degree o wihich
fairweather wave base is able to scour the bed.

Each rate of riss shall be considered guantitativelvy.

Stillstand

During episndes of stillstand, sixty—Ffour kilomsEters of
erosive horizontal shorsface transliation occurred over line

6-8'. Today, the shoreface is eroding at a rate of 0.6 - 1.2
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m/yr on the mid-Atlantic Bight (0O.H. FPilkey, personal
communication, 1987). If we assume a relative rate of 1.2
meters per vyear, the &4 kilometers of stillstand erosion
would have taken 53,333 vyears.
Steady rise

During epizsades of steady rise of sea level, 20.5
kilometers of horizontal shoreface translation occurred over
line G~G6'. At 1.2 msyear, this would have taken 17,083
yvears. Forty—eight meters of vertical shoreface translation
are associated with this horizontal erosion. This indicates
a steady sea level rise of about 2.8 ma/year.

Rapid rise

The rate of rapid rise is unknown. It is npt possible,
as yet, to account for purely vertical rizse with no erosion
associated with it. By way of comparison with the calculated
rate of steady rise (2.8 sam/vyr} and the present rate of sea
level rise off Delaware {1.5 mm/yr, Kraft, 1971}, perhaps an
estimate of the present rate of iscstatic rebound might
approxXimate a "rapid® rise, providing present sea level
remains relatively static. Andrews {(1970) has documented as
much as 13 mm/vyr aof upliftt presently occurring at
southeastern Hudson Bay. However, it is difficult te get an
idea of a truly rapid rise which might be operative in ths

tectonically active Interior Seaway.
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Average rise

The cumulative total of all horizontal erosion over
line 6—6° is 95 kilometers. Therefore, it would have taken
70,833 years for the shoreline to move from the immediate
northeast of the bumps and hollows at Carrot Creek to the
immediate west of Ferrier. The cumulative total of all the
vertical erosion components aver line G-6° is 132 meters,
indicating an average rate of relative sea level rise of 1.9
nm/s year.

At First glance, it is tempting to construct an
aguation which expresses the rate of average sea level rise
as a function of the rate of =tillstand, stzady rise, and
rapid rise. However, the average rise is certainly a
weightad average, and must be expressed as the sum of the
relative rates of sea level rise multiplied by the length of
time each was in effect. The unit dimensions of such a sum
are expressed in terms of vertical distance over which sea
level ross. Therefore,

122 m (= total vertical) = 132,000 mm =
(O mm/yr) (53,333 vears) + (2.8 mm/yr} {17,083 years)
+ {rate of rapid risel{time}.
However, a previous calculation has showed that it would
have taken approximately 70,83% years to erode +the 132
meters of total wertical relief along section G~-6°. This
figura is already incorporated into the above zguation as

the sum of the stillstand plus steady rize components.



Therefore, there is no way to determine the rate of rapid
rise or the time over which it was operative. Even
substituting a present day value for isostatic rebound as a

rate of rapid rise will not aid in the determination of the

time invalved.

8.6 ARE THE CALCLHL ATIONS REASONABLE?

The above arguments pertain to the ercsion of the E3
surface over cross section G—E'; and are presumably wvalid
for other and future cross sections across the Cardium oil
fields. However, the EO surface does not and at western
Ferrier. The final position of the eroded shoreface has not
been recognized in the subsurface, nor has it been observed
in outocrop {(Duke, 1783). So far {(this thesis), relative sea
level rise has only been calculated for a horizontal
distance of BS kilometers. Assuming that erosion along the
ES surface continued for at lgast twice the distance
documented in this thesis. then the total horizontal
distance becomes 170 kilometers. Since 70,833 ygars were
reqguired to erode the Raven River sediments between Carrot
Creek and Ferrier, inclusive, it would have taken 141,846
vears to ercde twice that distance, assuming similar rates
of srosion and sea level rise.

In order Ffor tha shoreline to have moved basinward to
the northeastern edge of Carrot Creek ipnitially {so that

subsequent transgression could srode the stepped profiled,
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Bergman and Walker {(1987) have suggested a rapid lowering of
sea level. This would take time, although theres is no way to
calculate just how much time was involved. The total time
involved in producing the E3 surface must therefore be
greater than 141,446 years.

Given that +the Cardium Formation was deposited in
approximately 1 Ma (R.G. MWalker, personal communication,
19287}, and that there are seven regionally extensive erosion
surfaces defining six sedimentary sequences (Plint et al.,
1284), one can assign 147,000 years +o each sequence.
However, within this relatively short period of time,
tectonic uplift and downwarp must oocur to  produce the
erosion swrface, follcocwed by the deposition of an overlying
sequence. If indesd all this could occur in 167,000 years,
then the 141,445 years reguired just to erpde the 5 profile
during overall sea level rise ieaves wvery little +time left
in which to drop sea level initially and to deposit the
overlying Dismal Rat Member. However, all pf the calculated
values which appear in this argument are based on many
assumptions. The Cardium may not have been deposited in 1
Ma3; it is possible that it may have been deposited in as
much as 2 Ma. The assympticn that it takes 147,000 vears to
form each erosion surface and the overlying sequence is
probably erronecus. While it appears that the E3 surface may
have formed by a mechanism similar to that responsible for

the ES surface {(there are three documented stepped incisions
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at the E4 horizon; Pattison, 1987), the other surfaces (El,
g2, E3, Eb4, and EV) maintain fewer incisions and may have
formed by other means. If so, the rates of formation may not
approximate those required to produce E4 and ES. E4 and ES
zeam exceptional, and may indeed have required more time in
which to form relative to the others.

5iwven the flexibhility inherent in the above
assumptions, and remembering that the figures calculated in
soaction 8.5 are all based on a present-—day value for the
rate of shoreface erasion (1.2 m/yr, which may or may not
approximate the rate of shoreface erosion actiwve at  the ED
horizon) and an assumed fairweather wave base of 10 meters,
the 141,464 years necessary Lo incise the ES profile across

the Alberta Basin is not unreasonable.



CHAPTER ? - CONCLUSIONS

1. The Raven River HMHember of the Cardium Formation at
Ferrier and Willesden Green fields consists of bioturbated
marine mudstones, which pass upward into hummocky cross-
stratified sandstones interbedded with bioturbated mudstones
and sandstones. These facies are interpreted as aggrading
shelf sediments de