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These bOLJlldaries are

ABSTF~ACT

Analysis of the sedimentary facies, early diagenesis

and micropaleontology of event stratigraphy within the

transgressive phase of the Cardium Formation indicates that

changes of sea level occur during extremely short timespans

possibly as short as 10,000 years. These rapid sea level

changes produce either erosive or gradatibnal boundaries

between stratigraphic sequences.

termed Horizons.

Quantitative consideration of the foraminiferal

population below, at and above these Horizons indicates

that there was probably very little paus. during the change

in sea level; no unusual accumulations of biogenic debris

OCCUF" The fOf-aminifE!I~a indicate that the water-body was

turbid and very likely diluted by fresh water. The

resulting environmental stress persisted throughout Cardium

time over a topographic 'bench' shorewards of the maximum

extent of the regressive shoreline.

Fresh water dilution and possible increased organic

supply encouraged the formation of synsedimentary siderite.

Its ub i qu Lt oua occurence at the Horizons e"amined may

indicate a short pause in sedimentation prior to renewed
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transgression, but the possibility of rapid sideritization

makes this hypothesis unprovable.

Although subtle, some of the burrowing and cementation

patterns characteristic of carbonate hardgrounds appear in

the ubiquitously erosional fifth Horizon. The other

Horizons are too gradational to show such behaviour"

All Horizons show rapid sedimentological changes.

Erosion in one location may appear as a correlative

conformity in another. Their behaviour ihdicates rapid

changes in water depth.

As a whole the Cardium Formation probably represents a

shoreline response to Late Turonian eustatic sea level

change which- was further inflLlenced by shorter tenn

tectonically induced sea level changes. With the exception

of the fifth Horizon, the Horizons probably all formed

subaqueously without a pause in sedimentation.

changes from erosive to gradational contacts, Horizon

behaviour is the same across the area studied.
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CHAPTER 1

INTRODUCTION

1. THE PROBLEM

Since the publication by the A.A.P.G. in 1977 of Vail

et "11. 's work on eustatic sea level changes, mLrch has been

said about the overall control that sea level has on

sedimentary environments and their distribution. Modelling

of such control is usually discussed on the detailed scale,

similar to that of a single sedimentary environment, such

as a barrier or shoreface (Vail et 011., 1977). However,

since the advent of plate tectonic theory and the attending

change in postulated mechanisms for sea level control,

little has been pLlblished on the e><istence, recognition or

behaviour of small scale, relative sea level 'cycles' in

siliciclastic sediments and the transitions between such

cycles. Small scale changes are those occurring over less

than a million years. Such a data gap leaves the question,

how do siliciclastic sediments respond to rapid relative

sea level changes (i.e. how do Vail et 011. 's (1977) fourth

and fifth order cycles appear in the rock record)?

2. EVENT STRATIGRAPHY

Studies in the Western Interior basin and elsewhere

are begining to show that these short term changes appear

in the l~oc:k record in terms of "event stratigraphy" (e.g.

1



Plint et al., 1986, Leckie 1983, Hein et al., 1986, Schlee,

2

1984) • Events are defined as the results of widespread,

correl atabl e, shol~t-term or geol og i call y a I most

i nstantaneoLls processes. Typi cal e:-campl es are el~osion

surfaces (Schlee, 1984) and bentonite deposition, bLlt very

rapid, extensive change in sedimentary environment (e.g.

progradation) could produce a thin sequence correlatable as

an event. tn the case of erosi on that produces a

recognizable surface, the surface may be termed an 'event

sur-face' . Events may become obscure if correlated over a

large enough area because of the nature of variation in

basinal sedimentation, but they should be recognizable on

the scale of the typical oil and gas basin.

3. THE SETTI NG

Recent work by Plint et a l , (1986) on the C"lrdiLlin

Formation in Alberta has established a detailed event

stratigraphy with seven rapid relative sea level changes

inside an approximately 1 million year period. The events

are based on erosion followed by transgression. This

stratigraphy provides an excellent framework within which

the response of clastic systems to short-term Sea level

change may be examined. This thesis examines the

transgressive phase of this event stratigraphy in the

Albertan subsurface.
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4. QUESTIONS POSED

There are several questions as to the nat~lre of the

Cardium events and the behaviour of the sediment across

them. The presence of erosion raises the question of

subaeri al e:·(posure. However, such handy mechani sms must be

viewed with caution; to paraphrase Bromley (1975l,

geologists tend to view pause or omission as equivalent to

emergence because of a view that submarine processes "re

ublquitiously depositional, but this Is not necessarily so,

as recent suboceanographic exploration has revealed.

Study of these events may be carried out using many

techniques. Variations In sedimentary facies and

ml crofa~tnal content and ub I qui tous pat terns of ear 1y

diagenesis, particularly the occurrence of siderite, have

"II been consi dered In constructi ng a s~lmmary of how rapi d

relative sea level changes affect siliciclastic sediments

across event 'surfaces' as demonstrated in the Cardium.

The particular questions posed in this study are:

1. Are the events al pauses or bl actively erosional

episodes and do they differ from one another?

2. How rapid are the events?

3. Do event surfaces change laterally and if so, how?

4. Does sea level change affect early diagenesis Dr

are any early diagenetic products indicative of

surface behaviour?
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5. How do sediments respond right at the surfaces over

the time frame involved?

6. Can any direct mechanism fIJr the events be

discerned? Is eustatic or tectonic control more

reasonable. (Or in the convenient catch-all of

I<auffmann, are they "tectono-eLlstatic")

7. Do siliciclastic analogues e>dst for carbonate

hardgrIJunds and firmgrounds as summarized by Bromley

(1975) and Kennedy (1975)? Such analogs might be

expected at the tops of sedimentary sequences where

significant pauses in sedimentation have occurred.

8. Are there ,any signs of subaer'ial e:·:posure?

5. DATABASE·

Because the Cardium Formation is an important oil and

gas resevoir many diamond drill cores are available for

stUdy in conjunction with outcroping beds. Examination of

forty two cores, approximately in the Kakwa field region,

<Townships 58 to 71, Ranges 16 West 5 to 10 West 6) (see

map in Appendix 1) allowed for the detailed study of 36,

24, 19, and 8 eNamples thr·ough E--T4, E-T5, E-T6 and E-T7 of

Plint et a L, (1986). Appendi:< 1 I ists the location of

every core examined (both areally and relative to well logs

and the designated event Horizons), the location of each

sample within the core and shows lithological sections,

more fully described below, across each Horizon examined.



Samples, described in more detail below, were taken where

indicated for siderite analysis and micropaleontological

sampling.
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CHAPTER 2

BACI<GROUND

1.LOCATION AND STRATIGRAPHY

The Cardi urn Formati on OC:C:Llrs in parts of Br i ti sh

Columbia in outc:rop and widely throughout southern Alberta,

both in outc:rop and subsurfac:e where it c:ontains important

ac:c:umulations of oil and gas. An idea of the extent of the

Cardium in subsurfac:e may be had by examining a map of oil

fields produc:ing from Cardium strata (figure 2-1); although

the fields imply a patc:hy distribution, the Cardium is, in

fac:t, generally ext~nsive with partic:ular regions of 'sand'

bodies c:ontrolling ec:onomic: field loc:ation (e.g. Walker,

1983b) •

Stratigraphic:ally, the Cardium Formation is part of

the Alberta (or Colorado) Group and is sandwic:hed by the

Blac:kstone Formation below and the Wapiabi Formation above,

both of whic:h are almost entirely shale formations. The

Wapiabi is approximately 500m thic:k and the Blac:kstone

approximately 250m thic:k (Bergman and Walker, 1986).

Figure 2-2 shows the large sc:ale stratigr-aphy. The time

sc:ale of this figure is the D.N.A.G. scale (Palmer, 1983)

whic:h, within the framework considered, matches that of

Obradovich and Cobban (1975). The Cardium itself is of

Late TLlronian age, about 88.5 million years old, and may

6





7

75

Edmonton

~

z
~

a
0::
w
~

:c
I­
10

100

PINE CREEK,
McLEOD.,.

EDSON' 'NITON

, '-.CARROT CREEK

,
o KM 50

LIMIT OF
PROGRADATION,

KAKWA MEMBER

KAKWA•

Alberta

I
I
I

I
I
I
I

I

l.
l

\
)~.

"\
""'\'.\

\. ".
'""""'.~ '.

I.
)

\~.,
\ W,ILLESDEN

B.C. ~L~c~~ERTA ~GREEN

( \" ')FERRIER
,.-..-----, ..c._'\ Clearwater R.) ~"'RRINGTON

"\ ..... ~ CARO,L1NE
u "~ • / RICINUS \

'.\, / ~ROSSFIELD
\l LOCHEND,

'C., Seebe \ 0 25
\ "~
\~

\". Calgary

15TH

I

r,



8

have been deposited within approximately one million years.

The dating is by inference from the surrounding faunal

zones; the underlying Blackstone contains fossils of the

Late Turonian E~ignQ~Y-bliYa ~QgllgsLi zone and the

overlying basal Wapiabi shales contain fauna of Late

Turonian to Earliest Coniacian age, 9~sQb1t§§

1982).
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Figure 2-2. Stratigraphy of the Colorado Group (from

Bergman and Walker, 1986).

In this stratigraphy (figure 2-2), the Vimy member of

the Blackstone Formation is equivalent to the subsurface



Second White Specks and the Thistle member of the Wapiabi

Formation is crudely correlative with the First White

Specks (Wall and Rosene, 1977). The Frontier, Ferron and

Gallup Formations in the United States, are approximately

equivalent to the Cardium Formation of Alberta (Bergman and

Walker, 1986).

In the terminology of Dickinson (1974), the Cardium

was deposited at th~ western edge of a retroarc, foreland

basin although the terminology now stands' as a little

ambiguous due to the recent recognition of accretionary

terranes to the West. During the Late Cretaceous, the

basin was generally covered by a shallow epeiric sea, the

estimated maximum extent of which is shown in figure 2-3.

2. PREVIOUS WORK

9

The Cardium Formation has been economically important

since the discovery of the Pembina field in 1953 (Nielsen

and Porter, 1984), and, in part because of this economic

importance, has been widely studied by numerous workers

both in industry and academia. Of all the published works,

the most important for this study are those dealing with

the debate over the environmental nature of the sediments.

These have been well summarized by Walker (1983a) up to the

most important recent developments and hence will be only

briefly reviewed here.
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The intense economic development of the Cardium

Formation occurred around the time that the theory of

turbidites was being established so, somewhat naturally,

some of the enigmatic sands and conglomerates in the

for"mati on were postul ated to be dLle to thi s newl y

discovered phenomenon on (Beach, 1955).

It was also during this period that the first

significant subsurface correlations began. Interestingly,

the event stratigraphy of the Cardium was" almost

established very early on by workers such as Michaelis

(1957) • In a rather dr"amatic eHample of "plus c a change

plus ca rest 101 meme", he states, "Cycles are separated by

minor disconformit"ies that are marked by ewosion, or by the

presence of a pebble conglomerate, a shell bed, or a

ferruginous siltstone with casts of numerous burrows. It

is believed that these breaks are widespread. It is

reasonable to use a Widespread but minor break of this type

as a geological time datum" (Michaelis, 1957). Michaelis

concerned himself more with correlation and less with

interpretation of the sediments, an interesting lesson for

those attempting to study detailed behaviour of sediments

within basins whose regional setting remains questionable.

Following the initial discussion of Beach (1955), to

paraphrase Walker (1983a), the ideas on the Cardium sands

then underwent a long series of alternating interpretations
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ranging from turbidites deposited far from the shoreline to

tidal barrier deposits to shoreline deposits. Various

authors suggested different amounts of storm and tidal

influence. Around the late 1960's ideas settled into a

fairly commonly accepted shallow marine model which was

re-examined by Walker in the early 1980's in ~erms of the

turbidite model proposed by Beach (1955).

It was during this 'calm' period that intensive

stratigraphic study of the Cardium in outcop was undertaken

by stott (1963) (see below). He did the first thcwough

field work on the formation and established the initial

member division shown in figure 2-4. (see Walker, 1983b

for a discussion of some problems with Stott's

stratigraphy. )

One of the most important factors in the debate over

depositional processes which followed Walker's

reconsideration of turbidites in the Cardium was the

relative position of the shoreline. The turbidite theory

of Walker (e.g. 1983bl implied a roughly northeast trending

shoreline in the northern Cardium crudely perpendicular to

the field trends, whereas the existing theory postulated a

shoreline roughly parallel with the Canadian cordillera.

The work of Plint et al. (1986) and Duke (1985) confirmed

that the Cardium shoreline did, indeed, run parallel to the

cordillera near the current limits of the deformed zone,



general I y as a progradi I'g barri er system. Thi s resurnacted

the problem of the nature of the more basinal sediments as

represented by most of the oil bearing sand and

conglomerate bodies.

The problem of the basic nature of these basinal sands

and conglomerates was solved by the same work that

resurrected it. The outcrop work of DLlke (1985) combined

with the sLlbsurface work of Plint et al. (1986), with

particularly important details of the conglomerate

behaviour provided by Bergman and Walker (1986), indicates

that the 'boasinward' sediments are lowstand shorefaces.

These lowstand shorefaces rest on hiati or diastems within

13

the CardiLlm Formation. The Cardi LIm may be gross1y d i vi ded

into a progradational sandy phase, the Kakwa member, and a

transgressive muddy phase, the overlying Raven River to

Amundson members (see figLlre 2-5). The pebbly members

defined in the event stratigraphy erected to reflect these

repeated lowstand deposi ts are e,,, tensi vel y worked across

their associated Horizons (see disCLlssion and -figLlres

below). The event stratigraphy erected by Plint et al.

(1986) may be correlated with the outcrop stratigraphy of

Duke (1985) and stott (1963) as shown in figLlre 2-4. The

responses of the varioLls sand bodies of the CardiLlm to the

sea level changes implied therein are cLlrrently under

investigation at McMaster. The work of Leckie (1986) and



Downing (p. comm., 1986) along with the general "event"

strati graphy work of Kau'ffman strongl y hi nts tha't such

events rnav act.ltuall y be qui te characteri st i c of f orel and

basi ns, maki ng thei r detai 1ed stLldy important.

This event stratigraphy, discussed in detail below,

raises interest in work on relative sea level changes that

could lead to such events. The contributions and problems

of this body of work are better discussed in chapter 8 at

the end of this thesis following a better-understanding of

the Cardium events.

Before considering the details of the Cardium, some

mention should be made of the previous work on similar

unconformites. Unconformities have always held the

attention of geologists and several summaries exist

discussing their extent and cyclicity at different scales

14

(e.g. Schlee, 1984 and DLt-ff at al., 1967).

there are many examples (e.g. Merewether et al. (1979) who

talk briefly of several unconformities in the Late

Cretaceous Frontier Formation in Wyoming) in which very

little mention is made of their possible cause or areal

behaviour. Unlike the Carboni'feroLls cyclothems (see Duff

et al., 1967 for a good summary) extensive and repetitive

marine unconformities have received rather little study

recently from the behavioral. point of view.
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Little is known about mechanisms of submarine erosion

that may have been responsible for scouring some of the

CardiLlm surfaces. Only the work of Donovan and Stride

(1961) exists as a possible example of scouring of the

modern shelf similar to that observed at the base of some

of the Cardium conglomerate bodies (e.g. the Carrot Creek

Member in Bergman and WaU(er, 1986).

However, a literatLlre does e:dst on accumulation

surfaces and diagenetic changes during sea level change

(see Pemberton and Frey, 1984 and DLlff et OIl. 196'7 for an

entry into some of this literature). This allows for the

behaviour of the Cardium events to be compared to what is

already known in terms of a rather new approach to

stratigraphy. Work on carbonate hardgrounds and

firmgrounds is well deVEloped and important for compar'ativE

studies with siliciclastic events; it will be discussed

after details of the Cardium Horizons have been presentEd

so that the reader may have a better grasp of the

comparisons.

3. CARDIUM EVENT STRATIGRAPHY

Because this thesis focuses on the event stratigraphy

mentioned above, further discussion of its details is in

order.

Pending the finalization of the correlations shown in

figure 2-4, I have relied only on the subsurface
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stratigraphy of Plint et al. (19861 shown in greater detail

in figure 2-5.
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Figure 2-5. The Event Stratigraphy of the Cardium

Formation (from Plint et al., 19861.

In this stratigraphy, each pebble bed, whether meters

or a single grain thick, is assigned member status, e.g.

the Bickerdike Member. The intervening shallowing upwards

sequences also become members of the Cardium, e.g. the

Dismal Rat Member. This idealized diagram shows a general

sigmoid shape for the conglomerate members. Other work

(e.g. Bergman and Walker, 19861 suggests their lowstand

shoreface nature. The members between the conglomerate

members have typical coarsening-upward (sandier upwardl

facies sequences as discussed by Plint et al. (19861.



18

Plint et al. (1986) use the terminology of Erosional

and Transgressive sLlrfaces for the events at the top of

each cycle because the conglomerate sometimes lies on a

demonstrably erosive surface and is in turn transgressed by

mud and silt which shallows upwards into the sandier top of

the nex t cycle. I will· modi·fy this terminology somewhat

because, as I will demonstrate, some surfaces are not

neatly erosive and transgressive. Under my modified

scheme, each event is labelled as a Horizon which may be

composed of different styles of events, either Erosive

followed by Transgressive events or rapid but gradational

events. When distinguishable, the Erosion thus lies at the

base of the Horizon and the Transgression at the top. Both

Erosion-Transgression and gradational response may occur at

the same Horizon, the gradational area corresponding to •

"correlative conformity" (Vail et al., 1977). Figul'"f= 2-6

shows the application of this terminology, and how

different styles grade into one another laterally.

Hereafter, Horizons will be abreviated as H, e.g. H6, and

particular cases of Erosion-Transgression as E,T, e.g. E5.

This thesis will focus on the transgressive Horizons

H4 through H7. This allows all the Horizons to be

considered within a similar framework (i.e. transgression).

Additionally, the core database for the transgressive
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Horizons is large because they overly the usual oil company

drilling targets or form them themselves .

EROSION

..... ...
'- "JJoo­

_-.~'"
~,

HORIZON
0-

0-

Figure 2-6. The relationship between a Horizon and

gradational or erosive-transgressive events.

4. THE NATURE OF THE STRATIGRAPHIC EVENTS

The Cardium event stratigraphy probably extends over

regions significantly larger than that described in the

defining work of PUnt at a l , (1986). Similar, probably

correlative, event stratigraphy may be seen both in the

Vicinity of Dawson Creek, Alberta and in the Waterton Lakes

area in southern Alberta (A. G. Plint, p.comm., 1986). In

fact, Stelck (1955), in earlier paleontological work on the

Cardium, states that diastems of the Cardium can be traced
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into a major disconformity reaching down to the Dunvegan

Formation in northwestern British Columbia. It may even be

likely that some of the unconformities may eventually be

traced into equivalent formations in the United States such

as the Frontier Formation which contains several

Llnconformi ti es as reported by Merewether et a l , (1979).

The events of the above stratigraphy may be naturally

seperated into two major divisions, a regressive phase

represented by the Nosehill through Hornbeck members and a

transgressive phase from the Burnstick to the Amundson

members (fig. 2-5). The transition occurs at the maximum

progradation of the Kakwa shoreface of Plint et a l , (1986)

immediately after the deposition of the Burnstick member.

The transgressive phase thus contains four Horizons, H4,

H5, H6 and H7.

The estimated time span of these events is very small,

geologically speaking. The entire Cardium may have been

deposited in about one million years (figure 2-2) as an

order of magnitUde estimate. DiViding this by the number

of sLtr"fac"es, seven, gives an approximate order-af-magnitude

ma)dmum time between events of 140,000 years. This assumes

no hiati. The duration of these packages is so small that

few even display appr-ox i mat e time markers independent of

the surfaces themselves. This makes the use of "Wheeler"

diagrams as used by Sloss (1984) in his discussion of



Cretaceous unconformities impractical. It also makes the

"lacuna" of Wheeler (19581 indiscernible at this scale. So

on the scale of a formation, event expression is subtle in

many ways.

Consideration of this subtlty first requires a

consideration of the facies of the rocks.
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CHAPTER 3

FACIES DESCRIPTIONS AND INTERPRETATIONS

1. THE APPROACH

The sediments examined have been broken down into

descriptive facies on the basis of sedimentary structure,

grain size and trace fossils. Interpretations usuaJly rely

on consideration of the sedimental"y stl"UctLlI"eS and trace

fauna present but in this case will be slightly modified by

reference to the micropaleontological data presented in the

following chapter. Interpretations follow the

descl"iptions.

Most of the facies discussed below have already been

described by researchers at McMaster University working on

the Cardium formation li.e. Walker, 1983c, Walker, 1985,

Plint and Walker, 1986 and Bergman, 1986); consequently the

f<:~cies numbers assigned by these workers have been retained

and subdivided where necessary. Because the facies have,

for the most part, been written up in detail in the above

references only brief descriptions will be presented here

for the conveniece of the reader. Information not of

direct interest for this work, such as typical thicknesses,

has been omitted except for new facies. Since facies

sequences have already been discussed by Plint et al.

22
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(1986), the presentations here are primarily intended to

provi de a cl ear re'f erence for the later di sCLlssi ons of

faunal and diagenetic data and to allow for a better

understanding of sediment response to the event Horizons.

For new facies, mostly subdivisions of exisiting ones, a

complete description will be presented.

Standard sedimentary facies criteria have been used in

erecting the facies; petrographic variations, in particular

consistent products of paradiagenesis (or'early

diagenesis) such as siderite, and micropaleontological data

have not been included. Paradiagenetic products are more

usefully considered as overprinting of more 'purely'

sedimentary facies due to variations in chemical conditions

of the water column and sediment-water interface. This

overprinting is reflected in drafted sections (see Appendix

1). Exactly the same reasons apply for the exclusion of

the micropaleontological data which varies with changes in

the water column insufficient to effect either the nature

of the sediments deposited or the style of bioturbation.

Both early diagenesis and micropaleontology vary

importantly over the Cardium transgressive Horizons,

however, and will be discussed in detail in later chapters

where their refinement of the environments indicated by the

sedimentary facies can be considered fully.



In addition to the photographs presented in this

chapter, a facies legend for drafted sections can be found

in append i x L

Facies are disC:~lssed it") n~lmerical rather than any

environmental order, and, where appropriate, references to

the original and more complete desc:ription follow the

facies name.

The reader should note tha't many of these facies occur

in essentially muddy units, and consequently, partic:ularly

for the gradational, low sand content, marine facies, there

would be extreme difficulty in distinguishing any

equivalents in outcrop sediments where only the grosser

variations in muds and silts are apparent.

2. INDIVIDUAL FACIES

Facies I: MASSIVE DARK MUDSTONES (Walker, 1983c:1

Just as the name implies, this facies c:onsists of

mcnct.oncus , struct~\rel ess mudstone. The onl y traces

present are an occasional indistinct mottling, perhaps

attributable to §Q~gi9 whic:h oc:c:asionally appears as less

than millimeter thick pyrite lines in "bedding" planes.

Animals have probably completely biot~lrbated the sediment.

(see Plate 3-IAI
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Inter-pr-etat i on:

Walker- (1983c) cites micr-opaleontological data

indicating this facies is "inner- shallow mar-ine" (no

25

definition given). It is most accur-ately consider-ed to

represent basinal silt and mud generally deposited in

depths below storm wave base due to the lack of sand.

However, as with facies 3, below, care must be taken that

the lack of sand does not also repr-esent a simple lack of

supply in a transgressive, mud-dominated system. Analysis

of the faunal content may help to distinguish between

ambiguous cases. For example, results in the next chapter

indicate that the facies may occur in probably relatively

shallow 'brackish' water.

Faci es 2: LAMINATED DARK MUDSTONES (Wal ker, 1983c)

These are mudstones which contain LIp to about 15:1.

silt/sand laminae. In the original definition of Walker

(1983c) ,the sand reaches a maximum size of very fine. I

have modified this definition slightly to include larger­

sizes to reflect an identical behaviour of the sediment

which appears independent of grain size. Nevertheless,

most occurences are typically silty muds. The laminae

almost never reach bed size (greater than one centimeter)

and are frequently discontinuous being disrupted by an

indistinct bioturbation like that of the dark massive

mudstones. Some small subvertical mud-filled burrows



The laminae areoccasionally penetrate thicker laminae.

massive to sub-parallel laminated.

(see Plate 3-18)

Interpretation:

In the original work of Walker (1983c), facies 2 was
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described broadly using faunal data as "coastal subaqueous"

(no definition given). There are numerous possibilities as

to why the sediment is preserved in relatively delicate

laminae or beds. The water column may haVe been too turbid

due to common storm activity to support sufficient infauna.

storm currents likely led to the deposition of the graded

to roughly parallel laminated laminae and beds in a broad,

mUddy 'bench' setting close enough to the transgressing

shoreline to supply terriginous material and fresh water

for dilution of the 'normal' marine water (see next

chapter). This dilution may have helped suppress extensive

marine b~oturbation.

It is possible that the lack of bioturbation reflects

a high energy in the area of deposition rather than water

column conditions, or both may be occuring. For example,

Howard (1978) reports cases of sediment in a high energy

estuarine setting being apparently completely unbioturbated

compared to sediment in calmer areas but which, in fact,

are microbioturbated.



Facies 3: DARK BIOTURBATED MUDDY SILTSTONES (Walker,

1983cl

These siltstones resemble those of facies one but

contain visible bioturbated patches of silt to very fine

sand.

(see Plate 3-1CI

Interpretation:

The simi lari'l:y of facies 3 to facies 1 leads to a

similar interpretation, but due to its sandier nature and

position in sandier upwards sequences (Walker, 1983c, and

Plint, et al., 19861, it likely generally represents

slightly shallower settings.

As noted above for facies 1, care must be taken in

assigning depth interpretations to the facies. The

micropaleontological data discussed in the next chapter

indicates that the conditions in the water column changed

significantly while continuous deposition of facies 3

occurred (see the discussion of samples 7/11-7-63-5W6/f-i

in Chapter 4). The gradual increase in the foraminiferal

population described is stratigraphically consistent with

increasing depth Dr distance from brackish shoreline
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effects. Facies 3, then, may concievably represent any

environment from nearshore to basinal silts. Its i dent i cal

appearance probably depends on the size input of the

sediment and the ability of hardier worms, possibly



polycheates, to survive in stressed environments (Kauffman,

19771 and produce bioturbated texture.

Facies 4: PERVASIVELY BIOTURBATED MUDDY SILTSTONES

(Wal ker, 1983c 1

This facies is gradational with facies 3 and contains

some preserved bedding showing the parallel to low angle

lamination of wave ripples. Distinct trace fauna includes

I§~§~§lltus, I§t~nt~hUYa and ~nt~g~g~slli~m in varying

proportions.

(see Plate 3-10)

Interpretation:

Facies 4 does not commonly occur near the Horizons

examined so its interpretation is of l.ss importance. The

muddiness of the unit, the structures and, most

importantly, the trace fossil assemblage place it as a

shallow marine storln influenced sand in Seilacher's

~~~~isUs ichnofacies (Pemberton and Frey, 1984 and Walker,

1983c) •

Facies 5: BIOTURBATED SANDSTONE (Walker, 1983cl

Facies 5 is gradational with facies four and contains

more sand, over 501.. Preserved sand beds are thicker but

maintain similar sharp-based graded to wave rippled

structures. The trace fauna is slightly more diverse and

includes IQQl2.nlL~~Ei, ~nQo.gt:it§§ and small §!s.gli:!;;!:lg§ in
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Note the facies isaddition to traces found in facies 4.

not a clean sandstone.

(see Plate 3-2A)

Interpretation:

Facies 5 represents a shallower (i.e. sandier)

equivalent to facies 4 again being in the QC~~i90S

ichnofacies (Walker, 1983c).

30

Facies 6 (general): SPECKLED GRITTY MUDSTONE

1983c)

(Walker,

This facies has been subdivided and expanded to

include siltstones that have a strongly bimodal size

distribution with medium to coarse sand in varying

proportions in addition to the granular to pebbly mudstones

of Walker's original definition (1983c).

Facies 6A: DISPERSED SANDY MUDSTONE

Usually occuring immediately above a transgressed sand

bed, this facies contains no distinct trace fauna and

consists of very finely disseminated sand set in dark mud

and silt. The sand is typically fine to medium in size but

is usually merely a function of underlying sediment size.

Sand accounts for less than 5% of the rock, and its

di spersed natclre pl~ecl cldes any sedi mentary strclctcwes. The

facies is typically 3 to 10 cm thick. Facies 6A occurs

most commonly at the 'fourth Horizon and occasionally within

the sixth.



(see Plate 3-28)

Interpretation:

Facies 6A i. interpreted entirely on the basis of

context since it contains neither sedimentary structures or

trace fauna. It is sand dispersed into overlying mud by

current activity and bioturbation.

Facies 68: SPECKLED SANDY MUDSTONE

Facies 6B consists of distinctly bimodal sediment,

usually medium to coarse sand, intensely bioturbated into

mud or silt. Sand content may vary from roughly 10 percent

to 80 percent, all bioturbated with only very rare remnants

of bedding or lamination. When present these rare laminae

are sharp based and generally massive; they sometimes show

a crude sub-parallel lamination and are either sharply or

31

sometimes rapidly gradationally topped. Occasionally,

fragments of beds and laminae which have been almost

completely bioturbated occur. Maximum bed size is on the

order of two centimeters. Rare very coarse sand, granules

or pebbl es may occur wi thi n the b i otLtrbated sand or remnant

bedding and in rare cases the facies grades into the

Speckled Gritty !"Iudstone of Walker (1983c). The facies is

typically around 60cm thick but can vary drastically.

Within the generally indistinguishable bioturbation,

there consistently occur several traces. These include 2

to 3 mm by 2 to 3 em §kgli~bg§, ElsD9li~g§ of similar
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dimensions, occasional !§C§Q§lliOs of 1 to 3 mm diameter,

t!§lmioioQQJii:iJii:, 2 to 20cm 6C§Oi£Qlii§Jii:, and rare but

dramatic ~§Cgs~Cie (see Plates 3-3B and 3-3A for respective

examples of the latter two).

The faunal content is ubiquitously low (see chapter

4) •

Facies 6B is gradational with facies 6C and facies 10

and 14 and rarely so with facies 6A.

Facies 6B predominates throughout H6'and occurs

commonly in H7.

(see Plate 3-2C)

Interpretation:

Although this facies contains very variable amounts of

sand of somewhat differing size, the environment of

deposition is consistent. The interpretation relies

primarily on the visible trace fauna with consideration of

the relative amount and type of sand within the facies and

below and above it.

The marked 'bimodality' of grain size combined with

the complete bioturbation implies that small beds or lamina

of sand were dispersed basinwards (probably by storms given

the nature of the basin as a whole and the commonly

overlying facies 6C, 15 and 10) into an infaunally rich

region where animals completely churned the mud and sand

before the next storm could add more sand.
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The discernible trace fauna indicate that within this

setting there were many active polycheates, probably

responsible for the general bioturbation in addition to the

specific traces such as I~~~Q~lliDe and a~~Di~Qli~~§.

Polycheates, which typically line their burrows with sand

<Dr. M. -Risk, p , comm., 1985), probably prodLlced the

I~~~Q~lliDe traces. Anemones were also present as

indicated by the ~~~ge~~ie traces.

As discussed in the next chapter, th.re is also a

general paucity of foraminifera within this facies which is

probably due to its location on a relatively shallow

'bench' at the edge of a brackish sea. The facies is thus

likely confined in depth to just below storm wave base on

this 'bench', a depth of about 20m (7).

The predominance of polycheate traces and the paucity

of foraminifera suggests a reduced oxygen, probably

somewhat turbid relatively high energy setting; Kauffman

(1977) has noted that pol ycheate tr"aces are the 1as'c to

disappear as increasing stress, mostly in the form of

oxygen levels, is placed on a biological community.

However, as with the variations demonstrable in facies 1-3,

this environment may not be characteristic of OCCLlrences of

facies 6 in other regions.



Fac:ies 6C: MUD SPECKLED SANDSTONE
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Consisting of about 80% to 95% sand, fac:ies 6C forms

the 'cleaner' equivalent of facies 6B but occasionally

occurs as a rec:ognizable bed with a definite base. It too

Llsuall y c:ompri ses medi um to c:oarse sand wi th rare c:oarsel"

'grains up to small pebbles in size. When beds are not

gradational with other facies of the 6 series or facies 10

or 14, they are shal"p based, sometimes c:ontaining small

millimeter to three millimeter size angular c:lasts of the

underlying silt. Although rarely showing a c:rude

lamination, the generally massive appearance probably

corresponds to intense bioturbation or original depostional

texture in 'cleaner' cases.

The only visible bioturbation is Imm size mud-filled

H§imiutUQQai§ burrows.

Facies 6e oc:curs primarily in H6 and H7 and is usually

thin, on the order of 20 em or less. When definite beds

occ:ur, they lie in the thinner end of the spec:trum.

(see Plate 3-20)

Interpretation:

The facies represents a shallower equivalent of 6B in

whic:h much higher sand supply has inhibited the distinct

traces of that facies. When beds are present, their sharp

based nature with oc:casional mud rip ups at the base

suggests storm epmlac:ement analagous to the storm
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structures observed by Reineck and Singh (1972) in the

North Sea. This is particularly likely given their basinal

setting on a flat 'bench' (see next chapter) and their

association with facies 15, and general storm dominated

nature of the basin.

Facies 6D: STRUCTURED SPECKLED MUDSTONE

37

This facies contains anywhere from traces to about 20Y.

fine to coarse sand in mud; unlike the previous series 6

facies the sand is not bioturbated but is' interlaminated

with mud in sedimentary structure.. The interlamination is

on a single grain scale with the mud laminae between sand

grain laminae being about the same thickness or slightly

more than the sand laminae. The sand may occur as just a

single sand lamina over a bedform. It has been included in

the facies 6 divisions because of the distinct bimodality

of the grains and its association with other forms of

facies 6. The facies is very rare, and when it occurs

shows wave to possible combined flow ripple forms over no

more than 5 em thick.

Facies 6D occurs in H6.

(see Plate 3-4A)

Interpretation:

This facies is analagous to facies 6A but contains

hints of sedimentary structures within mud in distinct

interlamination implying concurrent movement. Mud was
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probably of approximately the same size as the sand grains

due to pelletization. The rare occurrences of facies 6D

are as wave reworked caps to relatively rapidly

transgressed mUddy sand sequences of H6. Some 'structures'

are ambiguous but may represent combined flow bedforms.

Facies 7: NON-BIOTURBATED SANDSTONE (Walker, 1983c)

Generally, facies 7 is a very fine grained sand

interbedded with mud on the centimeter to ten centimeter

seal e. The sands are sharp based and show low angle

intersecting lamination (HCS) and/or wave ripples. Mud rip

ups may be present. Bioturbation is almost absent.

In keeping with the name of the facies I have also

incl~,ded "non-biot~,rbated" sandstones showing di·fferent

structures that occur just below the transgressed Horizons

eHamined. These most commonly include low angle laminated

sands and trough cross bedded sand. (as illustrated in

AppendiH 1) although in a study considering facies

sequences up to the Horizons these would more properly be

included in facies 16 and 17 of Plint and Walker (1986),

(see Plate 3-4B)

Interpretation:

As described by Walker (1983c), facies 7 represents

sediment deposited between storm and fairweather wave base

by (or reworked by) storm wave currents. In my eHpanded

use it also includes structured sand with fairweather



depths up to and including beach lamination. The more

detailed sequence study of Plint and Walker (1986) places

these sands into inner shelf and shore facies (facies 16

and 17) which is sedimentologically preferable.

Facies 8 (general): CONGLOMERATE (Walker, 1983c)

This originally general facies has been subdivided in

the detailed work of Bergman (1986) and these facies have

been numbered to fit her work.

Facies 8Al: SANDY INTERBEDDED PEBBLES, SAND AND MUD

(Bergman, 1986)

This facies comprises clast to sand supported

conglomerate with at least 10% granules to pebbles in the

core surface. Chert and/or quartz granules and pebbles are

present (as opposed to pure mud pebbles). The facies shows

a rough sense of bedding and the sand and granules/pebbles

commonly occur in centimeter to ten centimeter scale

alternating pulses.

(see Plate 3-4C)

Interpretation:

The interpretation of all Cardium conglomerates has

only recently been revised and is best referred to in

Bergman and Walker (1986). The interpretation hinges

heaVily on regional studies (see for example Plint et al.,

1986) which suggests that they represent I~elative lowstand
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deposits laid down by longshore drift under the influence

of storms.

Facies 8Al represents shallower, higher energy

(sandi er) deposi ts of the conI omerates, The pul sed natLlre

likely reflects individual storm events.

Facies SA3: MUDDY INTERBEDDED PEBBLES, SAND AND MUD

(Bergman, 1986)

Facies SA3 is similar to SAl, but mud dominates the

facies rather than sand. The facies may have a

dramatically pulsed appearance and portions may be
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intensely bioturbated. The pebbles are accompanied by

minor sand, usually medium to coarse. No structures appear

although rare IneleeeiQQiQ~s burrows occur in the mud

filled with sand and granules (see Plate 6-1B).

(see Plate 3-40)

Intel"pretati on:

Facies 8A3 represents the muddier, generally slightly

deeper, or perhaps earlier, equivalent to 8Al.

Facies SE: PEEBLY MUDSTONE (Bergman, 1986)

Facies 8E consists of pebbles or granules set in mud

with much less sense of bedding than facies 8A3; the rock

is frequently completely bioturbated. The facies may be

dominated by mud to such an extent that only a single

pebble or granule "lamina" OCCL\rS between centimeters of

mud.
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(see Plate 3-5A)

Interpretation:

This facies is interpreted as occuring in regions of

lesser or slower conglomerate supply where mud build up and

bioturbation can predominate. This may occr either

'offshore' of the main conglomerate bodies or shorewards

once the system has been transgressed and small amounts of

granules and pebbles are reworked back over a wave damped

platform.

Facies 10: MASSIVE SANDSTONE (Walker, 19851

In this facies, the sands occur in centimeter to ten

centimeter scale beds that are sharp-based and show no

signs of grading. Sand size" is usually medium to coarse,

and sand beds are usually intercalated with 1 to 10 or more

cm of mud and are themselves of 10 to 40 cm thickness.

They are thus smaller than the beds described in the

original definition Walker (1985). (Sample 6/10-3-62-4W6/g

from this facies contains a rich mica component.)

Beds may contain one to five centimeter size well­

rounded mud clasts which may be sideritized and are not

described in the original definition. These mud clasts may

rarely show signs of sand armouring.

(see Plate 3-5B)



Facies 15:

Interpretation:

Walker (1985) interpreted the sands of this facies as

having suddenly settled out of suspension in turbidity

currents. Unlike Walker, I interpret the initi~l

suspension of the sands in these thinner beds to be due to

the immediate effect of storms leading to massive beds (see

Reineck and Singh, 1972). This is in keeping with the

occurrence of this facies at or near the top of shallowing

upward sequences in a shallow, flat (discUssed in the next

chapter) storm dominated basin. The occasional mud clasts

of the underlying substrate imply that the storms had

sufficient energy to tear up already sideritized material.

The large micaceous component of some beds seems to

imply a direct sourcing from shoreline sediments.

INTERBEDDED SANDSTONES AND BLACK MUDSTONES

(Plint and Walker, 1986)

This facies comprises alternating fine to coarse sand
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beds and mud beds. The sand beds are sharp-based and

frequently sharp-topped; little structure is visible but

rare parallel lamination occurs in the up to 5

centimeter beds along with very rare linsen in the muds

suggesting the presenece on some form of rippling. The

beds are somewhat thinner than those in the original

definition and seem to have a less pronounced trace fauna.

The mud interbeds may be sideritized. Trace fauna includes
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1/2 em Planolites and similar scale Skolithos but is

somewhat sparser than in the finer grained but similar

facies described by Plint and Walker (1986). This facies

occurs in H6 and H7.

(see Plate 3-5C)

Interpretation:

The facies forms part of the transition to a

storm-dominated shoreface. Each of the sand beds

representing deposition of a massive bed close to the shore

in the style of beds recognized by Reineck and Singh (1972)

in the North Sea. The comparitive thinness and lack of

trace fauna compared to the original .definition by Plint

and Walker (1986) is probably due to the setting. The

original facies was defined in a fully marine location

while this case represents deposition in a brackish,

generally muddier, flat 'bench' esee the next chapter).

Facies 18: COAL (Plint and Walker, 1986)

This facies consists of centimeter to tens of

centimeters of coal which mayor may not contain silty

laminae and almost always overlies a rooted horizon.

This facies occurs at H4.

(see Plate 3-5D)

Interpretation:

Coal represents fairly heavily vegetated areas such as

marshes near shore in a non-marine setting.
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FOle: i es 19: BLACf': NON-MAR I NE ~JUDSTONES

1986)

(Plint and Walker,

46

Fae:ies 19 is e:omposed of dark grey to blae:k mudstones

which frequently e:ontain thin laminae of different e:olour

which may be either sharp or gradational. Several spee:ies

of non-marine fossils are present (summarized by Plint and

Walker, 1986). Finely disseminated e:arbonae:eous debris is

common. Rare Q:I!lat:!.Q.51£S151 ostracods occur.

(see Plate 3-6A)

Interpreta'ti on:

Fae:i es 19 represents lagoonal to estLlari ne mudstones

as indie:ated by the delicate lamination and fauna. The

relatively large amount of carbonaceous debris also suggest

a non-marine setting.

F Ole: i es 20, CARBONACEOUS BLAC~: MUDSTONES AND SANDSTONES

(Plint and Walker, 1986)

Essentially a sandier equivalent of facies 19, this

facies also contains larger e:arbonaceous fragments in

general. Post-deposi ti onal structures SLlc:t1 as sl umpi ng are

very common. Sand size may be up to fine.

(see Plate 3-6B)

Interpretation:

Plint and Walker (1986) interpret these sediments as

forming in a "lagoonal or coastal lake with a marine

connee:ti on". The common oe:CLlrrene:e of deformed beddi ng
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supports a non-marine interpretation, the deformation

having a small scale slumped appearance as expected from

the generation of 'swamp' gas. Fauna also support this

conclusion (Plint and Walker, 1986).

Facies 22: ROOTED MUDSTONES (Plint and Walker, 1986)

Facies 22 comprises relatively well cemented grey

mudstones with a black or waxy grey appearance containing

roots of millimeter to 8 centimeter size.

(see Plate 3-6C)

Interpretation:

The wa:':y grey variety are probably .floodplain

paleosols and the darker, blacker variety are probably

products of ma~shier more poorly drained settings (Plint

and Wal ker, 1986).

Facies 23: GREY NON-i"IARINE MUDSTONES

Although similar to facies 20, this facies contains no

immediately visible carbonaceous debris. Apart from its

consequently lighter colour it is identical.

(see Plate 3-6D)

Interpretation:

The lack of relatively significant carbonaceous

material led to a redefinition in order to map the

occurence of carbon rich sediments. Facies 23 may

represent more lacustrine, as oppossed to marsh settings.

(Although no pattern emerged on the scale of this study, I
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have maintained the facies under the assumption that as a

standard facies it may be Llseful in more e>ltensive

e>lamination of the non-marine facies of the Cardium

formation.

Gradational Facies

Although rocks may be divided into descriptive facies

many facies are in fact gradational into each other. In

the region studied the following facies form gradational

series which at times can be difficult to'divide or place

in one facies or the other.

Facies 1, 3, 68 and 88; facies 14 and 10; facies 19,

20 and 23.

8efore the faci es can be most LlsefLlll y assembl ed i n to

sequences and hence related to the behaviour of the basin

as a whole, the fauna associated with particular facies

should be considered.
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CHAPTER 4

MICROPALEONTOLOGY

1. PURPOSE

The microfaunal study concentrates on foraminiferal

work; dinoflagellates common to the Cardium (Wall and

Sweet, 1982) were not eHamined. However, a few occurences

of non foraminiferal remains, specifically ostracod

fragments, were considered and identified. Foraminiferal

work was not intended to establ ish zones but I"ather to

determine behaviour of the fauna within the E§§YQQ£19YYli09

sp.1 zone (Caldwell et al., 1978) (see discussion below).

Foraminifera qL\antities wel"e examined across the boundaries

of Cardium members in order to shed light on any

environmental variations or changes in sedimentation rate.

The reader should bear in mind that most samples are within

one to two meters of the Horizons examined.

2. BACf<GROUND

Before discussing the results of the analyses, I

shoul d r"efer "1:0 works that have set the mi cro­

paleontological framework of the Cardium.

According to Caldwell at "11. (1978), the Cardium

Format i on 1 i es between tl1e E§§YQQ£19YYli09 and ICQ£b9mmio9

sp. 1 zones, which are assemblage zones, but Wall and Sweet
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(1982) seperate these zones by a gap, an un-named fauna and

the ~y.eaaQlliQii§a Suite, all corresponding to the time of

deposition of the Cardium members as defined by Stott
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(1967) (see the above discussion of Stott's cycles).

differing zonal divisians may be Seen in figure 4-1.

These

t Brachcythere Bulloporo 81 Bulloporo Loeviscant
Coniacian

:::::::::~;~~.~;~.~~~~.~eoS~~;.::::::::::::::::: ::::::::::::·f~·~·;h~~~i;:··s·;~l·:::::::::::::::.......................................... .................. .............................................
a.

Nyassapollonites mmt~~~:~~~~~~~:~;~~~~:~~~~t~fl~

e
o Suite

::;: :.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:..:.:.:.:.:.:.:.:.:.:.
:::J unnamed
0

forameniferalo: - - --c
u I fauna

Turonian

2 Hedbergella Loelferlie

- c

•-"
Pseudoclovuli~~·Sp·, :::::::::- ::::::::::::::«

1 lower pelagic Floqellommina Gleddiei

Wall and Sweet (1982) Caldwell et 01. (1978)

Figure 4-1. The zones of Wall and Sweet (1982) and

Caldwell et al. (1978) and their timespans.

Generally, the fauna shows more in common with that of

the Opab~n Member of the Blackstone than with that of the

Muskiki of the Wapiabi (see figure 2-2) although some



species range through the whole sequence (Wall and Sweet,

1982) •

The Cardium has not been dated on the basis of

forami ni feral zones becallse these endure longer than the

more accur-at e ammonite zones and are still in the process

of being defined accurately (Caldwell et al., 1978).

According to the most recent reference, (Wall and

Sweet, 1982), "the Cardium assemblages are characterized by

the dominance of ~~Q1QQb~~gmQig§§ spp. with QQ~gibi~ sp.i

of Wiall (1967) and IJ:gG.b~mmioS\ app , also being fairly

prominent ••• species of 8§QQb~K, ~iliS\mmioS\,

I~QG.hsmmioQig§a and e~§OQQYlimios are much less

represented." I have also observed the common presence of

E§§!dgg!;[Qlh::i051 genera, in par'ti c u l ar sp. land Q§QQ§!:§o§i§

species. All species of foraminifera fall into the

I§KiUl51J:io. sub-order. The most common genera observed are

shown in figure 4-2; only the most distinctive species are

shown. The genera of foraminifera recovered include

~SlQlgbQ!:Slgmgig§§, QQJ:QtbiSl, Ea§ygQ!;[Qli~i051,

I~QG.o5lmmioQig§§, IJ:QG.OSlmmioSl and B§QQ05lK. The species

shown in figure 4-2 are ~SlQ1QQo~.gmQig§§ sp.l, 8§QQOSlK

sp.l, an uncertain species of IJ:QG.OSlmmioQig§§, I~QG.bsmmios

sp.l, Ea§!dgQ!;[Qli~i05l Q§QQ§J:§Oaia and QQ!:Qtois sp.l (as

identified from type examples labelled by Dr. Wall of the

I.S.P.G. in Calgary and reference to the IJ:§5liia§ QO
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Recurvoides

lfochammlnoides

Reophax Pseudobo/lvlna

Haplophragmoides

{\J I MM

Dorothia lrochammina
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lo~§ci§~cQ1§ E~1§QniQ1Qg~ (Loeblick and Tappan, 1964»).

These fit into the zonal shemes of Wall and Sweet (1982)

and Caldwell et al. (1978) described above.

3. RESULTS

A. Techniques

The technique used for disaggregating core samples to

obtain the fossils is described in Appendix 2. Haynes

(1981) also provides a good reference list of

disaggregation techniques. The results of this

disaggregation procedure are described in the following

order:

1. The raw data is presented.

2. Bulk variation in vertical and lateral faunal

content is considered.

3. The direct environmental implications are

discussed.

Many of the results are discussed with reference to

the basin topography described in chapter 8, specifically

the 'bench' of figure 8-3. The reader may want to refer

ahead to this chapter from time to time.

B. The Raw Data and Results

Tables 4-1 and 4-2 show the raw data where the lower

horizontal scale indicates the Horizon sampled and the

upper horizontal scale shows the samples at that Horizon

for the well number shown in the vertical axis. The samples
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can be located against a lithological column in appendix 1.

Each sample is described numerically as follows: Horizon

(sequence) nLlmber/well number/sample letter.

Table 4-1 shows the weight of sample disaggregated (as

recovered from a 4 phi seive) and the weight of the initial

crLlshed sample.

Table 4-2 shows the data collected from the sample as

"sand" percent and number of foraminiferal tests per gram

of crushed sample. The number of individGals of a single

species in each sample has not been considered. This is

because the relatively small sample weight in each case,

due to restrictions in core sampling, produces a relatively

small number of each species. SLICh small nLlmbers WOLlld not

allow for any statistically significant comparisons to be

made between species. The percent "sand" represents the

ratio of the material coarser than 4 phi to the original

weight of crushed material.

Of greatest concern to this study is the distribution

of the faLlna above and below the "erosive" surfaces of

Plint et al. (1986). Figure 4-3 displays a clarified

version of Tables 4-1 and 4-2 in which the number of

foraminifera per gram of sample are shown plotted against

both "sand" percent and facies. Included in the facies is

SH, indicating samples immediately above distinctly erosive

Horizons, particularly E5 of Plint et al. (1986). These
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graphs include all Horizons examined because no pattern was

found for any Horizon in particular. The interpretation of

the divisions shown on these graphs is discussed in the

next section. The graphs themselves may be described as

follows.

The plot in the upper right is made on the basis of

sand content. Each dot represents one sample. This plot

shows an overall decline in population with increasing sand

content. The limiting line and the samples below it are

described under the interpretation of bulk variation.

The lower plot of facies against foraminiferal content

is analagous to that above except lines replace dots. The

label 'storm beds' applies to the interpretation of facies

7 and 10 described in chapter 3. Other labels are more

directly interpretive and are discussed below. However, I

should draw attention here to the four basic divisions of

this graph. They are the flooded, the normal, the stressed

and the storm (or sandy) regions.

c. Additional Data

Not indicated on the graph are qualitative notes on

the amount of pyrite and carbonaceous debris present in

each sample. Samples in the area marked 'stressed or

brackish' (discussed below) contain more carbonaceous

debris and less pyrite than those in the 'normal' and

'flooded' areas.
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Of particular note within this area are the

occurrences of ostracod fragments not tabulated in the

figures or tables due to the impossibility of estimating

the number of individuals and their marginal to non-marine

nature. All these fragments occur in samples from the

distal, lagoonal toe of the Musreau Member. They probably

represent ~~Q~!g§s of the super-family ~~Q~!gsG§s and were

identified by reference to Brasier (1980) and the Ic§s~!§§

gO lo~§~t§Q~st§ Esl§gotglQg~ Es~t g, BctbCgggge, (R.H.

Benson et al., 1961). The samples bearing these remains

are 4/7-29-59-4W6/a, 4/10-15-62-8W6/d and 4/7-10-62-6W6/c.

The latter sample is particularly interesting because it

also contain 5 foraminiferal tests.

There are three samples that occur in none of the

above tables or graphs because they were processed after

the information revealed by the above samples was aquired.

These samples come from well 9-10-63-6W6 and are located at

1801.3, 1791.9 and 1778 meters. They are samples from the

middle of the Raven River, Dismal Rat and Karr Members

respectively. They are important for providing a measure of

the consistency of conditions in the stratigraphic column

in the region marked stressed, and will be discussed below.

The first sample, from the Raven River, weighed 185.8 gm

before processing, 0.96 after and contained no

foraminifera. The second sample, from the Dismal Rat,



weighed 134.0 gm before processing, 27.1 after and

contained 44 foraminifera. The third sample, from the

Karr, weighed 157.9 gm before processing, only traces after

and sontained 44 foraminifera. In order, the samples come

from facies 1, facies 3 and facies 3. The reader may

confirm that all these results plot in the stressed area

marked on figure 4-3.

4. BUU; VARIATION AND IiIlTERPRETATION

In this section the general form of the graphs will be

discussed first then particular points about figure 4-3

will be emphasized.

In the upper graph of figure 4-3, I have drawn a

limiting curve above the data" to show the popUlation trend
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to be expected as sand content increases. This limiting

line shows a general decrease in foraminiferal content with

increasing sand input. This result is in keeping with the

common observation (Haynes, 19811 that the coarser the sand

and more energetic and turbid the environment the smaller

the number of individuals present. The trend may also be

partially explained by the decrease in effective sample

size imposed by the increasing percentage of sand over mud

IJ.H. Wall, p.comm., 19861. Sand grains take up more space

than mud and effectively dilute the sample. However, there

are a large number of samples that fall below this line

rather than on it. This implies that sand content and, by
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extension, energy of the site of deposition and the

volumetric effects of sand are not the only controls on

population. This is not surprising considering that

facies, and hence environment, have not been con~idered.

The lower graph in figure 4-3 takes facies variations

into account. Generally, the graph mimics that of the

percent sand plot because the proportion and size of sand,

roughly speaking, increases with facies number. There are

a number of subtle differences, however, which have a

strong bearing on the interpretation of conditions in the

area of deposition. Note that some facies, such as 1, 2

and 3 contain a large range of numbers of microfossils

indicating that the facies itself does not reveal all the

variations in the environment of deposition.

These differences will be discussed point by point and

summarized in the concluding paragraph of the chapter.

A. The Normal Level of AccumUlation

Differences are may be most coherently discussed by

taking foraminiferal levels in 'normal' marine silts as a

reference point. The area marked 'normal' is based on the

study of samples 7/11-36-63-7W6/f,g,h,i which show an

increase in test numbers with height as the samples enter

the Wapiabi Formation which overlies the Cardium. This

muddy marine silt is taken as the marine standard because

there are no discernible close to shore sediments in the
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base of the Wapiabi, The number of tests in the upper

three samples stabilizes at the value marked 'normal',

Measurements of flooded or stressed are made relative to

this value. Importantly, only one sample showing 'normal'

accumulation of tests, sample 5/7-10-62-6/e, OCCLlrs west of

the begining of the 'bench' of chapter 8, This lack of

'normal' accumulations west of this topographic line is

important in interpreting the cause of tl,e depletion (see

below) .

B. Flooded Samples

Relative to this standard, samples 4/6-13-59-18W5/f

and 4/4-31-59-16W5/a are both 'flooded', or significantly

above the standard in number- of tests found. Both samples

occur offshore of the 'bench'; however, they lie both below

and above the Burnstick Member, as may be confirmed in

Appendix 1, indicating that the flooding is not directly

related to the presence or transgression of this member.

There is thus no stratigraphic pattern to the occurence of

"flooded" samples. There is insufficient data to determine

if such samples consistently occur only East of the

'bench'.

C. Facies Related Depletion of Foraminifera

One cause of depletion relative to the 'normal'

standard is a function of the sedimentary environment of

some facies. For facies 7 and 10, which are interpreted as



deposits of storms, this depletion likely reflects the high
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energy of the environment. It may also indicate a

depletion at the source of the sediment as indicated in
•

sample 6/10-3-62-4W6/g which contains a large amount of

micaceous and carbonaceous debris probably derived

immediately from the shore. Facies 5 also shows a

depletion. This might be due to predation, but given the

occurence of foraminifera in facies 5 in the Carrot Creek

region IK.M. Bergman, p.comm., 1986) is m6re likely due

either to the small number of samples or a genuine

environmental stress. The facies at the right of the

graph, particularly facies 6 and 8, may be lower in test

content than those marked 'normal' because of a higher

energy of deposition reflected in the sand size of coarse

sand to conglomerate. They lie in a region where it is

difficult to separate the effects of the sand content

discussed above and other" environmental stress discussed

below. However, the presence of foraminifera, even from

within some very conglomeratic occurences of facies 8

confirms their marine nature.

D. The Lack of a Pause Plane

Of particular note is the fact that SH samples

4/6-29-63-5W6/c, 5/7-29-62-5W6/d and 5/7-10-62-6W6/b all

have zero or close to zero tests per gram. Thus, these

surfaces probably do not represent pause planes, or
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occured, one would expect to find consistently higher than

normal accumulations of organic detritus. This debris

(shells etc.) would ordinarily be diluted by sediment

input. With the decrease or cessation of sedimentation it

would accumulate over the substrate as it continued to fall

out of tt,e water column, unchallenged for space in the rock

record by siliclastic sediment. One other possibility is

that the agent of erosion at these Horizons pl~ohibited

accumulation in association with any pause. Howevel~, the

presence of acc~lm~llated m~\d would seem to imply "the

possibility of accumulating small organic debris. Given

the "lack of any continuously large accumulation of 'debris'

at any of the other Horizons it seems resonable to dismiss

this possibility.

E. Stressed Samples

The region labelled stressed (or brackish) has been so

labelled based on a sub-normal number of foraminifera per

sample. This implies that some (or several) mechanism(s)

suppressed the population. These terms rely heavily on

environmental conditions inferred from other evidence and

discussed in greater detail in the next section. I must

emphasize that samples with higher numbers of tests tend to

occur East of the edge of the 'bench' of figure 8-3. This

trend is discussed in greater detail below with reference
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to figure 4-4. Since the same facies mayor may not

contain microfossils despite the similarity of bioturbation

the water column must be the controlling variable. The

benthic fauna indicates that sufficient organic matter was

present in the sediment to support feeding. However,

foraminifera would probably ordinarily thr~ve on organic

rich silt and mud (Brasier, 1980) so their absence requires

an inhospitable water column. However, the water must not

have been inhospitable enough to destroy or inhibit all

benthic fauna.

Distinguishing foraminiferal content in the stressed

region from that in the sandier facies is difficult. This

is because stress due to water conditions and dilution due

to sand input apparently produce similar results.

Nevertheless, the stressed region distinctly differs from

the areas of higher foraminiferal content. Taking into

account the relative absence of sand in these facies, there

must therefore be other factors responsible for the

reduction in test numbers.

Several factors may be postLll ated as causi ng such

reduction. These include reduced salinity, excessive

turbidity and reduced oxygen levels. The possibility of

any particular cause is best considered in light of other

environmental data and with consideration of a slighter

larger view of the problem.
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5. ENVIRONMENTAL IMPLICATIONS

A. The Framework

Figure 4-4 is designed to highlight the pattern in the

above reduction of faunal content 'shorewards' of the

'bench' and the corresponding occasional flooding of fauna

immediately offshore of this line. Note that the max i murn

extent of the Kakwa shoreline coincides tnCg~gn timg with

the edge of the 'bench'; it is thus useful as a geographic

marker. Figure 4-4 show the framework within which the

fluctuating faunal densities may be discussed.

B. Environmental Background

Before considering these flLlctL,ations a few words

should be added on the gross environmental implications of

the faunal assemblages.

On a very large scale, like that of the sedimentary

Group, arenaceous-walled assemblages of foraminifera

characterize the deposits of active phases of transgression

and regression and calcareous-walled assemblages mark the

deposits of the times o·f widespread inundation (Caldwell et

al., 1978). The predominance of arenaceous tests in the

Cardium therefore implies a 'shallow' setting for the silts

and muds (as opposed to the Second White Specks which

contains calcareous pelagic foraminifera Caldwell et al.

1978).
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Furthermore, both the Ea§~gQ~ls~~liDs and the

It:Q~b.51mmiDs sp. 1 zones are described as characteristic of

nearshore environments (Wall and Rosene, 1977) and are

generally indicative of cool to mid-temperate conditions

(Cal dwell et al., 1978).

Given this large scale information what other

information combined with the above data can be used to

eliminate or confirm possible mechanisms of stress?

C. Anoxicity Unlikely

Anoxicity could conceivably kill off the foraminifera,

but the high degree of bioturbation shown in almost all

silt and mud facies (facies 1, 2, 3, 4, 5 and 6 of chapter

4) combined with the lack of genuine "black shales"

precludes this possibility. Although the agglutinated

assemblage usually itself indicates lower oxygen

concentration this factor is not of extreme importance to

such small faLlna (Brasier, 1980).

D. A Brackish Water Column

Wall and Rosene (1977) in their studies of

foraminifera from outcrop samples of the Cardium state

that, "the rather sparse and agglutinated nature of this

microfauna .•• suggests that the transgressive sea

following deposition of the Cardium Formation was shallow,

turbid and perhaps brackish." The agglutinated nature of

the -foraminifera is the most important factor in label 1 ing
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the water as brackish (e.g. Brasier, 1980). The recent

reporting of more a more diverse content (Wall and Sweet,

1982) thus has little bearing on the gross environmental

label.

Wall (1967) also reports that ~mg~io~ Cmy emphasisJ

and non-marine ostracods have~been recorded locally ...

this Cfauna) suggests that the environment of the middle

shaly unit probably was lagoonal and brackish." The

ostracod fragments discussed above match these Q¥~~i~.g

remains (Wall, 1967) in the Moosehound Member of Stott

(1967). This family of ostracods occurs in fresh to

brackish settings (Brasier, 1980). The joint occurence of

foraminifera and ostracods in 4/7-10-62-6W6/c supports the

interpretation of a brackish water column in the m~~io.

setting.

Brackish in this sense is used rather loosely to imply

a dilution, of uncertain amount, of normal seawater; the

dilution is sufficient to affect foraminiferal populations

but not sufficient to result in the occurence of the more

traditional macrofauna associated with lagoonal deposits

(e.g. biOg~l~). The term is used consistently by

micropaleontologists when describing agglutinated

foraminifera (e.g. Haynes, 1981 and Brasier, 1980) to

indicate reduced salinity. However, no quantitative



estimate of the salinity reduction may be made IJ.H. Wall,

p. comm., 1986).

Given that the 'normal' marine conditions are somewhat

brackish, as determined from the agglutinated nature of the

tests, the label of brackish in figure 4-4 and in figure

4-3 may imply a much greater fresh water input. The

possible increased brackishness is thus relative to the

71

11-36-63-7W6 standard. It is conceivable that the flatter

'bench' of figure 8-3 (labelled in figure'4-4) was subject

to greater dilution by fluvial and pluvial input leading to

semipermanent haloclines over its extent. Instability in

any haloclines or variation in the relative influences of

'normal' and fresh water may have led to the occasional

production of normal levels of foraminifera within the

'bench' setting, as in sample 5/7-10-62-6W6/e. Due to the

impossibility of continuous sampling, I cannot tell how

much variation may have occurred in such a fashion; given

the general lack of 'normal' test levels conditions were

probably rather stable. This seems to be con'firmed by the

samples mentioned above from midway within the Raven River,

Dismal Rat and Karr I"lembers. Regardless of the e:·:act

mechanism, the stressed levels of foraminifera shown in

these samples indicates that these conditions persisted on

the 'bench' throughout the time of upper Cardium
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deposition. Figu~e 8~3 also indicates that the topog~aphy

was pe~sistent, so the two a~e ve~y p~obably linked.

The occu~ence of side~ite, discussed at length in the

neHt chapte~, also suppo~ts the likelihood of f~eshwate~

dilution of the wate~ column when the depth was shallowest.

The dec~ease in py~ite p~esent in disagg~egated

samples, see above, in this 'b~ackish' ~egion is additional

evidence fo~ the idea of dilution of ·no~m.l' ma~ine wate~.

Howeve~, the accompanying inve~se t~end in inc~easing

ca~bonaceous deb~is lends c~edence to the theo~y of high

sediment input possibly helping to inc~ease tU~bidity in

the a~ea desc~ibed. This idea must also be conside~ed and

is discussed below.

E. A TU~bid Wate~ Column

The amount of te~~iginous deb~is ~einfo~ces the idea

of a wate~ column which contains vast amounts of mud, silt

and te~~iginous mate~ial all swept in f~om the t~ansg~essed

sho~e and maintained in suspension by pe~sistent sto~ms.

The widesp~ead flat natu~e of the 'bench' might also have

lead to a damping out of many sto~m waves and an

accompanying inc~ease in suspension of mud as the waves

we~e damped by widesp~ead, shallow, unconsolidated mud.

Such a phenomena has been obse~ved on the Suriname coast

which is a mUddy transg~essive to stillstand setting (Rine

and Ginsburg, 1985). Such a turbid environment would
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create the functional equivalent of stress in high energy

environments characterized by larger sand contents.

Perhaps this is reflected in the difficulty in

distinguishing the causes of low test levels in the

different facies shown in figure 4-3.

Such a mechanism is slightly preferable to continued

eHtreme fresh water dilution of the water c o Lurnn for

several reasons. Marine trace fauna would seem to indicate

a relatively marine condition. Moreover,· if siderite

forms, as argued below, in part due to fresh water dilution

during the shallowest phases of deposition, then it might

be eHpected to occur more frequently away from the

Horizons. Its absence probably indicates that fresh water

stress played a part in controlling foraminiferal

populations when the water column was very shallow, but

that turbidity formed the primary control. Dr'. J. H. '~.ll,

who has eHtensively studied Late Cretaceous foraminifera,

does not consi der that fresh water di 1uti on WOLll d be a

significant factor eHcept in marginal marine environments

(p.comm, 1986).

Turbidity eHerted its primary control on foraminifera

numbers possibly by cutting of light and hindering nutrient

accessibility.
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F. The Duration of Stress

It is important to realise that the region behind the

line of the Kakwa shore maintained this stressed

environment during the overall transgression of the

Cardium. The stressed environment discussed above occurs

at all stratigraphic levels of the upper Cardium. The

foraminifera do not return to normal levels until the time

of the Wapiabi Formation. The ability to maintain such an

environment is related to the topography of the basin

(described in greater detail below). Briefly this

topography, visible in figure 8-3, _consists of an 'offshore

basin" east of the Kakwa shoreface and the ~~akwa shore

which rises into a flat 'bench' initially occupied by the

MLlsreaLI Member but 1ater cover-ed by shallow, muddy mari ne

sediments during transgression. Figure 4-4 has been

labelled with this topography.

The small populations in the 'bench" area make it more

difficult to investigate the possibility of pause plane

development, but the lack of any relatively large

ac cumul ati(~n above the erosi ve-transgressi ve members of

Plint et al. (1986) seems to preclude such behaviour.

Certainly the lack of tests right at the surfaces (8H in

figure 4-3) and the occurrence of 'flooded' samples in the

silts below the H4 deny the occurence of accumulations of

biogenic material offshore dLlring transgression or erosion.
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In short, the development of the Cardium event stratigraphy

occurred too rapidly for biological systems to leave of

record of a time gap.

By the time of the upper Muskiki Member of the

Wapiabi, more normal marine conditions prevaled as

indicated by the presence of calcareous foraminifera and a

greater diversity <Wall and Rosene, 1977).

The full implications of these general environmental

interpretations and bulk faunal variations appear only when

considered in the context of the sedimentological response

of the CardiLlm to r ap r d shallowing and the consequent

associated chemical changes. These confirm the very rapid

nature of the basinal change~ and will be discussed next.

6. SUMMARY

The major points of this chapter may be summarized as

follows.

A. Most of the muds near Horizons 4-7 contain lower

than normal levels of foraminifera.

B. The Horizons eHamined do not represent pause

planes based on the absence of abnormal accumulation of

faLlI1a.

C. The Cardium sea was generally of reduced salinity

<'braddsh').

D. Muds may be depleted in foraminifera for three

reasons: fresh water dilution of the water column, the



sandy nature of some samples, a probably turbid water

col LImn.

E. Turbidity is the primary control of foraminiferal

population with fresh water effects being important in the

shallowest phases of deposition.

F. Environmental stress was persistant across a

topograph i c bench throLlghoLlt deposi ti on of the LIpper

Cardium.
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CHAPTER 5

EARLY DIAGENESIS

1. INTRODUCTION

Siderite, as determined from its highly birefringent,

spherulitic form in thin section and dissolution in only

warm HCI, is one of the most immediately visible products

of diagenesis in the cores of the Cardium~ It has a

characteristically tan colour. Siderite is the only

mineral which is consistently associated in visible

quantities with the Horizons examined. Calcite can OCCLlr

within sand and conglomerates but is rare in the region

studied and will therefore not be considered in detail.

The persistent occurence of siderite at the tops of

many of the C,,\rdi urn sequencss may be seen in the sectiQns

shown in Appendix 1.

The ubi qui 'tOLlS OCCL\renCe of siderite raises the

question of whether or not siderite directly reflects

conditions in either the water or the top of the sediment

at or near the time of the sea level changes responsible

for the Cardium events. Moreover, does the siderite

reflect cementation dLlring a pause in sedimentation? This

is particularly important as none of the mineralogical

criteria listed by Weimer (1984) for recognizing sea level

77



78

changes in cratonic basins (e.g. glauconite and phosphate)

are present in any amount across the Cardium surfaces.

However, the sedimentol(~gy as discLlssed by Plint et a L,

(1986) demands that sLlch variations in sea level occur. It

is thus concieveable that siderite reflects either

different environmental conditions Dr different behaviour

of the surfaces (i.e. rapid rather than prolonged erosion)

from those mentioned by Weimer.

2. THE OCCURENCE OF SIDERITE

In detail, the siderite does not form an extensive

sheet but occurs in close proximity to erosive surfaces or

within various Horizons. It typically occurs below

distinct surfaces and scattered within gradational

seqences. Although very common at the Horizons, it is not

restricted to them and can be found in nodular form in

deeper marine sediments Dr in fluvial/lagoonal sediments of

the Musreau Member. There is no pattern of occurence

corresponding to the 'bench' or 'offshore' division shown

in figure 4-4.

The only common type of siderite seen in the rocks

studied is the spherulitic to massive type shown in Plate

5-1 although larger rhomohedral siderite has been reported

from more porous sandstones in the Cardium (Griffiths, 1981

and K.M. Bergman, p. comm., 1986).
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3. THE TIME OF SIDERITE FORMATION

Determining how relevant siderite is to Horizon

behaviour requires investigation of the timing of its

formation relative to the time during which sea level was

changing. The relative timing of the formation of the

siderite can be studied along several lines. The most

immediately obvious are the textures of the siderite in the

core. Analysis of the paleoporosity of the enclosed silts

and muds supplements this visual evidence,

3A. Texture

The presence of ripped up clasts of siderite

intermixed with mud rip ups some of which may be armoured

occurs rather commonly in facies 10 and 15 and may be seen

in Plate 3-5B. Pebbles of sideritized mud are also common

in facies 8 and facies 6b"c. In some cases., sand and mud

laminae have compacted around sideritized regions

(incipient nodules).

These textures imply that the siderite formed prior to

the deposition of the sand bed containing portions that

have been torn up. This requires formation at a

sufficiently shallow depth that the mechanism of scour

could expose the already formed mineral. The presence of

occasional armouring sand grains indicates a sufficiently

soft body, as does the round shape, to deny the possibility

of relatively deep burial prior to the time of erosion.



The compaction of mud and sand laminae around incipient

siderite nodules also indicates early formation.

3B. Paleoporosity

Calculation of paleoporosity for the muds which have

been sideritized confirms the almost syndepositional nature

of the cement. Paleoporosity may be calculated in

different ways all of which involve the dissolution of the

siderite by an acid. For isotope work, the most common

approach is to dissolve it using phosphoric acid (e.g.

Weber" e"t aI., 1969, Fr-itz et aI., 1971 and Hangari et aI.,

1980), but for this work I destroyed the siderite using

warm Hel (following the work of FrankS, 1969).

The procedure is as follows. ~ sample of siderite was

ground, weighed and then dissolved in warm «100CI HCl

(10%1; the sample was immersed until all signs of

dissolution ceased. It was then removed from the hot
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plate, drained and dried then weighed. Using the final

weight, the initial weight, an assumed density for the

residual material of 2.65 (a reasonable density given the

contents of quartz silt and clayl and the density of

siderite, the volume of siderite dissolved can be

calculated. I then assume that this volume represents the

entire initial pore volume of the siltstone which appears

to be the case from thin section studies. Plate 5-2 shows

a typical occurence of siderite; massive siderite







dominates the field in the lower 4/5 of the Plate.

Implicit in such work is the assumption that no significant
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amount of non-siderite matrix is dissolved. Tests on non

siderite bearing silt samples from core confirm that there

is no apparent loss of weight. No visible amounts of

calcite or other disolvable minerals occur in the siderite

examined. No such loss or bias has been reported in the

literature on similar insoluble residue work le.g. Curtis

and Coleman, 1986 and Curtis et al., 1975).

The final calculations show that for silt/mud samples

the pal eoporosi ty averages '70% as shown in f i gLlre.? 5-1. The

data shows an almost perfect 'normal' distribution. Figure

5-1 does not discriminate between samples from different

Horizons or from different positions within cycles because

no differences were observed. All siderite studied behaves

in this fashion. Note that even in a siderite cemented

sand, the sample at 30% Isample 5/2-19-62-20W5/[161J), the

paleoporosity is very high.

These high porosities are typical of freshly deposited

mud which has undergone little burial compaction ISinger

and Muller, 1983). Therefore, the siderite in each case

must have formed almost at the sediment-water interface

almost immediately after burial. This is the case for all

siderite samples analyzed. Values on the order of 70

percent paleoporosity are not surprising and have been
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obtained by others working on siderite behaviour (e.g.

Curtis and Coleman, 1986 and Curtis et al., 1975).

4. THE ENVIRONMENTAL IMPLICATIONS OF SIDERITE

Having established the early nature of the siderite,

it may then be used to discuss the chemical environment at

the junction between water and sediment and to speculate,

in conjunction with other evidence, on conditions in the

water column ltself and possible rates of the Cardium

events.

Much has been written on the chemical implications of

siderite and yet in some cases, it remains a little

misunderstood. This is in part due to the difficulty of

applying studies of modern chemical regimes to the rock

record where the same measurements cannot be made. It can

thus be difficult to seperate alternate hypotheses. Some

confusion is also due to the consequent emphasis of only

one of two different modes of occurence.

4A. Chemical Stability Diagrams and Environmental

Implications (Post-Oxic Siderite ?)

The chemical conditions may be investigated using two

different but complementary frameworks, the diagenetic

summary of Berner (1981) as modified by Maynard (1982) and

detailed, thermodynamically constructed Eh-pH diagrams.

The diagenetic scheme of Berner (1981) as modified by

Maynard (1982) is the simplest framework for discussion of
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siderite formation. This is because it can be readily

applied to rocks where only crude estimates of chemical

conditions may be obtained by examining bulk mineralogy; it

does not require the use of pH and Eh measurements that are

impossible on rocks and difficult enough on modern

sediments. This scheme is shown in figure 5-2.

To paraphrase Berner and Maynard, in this arrangement,

the Oxic field contains sufficient oxygen to lead to the

oxidation of iron and the formation of such compounds as

hematite; in the Post Oxic field oxygen has been depleted

to such a level that reduced iron is available and siderite

can form under the right conditions; the Sulfidic field

occurs when sufficient sulfate is available to complex with

the reduced iron to form pyrite or its precursors; the

Methanic field represents the region in which methane

producing bacteria produce sufficient carbon dioxide that

iron carbonates, particularly siderite become stable,

assuming that all sulphur has been used up by transition

through the sulphidic field. The latter, methanic,

occurence of siderite is the one most often cited.

Despite the simplicity of this approach, there are

some disadvantages, namely that the diagram glosses over

the chemical and biological mechanisms of formation of the

various minerals involved. This can lead to some

confusion, particularly in the case of the siderite. Its
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simplicity has also led to over emphasis of siderite

formation after progression throL\gh oHygen depletion and

sulfidic fields to the eHclusion of other modes of

sideritization. This is particularly important given the

very early occurence of the siderite in the Cardium.

The simplified model implied and generally quoted

(e.g. Gautier, 1985) is that siderite does not form until

the sulphate common in marine waters has been used up by

transition through the 5ulphidic field and consequently,

siderite is characteristic of the methanic stage of early

diagenesis. ,This argument implies relatively deep burial

(see for e><ample Gautier, 1985). However, this model does

not account for the formation of all siderite, and, indeed,

its overemphasis seems to have led to problems in

accounting for some of the isotope results in some cases

(e.g. Gautier, 1985). It must be remembered that under

some conditions, siderite may form in the post-OXic field.

As discussed in more detail below, this may occur

regardless of the concentration of sulphate in the water

(and hence pyrite in the rock).

The primary flaw of the above diagram is that by

simplifying the Eh, pH diagrams for mineral stability some

information has been obscured. An e><amination of any

series of such stability diagrams reveals that in all

cases, regardless of sulphate concentration, there is a
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field, of varying size, at Eh values above the field of

pyrite stability in which siderite is thermodynamically

capable of forming. Figure 5-3 shows such diagrams (taken

from Woodland and stenstrom, 1979). The details of each

field shown are discussed in the figure caption. Note that

even for sulphate concentrations above those found in sea

water (5-3A) there exists a stability region for siderite.

This contradicts the most commonly held view that the

formation of siderite requires a removal Of almost all

sulphur from the system. Even in the fields where siderite

is unstable relative to pyrite, siderite may form

preferentially because of the relative kinetic difficulty

in complexing sulphur with iron (Gautier and Claypool,

1984) • In fact, the governing controls on siderite

'formation are Eh and the presence of ferl"ous i ron , Organic

material, summarizable as carbon (C), is responsible for

the Eh regime, reducing iron (Fe) and generation of CO~.

""
None of these factors can be readily measured in the rock

record. In short, siderite formation does not directly

=depend on 604 concentration. High organic concentration

may have led to the precipitation of the siderite in

different ways. Microrganism activity could have played an

unknown part. Sarjeant (1975) states that "some algae have

a chemotactic affinity for iron; indeed, several species,

mainly members of Cyanophyceae, deposit iron in or up en
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their phylaments and occur abundantly within iron oolites".

Warme (1975) notes that endolithic algae, which are the

type which might be expected to have an effect on any of

the Cardium rock Horizons, are probably ubiQ4itous at the

shoreline and in shallow depths. The high iron and carbon

concentrations could conceivably, therefore, be linked to

microbial activity rather than just an idealized relatively

passive response to the decay of introduced organic

material. Indeed, as an idea which would" require much

further investigation, it is interesting to postulate the

possibility that some of the reaction rims visible around

chert pebbles surrounded by siderite might be due to

etching by endolithic algae; however, such rims are much

more likely due merely to dissolution of the chert due to

pH differences wherein the carbonate is stable and the

silica unstable.

Indeed it seems that the idea of siderite dependence

on reduced SUlphate concentration became entrenched in the

literature by continued reference to the initial, low

sulphur, diagram of Garrels and Christ (1965, e.g. their

fig. 6-21). However, another diagram published in this

same source relatively clearly summarized the possibility

of siderite occuring prior to the occurence of abundant

pyrite (figure 7.8 in the above work) due to the difference

in the Eh-pH potentials of the two reactions.
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The thermodynamic literature thus leaves the

possibility of either post-oxic or methanic siderite. It

is important to distinguish the two because the methanic

occurrence generally implies a depth of burial sufficient

to remove the possibility of studying the sediment-water

column interaction. Textural evidence is important in

discerning the stage of formation. The very high

paleoporosity, which argues for depths of formation most

uncharacteristic of the methanic stage of· diagenesis,

implies that the siderite formed in the post-oxic stage due

to high organic concentration.

48. Pyrite and Guessing the Salinity of the Water

In some cases, mineralogy may help to distinguish the

different stages of sideritization, but in the case of the

Cardium siderite only crude approximations may be made.

The presence of pyrite, although problematical in some

ways, is the most reliable mineralogical factor for

distinguishing methanogenic and post-oxic siderite. In a

system with any marine influence, the sulphate contained in

the waters trapped in the pores would, indeed, be reduced

to form pyrite prior to the generation of methanic

siderite. The problem arises in the amount of pyrite so

formed. Assuming complete reduction of all sulphate but no

further interaction with sea water, sea water of typical

ionic composition (e.g. that from Blatt, Middleton and



Murray, 1982) the amount of pyrite expected can be
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calculated as follows for 2cc of sea water. (2cc yield

->

approximately the amount of pyrite to be expected in a

typical core sample.)

=(.028 moles 804 /1000gm H~O ) (1gm/ec) =
.<. sw

-5 -
(2.8 X 10 moles 80

4-/cc
H

2
0 ) (2cc) =

-5 =
5.6 X 10 moles 804

Assuming complete consumption, this equat~s to

5 .. 6
-5X 10 /2 moles FeS~

.c:

which equates to

-=
? 8 y 10 ~ 1 F 8__ - n mO as e "':l

~

the Molecular Weight of pyrite = 120gm/mole

-:> (120) (2.8 X 10-5 gm Fe8~)
.:.

3= 3.36 X 10 gm FeS~
.<.

the density of FeS~ • 5gm/ec
~

-:> 3.36 X 10-3/5 • 6.72 X 10-4 ec FeS~
~

-> (6.72 X 10-4 c c Fe8~) <1000mm3/cc:)..

Although a rough minimum, this is a very small amount which

would be very diffic:ult to detec:t in comparison to the

large amount of siderite present because of the relatively

unlimited amount of iron and organic matter present in the

same volume of rock. Consequently it would be very

difficult to argue for one kind of siderite or the other



based solely on the amount of pyrite present if the

original water had average or below average 804­

concentrations and/or little post depositional circulation

of pore fluids.

The problem is made even worse by the vsry strong

possibility of microenvironments leading to changes in Eh

sufficient to precipitate pyrite in one small area while
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siderite precipitation occurs elsewhere. I have seen the

results of such microenvironments in the form of small,

less than 2mm diameter pyrite filled burrows set in

otherwise unaltered or sideritized silts. The subtle

variations in such cases are likely due to fecal matter

concentrations.

In terms of microenvironments, it is interesting to

note that the occasional calcite cementation of sands and

conglomerates noted above may also be due to local effects.

The lack of muds in these cases probably lowered the

concentration of iron because iron is collated onto the

clays. Consequently, the system was saturated with respect

to carbonates because of the bi c arb on a t e i ndi rectI y

available from organic decay but had no iron to complex

with and so precipitated calcite.

The presence of a somewhat brackish water c o Lumn , as

indicated by the microfauna (chapter 5), makes the problem

even more difficult by introducing the likelihood of an



initially reduced sulphate content. Moreover, the amount
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of circulation through the uncemented pores by water

containing any amount of sulphate is unknown so, in a

reverse argument, even sediments containing relatively

large amounts of pyrite cannot be certainly claimed to have

arisen from any given type of water.

Conclusions based solely on mineralogical criteria

would therefore, be somewhat tenuous at best. However,

there is a distinct general lack of pyrite (see the

discussion of figure 4-4, above) in the sideritized

Horizons of the Cardium. This lack allows for formation

'"from 'brackish' water. This is compatible with low 80
4

concentrations implied by the "brackish" fauna (see th~

preceeding chapter). In summary, siderite likely formed in

brackish to fresh waters very early in the post-oldc field.

5. THE QUESTION OF SUBAERIAL EXPOSURE

The strong likelihood of fresh water influence in the

formation of siderite raises the question, briefly

mentioned above, of whether any of it is due to subaerial

exposure. Proof of non-marine formation, or more

specifically 'subaerial' formation, is difficult. With the

e>:ception of H5 (E5) (discussed in Chapter 7), textural

evidence argues against exposure. The frequent gradational

nature of the siderite and interbedding with marine facies

on the decimeter scale (discussed in Chapter 31 seems to



preclude such formation. This is particularly true for

facies such as facies 16 which contains thin beds of

siderite alternating with unsideritized marine muds and

sandy storm beds containing siderite rip ups on occasion

which almost proves a subaqueous formation. Given the

formation in waters of lower than 'normal' marine sulphate

concentration discLlssed above, SLICh considerations would

require isotope work to distinguish meteoric versus sea
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water. Thus, the relative importance of meteoric versus

sea water in the occurence of the siderite is not

definitely known. None of the above analyses can discern

between such water sources. Un'fortLlnatel y, no thorough

isotope work is available, to date, on the Cardium. Even

the ability to distinguish between meteoric and connate

waters may not definitely allow conclusion for or against

subaerial formation of siderite because of the possibility

of meteol"i c water enteri ng the 'mari ne' sys'tem through

aquifers.

6. THE EXTENT OF SIDERITIZATION

Regardless of the isotopic composition of the waters

in which the cement formed, the widespread nature of the

siderite poses a puzzle. As mentioned above, this likely

fr-esh-water induced cementati on shows no di sti nc t pattern

correlatable with the 'bench' and 'offshore' of Figure 4-4

in Chapter 4. Why then does an apparent fresh-water
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influence extend over the entire basin (where

investigated)? The answer is that the entire basin was

diluted with respect to standard seawater. This is implied

by the agglutinated nature of even the 'offshore'

foraminifera (discussed in Chapter 4) and the ubiquitous

presence of siderite with its implication of reduced

sulphate concentration. The foraminifera show a more

pronounced pattern than the siderite because they are

likely more sensitive to water conditions; It may thus be

that the 'bench' had either greater fresh water input

and/or higher turbidity which would not be reflected in the

siderite pattern. Conditions were just as suitable further

into the basin as on the 'bench' for its formation. The

Widespread fresher water conditions aiding the formation of

siderite were probably induced by repeated shallowing of

the basin as discussed by Plint et al. (1986) which made

dilution easier. Shallowing may also have led to increased

organic and iron input via the arrival of clays from

transgressed areaS. (In fact, Kumar and Sanders (1976)

provide a description of what sounds suspiciously like a

modern example of such a setting off the Fire Island

barrier; they observed "seaward of wave base, the bottom

morphology was irregular. In some places vague traces of

large inactive ripples could being reworked by burrOWing

organisms could be distinguished. In addition, the bottom
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of seaward wavebase was overlain be a thin (few cm thick)

layer of C~ai=~Q1Q~C§g (my emphasis) organic debris which

apparently consisted of diatoms, algae and other micro

organisms." This sounds very much like a storm bed covered

in organic debris reacting with iron which could

conceivably lead to siderite precipitation.) Both an

increase in organic and iron supply and a decrease in

sulphate concentration would account for extensive

increased susceptibility to sideritization.

7. POSSIBLE CEMENTATION DURING SEDIMENTATION PAUSES

Widespread cementation of this sort conjures up the

image of a pause leading to the development of a hardground

analogous to behaviour seen in carbonate rocks. However,

the changes in rather subtle chemical conditions could be

the only mechanism responsible for such cementation. Rate

of sedimentation need not be a factor; if cementation were

rapid enough, fluctuating sea level With its concurrent

changes in water chemistry could form the only control on

extensive cementation. In fact siderite may form very

rapidly as indicated by studies in the Atchafalaya Bay of

the Mississippi (Ho and Coleman, 19691 where it forms in

muds as shallow as 20 ft. It has also been observed to

have formed in the Wash in England on WWII age material

(brass shells) (M. Coleman, p. comm., 1985). These are

minimizing values that may be placed on the events
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discussed. Obviously the potential for formation over a

period of approximately a century makes it difficult to

argue conclusively that siderite represents pause

cementation. The opposite may be true; siderite may merely

reflect rapid cementation due to e)·ctensive changes in water

and 'substrate' chemi str'r coi nci dent wi th pro)'. i mi ty to

e}CpOSLlre.

8. CONCLUS IONS

Although uncertainties such as discussed under the

various headings above remain, the various conclusions of

these discussions may be summarized briefly in point form.

1. The siderite in the Cardium Horizons formed very

early almost immediately after depostion.

2. The siderite very probably is post-oNic siderite.

3. The formation of the siderite is probably due to

increased supply of organic material and iron during

transgression in conjunction with basinal shallowing close

to the point of emergence which allowed for increased fresh

water dilution of the system.

4. Siderite probably does not indicate subaerial

eHposure.

5. The formation of siderite was probably very rapid

and hence the possibility of pause related cementation

cannot be discerned. The widespread occurrence may

indicate a relative pause in deposition long enough for



extensive cementation to occur but of insufficient duration

for the biological community to respond (as discussed in

the previous chapter.). It is thus the only indicator of

possible delay in sedimentation during formation of the the

event stratigraphy. The sediments forming these events,

discussed in the next chapter, indicate that any pause was

probably of very limited extent.
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CHAPTER 6

COMPARISON TO CARBONATE HARD AND FIRMGROUNDS

1. I NTRODUCTI ON

A review of the facies and sequences discussed

previously indicates that nowhere is there developed an

immediately obvious analogy to the hard or firmgrounds

present in carbonate units as sLlmmal"ized,· for e:·:ample by

Kennedy (1975). However, a comparison of the

chal"acteri sti cs o·f carbonate f i rmgl"ounds wi th the Cardi um

events is enlightening and helps constrain the timespan

within which the Cardium surfaces formed.

Ichnology is the basis for such a comparison, so it

should be noted that information in this field of study is

biased. Trace fossils have been particularly well studied

in clastics and more or less extended from there to

carbonate environments. However, carbonate equivalents

eHist for the bulk of standard terrigenoLls clastic

sequences (Kennedy, 1975). The current eHception to this

is the information on hardgrounds in which the predominance

is reversed. This is most likely due to greater prominance

of carbonate horizons in which early cementation is much

more common and more readily achieved.
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2. OMISSION SURFACES IN CARBONATES

Understandi ng i nterpretati ons of Cardi LIm surfaces

first requires understanding of the better studied

carbonate horizons. The surfaces of this kind in carbonate

rocks have been divided into several categories by Bromley
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(1975) • These are: discontinuity surfaces, minor erosion

surfaces, substitution surfaces, omission surfaces and

hardgrounds. The trace fauna have been divided into a

pre-omission suite and an omission suite." The omission

suite may be the same as the pre-omission suite but denser

due to crowding. Members of the omission suite

characteristically penetrate those of the pre-omission

swite. However, the omission suite most typically

envisioned differs from the pre-omission suite due to

energy or lithification changes. The omission suite is

Seilacher's l21Q§§.i...£IJOgiJ;.§§ suite. Sei 1 al:her '5

l21Q§§i...£IJOgi...J;.§§ ichnocoenoses includes hardgrounds, firm mud

and erosion surfaces (see for example Pemberton and Frey,

1984); l21Q§§i£IJogi...1§§ fauna require highly indurated

shales. The most important point of comparison for studies

of siliciclastic systems is the concept of the omission

suite. Many of the other firmground terms are carbonate

specific. Some of the common carbonate related criteria

are as follows.
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Although some longstanding hardgrounds are burrowed to

only a slight degree, most cal"bonate omission sLlrfaces are

marked by a predominance of IO!!l!..§I!§aiOQiQ§l!§ burrows and

faint feruginization?f the burrow walls (Bromley, 1975).

In fact, Kennedy (1975) claims that Ibs!..§Ia!§iOQiQ§!§ is the

only burrow consistently associated with hardground

omission suites; other borings occur 'randomly'.

The burrows are typically filled by the overlying

sediment. Along with the burrow networks, intraclasts of

the syncementational sand occur due to periods of higher

energy.

Many of the carbonate surfaces do not represent single

events by rather show several suites of boring as sediment

pulses infilled lithified burrows which were rebored

(Bromley, 1975). This multiple nature, indicates that the

surfaces are actually relatively active. Their activity is

merely relatively slow compared to the rapid cementation

possible in carbonate settings.

The final interesting characteristic of burrows of the

omission suite is that they modify in form concurrent with

cementati on (1. e. a IOs!..saaiOQiQE:!§ bLlrrow wi 11 CL'rve around

regions that are already cemented) (Bromley, 1975).

3. A COMPARISON WITH THE CARDIUM SURFACES

A comparison of the characteristics of the two cases,

summarized in Table 6-1 confirms that the Cardium events
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only crudely fit the carbonate hardground model. E5 is an

exception.

TABLE 6-1
A COMPARISON OF CARBONATE FIRMGROUNDS AND THE CARDIUM

QaCQQOat.§ EicmgcQ~OQ§

1. giQ§§ifWOgii§§ ichnocoenoses
(also characteristic of the
known siliciclasitc firmgroundsl

2. Ubiquitous Ibeie§§iOQiQ§§
3. Firmgrounds are mUltiple events
4. Passive infill of burrows with

rip-ups of the firmground
5. Modification of burrow path

during cementation
6. Rip-ups of cemented material

present on the surface
7. Reburrowing of eHisting

burrows

The comparisons are as follows.

QaCQiwm ~QC1~QO§
absent

present
possible

eqLli vall ent
occurs??

yes

yes

?

1. The presence of the gig§§ifW091t§§ fauna

Members of the ~iQ§§ifw09it.§§ fauna are absent from

the Cardium. The presence of an e>:tensively cemented or

indurated substrate generally only occurs in H5, as

discussed in chapter 7 and illustrated in Plates 7-1A and

B. Thus, it is the only surface which potentially presents

a solid analogy to the carbonate surfaces. The high

percentage paleoporosity described in chapter 4 and the

general biotubation, indicating high initial water content

(Rhoads, 1975), of most of the facies described in chapter
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3 probably prohibited the occurence of the ~LQ3§ifYQgit~3

ichnocoenoses in the Cardium. The events contained therein

must have occurred in relatively 'soupy' sediments which in

some cases were rapidly sideritized to such a degree and

over such a time scale as to prevent colonization and

boring by the standard §lg§§ifYQgit~g fauna. Such a lack

of fauna could also be due to conditions in the water

column discussed in chapter 4. According to Kauffman

(1969', the order of disappearance of genera with

decreasing oxygen levels and temperature is first,

specialized epibenthic and infaunal molluscs and

echinoderms, then shelled epibionts and specialized

burrowing invertebrates, lQg~~csmY§ and burrowing

arthropods, and finally, by reduction and loss of detritus,

detrital feeding polycheates. If, as postulated in the

above chapter, the Cardium events are characterized by

increasing degrees of brackish stress on the system with

increasing shallowing, then it is quite likely that by the

time each cycle was sufficiently affected to create the

siderite cement, the fauna capable of creating the

§lgaaifYQgit~§ suite, predominantly molluscs (e.g.

mechanically boring bivalves (Bromley, 1975'), had been

killed off or inhibited by low oxygen levels and turbidity.

Nevertheless, bioturbation by polycheates is possible

immediately prior to and following sideritization and is



106

indeed observed in the form of sideritized indistinctly

bioturbated muds overlain by bioturbated muds.

2. The presence of Iheie§§iOQig§§

The s~\rfaces do show some Ibsis§§iOQiQ§§ b~lrrows.

Where the b~lrrows .we vi si bl e in the erosi ve s~lrfac:es, most

notable at the fifth Horizon, they are likely crustacean

burrows, possibly Ihsls§§iOQiQ§§, but the identification is

difficult in core. Plates 7-1A and B show two burrows

thl~O~lgh E5. The' twi sted" shape is probab 1 y due to such

fauna but cannot be claimed with certainty. The burrows dCJ

not appear to be borings but have been excavated into

material of greater than usual consolidation as discussed

in chapter 7. More convincingly, Plate 6-1A shows a

passively filled Ibsle§§iOQiQ§§ burrow from E7. In this

example, the burrow lies at the base of the Amundson

~lember .

3. The presence of multiple events

Multiple events are not distingUishable at any Cardium

surface but do occur within the conglomeratic members. For

example, the pulsed nature of facies 8 was discussed in

chapter 3. Plate 6-1B shows a IbS\is§§iOQiQ~§ burrow within

the Amundson Member, between E7 and T7, which has

subsequently been sideritized. The pulsed behaviour of the

conglomeratic members with their attendant burrows might be

tal:en as analagous to carbonate behavi our but probab 1y on 1y
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reflects discontinous sedimentation that would occur

nOI~mallv ,

4. Passive infill of firmground burrows

As with the burrowing, passive infill similar to

carbonates may occur, albeit the fill is not of rip-up

nature but is coarser sand and granules. This type of fill

may be seen in the Plates 7-1A and 8 and 6-1A and 8.

5. The presence of burrows modifying in response to

cementation

Burrow modificiation in response to cementation may be

observed in outcrop at the Beebe Dam site (see Walker and

Wright, 1982 for location). Approximately 1 cm El~QQlit§§

burrows curve around siderite nodules that were developing

at the time of burrowing in association with a now exposed

erosive surface (thought to correlate with E5 in the

subsurface). This is shown in Plate 6-2.

6. The presence of syn-cementational rip-up clasts

Rip-ups of recently cemented material also occur as

described in facies 16 and lOB in chapter 3; these

correspond to the ripped up clasts of carbonate material

common in carbonate surf aces but are not as extensi ve. tl1e

Given the probably rapid rate of cementation (Chapter 5),

this probably indicates a rapid transgression of the

cemented horizon. This rapid transgression is also

reflected in the lack of a pattern of continuous reworking.
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The rapi d transgressi on ma~(es it i mpossi bl e to di sti ngui sh

a 'normal' rate of bioturbation from reworking of any sort

of brief omission surface that might occur at H6 or H7 for

example.

7. Reburrowing of existing burrows

The "freezing" of eXisting bLlrrow forms prior to

reburrowing at the same horizon is particularly absent in

the Cardium surfaces. This absence is probably due to the

very short timespan of the events relative to the rate of

cementation and burrowing. Perfectly analagous behaviour

in siliciclastics would require slower rates of

transgression.

4. SUMMARY

In summary, the Horizons of the Cardium show features

that may make them crude siliciclastic equivalents of the

firmgrounds in carbonate rocks. However, rapid

transgression probably prevented full development of these

features. The best analogies exist at E5 where definite

erosion is visible in core, but there are sufficient

occurences of such criteria as Ib§1§§§1nQ1~.§ burrows and

early cementation in the form of siderite to make the other

Horizons compatible with this model. Their variations stem

from their different basinal location and behaviour, as

sLlmmarized in the ne:·:t chapter', and the very short time



over which the events occurred in generally muddy

sediments.

Consideration of sediment behaviour on a more basinal

scale also emphasises the short, but unquantifiable, nature

of the events.
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CHAPTER 7

HORIZON BEHAVIOUR

1. INTRODUCTION

The discussion of the early diagenesis and

foraminiferal data and the comparison to carbonate

firmgrounds of the above chapters all emphasize the rapid

nature of the events that define the Cardium stratigraphy

of Plint et al. 119861. This leaves the question of what

do the sediments themselves look like in response to very

rapid fluctuation of relative sea level and what, in turn,

do they tell us about any variations in the nature of the

events? The sediments of interest are those in immediate

proximity to distinct surfaces and those that compose

gradational sequences correlative to E-T events. Study of

a few examples will suffice because the facies of chapter 3

are distributed regularly in the vertical sequences that

comprise the Cardium members as defined by Plint et al.

119861.

2. THE CARDIUM MEMBERS

Although many of the facies of chapter 3 may be

interpreted on the basis of internal characteristics, the

most salient information comes from the sequences within

which they occur. These sequences have been well described
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by Plint et al. (19861 and will not be discussed further

here apart from a brief summary for the orientation of the

reader. Rather, this thesis is concerned with the pattern

and truncation of facies within the immediate proximity of

the event surfaces, where discernable; the scale is thus on

the order of a meter.

The sequences of Plint et al. (19861 in the

transgressive phase of the Cardium may be crudely divided

into two types, the Karr type cycle and the Raven River

type cycle (K-type and R-typel. Both sequences show

shallowing upwards facies trends and rapid to erosional

truncation. The K cycles, those up to Hori~ons 4

(Burnstickl, 6 (Low Water) and 7 (Am~tndsonl ~ls~tally proceed

from offshore muds of facies 1 to 3 LlP to facies 6

sometimes capped by conglomerates of facies 8. The R

cycles, up to Hori~on 5 (Carrot Creek 1 have the same basal

sequence of facies 1 and 3 but proceed into the finer sand

facies 4, 5, and 7 and in turn are usually capped by 8.

Both cycles represent shallowing into storm dominated

sands, but the R cycles are finer grained, and the K cycles

tend to be more gradational.

The nature of the Raven River sequence between the

fourth and fifth Hori~ons is a little ambiguous. It could

represent either the occurence of a shallowing of the basin

into an H.C.S. facies (the most likely interpretation given



the behaviour of the other cycles) or the continued

transgression of the basin with the H.C.S. portion of the

cycle representing siltier/sandier sediments offshore of a

transgressive muddy shoreline. The H.C.S. would lie

offshore in this case due to depth; waves would be damped

out in shallow muddy water and be incapable of forming the

structLlre there.

In keeping with the relative constancy of facies

sequences in the various members, the transitions between

cycles are also fairly consistent but do show some

important variations both within a Horizon and between

Horizons. These variations will be discussed Horizon by

Horizon in numerical order.

3. BEHAVIOUR OF THE FOURTH HORIZON

The fourth Horizon, between the Hornbeck, Kakwa or

Musreau and Raven River members shows a variety of

behaviour from gradational "standard" transgression to

erosive transgression. Figure 7-1 illustrates four

eHamples of transitions across H4.

The first lithosection, 6-29-63-5W6 shows an eHample

of a sharp, presumably erosive, contact between marine and
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non-mari ne mude , Plate 7-1, a thin section from this

contact, shows that at the time of erosion the underlying

sediment was still soft enough to be burrowed (note the

prominent U-shaped amphipod burrow and the small circular
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burrow filled with the fine sand from the overlying

facies). The relatively coarser material, in this case

fine sand, usually associated with these transgressive

Horizons has been thoroughly bioturbated into the over- and

underlying material. ThLIS there may have been sufficient

delay before the marine transgression to allow for

consolidation of the non-marine muds but insufficient to

develope truely indLlrated mudstones. It is difficult to

quantify how long a period this might represent, however.

In fact, the non-marine nature of the underlying sediment

may even allow for subaerial consolidation completely

unrelated to the rate of any basinal events. Qualitative

estimates of the timespan af the events thus requires

consideration of further ex amp t as ,

Lithosection 11-1-64-5W6 shows what might be termed a

typical marine transgression over a brackish bay where
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marine muds gradationally overly non-marine muds. There is

no visible erosion here implying that whatever caused

erosion in 6-29-63-5W6 acted over too short a time or too

limited an area to have any influence here.

The next lithosection, 7-29-62-5W6, shows a response

transitional between those of the previous two. Here there

is a thin layer of dispersed sand that c ou l d concievably

represent the feeble remains of a retreating barrier.

There is no distinct erosion but there is a distinct



lithological 'marker' between the marine and non-marine.

Whatever the source of this dispersed sand, it was

deposi ted on very unconsol i dated gl~ound as wi tnessed by its

scattered nature.

Finally, section 6-13-59-18W5 shows. classic E-T
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form. In this case, there is visible erosion below the

Burnstick Member. However, the transgression to marine

muds appears on a scale apparently as rapid as those

discussed above.

Note that the pebbles and granules of the Burnstick

Member do not always appear in the correlative Horizon over

the non-marine muds (this may be seen in Appendi}: 1).

In conclusion, H4 is generally sudden and only

occasionally erosive, probably because of very rapid

transgression over muddy sediments. The erosion is most

distinct below thick accumulations of the Burnstick Member

and is probably due to brief stillstand alloWing for

scouring of lowstand shorefaces (see Plint et al., 1986 and

Bergman and Walker, 1986).

4. BEHAVIOUR OF THE FIFTH HORIZON

The fifth Horizon, between the Raven River and Dismal

Rat members is ubiqLlitol.lsly erosional; it is the only

sur·f ace whi ch has such predomi nant scour. The erosion is

widespread and has been discussed by Plint et al. (1986)

and Bergman and Walker (1986). These authors have



discussed it on a larger scale where erosion may be

demonstrated by preservation of a prior stratigraphy in

some l,~cations whereas the same facies seqLlences may be

seen to be removed in other locations (Bergman and Walker,

1986).

As a comparison of the sections in figure 7-2 shows,

although the erosion is ubiquitous, burrows may occur. As

discussed in chapter 6, it thus forms the best analogy to <.\

carbonate firmground. Plates 7-2A,B,C ana D show examples

of the erosion and the overlying veneer of the Carrot Creek

member.' Plate 7-2D shows a large sandstone clast torn up

from underlying facies 7 indicating that substantial

lithification occurred prior to the erosive event.

However, the burrows present (Plate 7-2A and the lower

right of 7-2B) indicate that lithification was not

complete. It is likely that the burrows occured in areas

of lesser lithification as shown in Plate 7-2A. This

partial lithification implies that only a relatively short

time was available for cementation; it further indicates

the very rapid nature of the sea level changes at this

time.

The reason for the pronounced erosion at this surface

as opposed to the occasional occurrences in the other

Horizons is uncertain but, may be I~elated to subaerial

exposure (Bergman and Walker, 1986). As discussed in the

11 9
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next chapter, circumstantial evidence strongly suggests

that subaerial exposure occurred. This may also account

for the increased lithification which generally seems to be

due to pervasive formation of siderite. However, as

discussed in chapter 5, siderite need not indicate emergent

conditions.

The time and cause of the erosion is difficult to

discern because pebbles may lie either on or above the

surface and so do not necessarily have to"have been

directly responsible for scouring the surface. Current

action or possibly exposure could have been responsible
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with th~ pebbles being deposited later. On the other hand,

the pebbles could have scoured the surface and been

rewol~ked over and off it during later stages of

transgr~ession. The occurence of pebble impressions between

facies 7 and an immediately overlying facies 3, shown in

section 6-7-63-6W6 (Appendix 1), could fit into either

model given the presence of a semilithified substrate. The

work of Bergman (Bel~gman and Walker, 1986) suggests that

the pebbles very likely follow the period of erosion.

As discussed in chapter 4, the occurrence of erosion

at any Horizon is not linked to accumulations of biogenic

debris, particularly not to foraminifera, elsewhere at

spots correlative to that surface. Consequently it seems

that the erosion must have taken place very rapidly even



though it is 50 extensive. If, as seems likely, subaerial

123

processes contributed to the erosion, then the lack of

accumulated marine fauna in the immediate vicinity of the

erosion WOLIld be nicely e}(plained becaLlse they were simply

not around to be deposited. This likelihood makes it

somewhat more difficult to judge the timespan of the event.

But the fact that the surface could be burrowed after

erosion implies that exposure was fairly short, assuming

cementation can be correlated with exposu~e.

5" THE BEHAVIOUR OF THE SIXTH HORIZON

In the area studied, the sixth Horizon is the most

gradational and in fact gave rise to the use of the. Horizon

terminology shown in figure 2-6. Figure 7-3 illustrates

typical sections showing the general lack of erosion and

the predominance of facies 6. Plate 7-3 shows the muddy,

subtle nature of the changes in sedimentation. I'lost 0+ the

sections show a gradational base and a comparitively more

rapid decrease in sand content upward. This behaviour

probably reflects the fact that the sediments in the area

examined form the correlative conformity IVail et al.,

1977) of erosive SLlI"faces elsewhere. In fact, up to 38 m

of erosion may be demonstrated at this Horizon to the south

IA.G. Plint, p , comm., 1986). The rapid transgl"essions

noted by Plint et al. (1986), which show up usually as E-T

surfaces give rise, at this Horizon in this location, to a
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gradational base corresponding to the erosion and a

slightly less gradational top corresponding to the

126

transgl"'essi on. Timewise, this agrees with a possible short

stillstand leading to incised shorefaces at another

location followed by rapid transgression. Because of the

problem of seeing erosion into unconsolidated mud, the

relatively soft nature of the substrate in almost all cases

could be hiding some erosion. However, relatively flat

correlation lines for this surface (see figure 8-2) in this

area seem to indicate erosion did not occur. The pl'""8sence

of occasional erosion and conglomerate near the tops of

these sequences implies that the scouring and pebble

deposition occurred at lowstand, a pattern consistent with

the l"eSLllts of Plint et a I ; (1986).

The gradational nature of the sections is sufficient

to allow for crude determination of the environment of

deposition of the sands. The lack of foraminifera

discussed in chapter 4· gives some information on the

environment but this may be refined by considering the

facies present. The bioturbation, probable storm beds and

distinct traces mentioned in chapter 6 combine to place

these sediments in a transition to shoreface setting

offshore of a probably muddy transgressive shoreline in a

relatively flat 'bench' (see chapters 4 and 8). This

setting is also strongly sLlggested by the regional
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'topography' discussed in chapter 8. Figure 7-4
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illustrates this transition to shoreface setting; the

numbers are facies numbers. In this interpretation, the

mud rip-LipS of facies lOB are probably related to storm

currents as opposed to the products of erosion following

dessication during exposure. This is particularly so given

the facies present and lack of E5 like erosion. The

interpretation of these sediments as a transition to

shoreface lying 'in' a correlative confor~ity agrees well

with the interpretation of F'lint et a l , (1986) and Bergman

and Walker (1986) of erosive regions as shorefaces.

The cases illustrated above once again emphasize the

rapid nature of these events. Even thoLlgh gradational,

transgression is usually relatively rapid. As di SCLlssed in

Chapter 5, brief chemical changes allowed siderite to form

extensively but did allow it time to cement throughout the

sediment package.

6. BEHAVIOUR OF THE SEVENTH HORIZON

H7 is very similar to the H6 except, as visible in

figure 7-5, it contains more conglomerate and more

convincing signs of erosion and sudden deepening. It is

also the last occurence of the CardiLlm Horizons before the

basin becomes more stable and more 'marine' (as indicated

by foraminiferal content (chapter 4). The sections shown

in figure 7-5 range across the spectrum fl'om correlative
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conformity to E-T surfaces. The most striking section in

figure 7-5 is 11-11-62-2W6. The core has been carefully

correlated to the well log based on continuous underlying

core but shows no variation in facies indicative of any

event. However, the well log response correlates to H7

elsewhere. This section shows the ultimate correlative

conformity discussed above. Section 11-36-63-7W6 shows the

tr-ansition from erosion to gradational sedimentation. It

is also shown in Plate 7-4. The relativeiy rapid

appeal"ance of the conglomer"ate is visible along with the

gradational disappearance of sand, but it takes a closer

view, shown in Plate 7-5, to see the nature of the basal

conglomerate contact. Plate 7-5 shows that although the

conglomerate appears rapidly, it overlies a bioturbated mud

containing medium to coarse sand and granules, and there is

no distinct erosion. Compare this plate to Plate 7-2. The

coarse sand is a precursor to the conglomerate but like the

conglomerate itself waS deposited in soft, faunally rich

sediment and bioturbated. Any possible scour here is

erosion into soft mud and poorly visible. This pattern

indicates that the arrival of the conglomerate, associated

with relative sea level changes (Plint et al., 1986), is

rapid because the mud would be expected to consolidate and

show signs of scour if the change occurred slowly. The





'iF 3b'b:~rlW~ ~
~B

lb~\ -lb~1) (r\

•

131





132



substrate usually has no time to respond significantly to

the final stages of change in sea level.

7. SUMMARY

The information gathered from the behaviour of the

sediments may be summarized in point form.

1. H4 is rapidly gradational from transgressed

non-marine mud or erosive shorefaces into transgressive

marine muds and does not indicate significant consolidation

prior to transgression.

2. H5 (E5) is ubiquitously erosional but its base is

only partially lithified suggesting possible brief exposure

and rapid transgression.

3. H6 is usually rapidly gradational and is a

correlative conformity; even the correlative conformities

change rapidly.

4. H7 shows behaviour between that of H6 and H5 again

indicating sudden changes.

In all cases, whether erosional or gradational, the

sediment indicates that the changes in relative sea level

occurred very rapidly. The timespan may be close to that

of siderite formation, perhaps on the order of tens to

hundreds of years as a minimum; it is certainly much less

than the 140,000 years equitably assigned to each sequence

in Chapter 2. The faunal and diagenetic data agree with

the behaviour implied by textures visible in core.
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Chapter B di SC:Llsses larger sc:al e Hori z on behavi our

relative to possible c:ausal mec:hanisms.
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CHAPTER 8

BASIN SETTING

1. INTRODUCTION

In order to consider the cause of the apparently rapid

events discussed in the above chapters, it is necessary to

analyze the behaviour of the basin in the area studied.

This requires construction of a cross-section perpendicular

to edge of the basin. In addition to allowing for more

informed speculation on the mechanism behind the relative

sea level changes, such a cross-section reveals a basinal

topography which supports interpretations discussed above.

2. THE BASIN CROSS SECTION

Figure 8-1 shows the location of the cross-section A-B

discussed below; the line runs roughly perpendicUlar to the

trend of the Kakwa shoreline (Plint et al., 19861 which is

parallel to the most pronounced variations in sediment

thickness. The line is designed to contain as much core

control through as many Horizons as possible within as

straight a line as possible. The kink through blocks 5 and

6W6 does not appear to affect the pattern of the resulting

section but does make for better core control. Where

necessary, well-log only control has been incorporated to

maintain tight control on unit geometry.
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Figure 8-2, located behind figure 8-3 for purposes of

comparison, shows the Ltnaltered cl~oss-section. It has been

constructed by correlation of gamma and resistivity logs.

The resistivity log is the primary tool for correlation

while the gamma log has been used to accurately position

the core. The deep response of the resistivity is the orie

most commonly used but the intermediate or shallow ones are

sometimes substituted when no response is visible on the

former. All logs were expanded or contra~ted to fit a

common scale; hence, any offsets are probably genuine.

Correlation of the eastern well-logs that have no core

available was checked for accuracy with the more extensive

work of Dr. A. G. PI int (p , comm., 1986). Where possible,

responses well below the Cardium interval have been

correlated in order to investigate any sub-formational

disturbance that may have influenced Cardium depostion.

Because this is one of the prime objects of the

correlation, the logs have all been hung relative to an

upper datum, labelled DATUM in the section. The linear

response of lines above and below (almost parallel for the

line below) indicates that this is a good datum and is not

affected by any post Cardium warping. The divergences

visible are due to subsidence. The intervals of concern

for this thesis have been colour coded for clarity, red

137



138

separates H4 and H5, yellow separates H5 and H6 and blue

separates H6 and H7.

The subsidence related divergence that is clearly

visible in figure 8-2 between the very upper and lower

markers tends to obscLtre original topography so it has been

removed in figure 8-3. Its removal assumes a linear

subsidence rate, which is reasonable over the area

e,·:amined. The procedure is as follows. Each log was

measured from the DATUM to the lowermost ~ommonly visible

marker; distances between each marker shown in figure 8-2

were then converted to per-centages of the I ength between

the end markers. The markers for each well were then

located along the X of section axis of figure 8-3. The

tick marks on the horizontal axis of this figure locate

each well. Although the spacing is more regular than in

the original cross- section, little exaggeration of

topography occurs; the area of erosion, indicated by wavy

lines, at H4 and the lines above would stretch out a little

showing a slightly flatter form. The colour coding is

identical to that of figure 8-2. Decompaction of muds has

not been carried out in this section primarily because the

'muds' are actually silty and the trace fauna show little

signs of compaction. Any compaction that may be

unaccounted for would, in fact, only enhance the topography

displayed because the topography appears due to thickening



and thinning of the muddier members. Consequently, the
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results may be discussed reliably as they stand.

Figure 8-3 shows several features more clearly than

does 8-2. The most obvious feature is the persistent

thinning of members back over the Kakwa member; this member

extends to the begining of erosion in H4 under the words

WELL LOCATIONS. However, within this generally persistent

trend there is a slight tendency for the members to pinch

out a little over the bulge at the maximu~ extent of the

Kakwa member. This trend appears to die upwards. The next

feature is the behaviour of -markers above E5. No other

inter-Horizonal markers are visible. In this case, the

markers die out (onlap) against E5 and as soon as the

surface is covered show a flatter trend. Thi s -flat trend

is demonstrated by an ash bed visible in two cores that has

been projected onto the section and marked in figure 8-3 by

a finely dotted line. The last feature of importance is

the upward 'warping' of sub-Cardium markers between H4 and

the lowermost mal"kers.

Each of these features has important implications for

the behaviour of these surfaces. The generally thin

portions of the member in the West implies that a

topographic 'bench' persisted after transgression of the

Musreau member. This bench influenced the pattern of

sedimentation and probably also determined faunal



distribution las discussed in chapters 4 and 7). It may

also have exerted some control on the tendency toward

siderite formation by allowing for increased dilution of

sea water; the shallow nature of the waters here would make

it easier for both pluvial and perhaps fluvial water to

exert an influence.

The onlap of the markers in the Karr member onto E5

imply that the surface was probably sUbaerially exposed.

Figure 8-2 shows that when the lowermost bf these markers

was deposited, E5, or its landwards equivalent, was at

least ten meters higher, greater if significant amounts of

material have been eroded •. The steeper, and in this case

lower, parts of the eroded surfaces may be explained by

wave erosion at a shoreface (e.g. Bergman and Walker,

1986), but given the height of typical shoreface waves the
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upper reaches would then be exposed. This upper level of

erosion could then either be subaerial or due to eventual

transgression by an erosive shoreline. Recognizable beach

deposits ,,1I~e probably not e:·(tensively preserved because (J-1'

a combination of very rapid transgression over a very

shallow slope Ithe diagram contains great vertical

exageration) and erosion of shoreface sands in a mobile

longshore drift system. None of the other Horizons which

are all generally apparently subaqueous shows this pattern.
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The last two features, the warping of the underlying

marker and the pinching of the upper members, are related

and may indicate a dying structural activity under the

Cardium. It must be emphasized that these features are

very subtle and interpretations are therefore somewhat

tenuous. The 1mQll§~ structure shown in figure 8-3 has been

drawn to reflect the hypothesis of underlyng minor thrust

faulting. This is because the lowermost markers show no

offset compared to those above and westwa~ds as would be

expected in normal faulting. It i8 difficult to confirm

any faulting because repetition of sequences is not visible

in the noisy gamma response of pure shale and there is no

core available at these depths. Moreover, seismic data

probably would not reveal such subtle faulting. On the

other hand such behaviour does fit the general structural

style of the basin and helps to explain the slight pinching

of the upper members. This pinching might conceivably be

due to dying activity on thrust faults lying under the edge

of the Kakwa member. Thrust activity might also explain

the regular occurrences of these events as judged by their

approximately equal thicknesses. But this control must be

weighed against the possibility of eustatic control.

3. TECTONIC VERSUS EUSTATIC CONTROL

The mechanism controlling the timing and magnitude of

the Cardium events remains unknown but consideration of the
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current knowledge of eustacy and tectonic behavio~ allows

some speculation on such controls.

The possibility of eustatic sea level controlling sand

body deposition has become quite popular recently with many

references being made to the pioneering work of Vail et al.

(1977). Vail et al. (1977) divide eustatic cycles into

different scales, or cycles of various orders. The second

order cycles contain events of between 10 to 100 million

years duration, the third order cycles contain events

between 1 and 10 million years duration and the fourth

order cycles events between 100 and 1 thousand years

duration. The time taken for deposition of the Cardium may

be taken as approximately 1 million years. When divided by

7, the number of cycles,this gives a maximum of 140,000

years for each cycle which puts the Cardium into the

following framework: the formation as a whole repreSEllts a

third order cycle and the cycles therein are fourth order

ones.

For purposes of comparison, the Cardium may be plotted

on exisiting sea level curves, (see figure 8-4) the best

known of which are those of Vail et al. (1977) and Kauffman

(1977). The Cardium fits qUite well into Kauffman"s curve

in the R6 position which is satisfying given the

development of this curve in the Western interior of the

United states (Kauffman, 1977). Unfortunately,
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insufficient detail has been published for the Cretaceous

period by Vail et a l ; (1977) to allow for a meaningful

compar i son. The most established "eustatic" c ur v e thus

reveals insufficient detail or a possible slight drop in

sea level during Cardium time. Moreover, although Hancock

and Kauffman (1979) claim to correlate many of the larger

cycles (e.g. the Greenhorn-Niobrara) into Europe, the

Cardium formation might only reflect tectonic activity also

present in equivalent formations in the U~ited States.

Positioning the Cardium Formation on these curves therefore

does not prove a eustatic origin and raises a couple of

qLtestlons.

Firstly, is eustatic sea level change a possiblity.

Secondly, are the smaller cycles and their events, like

those of the Cardium event stratigraphy of Plint et al.

(1986) which show up on neither curve, eustatic?

The first question has been dealt with by many

researchers, and their comments and criticisms are best

referred to in Miall (1984) and Jeletzky (1978).

Objections to current eustatic curves include a lack of

discussion of dating errors for the micropaleontological

data, a strong uncertainty for many of the

magnetostratigraphic correlations, and correlations based

on sudden sea level falls, an unlikely occurrence world

wide, and, above all, the fact that differential subsidence



gives different depths at different locations. This latte,"
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objection is particularly important since most of the

sections used by Vail and his coworkers (19771 come from

passive margins and many are restricted to North America.

It could therefore be possible that the North American data

has beeen imprinted into a 'eustatic' model.

On the scale of the events Within the Cardium, which

do not even appear in any of the published sea level

curves, it is probably impossible to prov~ a eustatic

control without extremely closely spaced rock body

correlation over continental size areas. In fact, the

local dominance of tectonic events makes it much more

likely that such activity was responsible for their

generation. Even on the larger second and third order

scale, there is some question as to the cause of possibly

correlatable events. Sloss (1984) ha. argued that most

large scale cycles are tectonically controlled on a

worldwide basis, the amplitudes of erosion in large events

always involving greater amplitudes than possible through

eustatic mechanismsM

The possibility of eustatic change therefore relies

heavily on the known mechanisms of sea level change and

their magnitudes and rates. Indeed, the most important

problem in eustatic control of events within the Cardium

Formation is the mechanism for such control. The only



plausible mechanism in non-glacial periods is ridge volume

variation (Donovan and Jones, 1979) which can provide an

approximate maximum rate of sea level change due to

alteration of the geometry of the mid-ocean ridge system of

1 em per 1000 years (Pitman, 1978). Donovan and Jones

(1979) claim that the speed with which these ridge

fluctuations occur is about three orders of magnitude

slower than that of variation in polar ice cap volumes

which timewise are on the Same order of m~gnitud. as the

148

Cardi urn event~'S- .. In answer to the second question posed

above, this means that the second and possibly third order

cycles, such a. the Cardium, could be eustatic but that it

is unlikely that the events contained therein are. The

time frame described above for eustatic mechanisms cannot

apply to the events of the Cardium. Repeated stillstands,

the only causal mechanism which would fit within a purely

eustatic model, cannot explain adequately the repeated

shallowing of a basin (as opposed to progradation)

demostrated by Plint et a1. (1986) for the Cal"dium.

Given the lack of any known mechanism for such

frequent relative sea level changes and considering the

basinal setting, the most reasonable assumption is that

such events are tectonically produced. Work in progess in

the Rockies 13f the United States lOr. 1'1. b~rause, p , comm.,

1986) indicates that thrusting occurs in pulses affecting



fluvial sediments on the scale of 100,000 years, a scale

similar to that of the Cardium events.

In summary, the Cardium Formation may represent a

response to a eustatic sea level change upon which tectonic

activity has been superimposed.
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CHAPTER 9

CONCLUSIONS

The results of the various avenues of investigation of

the qL\estions I isted in the introduction may be summarized

briefly in point form.

1. The foraminiferal data indicates that the Cardium

Horizons do not represent pronounced paus~s in

sedimentation significant enough to allow accumulation of

biological debris. They may represent a break in time

sufficient for the formation of siderite cement. The

relative timing of the erosion visible at most Horizons

(and the lack of proof for pauses) indicates that erosion

was relatively 'active',

2. All the events are qualitatively very rapid, but

may occur from within hundreds to a hundred thousand years.

Timespans nearer the shorter end of this spectrum seem more

likely.

3. Lateral changes may be observed in several

variables.

Horizons may vary from pronounced erosion to

gradational sequences (e.g. H4) but, generally, behave

similarly within any Horizon over the extent of the study

area (e.g. H5 (E5) is everywhere erosive),
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important lateral difference is the change from erosion to

correlative conformity, as implied in H6, but this is on a

la~ger scale than generally emphasized here.

Faunal content may vary from normal to flooded but is

universally poor in the immediate proximity of event

su~faces or Horizons because of turbidity and fresh water

st~ess.

4. The sea level changes do indirectly influence the

pattern of early diagenesis as indicated 6y the extensive

occurence of siderite. However, the exact influence is a

little uncertain. It may cause either dilution by fresh

water related to shallowing or it may cause increased

organic accumulation in the same setting. Possibly both

mechanisms operated. It is impossible to say exactly how

this relates to the time of formation of the Horizons.

5. Sediments respond very rapidly to the changes in

sea level. They have no time to develop into true

hardgrounds. Facies generally show a 'rapidly gradational'

transition across the Horizons, in some cases being eroded

at likely lowstand shorefaces or subaerial exposure

surfaces. The common 'erosion' into mud and frequent

bioturbated bases reflects the inability of the sediment to

cement before the rapid change in sea level.



6. The rapidity of the events is probably due to a

generally tectonic driving mechanism superimposed on a

slower eustatic rise in sea level~

7. In a subtle sense, the events show some behaviour

analogol..ls with that of carbonate hard and firmgrounds. E5

is the closest siliciclastic analog for such surfaces.

S. In answer to one of the most ~mportant questions,

only H5 shows signs of subaerial exposure. The evidence is

all i nd i r ec t ,

Generally speaking, the sediments of the Cardium

Formation contain a series of probably tectonically

controlled events that occurred so rapidly that sediments

could respond only by creating temporary regions of erosion

across which few gross environmental changes occurred prior
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to the next change in sea level. The primary environmental

changes induced by the fluctuating sea level seem to have

been variations in (1) the salinity of an already

'brackish' sea, (2) the turbidity of the water column and

(3) probably the input and temporary accumulation of

organic: matter.
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APPENDIX ONE

LOCATIONS OF WELLS, CORES AND SAMPLES
.

WITH LITHOLOGICAL COLUi"INS

The following map (p.167) shows the sites of all cored

wells e:.;amined .. Wells with logs only are not ill Llstrated.

The Horizons penetrated by each well al .... s as fall DWS:

~I!gn !':!lJIDQ§!: ~Il:! .~I!;:! gIl:! ZIl:!

16-27-48-11W5 X

4-29-51-11W5 X

10-26-5B-25W5 X

4-31-59-16W5 X

6-13-59-18W5 X

10-20-59-19W5 X

6-29-59-1W6 X X X X

7·-29-59-4W5 X X

11-1-60-26W5 X X

5-B-60-26W5 X

14-7-60-2W6 X X

2-19-62-20W5 X

10-25-62-21W5 X

11-11-62-2W6 X X X X

8-B-62-3W6 X X X

10-3-62-4W6 X X

6-8-62-5W1.> X v X"
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4-25-62-5W6 X X

7-29-62-5W6 X X

7-10-62-6W6 X X X

7-10-62-7W6 X X X X

10-15-62-BW6 X

3-3-63-5W6 X X X

11-7-63-5W6 X X X X

2-16-63-5W6 X X X

16-19-63-5W6 X

10-20-63-~5W6 X X

6-29-63-5W6 X X

6-7-63-6W6 X X

9-10-63-6W6 X X X X

6-29-63-6W6 X X

10-9-63-7W6 X X

11-36-63-7W6 X X X X

6-6-64-25W5 X

11-1-64-5W6 X X X

9-7-64-5W6 X X X X

10-14-64-10W6 X X

11-7-64-4W6 X

3-26-66-BW6 X

10-1-67-BW6 X

6-B-6B-BW6 X

15-5-70-2W6 X
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On pages 170-175 each core has then been tied to its

appropriate gamma (G) and resistivity (R) log with the

depths listed in meters, or when noted, feet. The cores

appear in order of increasing Township, Range (westwards)

and section. For reference, the erosional-transgressive

Hcr t z cne examined (nLlmbers 4, 5, 6 and 7) have also been

located nel<t to the logs at the spot they appear in c ore ,

Detailed lithological sections across each Horizon

follow the core location illustrations. A facies legend

precedes these sections and relates them to the facie.

described in the text. Sections are listed by increasing

Horizon, Township, Range and section. Sample locations,'

explained in the legend also accompany each section; every

sample, where there are more than one, has a small case
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letter assigned to it for easy reference~ The size scale

on the bottom of the section corresponds to the divisions

on the American-Canadian Stratigraphic grain size card

(availbable from the Canadian Stratigrapic Service, 3613 33

St. N.W., Calgary, Alta.) S=silt, M=medium sand and

P=pebbles; the grain sizes Very Fine, Fine, Medium, Coarse

and Very Coarse correspond to 4-3~ , 3-2~ , 2-1 ¢, 1-0 0

and 0-(-)1 ¢ respectively. Granules are between 2-4 mm and

pebbles are greater than 4 rnrn , The el<tent to which a given

facies is drawn to the right along the size scale

corresponds to the maximum size clast within that unit and



does not imply that all grains are of the size indicated.

I take this approach in order to demonstrate, as best

possible, the maximum energy and/or size of supply

available at any point. Because of the high degree of

bioturbation pl-esent in almost every unit, descriptions

such as sorting would have little meaning and have been

ignored. The lines for el-osion show only erosion

unequivically visible in the core. Major amounts of

siderite appear a "overprinting" on eXisting facies rather

than as a seperate facies in order to emphasize the

relation of early diagenesis to facies. Sample locations

where numbered refer to the distance in centimeters above

or below the prior sample <whether numbel-ed or unnumb erec i ,
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APPENDIX 2

MICROPALEONTOLOGICAL

SAMPLE DISAGREGATION PROCEDURE

The following shale disaggregation technique is

essentially identical to that used at the I.S.P.G. (G.S.C.)

in Calgary by Dr. Wall and coworkers and ~as passed on to

the author by Miss K. Bergman. Where indicated the time

involved in each step should be followed as closely as

possible. The process preserves a wide variety of material

from calcareous tests to moderately delicate plant remains.

STEPS,

L Crush the shal e .amp I e (i deall y greater than 50 gl~ams)

until the debris will pass through an approximately

-1.5 l/l seive. In order to better preserve larger

forameniferal tests (etc.), the sample as a whole

should not be crushed significantly smaller than this.

2. For quantitative work weigh the sample.

3. Place the weighed sample into a 2 liter glass beaker

(do not use a smaller size or some sample will be lost

due to boil over).

4. Just cover the sample with H202 stirring it with a

glass rod (use rubber gloves and goggles as H~O~ is
..::. ..::.
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extremely caustic), and immediately place the beaker

in a fume hood.

5. After about 10 minutes, the mixture will react

vigoruously and then subside as the H~O~ oxidizes the
..::. ..::.

organic material and starts to break down the shale.

Let the mi >:ture stand for ab ou t 1 hour.

6. Remove the beaker, fill it with water and flush the

sample through a 4 ~ seive. Wet seive thoroughly to

remove as many disaggregated fines as possible and to

dilute the effect of caustic material on the seive.

7. Transfer the greater than 4 ¢ residue to a smaller

glass beaker (600 ml is usually sufficient) and add

200 ml of NaOH solution (made by dissolving 1

tablespoon of NaOH tablets in 1 liter of water) and

100 ml of household bleach.

8. Stir the contents and place the beaker in an

ultrasonic cleaner or on a rotating hot plate for

between 1 to 2 hours, stirring occasionally.

9. Repeat step 6 for wet seiving.

10. Return the greater than 4 %residue to the small

beaker and add 4 parts "Quaternary 0" solution to one

part sample (Quaternary 0 solution is made by

dissolving 10 ml of the 'solid' detergent, "Quaternary

0", in 1 liter of water). (Note "QLlaternary 0",

previously manufactured by CIB GEICY Canada Ltd., is



no longer produced by that firm, and supplies for this

research were provided by Dr. Wall to whom the author

is gratefuII. Supplies may now be obtained from

Chemonics Scientific Ltd.

2020r - 32nd Ave. N.E.

Calgary, Alberta, T2E 6T4

14031 250-1142 •

11. Place the mixture in an ultrasonic cleaner or on a

rotating hot plate for 1 to 2 hours, 'stirring

occasionally.

12. Repeat step 6 for wet seiving examining the residue

under low power magnification for remnant shale

fragments. Repeat steps' 11 and 12 until only sand

grains and tests etc. of interest remain. Step 12

will frequently have to be repeated 3 times to

completely break down the sample and may have to be

done as many as 6. However, samples taking longer

than this are frequently too well cemented to

disaggregate further.

13. Before seiving the next sample, stain any residual

particles in the 4 ¢ seive to detect contamination of

the following material. This is accomplished by

soaking the seive briefly in a toluidine blue solution

made by dissolving sufficient tolUidine crystals in

184



water to turn it a dark blue.

14. Weigh the final sample.

15. Pick and mount dead things of interest.

In this research, foraminifera were picked from sieve

sizes greater than 2.5 ~ in size, and a greater than 4 ~

size was examined briefly without picking in the cases of

samples that were baleren in the larger sizes.
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Figure 2-1. Oil and gas fields producing from the Cardium

Formation (from Walker, 1986). The area of this study

is around the Kakwa field in the northwest.



FigLlre 2-3. The Late Turonian e:·(tent of the Western

Interior Seaway (after Obradovich and Cobban, 1975).



Figure 2-4. Proposed correlation of the Car~!um Formation

in subsurface and outcrop (from Walker, 1986).

The figure shows a tentative correlation of the

outcrop stratigraphy of Duke (19851 and Stott (19631

with the subsurface stratigraphy of Plint et al.

(19861. The nature of the event stratigraphy is more

fully discussed in the text with reference to figure

2-5.



Plate 3-1

Letter directions indicate the way up on the photographs.

A. Massive Dark Mudstone (Facies 1). The photograph is

from well 6-13-59-18W5 at 4795 feet; the scale is in

centimeters.

B. Laminated Dark Mudstone (Facies 2). The example is

from well 7-10-62-7W6 at 2129 meters. The bar represents

one centimeter.

C. Dark Bioturbated Muddy Siltstone (Facies 3). This

gNAmple ig tAk~n from wDll '-10-63-6W6 ~t 1782m. Th. bar

represents one centimeter.

D. Pervasively Bioturbated Muddy Siltstone (Facies 4).

Although this example is slightly sandier than usual, it

shows the intense bioturbation. The photograph is from

well 7-29-59-4W6 at 2315 meters, and the bar is a one

centimeter scale.



Plate 3-2

The letters are oriented to show the way up of the

photographs.

A. Bioturbated Sandstone (Facies 5). The photograph

shows the greater preservation of beds than in facies 4

and is taken from well 10-1-67-8W6 at 1274.5 meters. The

bar represents one centimeter.

B. Dispersed Sandy Mudstone (Facies 6A). Th i s photogJ~aph

emphasizes the brief, scattered nature of the sand; it

comes from well 6-8-62-5W6 at 1899 meters, and the scale

is in centimeters.

C. Speckled Sandy Mudstone (Facies 6Bl. Note the gross

similarity to facies 3. This example is from well

6-29-59-1W6 at 2308 meters; the bar represents one

centimeter.

D. Mud Speckled Sandstone (Facies 6el. The style of

bioturbation is similar to that of facies 6B. The

photograph is from well 6-8-62-5W6 at 1884 meters, and the

scale is in centimeters.



Plate 3-3

A. TI1is is an e~CI:ellent eHample of an flC§OiS;Qli:l;§§ bLlrrow

in facies 6A immediately overlying H6. The burrow has

been lined by medium to coarse sand. This eHample is from

well 9-10-63-6W6 at 1785 meters depth; the scale is in

centimeters.

B. The photgraph show several interpenetrating burrows.

The first is a ~§t:g~~t:ie burrow filled with medium to

coarse sand. The sand shows spreite and the base of the

burrow contains ripped up angular siderite clasts.

Centrally penetrating the sand fill of this burrow is an

flC1l10il;;.Qlii§§, burrow curvi ng to the ri gh't at its base.

These two burrows are then penetrated by a centimeter

diameter mining structure. The eHample comes from well

6-8-62-5W6 at 1885 meters in facies 68. The bar

represents one c:,~ntimeter.



Plate 3-4

The letters indicate the way up orientation of the

photograph.

A. Structllred Spec~(led MLldstone (Facies 60). This

photograph show the bedform draping nature of the coarser

sand; other, less photogenic:, eHamples have more sand and

closer spacing of the sand-mud laminae. This e:-:ample is

from well 11-7-63-5W6 at 1841 meters; the bar represents a

centi m(?ter.

B. Non-Biotllrbated Sandstone (Facies 7). This

photograph is from well 9-10-63-6W6 at 1795 meters, and

the bar represents one centimeter.

c. Sandy Interbedded Pebbles, Sand and Mud (Facies BAll.

The eHample is from 139B meters in well 6-6-64-25W5. The

bar is one centimeter.

D. Muddy Interbedded Pebbles, Sand and Mud (Facies BA3).

The photograph is of well 6-13-59-18W5 at 469B feet; the

bar is one centimeter.



Plate 3-5

The letters are arranged to show way up for each

photograph.

A. Pebbly Mudstone (Facies 8BI. Note the slight scour

which the lan;Jer clasts lie in. This e}(ample comes from

well 14-7-60-2W6 at 2265 meters, and the bar is one

centimeter.

B. Massive Sandstone (Facies 10), This photograph shows

and example containing mud rip-up clasts. The lighter

ones are sideritized. The photograph is from well

9-10-63-6W6 at 1786.• 5 metel"s. The bar is a centimeter.

C. Interbedded Sandstones and Black Mudstones (Facies

151. This example shows the short §kQlitbg§ and

ElillD.Qlit!1la burrows. It comes fl'-om well 9-10-63-6W6 at.

1787 meters. The bar is one centimeter.

D. Coal (Facies 181. This example is from well

7-10-62-7W6 at 2145 meters. The bar is one centimeter.



Plate 3-6

The letters indicate way up for the photographs.

A. Black Non-Marine Mudstone (Facies 19). Note the

fissility imparted by the high organic content.

photograph is of well 6-8-62-5W6 at 1907 meters.

is one centimeter.

This

The bar

B. Carbonaceous Black MLldstone and Sandstone (Facies 20).

This is an excellent example of typical slumping. It

comes fr"om well 10-1-67-BW6 at 1284 meters; the bar

represents one centimeter.

C. Rooted Mudstone (Facies 22). This photograph is from

well 6-8-62-5W6 at 1903 meters. The bar is one

centimeter.

D. Grey Non-Marine Mudstones (Facies 23). This facies is

comparable to facies 19 but lighter due to its lower

organic content. The photograph is of well 6-8-63-5W6 at

1888.8 meters and the bar is one centimeter.



Figure 4-2. Common I@~i~l.cio. Genera of the Foraminifera

of the Upper Cardium.

The species illustrated are as follows, begining with

QQCQibia ~Q~l and moving clockwise: QQCQibia §Q~l,

ICQGUammioQiQ@§ iLL, ~alQQQuc.gmQiQ§§ 6§G~C~QiQ§§, 6§QQb.~

§Q~l, E§§~QQ~Q1Q~iOa E§QQ§C§O§ia, ~.Q1QQbC8gillQiQ§a §Q~l,

and ICQ£u.mmiUm §Q~l.



Table 4-1. Grams of eLlshed Sample and Final Grams of

Processed Sample.

The table is explained in the text.



Table 4-2. Foraminifera per Gram of Sample and Percent of

Sand per Sample.

See text for details.



Figure 4-3. Foraminiferal Content as a Function of a

Sample's Percent Sand and Facies.

The graph in the upper tight shows the dependence of

forams on the percentage of sand in a sample. The

limiting line is an assumed trend indicating the variation

expected if sand content were the only conterolling

factor. Sample belwo this line therefore indicate other

repl"essive mechanisms. One do"t is one sample.

The graph in the lower left shos foram content as a

function of facies. The 'normal' area is the normal

marine content. The excesses or depletions relative to

this are discussed in the text. One line is one sample.



Figure 4-4. Distribution of Environments Implied by

Foraminiferal Analysis.

The heavy line labelled maximum extent of the Kakwa

shoreline is equivalent to the edge of a topographic

bench. (This topography is discussed more extensively in

chapter 81. The line also marks the division between most

of the 'flooded' and 'normal' samples which lie offshore

and the majority o~ 'stressed' samples which lie in the

bench region. This line is approximate because of the

relatively small number of samples involved.



PI ate 5--1. Massive Siderite.

The photograph is at 400 times magnification. It is

of a sample from well 2-16-63-5W6 at 1780m. Note the

complete lack of any structure and the very fine grain

si z e ,



Plate 5-2

A Typical Occurence of Siderite. This is a photograph of

a thin section one and a half centimeters across in cross

polarized light. The section is from well 10-9-63-7W6 at

1909 meters and cuts across E5, the break dividing the

upper fifth from the lower area of the section.

The lower portion of the thin section is

completely sideritized resulting in the absolutely

homogenous light appearance. Note that the spherulites

are so small that they do not appear at this scale.



Figlu-e 5-1. The F'aleoporosity of Sideritized Mllds.

This figure shows the results of the insoluble

residual analysis discussed in the text. The horizontal

axis shows the calculated paleoporosity of the mud (or

sand in the case of sample 5/2-19-62-20W5/[161J on the far

left). The vertical axis is the number of sample with the

indicated paleoporosity. The histogram divisions are

centered around paleoporosity values in increments of ten.



Figure 5-2. The Geochemical Scheme of Maynard (1982) for

Sedimentary Environments.

The division of this diagram are discussed in the

text. Siderite may form in either the Post-Oxic or

Methanic regions. The stipples pattern emphasizes the

likely realm of formation of most of the siderite found in

the Cardium Horizons. The vertical axis is a qualitative

measurement of oxygenation of the system (more accurately

considered as increasing reducing capacity downward), and

the horizontal axis is a qualitative measurement of the

amount of dissolved sLtlphate available 'for reaction.



Figure 5-3. Eh-pH Diagrams Showing the Stability of

Siderite (from Woodland and Stenstrom, 1979).

The stipple pattern in each diagram highlights the

stability field for siderite. The varying conditions for

each field are as follows.
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Plate 6-1

A. A IUelea§iOQiQ§§ burrow at the base of the Amundson

Member in well 6-29-59-1W6 at 2995 meters. The scale is

in centimeters. Note that the label is iO£Q~~§£t.

B. A IUel§l!iH.iOQiQ§a bL\rl~ow wi thi n the Amundson I'lember

also from well 6-29-59-1W6 at 2993 meters. Again the

label is iO£Q~~§£t. The scale is in centimeters. Note

that the surrounding mud has been sideritized.



Plate 6-2

El.OQlii§§ Burrows Curving Around a Siderite Concretion.

Numerous ElsUglit§§ bLlrrows, as indicated by the

arrow, have curved. around th is si der i te concrat i on where

other traces such as a ZgQQO¥~Ya (not visible) penetrate

the pre-sideritized mud. This eroded surface is probably

equivalent to E5 in the subsurface; the location is given

in Walker and Wright (1982).



Figure 7-1. A Typical Variety of Sections Across H4.

The black bar is one meter. The stipple represents

sideritized areas and the dark horizontal lines indicate

erosion visible across the core. The horizontal scale

shows the maximum size of clast within the .facies shown;

it ranges from silt to pebbles. The facies are described

in the facies legend in Appendix One where all of the H4

measured sections may be seen.



Plate 7-1

A Thin Section Across H4.

The thin section is from well 6-29-63-5W6 at 1726.3

meters across H4 CE4 in this case). The section is one

and a half centimeters across. The sharp but bioturbated

division between the marine mudstone above and the

carbonaceous non-marine mudstone below is clearly visible.

The burrow on the left is probably an amphipod burrow.


