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ABSTRACT
This study was undertaken to examine the ichnology of tneCardium Formation.

This formation has been the focus of much research and controversy in the past, in part .
because of it's economic imponance.

1

Theszdium Formation is late Turonian in age, and is the middle formation in
the Alberta Group. It is found in subsurface throughout western Alkerta, where it is
comprised of coarsening upward sequences of madstone and sandstone, which are

: o ~ )

unconformably overlain by_cong_‘lomerates- or pebble veneers. For this study, 110 core

from the Pembina oilfield and the closely associated Carrot Creek oilfield were

examined.

¢ , The occurrence of a great diversity of ichnogenera was documented in the
Cardlum The most common forms*were Arenicolites, Asterosoma, Bergauerza
C hondrztes Conzchnus Cylindrichnus, Dzdymaulzchnus Diplocraterion,

Helmmthopszs ‘Lockeia, Ophiomorpha, Palaeophycus Planolites, hazocorallmm

Rosselia, Skolithos, Thalassinoides, Teichichnus, Terebellina, Zoophycos,; and asso_rted'

['e .
e

fugichnia. . . . E ‘ . : R ' ‘;D
R 4 ; ‘ ' .
These 1chnogenera occur in seven d15t1nct 1chnofos\ 1 assemblages which can be
Y
co:relaxcd to rccumng hthofames 1dent1ﬁed in the Raven Ri. »Iember of the Ca:dlum

Formauon Tiae 1Chnology and sedlmentology of Lhe Raven River Member support an
%

offshore storm commated interpretation. Several small coarsemng upward sequences
coalesce to form an overall’ shoahng upward sequence. Sea level fluctuations due to\_7

tectomc and p0351b1e eustatic causes have been 1nterpreted as the generators of ose \

1

h
sequences. o , A S /

'

d mu tones of

A conglomerate unconformably overhes the fine sandslpnes muy

v

.



the Raven Rrver Member This conglornerate along wrth the overlymg mudstone
comprise the Carrot Creek Member uLthe study area. Conglomerate deposmon may be .
linked to a 51gmﬁcant lowering of sea level. The unconfomuty has a locally developed
firmground 1chnofauna of Thalassmozdes and Skoluhos These burrows werre'
excavated ina nearshore-marme semng prior to~conglomerate deposition' at this time

substrates were semlcoheswe but unllthlﬁed Firmground recogmtlon in the Cardium.

Fonnauon and other deposits may be of beneﬁt in the appllcanon of sequenee

stratlgraphrc pnnmples'/\ 4 o _ o o

The Cardlum Formauon in the study area has frequent sharp based ﬁne to very,
fine gramed sandstone beds, Wthh represent dlstal storm deposrts Some of these beds
contain abundant Skglzthos which may represent recolonisation of the seaﬂoor
| following disruption :;me bottom commumty by storm. act1v1ty nJe small size, -
| abundance, and localised occurrence of these Skolzthos prov1des evrdence for

opportumstxc recolonisation of the seaﬂoor

~C
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o
CHAPTER ONE: INTRODUCTION

p
In economic petroleum geology, the cutting of core to examine lithologies

| presem.in the subsurface has become a standard practise. These core hold a wealth of -
informéu'on, since they allow researchers to see strata which has not undergone the
vageries of wea‘then'ng; this is especially beneficial in the siudy of muddy vlithelogies. In
mudrocks, biogehic structures (or ichnofossils) can be especially si'gniﬁcant, since
frgguemly physical sedimentary structures are rare. It would seem, then, that the study

~ of ichnofossils in core is essential to. the undefstarlding of sﬁaly units in the » . surface.

One of the most imbortaht producing formations in Alberta is - .c Cardium
Formulion (Upper Cretaceous: Turonian) which consists predominantly of mudstones
with less abundant sandstories and conglomerates. Thls formation occurs throughout
western Albena 1n outcrop and subsurface (Fig. 1). Oulerops of the Cdrdlum Formation
in the Foothills and mountain regions of western Alberta are distant from subsurface
plays and ﬁlay be stratigraphically unrelated to them (Walker, 1986). Thus,u.c study of
‘ ‘core must play an nnportant role in understandmg the Cardium Fommuon The objective
of this thesis is to enhance understariding of the Cdrdlum Formation in the Pem -+ ea
through a detairled examination of ichnofossils present in core from this oilfield, and
nezuby related oilfields.

The Cardium Formation is a member of the Upper Cretaceous Alberta Group
a;nd it is late Turonian in age (Stelck,,1955). It is comprised predominantly of sandy
mudstones and mudstones with thin sands and.conglomerates which distinguish it from
the undefly'mg Blackstone Formation (Stott, 1963). The sandiness of the Cardium
Formation suggests that it represents a regressive phase, seperatihg two major

transgressions in Turoniz  ...tonian time (Williams and Stelck, 1975). Late Turonian .

time was a period of exte € tlooding during which the western interior of North
. | 1 -



ALBERTA

Y

_ Figure 1. The extenf of the Cardium Formation in outcrop and-subsurface. Thick dots
rcpfescnt marginal marine deposits, small dots indicate nearshore marine sandstones and
grey shading indicét&s marine fxmdstonc_s. The line to the left indicates the edge of ‘he
deformed belt. (modified from Nielsen and Porter, 1984). |



America was'covered by an {peiric seaway (Barron, 1987, fig. 4; p.2l 1).
The division of the Cardium Formation into members in outcrop was first
» tackled by Stott (l963). His member str_;atjgraphy does not correspond to coarsening
‘\\, » 4 | sequences »tzhich he also delineated. Duke (‘19‘85) revised the outcrop stratigraphy of the
- Cardium Formation so that members correspond to coarsening upward cycles, howeuer'
this appears only in an unpubllshed Ph D. thesis. : \ o
Subsurface strangraphy 1s dlfﬁcult to correlate to outcrop stratlgraphy (Stotf
1963 Plint et al., 1986) Due to the use of informal names and industry production zone
names (which vary between oilfields), the subsur;‘cku'atigraphy of the Cardium
Formation was in a state of turmoil, as reviewed by Krause and Nelson (1984). A
revised smmgraphlc nomenclature was proposed by these authors. A more extensive
review of Cardium Formation subsurface stratigraphy was given by»Plint et al. (1986;
1987) and another set of member names for the subsurface was proposed. This new
nomenclature for the Cardium Formation is based upon 'event stratigraphy' pnn01ples
using coarsening upward sequences and pebble/conglomerate horizons as unconforrruty
. bounded members. Plint er al.'s stratigraphy is useful and appears sound in the study
.  area. Tlrus.‘the member names as proposed by Plint ez al. (1987) are used herein.
PREVIOUS WORK
The name Carflium was first applled by Hector (1858 in Whiteaves, 1895) to the
shales outcropping at Old Bow Fort, on the Bow River in the Foothills of southern
% Alberta. The name Cardium Shale was used since a?undant bivalves identified by
w - Hector and Whlteaves (in Whiteaves, 1895) as members of an undetermined spemes of
~the genus Cardzum were collected in the shale. Catmes (1907) subd1v1ded the Cardium
shales into (in descendmg order): the Claggett Shale, the Cardium Sand, and the Benton

13



Shale.

®

The Alberta Group was delineated as being compris=d of the Wapmbl
' | Pormanon the Cardlum Formation and the Blackston 1ormation by Webb and © N\
Hertlem(l934) In the central Foothxlls theSe authors iound that the Cardxum consists of
a series of hard sandstone and sandy shale beds wnh (,on(’lomt:rates and sldente
nodules also present. Cardzum pauperculum (sic) was commonly collected in these
beds. - These authors assigned an early Coniacian age to the Cardium Formation.
Modem research on the Cardium was sparked by major hydrocarbon
E dlSCOVCI’leS in the formanon in the early 1950'5 Pembina exploration was initiated with
the dnllmg of Socony Scaboand Pembina #1, Wthh was completed on July first, 1953
’ (Irwm 1954, Nlelsen and Porter 1984). 011 was found in the Lhen unexplored Cardxum '
sand. In 1954, Irwin noted that Pembina may be thelargest conventional reservmr in
Canada Wthh it has since proven to be. ‘
Hardjng (1955) studied the Cardium in outcrop and found that the formation is
present throughout the length of the Alberta Foothills. The age now accepted for the |
Cardium Formarion was determined by Stelck (1955), from ammonite and bivalve
.zonations for the Upper Cretaceous, to be latest Turonian. Thie Cardiurn Formation was
proposed as a northern equivalent to the Frontier Formanon in the western Umted Statcs
on thas basis (Stelck 1955) The same author also recogmsed unconformities present in
.the Cardium Formation and related them to sea level ﬂuctuations.,
Ina sttfdy .of the Cardium Formation in subsurface, Floyd Beach opened
.Cardium controversy by proposing that the formation represented a series of turbidite
deposits, a concept whichV’was new in the geoldgical community (Beach, ?955) In
1956, De Weil crmmsed this model as an example of band-wagon Jumpmg, but Beacl‘ﬁ

¢
(1956) countered tlns attack. In the next year the Alberta Socxery of Petroleum



1 4 o
Geol( “ists held a symposium on the Cardlurn Mountjoy ( 1957) proposed beach arfd
deta1c deposmon as the source of the Cardmm Formation sandstones and conglomerates
Nielsen noted the distribution of sandstone beds and concluded that the conglomerate
‘was deposited on the "partially scoured and serrticonsolidated surface of the upper |
. sands". Michaelis (1957) concluded that tidal deposition in a sha&low sea had formed the
éardxum As well, Roessingh f 1957) and Patterson and Ameson (1957) noted: the
presence of a structural ainge linz runmng through the Cardlum oilfields discovered up
to that time. | . ' A
In 19§9, Michaelis and Dixon publishéd;;a very detailed examination of the
Cardium Formation in the Pembina oilfield. From this study of the sedimentary
characteristics of the Cardjnm, it was concluded ‘Ehat while wave and storm influence is
- present in the deposits tidal currents were the rnain depositional agent.
" The recognition of storm dominated deposmon in the Cardium began when
Swagor et al.(1976), concluded that storms had camed pebbles onto shelf deposits of
| the Cardlum Formatlon in the Carrot Creek area. In a now classic paper, Wright and
Walker (1981) described h’ummo'cky_ cross-stratification from excellent Cardium
) Formation exposures at Seebe dam, Alberta. In.1983, storm deposition was proposed
as. a depositional mode for various subsurface occurrences of the Cardium Formation
W alker '1983a; b). Another flurry of Cardmm papers appeared in 1984, in general
conﬁrmmg storm’ dommated deposmon for the Cardxum sandstones (Pemberton and
_Frey, 1984; Krause and Nelson, 1984; Nielsen and Porter, 1984). The MacMaster
Cardium 'Research Group has been responsible for many of the recent Cardium works
- (Walker, 1985; 1986; Kexth 1985; Duke, 1985; Bergrnan and W&er 1986 1987, let
etal., 1986 1987; Plint and Walker 1987, Leggltt 1987; Bartlett, 1987, and others)

Opposing viewpoints to the MacMaster Group ldeas (the most recent of which have

3
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o _ 6
centred on the importance of unconformity surfaces in the Cardium brmation) have

been offencd by Smith (1985), Hayes and Smith (1987) and Rine er /. (1987).

METHODS AND MATERIALS

’I'hc cored Cardium Formauon mterval was examined in 1} 10 core from the

A
G

. Pembina- Carrot Creek oilfields ar{:;}fywest central Alberta. Core were studxcd at the
Energy and Rcsourccs Conservation Board Core Research Centre in Calgary, Alberta.
The core were depth corrected by correlating theém to avzulablc wmz line logs (gamma
ray, resistivity, spontdneous potential). Ichnofossils and ll[hOIOgICS were l(()gged (refer
to appendix B) Brief descrlptlons of 1chnogenera prescnt in 1hc Cardium Formation are
given in Appendxx A v -

Core were selected by: A) well locations prdvided' by F. F:Krause, B) a
random sampling of Qarious areas of the Pembina oilfield, C) \Qell locations in the Carrot
Cfeek area suggested by K. Bergman and D) a dé:tailcd examid.atidr; of available core
from township SO-Tl west of the Sth Meridian.'

«In ;clddition, the base of cohglomerite contact was examined in core from an
additional 49 wells (refer to appendix C). ‘
; - g

i
!

THESIS SUBDIVISION

In the course of early thcsis work, three distinct subdivisions of the topic
! became clear: 1) descnpuon of common ichnogenera in the Cardlum as thcy appedar in
- core, 2) the overall ichnology of Cardium Formation sandstones and mudstones 3a

firmground ichnofauna found at the base of the conglomerate and it's sig{niﬁcz'mce for

EY
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. N »:7'.\
sequence stratigraphy, and 4) opportunistic ecology as represented by Skolithos frdrrimhe

Cardium Formation. These four topics are the basis for four seperate research papers

- A
d

presented herein. ' ‘ ' o
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CHAPTER .TW(): .ICIlNOFOSSIL DESCRIPTIONS
\ ‘The identification of ichnofossils in core is somewhat problematic and is
dependent to a great extent on the ability of the observer to project the limited view
offered by core into a three-dimensional plane. The examination of core is a primary
tool in petroleum geology, and for many formatlons itis the only avenue for hands on
observation of llthologles and biogenic structures present Core allows examination of
contmo&s vertical section without the vagaries of weathering. In this way, core is |
superior to outcrop for the examination of bioturbated mustones which may be reduced
to rubble in outcrop. This is obvidusly an advantage in the muddy parts of the Cardium
Formation. The disadvantages of core are the poor lateral control to the wide spacing of
wells, and the narrbw ’(2-4")’ diameter.view provided by core which obscures large scale -

~

structures. « - P

/

The only comprehensive wprk on Qf'g identification of ichanoSsils in core is
Chamberlain (1978). -‘-'Altho.ugh this work is almost 10 years old, very little published
work on 1denttfymg ichnofossils and 1nterpretmg them from core has been written -

- since. Wth this in mind, it does not seem redundant to describe herein 1chnogenera
from the Cardium as they appear in core. Most 1chnofossnls from core can be 1dent1ﬁed
only to the 1chnogenenc level since core sections do not offer suf ficient information for

. 1chnospecrﬁc drstmctlon Photographs (Plates 1,2, 3) and lme drawmgs (Fig. 2) are

| given to 1llust:rate the appearance of 1chnogenera Brief discussion of the signigicance of
partxcular 1chnogenera as they occur in the Cardium are also given. When ichnologists
begin tobju'se the vast information available from core, a greater knp_wledge of producing
fom1ation§an be gained, to the benefit of both academlc and €CONOmIC pursuits in’
geology. o SR l | N

‘1. A version of lhrs chapter has been submitted fo);\blication. Vossler, S.M. and Pemberton, S. G.,
] 3 y

. : N
\
-
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Arenicolites o - " |
" Description: Stmple U- tubes perpendlcular to bedding without sprente (Hantzschel
1975) In core, Aremcolztes is easily mlstaken for Skoltrhos but it can be distinguished
byaJdrU shape In the core exammed Arenicolites was unlmed to very ‘thinly lined,
wrth average tube diameter of 0.3 cm. and average length of 3.6 cm. -
' Dtscussmn Aremcoltzes is very sumlar to the burrows oll the modem lugworm A
Arenicola, for which it is named (Salter 1857) -The lu gworm pumps Water through the
U -shaped burrow brmgmg nutrients into one end of tlZe tube and removmg waste
through the other end (Bames 1980)

Arenzcolztes has been reported from the upper shoreface (Howard and Frey
1984), rmxed tidal flats (Matuson 1987) and the hrgh energy mtemdal shallow |
. subudal Zone (Fiirsich, l974a) In the Cardlum Formanon Aremcoltter 1s found in

sandy mudstones assocxated with storm generated thin sandstones.

Asterosoma S . : oo

D §mpnon Relauvely large fan to star-shaped burro»ys with bulbous sprextenless,

1

outward tapering rays extendmg from a cemral shaft (Saunders and Pembenoni{l%()),

In care, Astérosoma appears as oval burrows with concentric laminae.of sand a d clny:

sized matenal packed around a centxal tube. Average dxameter of Cardium specxmen ts

1.5 cm., with the helght approxrmately one half of the width. The burrows frequent@’\
- occur in small clusters, suggestmg many branched forms ‘
DISCUS§IQ Asterosoma may be either the dwelmg grazmg burrow of a decapod -
crustacean (Hantzschel 1975) or the feedmg trace of a vermtfo‘?m organism repeatedly

probmg the sed1ment to enlarge the gallery and work more sedxment vemcally and
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Figurv‘: 2. The appearance of corﬁmqm ichnogcn_cré from the Cardium Formation in core.
A. Chondrites; B. Bergaueria; C. _D;'plocrdterion; D. Thalassinoides; E. Asterosoma;
F. P'alaeophycus;‘G. Skolithos; H. Planolites; 1. Zoophy’cos;. J. Teichichnus; K.
Rosselia; L. Rhizocorallium;‘M_ ‘Terebellina. b(modiﬁcd from Chamberlain, 1978).
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Plate 1. a. Dxplocraterxon b. Small arrow indicates Palaeophycus; large arrow

Ophzomorpha PIanontes also present; c. Ophiomorpha; d. Zoophycos. All scale bars 1

cm.
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i’latc 2. a Small arrows indicate Chondrites. Large arrow indicates Planolites
bevertyensis; b. Rosselia; c. Long dark arrow, points to Asterosoma, small dark arrow
indicates Planolites montanizs, open arrow indicates the base of Rosselia; d. Arrows

poir’it out the left edge of a large escape trace. All scale bars 1 cm.

by
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Plate 3. a. Large dark arrow points to Thalass;nozdes A well defined Skolithos occurs
Just to the left of th]S The open arrow points to Asterosoma; b A bedding plane view
of Lockeia (top of photo) and Didymauwlichnus (trail at bottom of photo), preserved at the
top of a mudstone bed: c. Hebru’nfhopszlr;'d. Teichichnus; e. Rhizocorallium, arrow
points to tube; f. Cylinwicw. All scale bars 1 cm.
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 laterally (Chamberlain, 1971). Since it is formed in a similar manner, As'rero;oma may |

L

be gradational with the vertical burrow Rosselia, which is formed in a similar manner.
A;terosoma has becﬁ r\eboncd in upper bathyal conditions along with

Neonereites, Nereites, Spirophyton, and Zoophycos (Cﬁmes, 1981); delta front-distal

bar environments in addition to Zoophycos, Terebellina, and Teichichnus (Basan and

Petersen, 198 1), and shoreface environments (Frey & Howard, 1984) In the Cardium

Formation it occurs in sandy mudstones , interbedded sandstones and mudstones and

- fine grained sandstones. ’
Bergaueria '
_Dmm Cylindrical to hemispherical’, vertical burrows possessing smooth '

unornamented walls, structureless infill, rounded bases, often with a shallow central
depression and radial ridges (Pembérton et al., in press). In core\,'Bergdueria can be
recognised as broad pits, whicfl are several centimetres deep, with roughly equal height
and width.

: e
Discussion: Bergaueria is not frequently fourd in the Cardium Formation. This
ichnogenera is one of many plug-shaped burrows which can be att‘ribu',tcd to anenome$
(Pemberton et al., in press).‘_It is distinguished from Conichnus by it's broader, more -

bowl-like shape.

Chondrites .

Description: Dendritic-patterns of small cylindriczﬂ regularlyj brahchin g tunnel systems,
” which do not normally interpenetrate or crossovér (Hantzschel, 1975; Pemberton and

- Frey, 1984). In core, Chondrites is rt::qogrﬁﬁegi as clusters of sharp walled, very small

oval burrows, with fill contrasting with the matrix T* is distinguishéd from Planolites

~

-
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montanus by its (1) narrow dJameter (2) oval cross secnon (3) tendency to ocour in (4)

; dense clusters and (5) very sharp walls. The infill of Chondrites is frequently a bn ght

white colour, which is easily discerned i in muddyunits. .

DlSCU§§lOn: The sharp-walled nature of Chondrires, in addition to it's tehdency to
" reburrow other traces, (especial}y Thalassinoides) i‘ndicatesmtha[ it repr'esent's the activities
of deep burrowmgorgamsms It has been postulated that Chondrites “behavior may be
tolerant to reduced oxygen in the sediment (Ekdale 1985). S‘uperabundance of
C hondrltes n some mudstone interbeds in the Cardlum Formauon may be a response to
storm buned orgamc material (Vossler and Pemberton 1988)

Chon,drztes is probably the feedmg burrow of either a sipunculid or polychdete

worm (Simpson, 1957; Schafer 1972) The organism may have extended a probosus

. from a fixed base on the seafloor, to systematlcally probe Lhe sedxment (Sxmpson 1957).

I

Conichnus - o , . : _. D | /
Description: Conical, amphora-like, subcylindrical, vertical burrows, generally with
rounded hases (Perhberton etal., in press). In core, Conichnus has almost a v-shaped |
profile, with height greater than width, heights frequehdy being more than 10 cm. .
Discussion: Conichnus is rare in the Cardium, and is generally fohnd in sandstohes.

Conichinus has been mterpreted as a dwellmg burrow of anenome or anenome-like

orgamsm Itis dxsungmshed from Bergauena by having a more cone-like morpholog,y

Cylindrichnus = .
Description: Subcylihdrical to subconical burrows, straight to gently curved, having
multiple, eoncentx'ically layered walls, with a vertical to subhorizontal orientation with

rare branching (Pemberton and Frey, 1984). In core Cylindrichnus appears as a wide,



_' mdennons at the base g;sandstone beds
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sand filled shaft with multhle clay-linings and. frequently a mud—ﬁlled core. The

'burrows are generally gently curved, with the diameter - 1ncreasmg upward The

average diameter is 2.1 cm. w1th hei »hts generally 6-7 cm. ,
Discussion: It has bcenpostulz,wc&at Cylindrichnus represents the dwelling or
dwelling -feeding structure of verrmform animals (Howard and Frey, 1984). Itis

smular in apearance to burrows of Lhe polychaete Nereis (see Remeck and Singh, 1980:

. p. 244). Other interpretations suggested that C ylindrichnus is the blurrow of anenomes,

or the siphonal shaft of burrowing bivalves but the narrowness of the central shaft .
makes these i mtcrpretauons unllkely (Chamberlam and . Clark 1973 Pemberton and
Frey, 1984). BN |

Whrle Cylindrichnus i is morphologrc },sumlar to Rosselza C ylmdrzchnus isa

' lmed dwelling burrow whrle Rosselza is a bullbous feeding trace In core

C ylmdrzchnus is drstmguxshed from Rosselza by its less bulbous form and by havmg

~ overall more sand mcorporated into the burrow

Didymaulichnus

Description: sirnple, srnoothy gently curving hil '.;b'ate. trails presers/ed in convex

'A “ hypore'lief lob'es seperated by-a distinct furrow (H'a'.ntzschel 1975). Hhicore,

Dxdymaulzchnus is seen.on beddrng plane views of thm shale partings and as srnall
a0

Dgsggssxgn Dzdymaulx nus from the’ Cardrum Fonnauon are hkely surface trmls

) 'preservcd by storm events that blanket Lhem w1th sediment. Dzdymaulzchnus is

frequenly found in close association with Lockela Dzdymaullchnus has been 1nrerpreted |

©oasa mollusc crawlmg trarl The occurnence of Dzdymau./lchnus in the core of thls study

s the youngest known occurrence of thrs trace (Vossler et al in revrew)
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) szlocratenon

- Description: U-shaped burrow W1th sprelte vemcal.;o bcddmg, limbs pdral[lel or

- divergent. sprelte are protrusive, retruswe ora combmatxon (Pemberton and Frey

1984). szlocraterzon is identified in core as a spnete ﬁlled burrow which in some cases
curves into a U or J-shape. The burrow tube may he.expose_d atone end. Both
protrusive ancl retmsive burrows gere observed. |

Discussion: Diplocraterion was very rare in the core exammed and was found only i in
sandy mudstones. ‘- Tubes :’less than, f cm. in diameter and length is10- 15 cm.

b 4
szlocraterzon is the dwellﬁfg burrow of a suspension-feeding orgamsm in an

: environment with unstable sedlmentauon rates (Fiirsich, 1974b Pemberton and Frey

‘1984 Hantzschel 1975). P0551ble trace-makers include polychae;es echuxrmds and

,crustaceans.

Helminthopsis ~ . :

Description: Slmple meandemlg smooth tralls but not as strictly developed as

3

’ :»Helmznthotda (Hantzschel 1975). Helmmthopszs is recogmsed in core as a series of

black dots, somewhat irregularly spaced, but which appear to occur on one bedding

| plane Samples from the Cardium Formation in core have a0. 17 cm average diameter.

DISCUS§1Q Helminthopsis was initially seperated into ichnospecies on the basis of

burrow dlameter (K51az.k1ew1cz, 1977) While this method has Been crmmst by some

' authors (Plckerlll 1981) no more sausfactory d1v151on has been proposed Based on

this, samples from the Cardlum can be assigned to Helminthopsis tenuis Ksiazkiewicz

1

1968 (in Ksazlqewmz 1977) In core, dlstlgmshm g Helminthopsis from Gordza -

| (sumlar to Helmmthopsns but crosses over 1tself) is almost 1mpossxble (Pickeril], 1981).
: e |

{
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It is distinguished from Helmint'hoida in core by the less regular pattern of burrow
cross-sections. |

In the Cardium Formation, Helminihopsis is found in mudstones, sandy
mudstones and intcrbodded sandstones and mudstones. Helminthopsis is a fﬁcies
breaking trace but is most frequently found in deeper marine settings (Pickerill; 1981).

tis lhc.gfa;ing trail of a vermiform organism,most likely a polychaete (Hintschel,
1975). While Helminthopsis is generally rogarded as a surface trace, its 'occurrence

reburrowing other forms in the Cardium suggests emplacemeni,at least slightly below the

sediment/water interface.

Lockeia .

.Dgsgr_m tion: Small almond—shaped almost symmemcal oblong bodies preservcd in
_convex hyporelief (Osgood 1970). In the Cardium core, Lockeza is found on beddmg
planes of xnterbedded sandstones and mudstones occurring as almond -shraped
dcprcssmns which are 2-4 cm. long. _

Discussion: As noted prev10usly, Dzdymaulzchnus and Lockeia are frequently found in
close association. Lockeia has been mterprcted‘ as the.rosung trace of bivalves
burrowing at tho sediment-water interface ((‘séood, 1970; l—Iéintzschel, 1975). .,

_While some auihofs use the name Pelecypoclichnus rather tnan Lockeia (eg..

Eagar er al, 1985), the later term has precedence nnd should be retained (Hintzschel,

1975). B

. Ophiomorpha »%“@L%ug»’“’ ,
Descrip t’ign:ﬂ Simple;iéfgomplex burrow systems with a distinct lining of 'aggluﬁnate(l
_ pelletoidal sediment (Frey er al., 1978). In core, Ophiomorpha occurs as variably

A
dy

b
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oriented, cylindrical burrows with a thick knobby lining. Cross sections are generally

oval to circular.

- Discussion: Based on close modemn analogs, Ophzomorpha has been interpreted as the

| dwelhng/feedmg structure of shnmp or shrimp-like ammals - The ichnogenus
Thalassmozdes is similar to Ophiomorpha in general morphology but lacks a knobby.
wall lining. In the Cardium Formﬁtion, Ophiomorpha is associatéd predominantly with
sandy units.

_ Paldeolphycus . .
Description: Branched or unbranched, smooth or ornamented, lined essen‘tiully
cylindrical, predominantly horizontal burrows of variable diameter, fillings typically
stmcture‘less and af the same lithology as the host-rock (Pemberton and Frey, 1982).
Palaeophycus appears as mud lmed ovals or cylinders in core cross-sections, the fill is
of the same hthology (and thus cBlour) as the encasmg sediment.

Discussion: Palaeophycus has been 1nterpcted as the dwelling structure of a suspension‘
feeder or a carnivorous vermiform organism (Pemberton and Fgey, 1982). The modern
polychaetes Glycera, Nereis succinea and Nereis virens cons&uct similzir burrows ,

:(Pemberton and Frey, 1984). Palaeophycus is dmded into 1chnospcc1cs on the basis of
wall tfuckncss and sculptmgs but only thxckness of the hmng can be seen in core. On
this basis, specimens from the Cardium sandstones and mudstones were assxgncd to the

. ichnospecies Palaeophycus tubularis and Palaeophycus heberti.

Palaeophycus tubularis S |
Description: smooth, unornamented burrows of variable diarhct-cr, thinly
but distinctly lined (Pemberton and Frey, 1982). Average diameters of ().68

cm. were found, with wall lining thickness of 0.03 cm. b
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Palaeophycus heberti

Description: smooth unomamented, thickly lined cylindrical burrows

Pemberton and Frey, 1982). The averaage diameter of P heberti was 0.5 cm.
- with wall thickness of 0. Imm. Core diameters for P. tubularis and P. heberti

were very similar.

Planolites

Description: Unlined, rarely branched, straight to tortuous, smooth to rregularly walled
- ° / N

or annulated burrows, circular to ellipdcal in cross-section, of variable dimensions, with

a structureless fill differing in lithology from the host r_bck (Pemberton and Frey, 1982).

In core, Planolites appears as ovals of gontrasting sediment, usually lighter coloured than

- the host :

Discussi Q Perhaps the most important dlstmgmshmg characteristic of Planolites is
having the burrow fill differ in texture from the host rock, indicating that it has been
processed by a deposit-feeding orgﬁnism (Pemberton and Frey, 1984)~ Two

ichnospecies of Planolites can be found in the' Cardium, differentiated on the basis of ,

. burrow diameter: Planolites montanus and Planolztes beverlyenszs Planolites is a fac1es

' brcakmg 1chnofossﬂ that occurs in mudstones, sandy mudstones, interbedded

sa_ndstoncs and mudstones and sandstones of the Cardium Formation..

Planolites montanus

Description: The mean diameter of samples measured was 0.25 cm. Burrow

[ 4

walls were generally somewhat 'fuzzy' indicating that the substrate was quite
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soft at the time of emplacement.

Planolites beverlyensis ,
Description: Oval to circular burrows of average diameter 0.7 cm., with light

coloured infill. As in P. montanus, burrow walls were sometimes indistinct.

Rhizocorallium

Description: U-shaped spreiten burrows, parallel or oblique to bedding planes, limbs
more or less parallel and distinct (Hintzschel, 1975). Rhizocorallium appears in core ias
a ﬁorizontal spriete-filled ribbon, with the tube present at one end. Rarely, both tubes
are visiblle.. |

Discussion: In sandy substrates or at omissi_ori surfaces, Rhizocorallium may represent
the dwelling burrow of a suspension;fceding organism. In muddy substrates, it is more
likely the feeding burrow of a deposit-feeding organisrﬁ. Thé presence of the tubes

distinguishes Rhizocorallium from Zoophycos in core.

Rosselia . ‘

- Description: Conical to irre@larly bulbous or funnel shabed stmcrurf;,s, vertical to
spbvertical, consisting _cithef of a small central .tubc surroundéd by broad, conccmn’c,\
cone-in-cone laminae or of spreite-like helicoidal swirls surrounding a core, tapering

down to a narrow éoncenm’cally lined stem (Pemberton and Frey, 1984). Rosselia is
recognised in cross-section by a mud-lined funnel tapering dowr;Ward. Only rarely is /I)
the sandy central shaft visible. Average bulb diameter was 2.5 cm.

Discussion: Rosselid is interpfeted as the burrow of a dcposit-fceding organism working
outward from a central poiht,(Chambeﬂain, 1971). Itis disting'uishéd'from



Cylindrichnus by a more bulbous shape and overall muddy character.

Skolithos 1
Description: Straight tubes or pipes perpendicular to bedding, cylindrical fo
subcylindrical, unbranched, straight. In core, Skolithos appears as a vertical shaft.
Dimensions were extremely variable, with diameter ranging from a few mm to almost a
cm, and lengths from one c¢m to over 10 cm.

Discussion: Despxte the relatively simple and easily recogmsed morphology of
Skolithos, it 15 in a state of taxonomic chaos (Mattison, 1987)

Skolithos is.the domicile of suspension-feeding vermiform organisms, most

likely polychaetes or phoronids (Pemberton and Frey, 1984). In the Cardium

Formation, Skolithos is most abundantly found in thin storm sandstones, indicating

opporfunistic recolonisation of the séaﬂoo; (Vossler and Pemberton, in press).

L
&

Thalhssinoides

Description: Cyhndncal burrows forming three- dlmensmnal branchlng systems
consisting of honzontal networks connected to the surfacc by vertical shafts. Regularly '
branching Y- or T-shaped blfurcanons formmg polygons with swelling typical at
junctions (Hantzschel, 1975). Recognised in core as oval to circular burrows greater
than 1 cmin dviar'neter-,l with infill cohtrasting‘ with surrounding sediment.
Discussion: Thalassinoides is most likely the burrow of a crustacean such as a
thalassinid shnmg It is distinguished from Ophiomorpha by the absence of a lining. -

Thalassinoides is abundant in bioturbated mudstones of the Cardium Formaton.

Teichichnus
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Description: Spreiten structures consisting of several closely concentric horizontal or.

inclined, longitudinally nested burrows, commonly retrusive but can be protrusive. n
core, Teichichnus is seen-as spriete-filled ovals, or long, tapering structures with a
longitudinal view of the spmitc.

— Discussion: Teichichnus is formed by a horizontally-burrowing deposit-feeding
organism excavating the substrate from a more or less fixed pos‘ition (Pemberton and

Frey, 1984). In the core examined, Teichichnus was confined to muddy lithologies.

Zoophycos

Des'crigtion_: Complex spreiten structures with numerous morphologic variations,
comprising two basic forms: helicoidal or flat-planar (Hintzschel, 1975). In corc"
sections, Zoophycos appears as horizontal to subhorizontal ribbons with an average
diameter of 0.8 cm, characterized by alternating light and dark spreite.

Discussion: Zoophycos is cominon in the Cardium in mudstones and sandy mudstones.
It tends to cut other burrdws, suggesting it represents a late stage of deep burrowing.
Zoophycos is most likely the grazing burrow of a deposit-feeding vermiform organism
(Wetzel and Werner, 1981). Zoophycos has been found in all water depths, although it’
is generally associated with quiet water coﬁditions (Chamberlain, 197'1; Marintsch and

Finks, 1978). In Mesozoic strata Zoophycos is almost exclusively restricted to shelfal

- environments (Bottjer er al., 1987).

Fugichnia (escape traces)
Description: penurbations in sedimentary fabrics, ranging from well formed and
funnel-shaped to simple breaks in laminae. Size ranges from 10's of cmito 1-2 ¢m.

Discussion: Schifer (1972) defined escape traces as "any escape effort triggered by an
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external adverse cause”, with changes in sedimentétion rate being the most frequent
cause. While escape traces can be formed in response to scour (eg. Sellwood, 1970),
they are most fréquently associated with rapid sedimentation events (Réinei:k and Singh,
1980; McCarthy, 1979, Fiirsich, 1974b). Oréanisms aré removed from oxygen-rich
waters by rapid burial and will suffocate if they are unable to burrow out (Schifer,
1972). |

Fugichnia are abundant in ;ﬁe Cardium Formation sandstones, which is

. . . . 9 -
consistent with'what would be expected in a storm-dominated setting.
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CHAPAER THREE ICHNOLOGY AND PALAEOECOLOGY OF
' OFF ()RE SILICICLASTIC DEPOSITS (CARDIUM FORMA’I ION)
INTRODUCTION

) Storm dormnated offshore (shelfdl) deposmonal envvmnments have become
~increasingly 1mportant in the search for hydrocarbon traps. Wi this i increase has come
the desrre to understand the. physical and brogemc structures associated with these
deposxts While much: sedrmentologlcal work. has been done on Mesozorc clastlc
deposrts much less ttme has been spent on the palaeoecology of these rocks
' ,Pdlaeocologrcal mfonnatlon on snhctclasuc shelf. envrronments especially those from the
| Mesozorc, is rather sparse. This i is in part due to the scarcny of body fossils in these
de’posits‘. Only a few ichnological papers have specifically dealt With‘stor:m-dom'inated *

. offshore clastics.- Since shelfal sediments. are characteristically't‘otally homogenis 1by -

.

" benthic orgamsms knowledge of the 1chnology isakey to any palaeoenwronmental

study

The Cardium Formanon (Upper Cretaceous Turoman) is the mrddle member of
“the Alberta Group It is late Turoman in age and is roughly correlatlve to the Frontler
Formatlon in the western United: States (Stelck 1955) It is the most 1mportant
hydrocarbon producing formation in Canada s largest conventional oilfield, Pembrna
(Nielsen and Porter, 1984). Member stratigraphy for outcrop occurrences of the
Cardium Formatlon was proposed by Stott (1963) Stott also recogmsed and named a

series of coarsenmg upward cycles whose boundartes are not concordant w1th the

- . members. Duke (1985) suggested anew member nomenclature for the Cardium based

on these coarsemng upward sequences however hlS work found only in ap unpubhshed

38
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Figure 3. A. Study area within the province of Alberta, Canada, B. The Western
Interior Seaway of North America in late Turonian time.’ (modified frém ‘Ban'on, 1987).
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1. A version of this chapter has been submitted for publication. Vossler, S. M. and Pemberton, S. G.,

in review. Palacoclimatology, Palaeogeogmphy Palaeoecology
PhD. thesis and thus is not foxmally recogmsed (North Amerlcan Commission on
Strangraphlc Nomenclature, 1983). Howeyer, this has not prevented Plint er a/.(1986)
from promoting this scheme. ‘
"I'he members of Stott (l9>63) and of Duke (1985) have never oeen conclusively
COrrelated with subsurface oceurrences of tne Cardium Formation. A series of informal
'industry né‘imes' for the. sandstones have been used (eg. "Cardium A Sand") (Krause
. and Nelson, 1984). Krause and Nelson (1984) were the first to propose formal
subsurfacemembers for the Cardium based on their work in the Pembina oilfield. -Plint
etal. (1986, 1987) propt}sed another set of stratigraphic names for the Cardlum
Fonnauon baseer from several subsurface occurrences of, ihe Cardium,. and
worloné from an extensive data base of well vlogs and core. This nomenclature is based‘
on the presence throu ghout the' Cardium of coarsening upward sequences which are
unconformably overlain by conglomerates or pebble veneers Each genetically related
package of sediment is given member status. Thus, in the Cardium Formauon at’
Pembma, the lower sandstones and mudstones consutute the Raven River Member and
the overlying conglorherates and marine mudstones constitute the Carrot Creek Member
-(Plint er al.. 1986, 1987) The top of the formation i is marked by the 'Cardium Zone', a |
. sideritised pebble band Wthh 1s an easily recognised well log marker (Krause and
Nelson, 1984). Whlle the stratlgraphlc scheme of Plint et al (1‘986 1987) can be
cn}tcrzed for engendering genetic 1nterpretat10n in its deﬁmtlon the members gs defined
- arejhysxcal realmes whlcn are useful since they depend on w1despread easily . |
-recogmsable honaons On this prennse the strangraphy of Plint er al. (1987) is used in

>

_this study L ¢

- In this _'“;‘Y‘" Qe ichnology of ;the'Raven River Memiber will be dis ssed.- The
. \\
«\\‘ K

~
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1chnology of -the Carrot Creek Member and the unconformlty at the top of the Raven

River Member are discussed in chapter 4. Examination of 110 core from the Cardium

Formation in the Pembina oilfield (Fig. 3A) of west-central Alberta has provided the data

to build a palaeoecological model for storm-dominated shelfal deposits.

The Cardium Formation is one of many Cretaceous formations in which, storm

| dominated shelfal deposition has been interpre.ted as important (eg. the Viking Formation |

of Alberta; the Frontier Formation in Wyoming; the Shannon Formation in Wyoming,

etc.). It occurs in outcrop in the Rocky Mountams and Foothills of Alberta and in

subsurface throughout western Alberta. The eastern depositional edge of the formation 2
- is defined by shale-out into the Lea Park Formation. In subsurface and outcrop various
authors have mterpreted the Cardium Formauon as stc'm-dominated (Michaelis and
Dixon, 1969; anht and Walker, 1981; Walker 1983; Krause and Nelson, 1984:
Pemberton and Frey, 1984; Duke, 1985; Bergman and Walker, 1986; Leggitt, 1987).
Subsurface stratigraphy of the Cardium in_clicates'{hat it consists of a series of thin
sandstone and mu?lstone units seperated by conglomerates er pebble veneers (Plint ¢r ul,
1986) These sandstones are offshore deposrts for which no correlatlve mdrglnal marine
deposits have yet been 1dent1ﬁed ot

The Cardium Formation. was deposited in an epeiric seaway which covered the

western interior of North America during the Upper. Cretaceous (Williams and Stelck,
1975' Barron 1987) (Fig 3B). Most authors agree that [l‘llS seaway was relatively
shallow, with magx1mum depths proposed ranging’from 30 to 1000 m (Parrish er al.,
1984). In Canada this seaway was bounded by the rising Cordillera to the \alest and the
stable craton to the east (Kauffman 1984). The Pembma onlﬁqldmdy have been as far as

100 km from the shoreline at the time of deposition (Krause and Nelson, 1984) When

sea level was low, the basin had restricted cuculanoh. wath the ocean basins to the north ,
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and south and was probably at least moderately brackish; circulation was less restric

during periods of high sea level and more normal salinities occurred (Kauffman, 1984).

- Terrane accretion (collision) was occurring to the west of the Cordillera throughout the

Uppcerrct.acecus; Thrust faulting in the Rocky Mountains allowed downwarping and
formation of a fc?fcland Basin 1n Alberta. On a large scale, three unconformity-bounded
cyclothems are associated with three phases of Cretaceous tectonism. The Cardium
Fcnnz;tion was deposited durin g the third phase -- from Ccncmam'an'to Maastrichtian.
(and includin g-tﬁc‘,;f'eniary) (Stott, 1987)..‘ Smaller cycles within this larger phase record
pulses of tectonism. In thqis bggm, sealevel changes were controlled by a complex

interplay of thrust faulting, tectonic subsidence, sedimentation, climatic forces and

eustatic sea level changes (Bilodeau, 1987). The cyclic nature of the Cardium Formation

appears to be tied to these parameters as well.

The sedimentology and stratigraphy of the Cardium Formation has been
cxtensively examined in outcrop and subsurface. Several of the most current of these -
studies have also dealt briefly with the 1chnology of the foxmanon ( Krause and Nelson,
1984; Duke, 1985 Kexth 1985; Bergman, 1986; Leggitt, 1987; Bartlett 1987), wnh
only one study, Pembcnon and Frey (1984) deahng primarily with ichnology. Among
the scdlmcntologlcal papers, the tendcncy has been to name only a few forms and to
assign the. |chnofossﬂ assemblage to the ichnofacies concept as presented by Frey and -

Pemberton (1984) Unfortunately, a stringent use of the ichnofacies concept with

rcspect to bathymetry only tends to simplify comp.>x .unal/sediment relationships,

: lcadmg to mformauon loss and rmsmterpretauon Seilacher (1967) found that in simple
s&tuauons trace fosssil assemblagcs varied dlrcctly with depth. The complex setting of a

' storrn dominated shelf may not be the best place for application of such a model

Pnor toa dxscussxon of spec1ﬁc 1chnolog1cal interpretations, a definition of



.+ important terms seems essential. An ichnocoeenose is the natural association of
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* lebensputren reflecting benthic acpvides of respective memberts of the biocoenose, as

opposed to an ichnofauna wl'tv‘ich' isa grotxp of ichnofossils which rrtay not have di-rect
relauonsmps (Frey and Pemberton 1985). In this study the ichnofossils ol various
temporally separated (but recumng) ichnocoenoses will be examined, as well as the
more loosely grouped 1chnof05511 associations of which they are a subset.
SEDIMENTOLOGY OF STORM-DOMINATED OFFSHORE DEP(S"SITS;"

The sedimentology of}'storm deposits and storm-dominated shelfal deposits in
the rock record has been examined by a plethora of authors. Some recently published
examples for comparison With/the Cardium are given here. .

Brackett and Bush (1986) studied storm dominated: séedimentation on the muddy
northern shelf of Puerto RlCO Two ma]or rivers deposu temgenous sedlment onto the *
shelf, Episodic river floodmg forms ' mund1tes" (mud blankets) whlle oq;amc storms
lead to the deposition of ' tempes‘ntes" (sand blankets). The slope of the shelf off Puc,rto :
Rico is relatvely steep in cor(nrast to the gently sloping shelf associated of the Westem
Interior Seaway. One mdrwdual storm deposn (a tempestite overlain by an inundite)
was located in32 dnll cores taken from the shelf. This storm deposit ranged in
thlckness from 50 cm proxunally to 1 cm in distal areas. - The storm bed was nomml]y
graded Escape structures were mfrequently present. The dommant physical feature
(observable in core) was plane parallel lamination. Such a storm bed may be analo;,ous
to isolated thin sandstones or an mdrvrdual bed in an amalgamated sequence In ancient
shelfal sequences.

Tye et al. (1986) examined the sedimentology of the Upper Cretaceous Shannon

Sandstene Member of the Pterre Shale Mhannon occurs as multlple sand ridges on



the submarine shelf in the North American Interior écaway (Upper Cretaceous). A

coarsening sequence is present, comprised of shale, bioturbated siltstone, burrowed
shaley fine sandstone, laminated and rippled shaley sdndstone, cross-bedded Yo rippled
coarse to medium grained sandstone, and cross-bedded to fine sandstone.
In some plaécs within the Denve iBasin, the Terry Sandstone Member of the -
Pierre Shale displays a coarsenysg,unw/arji sequence of bioturbated sandy mudstone and
sandstone, ri;}pled to burrrowed sandstone, rippled to burrowed sandstone and rippled
to crbss-be'dded sandstbne (Siemers an\d Ristow, 1986). In both of the above examples,
the sa\;)ldsto'ries are encased in marine shales. Widespread (rather tha_h ridge-like) shelfal
sandstong deposits were described by Thompson et al.(1986) from‘ the Upper |
Cretaceous Ferron Sandstone Member of the Mancos Shale. The widespread coarsening
upward sequences are attributed to "delta plume" deposition and subsequent reworking
by storm waves and bénthic organisms. |
The specific sedimentology of shelf construction in a foreland basin has been
documented by Swift ei al. (1987) for the Upper Cretaceous Mcsaverde Group in Utah.
The Mesaverde Group is a shelf sequence which prograded into a subsiding basin.
-Laminated shale, interbedded sandstone and shale and amalgamated sandstones comprise
a coarsening upward sequence which is interpretéd as a shelf to "middle shoreface
progression. Local ]ag~sandstone_§ and channel fill shale represent submarine erosion at
L'hc shelf edge. | |
Outside of the Cretaceous Interior Seaway, widéspread storm dominated shelfal
sandstones have been reported from the Miri Formation (Miocen;:) of Brunei (Atkinson
eral, 1986)‘. Minor regressi“vc-u'ansgressiVC cycles are reported from an overall
regressive sequence. Shale, bioturbated sandstone and shale, and laminated sandstone

and shale with rare trough cross-beds comprise the coarsening upward sequences. The

-

i
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general trend is one of coarseniﬁg with decreased bioturbation, reduced faunal diversity
and increased sandstone amalgamation upward. Shelf regression and shoaligg was
followed by transgession and deepening in this example.

| l‘é‘@ A hummocky cross'—stratiﬁe,dshelf-shereface sequence was examined by
Brenchley er al. (1986) from the Middle Ordovician Monte da Sombadeira For{nation in
Iberia. A facies sequence of mudétone and fissile siltstone, laminated siltstone and
mudstone, thin bedded hummocky-cross stratification and amalgamated hummoeky

cross-stratification represents a muddy shelf -sand to shelf—shoreface transition.

ICHNOLOGY OF ANCIENT OFFSHORE DEPOSITS

Very few ichnological studies have been undertaken specifically to examine
shelf clastic deposits, although many have dealt with them peripherally Some .
sedimentological papers name a few cosmopolitan and easﬂy recognisable forms (eg.
Ophzomorpha Teichichnus, Zoophycos, etc.) but few i mterpretanons have been drawn
from these 1clmofossﬂs with more stress placed instead on the overall degree of
bloturbanon (Tye et al., 1986; Atkinson er al., 1986; Siemers and Ristow, 1986 etc).

From ichnological works which deal with storm influenced offshore/shelfal
deposits sorrle generalisations can be drawn. Detailed tabulation of ichnogenera
associated with shelf deposits is given in Table 1. Deposit-feeding seems (o be the
dominant feeding strategiy represented in the ichnology of fa‘lrweather deposits ( ngard
and Frey, 1984; Pemberton and Frey, 1984; Frey and Howard, 1985; Clausen dnd
Vilhjalmssen, Hurst and Pickerill, 1986 Bjerstedt, 1987). More specifically, (
offshore/shelfal deposits are associated with deep deposit feeding traces such as
Zoophycos and Chondrites in addition to shallower forms such as Planolites and

Thalassznozdes (Pemberton and Frey, 1984; Howard and Frey, 1984; Frey and Howard,
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TABLE 1; SHELFAL ICHNOLOGY
Author and Formationv * Lithology
Y

Frey and Howard, 1983 impure, mottled siltstones
. Star Point and Blackhawk
Fm., U. Cret.

' Frey and Howard, 1985 bioturbated s;’}tstone
Star Pt. Fm, U. Cret.

e

Clausscn and Vilhjalmsson, siltstone,
1986 L this andstones
Laesa Fm. |

L. Cambrian

Hurst and Pickerill, 1986 silty mudstones
Ross Brook Fm. bioturbated to mottled

Silurian

Ichnogenera

Scolicia, Palaeophycus,
Cylindrichnus,
Ophiomorpha,
Teichichnés, Planolites
Anchorichnus,
Thalassinoides.
Ophiofnorpha,
Palaeophycus,Uchirires,

Ancorichnus, Rosselia,

Thalassionoides,

‘Chondrizes, | v

Schaubcylindribhnus,

Planolites, Muensteria {Eﬁ”
. Diplocraterion, g’&u%

Buthotreghis, Planolites,

Pazaeopé};j,

Skolithos, Teichichnus, |

g

Rhizocorallium &
Chondrites, Planolites,
Helminthopsis, |
Palaeaphycus



Table 4 continued

. . '
Mattison, 1987
Clearwater Fm.

L. Cret.

Bjerstedt, 1987

muddy sandstones

Lithology

glauconitic

7
e

&

[~ 1

mudstones and fine-grained

¥ - sandstones
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Ichnogenera e

“Skolithos, Planolites,

Zoophycos, Chondrites,
Rhizocorallium,
Asterosoma, Conichnus,
Diplocraterion,
Palaeophycus
Arthrophycus,

Bifungites, Cruziana,

Chondrites, Planolites,

Palaeophycus, Rosseliu

’

Rusophycus, Skolithos
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Plate 4 A. Homogcniscd mudstone (F2); B. homogenised sa_ndy“ mudstone (F3); C.

homogcmsed muddy sandstonc (F4), note the p0551ble szrophyton burrow in the centre

of the phtsto D. highly bloturbatcd interbeds (F5). All scale bars are lcm.
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Plate 5. A. Interbedded sandstone and mudstone with only mudstones bioturbated; B.
‘ bloturbatcd sandstoncs (F7); C. unbioturbated sandstone (F8)‘\ (note well developed

wave- npplcs) D. planar-bcddcd to gently undulatmg sandstone (F8). ThlS is possibly

interpreted as hummocky-cross stratification. All seale bars are lem.
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1985; Mattisbn,rr‘lﬁ‘?87); In many offshore scttin%, bioturbation is so pervasive that
: initially interbedded sediments are completly homogenised by biogenic reworkin g

(Pemberton and Frey, 1'984; Howard and Frey, 1984; Fréy and Howard, 1985; Hurst ,
and Piéléerill, 1986, Bjerstedt, 1987). Only thick stOnn—gc;zerated sandstones cah be )
pﬁweﬁ with lit}lg or no bioturbation (Howard and Frey, 1984; Frey and Howard
'1985; Hurst and Pickerill, 1986; Vossler and Pemberton, in press). An interesting
‘observation in stdfm de.pb_sits is the presence of two distinct groups of ichnofossils. One
group is comprise_d of pfedominantly sus_pénsion-,feeding behaviors, and another
consists predommantly of dcp051t feeding behavmrs ( Pemberton and Frey, 1984;
Claussen and Viljalmsson, 1986; other examples as tabulated in chapter 5, Table 5. It
has been proposed that the suspcnsmn—feedmg ichnofossils represent the activities of
opportunistic organisms recolonising the substrates followin g storm disruption
(Pemberton and Frey, 1984; Vossier and Pemberton in press). Opportumsnc behavior
in the 1chnofossﬂ record is characterised by abundant simple suspen51on feeding
burrows, which may be relatlvely small. The occurrence of opportunistic behavior ;13

represented by Skolithos in the Cardium Formation is discussed in greater detail in

chapter 5.

MODERN SHELF DEPOSITS: FAUNAL ASPECTS
7 On modern shelves bioturbation is a very significant modifier of sedimentary
structures. Relatively thick (20 cm) storm-generated sand blankets observed.by Hayes
(1967) were completely unrecognisablelless than 20 years later due to mixing b)"/
bioturbation'(Dott. 1983); In a study of core form.the Ea.%t China Sea, a variatiof in , |

sedimentary structure preservation based on the degree of bioturbation was noted by

» Rhoads er al. (1985). While the shelf in this area is more tidal than stO}'m-dominated,
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- some generahsanons may have apphCanon m a study of the Cdrdlum Amaa with ver} C |

high sedlmentauon rates were found to havé#io benthlc orgamsms while areas wuh low 8.

sedimentation rates had a fauna comprised of ’gp@,erally deep burrowm g organi,s}‘m

o o]

- Short term deposmon rates were found to be more mgf;ﬁéam th;m net accun‘fulanon in
excluding orgamsms Extreme ratkes of physical dlsturbance hmlteg mfhundl dL['l;;tltx to
shallow tube dwelling. However, burrows of this type of bioturbation are easily
obliterated by subsequent turbulence (Rhoads et al. 1985) "'

Gaston (1987) studied benthlc polychaete distribution on the middle Atlantxe
B]ght a storm- dommated shelfal envuonmentiand examined feeding habitats-and
motility. Intexsnnal carnivors were found in coarser sediments, possibly because of the ‘
greater available living space. Surface deposit-feeding, in general, decreased with deptl'n
but increased at. the shelf break. Thfs feeding mode was negatively correlated  h fine
grained sediment and with organic cari-on. On the other hand, subsurface deposn
feeding increased with deptit and with percentage of orgamc carbon. Motile organisms’

were dominant everywhere, suggesnng that motility is important in phySI(.d”y unstable

‘environments (Gaston 1987)

THE RAVEN RIVER MEMBER-SEDIMENTOLOGICAL PERSPECTIVE
For the Raven River Member two types of subdivision can be appiied' 1) the
;demgnanon of hthofalces based on unique lithological characters and degree of
‘;,:‘bloturbanon and 2) ichnofossil assemblages which record the ichnogenera that occur
.tolgether whether through contemporaneous formation or overpnntmg
The hthofacxes and ichnofossils whlch are present are comelated to each other

and final interpetations wdl'ge based on these relauonshlps. Two basic subdivisions of

~ litholgy were interpreted: stormy and fairweather deposits. In the Cardium Formation,

7
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storm-generated deposits encompass very fine, fine sand-sized particles and coarse
silt-sized particles. Mud sized fﬁhtéﬁal represents fairweather or 'background'
sedimentation. These two océur in vax;ous proportions in each lithofacies.

_ o )

To a certain extent, storm-telated and background ichnofossils can also be
differentiated. These two suites can coexist within an ichnofossil assemblag?

The recogition of relatively large 3-dimensional ichnogenera and bedforms in i
core is a{ways somewhat subjective. Ichhogencra'were considered significant only after
being i(gentiﬁed in anumber of core in vari/oﬁs orientations in relation to the core. The
work of Chamberlam (1978) was of some benefit in identification. Only small-scale
bedforms can positively be identified in core. Identlﬁcauon of hummocky -CTOSS
stratification in core seems to be somewhat interpretational and so is discussed following
* the lithofacies déscriptioh in the interpretational section of this paper. ' ¢ %
Lithofacies

Lithofacies used in this péper are those of Vossler and Pemberton (in review),
and lithofacies from that study which do not océur in the Raven River Member are
- omitted hcrcin. To avoid confusion the term facies is used for different lithologic types
while thc term assemblage 1s used to dlStlﬂglllSh 1chnofossﬂ groups. These lithofacies

\w

are pfimarily refered to by name to distinguish them from numbered ichnofossil

asscmblages, with the appropriate fames number glven in brackets (Plates 4 and 5).

Mudstone with ms‘erved coarse siltstone and ﬁhe sandstone laminae to thin beds.(F1)
Siltstone and very fine sandstone beds are wave-r{ppled to plane parallel laminated.
Only very rarely are biogenic str(gtures present in this facies, and these are genera.lly

associated with the siltstone and very fine sandstone beds.
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Homogeneous mudstone. (F2) This mudstone has less than 10% very fine sand or

coarse silt slg,ed gamoles Very few identifiable biogenic structures are present but the
fa’cxes tg'as an overall mottled appearance, suggesting pervasive bioturbation. Beddmg 18
massive and monotonous. Very rarely, thin siltstone beds are present. These mdy be
rippled or plane parallel lan).mated

1

Homogenised sandy mudstone. (F3) A mudstone with IO%\to 40% fine to very fme

sand-sized particles, which are mixed into' the mud by biogenic activity. Identifiable (je.
distinct forms) ichnofossils are common. R\:'ire sharp-based nppled or plane parallel
laminated very-fine to fine sandstone beds are ;t)resent.

A

Homogenised muddy sandstone. (F4) A very fine to fine- -grained sandstone with 40%

to 60% mud- 51zed material. nghly bloturbated W1th ebundant identifiable trace fossxls

Mud and sand-sized material are in some areas 'eomplctely mixed, in other areas a banded

appearance persists, indicating that farirnary deposition consisted of sand and mud
interbeds. PR |

Mottled interbeds ofsandstone-‘a‘knd _mudstone. (F5) Individual beds are thin, ie. 115

cm. Sandstone beds are ﬁne to very ﬁne grained. Load structures and mudstone clasts

.. are common at the base of sandstone bed These mudstone clasts are usually disk

g
shaped and are sometxmes partlally or completely 51dermsed Sandstones may be rippled

or plane parallel lar_mnated, but blogemc reworkmg is prominent in most beds.
. ¢ ‘ . :

.,

Interbedded sandstone and mudstone. (F6) Individual beds are thin, and sandstones .
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may be wave rippled or plane parallel laminated. Sandstone beds are fine to very fine

grained. Load structures and mudstone clasts are common at the base of sandstone

beds. In this facies, physical structures are predominant in the sandstone beds, with
i

biogenic structures present only very rarely. Muds_tonc beds are frequently

un_bioturbatcd as well.

."lfﬂm;u_ ng thick-bedded or amalgamated sandstone. (F7) Fine to very fine grained

sandstonc whxch occurs in beds which are greater than 15 cm thick. Some of these
sandstone units appear to be amalgamatcd sandstonc(@s with scour sugfaces present
“within the unit. Physical stuctures include wave n&des , plane paralléf/annnauon and
gently mclmcd parallel lamination. Disk shaped mudstone clasts and sideritised
mudstone clasts are common at the base of individual beds. Uncornmonly, thin

-mudstone partings are present and these may be bioturbated. While some mottled texture

is present, in general bloturbanon is confined to d1$crete structures.
- L
¥ 'Thxck bcdded or amalzamated sandstone. (F8) ch to very fine gramcd sandstone Jo
L r .

which- occurs in beds whxch are greater than 15 cm thick. Phy51cal structures include
wave .npplcs, plane parallel lamination and gently inclined parallel lamination. Disk
shaped mudstone clasts and sideritised mudstone clasts are common at the base of. |

) . .
individual beds. Rarely thin bioturbated or unbioturbated mudstone partings are present.

' ' Coarsening and thickening upward 'sequencés
- A lower coarsening upward sequence scems_ to be persistent throughout the

Pembina area (Plint er al., 1986;.1987; chgitt, 1987). The upper coarsening upward

sequence (of the aforementioned authors) js frequently divisible into two or more smaller
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thickening (of sandstone beds) and coarsening upward sequences. +ith the greatest

number present in the northwest part of Pembina, in areas where incision at the base of

the conglomerate is minimal.

\\B |
A) Lower coarsening upward sequence
The lower coarsening upward sequence is predominantly comprised of
b}

4 .
mudstones. Bioturbated mudstones grade upward into interbedded mudstone and

sandstones (either bioturbated or unbioturbated) and are capped by a thin, parallel

- laminated sandstone. In many cases the sandstone at the top of the sequence is very thin,

and in some wells it is not present. In these cases, the lower sequence consists of
mudstones with increased percentage of sand sized particles in the upper parts. Where it

is present the uppermost sandstone is sometimes bioturbated. In some wells (especially

to the northwest of Pembina) a ‘gritty siderite’ (sensu Bergman and Walker, 1987 a

sideritised mudstone with very coarse to medium sized sand-sized chert grains scattered

through it) is developcd at the top of the lower sequence.

B) Upper coarsening upward sequence
The upper coarsemng upward sequence 1S much similar to the lowcr sequence in
havmg 'mudstones with an mcreasmg perccntage of sand-sized pamcles upward. Above

this, the upper coarsening upward sequence displays a complex mterlaycnng of

" interbedded sandstones and mudstones and thicker sandstones. The occurrence of each

such pabkage may represent a smaller coarscning upward sequence, but overall the
amalgamatcdqsandstone thlckens upward with decreasmg bloturbanon upwards,

reflecting an increase in energy in the system.
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Lithofacies interpretataﬁ‘ons , |

Before detailed ichnology is diseussed, some conclusi®ns can be drawn from
. the lithofacies. | | |
i The deepest environments- of the Raven R1ver Member are probably represented
by the mudstone with preserved sﬂtstone beds and the homogenous mudstone (Fl and
F2). These facies are dlfferenuated by the degree of broturbatlon mWhlh; bloturbauon
was very significant in the homogenous facies, preservanOn of sﬂtstoﬁe and sanderone
- beds indicate that blologleal reworking was minimal. Larmnated mud§tones are |
’frequently associated vvith reduced oxygen conditions (O'Brien 1987) In relatively
deep marine settings, oxygen is frequently a hrmtmg factor on bloturbatlon (as opposed
to sahmty, tzmpemture etc.) The rareness of Flin the Raven Rrver Member mdlcates
that for the most part the basin was well oxygenated. | '

Microfabrie nray provide further clues about the deéree of biotarbation.” O'Brien
(1987) proposed that unl?ioturbated shales would displdy a parallel alignment of clay
minerals when examined using S.E.M., and that totally bio_turbated' shales would Ihave a
random alignment of the clay particles. Brief S.E. M exarnination of mudstones from
the Cardrum Formauon revealed that mudstones of F1 show ahgnment of clays, as do
unbioturbated mudstones of F6 mudstones of F2 show random orientation of clays.
Unbloturbated mudstones interbedded with storm sandstones can indicate either that the
storms were 5o freqnent that bioturbating organisms are excluded, or that the colonisin_g
organisms affected the sediment only to shallow depths, so that any biogenic structures
formed were easily renroved by storm scour (refer to the example'of Rhoads er al 1985
cited earlier in this paper). | | |

Gradual increase in sandsrone percentage and thickness, with decreasm g

preservation of bxoturbanon charactenses the other facies of the Cardium. It is probable
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that sequences of plane parallel laminated sandstone, grading to gently inclined
lamination, grading upward into wave ripples represent hummocky cross stratification.
The high energy nature of these sedimentary structures in addition to the ablindance of

shale clasts indicate a storm influence. Since no medium to large scale cross-beds are

. preserved, there is no evidence of wave reworking above fairweather wave base. Thin

sandstone beds present in mudstone units appear to be distal equivalents of thicker

. amalgamated storm beds.

The facies, as delineated herein, seem to be typical of a distal to proximal
hummocky-cross stratification sequence or outer shelf to shoreface sequence (Brenchley
etal., 1986; Swift et al., 1987) In a situation of simple stackmg of facies F2- F8, a
51mple progradmg storm-dominated shelf setting could be envisaged. However, a more
complex 1nterd1g1tatmg of facies exists, suggesting that at least small scale<#a level

changes occurred during Raven River deposition.

THE RAVEN RIVER MEMBER-ICHNOLOGICAL PERSPECTIVE

The most common ichnogcnera of the Cardium Formation include Asterosoma,

Bergauerla Chondrites, Comchnus Cylzndrzchnus Helminthopsis, Ophiomorpha,

Palaeophycus Planolites, Rhlzocorallzum Rosselia, Skolithos, Teichichnus, -

Terebellina, Thalassinoides, and Zoophycos. Brief descriptions of these forms and ~ *

photographs are given in chapter two.

- From-'the overall occurrence of ichnogenera (Fig. 4), specific recurring ichnossil

asseml}lages can be%hscemed -These are summarised in Table 2 anc e discussed in

" detait below

Assefnblage 1: '.Chondri‘tes, Planolites, Helminthopsis (with rare Terebellina and
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kh-ogtuu found in the Raven R.iv'ex Member

£oophycoy

‘ul g

. Figure 4. Distribution of i meortant ichnogenera in the Raven River Member. Dotted

occum:ncc lines mdlcatc questionable or rare occurrences.
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B d@dstones and mudstones interbedded with sandstones, or occurring as partings.

'ég

s‘, ? .
1s hkely due to pervasive bioturbation by deposit-feeding organism in an offshore setting

‘ilently Planolites occurs alone. The limited diversity of this ichnofossil assemblage
with a slow, steady sedimenfation rate (Dapples, 1942; Frey and Howard, 1985). In
other words, the total ingestion and reingesﬁon of Ehc sediment tends to obscure .
individual structures. The relative scarcity of deep bioturbation structures is either due to
a lack of recognition (no grain size contrast) or more probably to the limited availability
of deeply buried nutrients, in relation to shallower resources. Undcr"conditions which
allow total shallow working of resources, deep déposit fceding is of little advantage.

A subset of this assemblage is the prolific occurrence of Chendrites in
mudstones interbedded with ston'n-gene;ated sandstones. This may be a response to
storm burial of Qrgénic material which create locai.anoxic conditions. Chondrites

behavior allows organisms to overcome, these conditions and take advantage of buried

nutrients (Vossler ’and Pemberton, 1988).

Assemblage 2: Thalassinoides, Terebellina, raze Teichichnus, Chondrites,
Helminthopsis, and Planolites. This assembiage occurs in homogenised mudstones dﬁd
sandy mudstones. It is distinguished by the frequent occurrence of Thalassinoide&, and
the occurrence of Teichichnus_. Teichichnus is rare in the Cardium Formation in the
Pembina arezi, suggesting that this behavior type is not beneficial in areas of slow, steady
sedimentation rate, pﬁncmated by high energy scour and deposition events. The
frequent'occum:nce of‘Thalassinoicﬂie‘s'may be a résult of shallowing, and greater

abundance of nutrients brought in by storm activity.
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Assemblage 3: Zoophycos, Thalassinoides, Ter: -ellina, Teichichnu&, Chondrites,
Helminthopsis, Planolites, and Skolithos. The p *sence of Zoophycos and Skolithos g
distinguish this assemblage. Zoophycos may be ¢ noticeable here due to increased
sand ;;ercentage or increased benefits of deep deposit feeding, perhaps because of buried
organic material due to higher sedimentation rate. Zoophycos, in Mesozoic rocks, is
almost always shelfal (Bottjer ez al., 1987), and seems to be most abundant in areas with
somewhat limited circulation (Ekdale et al., 1984). The i mcrease in Zoophycos dcsg o
correlate with increased amount of dispersed sand-sized material and increased

preservation of thin siltstone-sandstone beds, which are probably storm-generated. This

may indicate an increase in the degree of deep burial of organic material.

A§§;mblgg§‘4: Asterosoma, Bergaueria,Chondrites, Co»:zichnus, Cylindrichnus;
Helminthopsis, Ophiomorpha, Palaeophytus; Planolites, Rhizocorallium, Rosselia,
Skolithos, Teichichnus, Terebellina, Thalassinoides, and Zoophycos. This group of
\ﬁgnogenera is found in sandy mudstones, mﬁddy sandstones, and mottled
‘dstone/mudstone interbeds. Asterosoma and Rosselia are both trxs of systematic
‘ deposn~fccd1ng working from a fixed centre, and are closely related in origin
(Cha.mberlam, 1971). This type of deposit-feeding seems to be associated with sandier
substrates, and may be diagnostic of organisms which are able to manipulate slightly
coarser-grained substrates. Skolithos, Ophiomorpha and in some cases Cylindrichnus
are associated with storm-generated fine sandstone beds. These threé ichnogenera are
domichnia, the awelling burrows of suspension-feeding organisms (Vossler and
Pemberton, in press). When these traces are present, thg\y are found as relicts present in

the sandstone beds, rather than bein contemporaneous with the ichnogenera associated

with muddier substrates. The appearance of Palaeophycus in this assemblage is

By
j2%

. T
\

&

U oey
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probably due in s~me part to the lighter colour of this slightly coarser substrate, allowing

discernment of the darker muddy wall lining.

Assemblage 5: Asterosoma, Rosselia, Ophiomorpha, Palaeophycus, Planolites,
Skolithos, Cylindrichnus. This assemblagc is found in the sixnd_stoncs of the Cardium
Formation. It shows a diversity of dclzposit and suspension-feeding behavior, possibly
specialised for dirty fine sand. | |

A subset of this assemblage _is‘ the occurrence of Skolithos and Ophiomorpha
- together or alone in amalgamated sandstones. These ichnogenera, in this type of
situation‘, indicate physically unstable (ie. high storm frequency conditions) which
favour opportunistic behavior (eg. Rhoads er al., 1985).
Assemblage 6: Didymaulichnus, Lockeia. ' This assemblage is a somewhat artificial
grouping based on mode of preservation. These ichnogenera oé.cur.only at the base of
sandstone beds. Here they are inf;lled by storm generated sandstones. A possible
mechanism for preservation of these essentially surface features is that propbscd by
Seilacher (1962) for ichnofossils at the base of turbidite'beds. The Burrows are
emplacéd.and infilled with mud. The bedding plane they are on, and the base of the
burrows form a subtle lithologic hetcrogeneit‘y, along which later storm' scour occurs.
The bl_m_rows are then filled with sand which is deposited in the waké of storm activity

(Fig.5).

Assemblage 7: Skolithos. This assemblage is found in isolated sandstone beds which
are interpreted as storm-generated, or in individual beds in amalgamated sandstone units.

Skolizhos in this assemblage are relatively small (short and narrow), with only very thin
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Figure 5. Block diagrams showing the mode of preservation for Lo.ékgia (1)and

Didymauliclm/u.r (2). A. Scouring "cleans” the burrows. B. Infill of burrows with

sand deposited in the wake of storm activity.
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X ks
linings. This _asscm})lage was discussed.in some detail in chapter five.

Sequence of burrowing
From examination of highly bioturbated mudstones and sandy mudstones, a
sequence of burrowing can be described, based on the burrow.wall definition and

cross-cutting relationships.

JThalassinoides, Planolztes Palaeophycus, Lockeia and Dzdymauluhmas

ksqages of bioturbation. Frequently, these traces have somewhat
"fuzzy” WalsH

PRz g soupground or close to soupground conditions (sensu Ekdale

etal., HOWs thus represent relatively shallow burrowing activity in muds that

_ have not yet bcen subJected to any dewatering as a result of burial and compaction, .

Burrows such as Tezchzchnus Asterosoma, Terebellina and Rosselia are
_mtermedlate in the sequence. Rosselza must have been at the sediment/water interface

extending into somewhat firmer sedlments. Thése bu;';ows are seldom subject to

reburrowing. Helminthopsisis possibly an intermediate depth burrower, since it is
commonly found within Planolites and Thalassinoides. Terebellina shows some
distortion due to compaction. Co

Zoophycos and Chondrites are the deepést burrows?in the Raven River Member.
Chondrites appears to cross-cut all other bufrow forms and is thus mos¥ likely the
deepest burrow of the mudstones. Ophiomorpha systems from other localities can be
very deep (Frey et al., 1978) but in the core used in this study there was no way to
determine the depth to which they penetmted.

Planolites and Thalassinoides are frequently reburrowed with Chondrites and

Helmmrhopszs Two p0551ble explanations are proposed for this phenomenon: 1) the

infill of these burrows is more easily pcnetrated than the compacted muds surrounding
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Fxgure 6. Ichnogenera associated with mudstones and sandy mudstones of the Carchum

Forrnauon 1. Ihalassmoxdes 2. Zoophycos; 3. Rosselza 4. Dzdymau[zchnus 5.

[ockexa (with bwalvemplacc) 6. Chondnte.s" 7 Planolztes. B
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Figure 7. Ichnogenerd associated with sandstones.

Diploéi‘a'ter[on; 3. Skolithos.
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TABLE 2: ICHNOFOSSIL ASSEMBLAGES OF THE CARDIUM FM.

Assemblage
1
<

Iszhnszzs:nml

Chondrites
Planolites |
Helminthopsis
Terebellina
Thalassinoides

Chondrites
Planolites
HeIpiinthopsis
Terebellina
Thalassinoides

" Teichichnus

Pa‘Iaeophycus _

 Chondrites
‘ Planolites

Helminthopsis

‘ Terebellina - .

’ .Thalassinoides .
" Teichichnus )
Paléeophycus‘ .

4

deep deposit-feeding
déposit—feeding
grazing

dwelling

deposit-feeding

deep deposit-feeding

~ deposit-feeding

grazing i
dwelling
deposit-feeding

-deposit-feeding

dwelling (suspension-
fecding or éarr}ivorous),'
ciccp dépbsit—fecding
dc'posit-feéding

grazing

dwelling
o deposit-feeding

dépoSit—feeding

dWélIihg (suspension- -

" feeding orcz‘univorous)



- 69
. L o -
3 (cont.) Zoophycos deep deposit-fedding
‘ Skolithos suspcnsion-fcediné,
4 , Asterosoma - - deposit-feeding
| Bergaueria E 2 suspcnsion-féeding
Conic;mus | _ | suspension feeding
Cylindrichnus suspension-feeding
~ Ophiomorpha . dwelling
i 2 Rosselia - deposit-feeding
' Rhizocorallium deposit-feeding
» Chondnites . deep deposit-feeding L
| Planolitgs“ o deposit-_fching
/ N | Helln__‘:,inthopsif B . _grazin\g,
L Terebellina - . . dwelling
Thalassinoides .~ - deposit-feeding
Teichichnus ‘ ‘ dcposit—fccding :
’ - Palcieophyqus S | : dwelling (suspension-
B . ‘v ' - feeding or-cé.mivoro‘us)i
o " Zoophycos . deep depotit-feeding *
P s, 3 Skolzthos f\' \ - ! suspcnsion-fccd;i-ﬁg_
5 C C Rgs,gélia AT deposit-feeding



' Assemblage * Ichnogenera
5 (cont'd) Asterosoma

Ophiomorph?
Palaeophycus -
Planolites
; J . Skolithos -

C ylindn'chnus;, .

6 :  Didymaulichnus
‘ | Lockeia

7. . Skolithos
| _

70

‘Behavior

¢ 2posit-feeding

dwelling

_«/> //
!LJ

Bl

dwelling (suépehsion-
feedmg or camwore)

: deposxt-feedmg
h suspcpswn-feedmg

suspension-feeding 5

¥

crawling trace

resting trace

- suspension-feeding

~

1 d‘ccp dcposn—fecdmg mgestmg of demtus in areas wcll below thc sedunenvwater

interface where somc dcwatenng of sedunents has occurred

2 dcposxt—fccdmg mgcsung of detritus; the organism acuvely fills the

3
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Lhe burrows; or 2) the burrows contain abundant fecal material which is nutrient rich

(Rhoads, 1974).

Ichnological overview “ _

7 The icﬁnofossils of‘the Raven River 'rrfernber show a mixing of suspension and
deposit feeding strategies caused by the interplay of storm and fuirweather conditions,
- and the alternation of mud and $and deposition (Fig. 6, Fig. 7). Drversrty of
>lchnogenera is greatest where rmxmg of these two seperate strategies is the greatest.

Preservation potential is important in determining the ichnocoenoses which are found in

@e‘aﬁ” "&msms tend create structures which overprint earlier

these deposits. %eep burr.
Gy

more s1gmﬁcant than they.actually are in each assemblage As well, small shallow
burrowmg,mgamsms may be very important in areas exposed to hlgh stress, but traces
of these orngmsms are easrly removed.by shallow scour In the rock record the

. evidence of these colomsts is lost (Rhoads, 1985). |

e . Irl éd_ditfon to dj\;ersity.o'f ichbn"ogener.a the Raven River Member shows a
diversity of Qrgamsms that were present in the shelfal environments. Ophtomorpha and
Thalassinoides can be atnbuted to shnmpor shnmp hke organisms; Bergauerza and
Conichnus are gencrally attributed to burrowing anenomes; Dtdymaulzchnus to shullow

- grazing mulluscs; Lockeia and some of the escape traces to burrowing bivalves;

o ,Skolzthos and Cylmdnchnus to suspensron feedrr)/g wOorms; Rosse/za, Asterosoma and'

Planolttes to shallow burrowmg deposu feednr(g/ WOrms; Zoophycos and C hondrztef to J.
deep deposit fcedmg worms; Helminthopsis to grazmg worms; and Palaeophycus. to

* carnivorous worms (refer to chapter 2).
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PALAEONTOLOGY

4) Body flossils are extremely rare in the Cardium Formation in subsurface. Whilo
assorted, poorly preserved speciments of /noceramus sp., Baculites sp. and unidentified
ammonites were found in the mudstones of the overlying Carrot Creek Member, almost

-no ghell dcbris _was found in the Raven Rivér Mémber This is'undoubta‘bly due to the
great influence of bhioturbating orgamsms in the Raven River Member (Brett and Baird,
1986). Hard shclled orgamsms were undo‘%tedly present, as evidenced by the
" occurrence of burrows associated with bivalves such as Lockeia. Rare molds of
bivalves were fouud at the base of storm beds, with the shell completley leached away.

These shells probably represent a storm lag (Kreisa and Bambach, 1982). Their position

at the base of a sandstone protected them form the actions of bioturbating organisms.

1
-

TAPHOI}JOMY AND EARL’Y DIAGENES]S ’
The uighly bioturbated nature of the Raven River Member does not favour
preservation of body fossils. Bioturbating organisms disrupt and in some cases ingest
\ _ " buried orgaﬂic material, Sll_éb as shl:lls. As,\ueu, in_tonse oiotu;badon can increase the
- dcpth of oxy.geu_pcuetmtion intoltho substrate, and increase tho pemle'ability of muddy
ﬂv\/ sediments (Rhoads, 1974). In a CaCO3 undersa'turated environmént, these fact |

would tend to favour dissolution of shell ruaterial

A relatively rapid sedlmentatlon rate, burymg umngested organic mu'erlal 15
suggested by the presence of abundant &défwr(ea concreuons Frequcntj storm- G “ogmon
could easﬂy bury decaymg matter below the depthkbloturbauon to tngger siderite

formanon Concretmn growth has protected some burrows from compaction, allowing

dimensions closer to the pnmary burrow Size to be recorded (Baird er ak, 1986).
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Pynte is common in burrow fills and may have formed where decaying tecal
»-matenal caused local reducmg conditions necessary for its formauon (Ekdale er al,

1984).

DISCUSSION | | o

Based on the above‘descriptiort and evaluation of various lithclogicul,
palaeontological, an‘d ichnological elements, a model synthesizing these e.lements czut be
. assemnbled. |
Ata large scale, the depositional system of the Raven River Memhe} of the
- Cardium Formation in the Pembina oilfield can be deduced using broztd lithological and
ichnological characteristics. The a.bsence ot any medium or large scale Cross bedding
and any grain 51zes greater than fine sand suggest deposition below fairweather wave
base. Indeed, tﬁe abs%nce of any cross beddlng is what distinguishes the Cardium
Formation from most of the shelf ridges descibed earher. The degree of bioturbation _
and the types of aces present support an offshore, below normal wave base ‘
intes pretauon The 1.3 thlckenmg upward sandstone sequences seemn to be part of a

- overall thlckemng upward sequence, which is punctuated by periods in. which

aggradation slowed. The complex mterplay of sub51dence (controlled by tectonic activity

v

in the nsmg Cordlllera) sedimentation rate and eustacy w%§ respo\n51b1e for these
thickening upward cycles Wthh represent a punctuated rtse in sea- level ‘
(parasequen‘ce sensu Mltchum etal., 1977) Wh11e some v:/\orkers believe that eusmttc "
(. e. globally corelatable) sea level chariges are most 51gmﬁcant in Cardxum deposmon
(D. Cant, 1988, pers. comm.), the present authors propose that Cardlum deposmon
must have been mﬂuenced by local tectonic events. As well, the problems of deﬁmtely

' wrrelaung smal. scale ﬂuctuanons of sea level on a world level makes eustacy difficult
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, to prove. 'Collisionand uplift in the western parts of the Cordillera may have caused
llncreased thrusting to the east. Thrust faulting has been found to be associated with
downwatpmg and subsidence in the foreland basin, and if sedimentation rates fail to
keep pace with this subsidence, then sea level rises (Beaumont, 1981; Kauffman, 1984).
The thickening upward seqliences thus represent periods of rapid sea level rise (lower

. mudstones and gnts) foliow% by shoaling as the basin fills. 'Gritty siderite' deposits
~ observed in thJS study and by Bergman and Walker (1987) and Leggitt (1987) represent
| transgressive lag deposits. The muluple thickening upward sequences may be

represented farther offshore by fewer seQu:é?nces, as distal parts of the basin are less

influenced by subtle changes than proxinial’areas (Kauffman, 1984) (Fig. 8).

thickening upward sequences indicates a petin to conditions analogous to previous
conditions. In other words, minor sea level fluctuations allowed a repetition of

condition’s within an overall shoaling upward sequence.
K .:‘: Vl‘ i ’

)

Lithologically, the Raven River Member shows an increased’thickness of ..
parallelllaminated to wave-rippled sandstone upvuards. These sandstones alternate with
mudstones displaying varying percentage of sand and various degrees of bioturbation:
The increas;d‘percentage of sandstone shows that a greater number or thickness of storm |
genemted sandstone beds havebeen rnixed tvith‘ the background sedments (mud) by the

acuvmes of benthlc orgamsms Increase in the number of storrns that mﬂuence the .

' bottom due to shallowing aHOWS the fonnauon of interbedded sandstones and

-4

m tones As shoahng progresses storrn-generated sandzstones become thicker, and
Y

bloturbaung organisms are less able to churn through them thus overall motthng of
N sedlmersts decreases. In amalgamated sandstones, only thin shale partmgs attest to

perlods of background sedunentauon .The periods of quiessence must have been fatrly

o
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«; Raven River Member
A

—SANDS THIN BAS/NWARD-——> .

e =
K

Figure 8. Dlagram showmg xdcahscd sections (NW-SE),of the Ravcn River Mcmbcr
showmg how the sands thm basmward.
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prolonged, since some of the partings show evidence of deep and extensive bioturbation
(in the form of Chongrites, Thalassinoides and Planolites), which must have taken some
‘time to establish. Relatively large amounts of sediment must have been remdved prior to
sandstone d;poéition, since only the distal portions of the burrows are preserved.

In the bioturbated sandy mudstones, the increased percentage of sandstone alters
the texture of the substrate, thus altering the types of behaviour used to exploit this
sediment. For example, in sandy mudstones, Asterosoma-Rosselia style deposit feeding
is more abundant, suggesting that in this slightly coarser substrate this type of depo..it
feeding is more efficacious. )

Large scale correlation of the sandstone/mudstone beds of the Cardium
Fbrmation can be done using gamma-rayv and spontaneous potential Well log data, and.
core data (see Leggitt, 1987 and Krause er al., 1987). However, bed to bed correlation
is difﬁcult.. The wrregular nature of individual étorm beds (an;lvaSSOCiated muds) is due to
the ability of a storm to scour in one area and deposit sedimént in another. When
examining the sf)cciﬁc paleoecology of the Cardium Formation, a more appropriate scale
is on a bed to bed level, as storms have tﬁe ability to dramatically change the
lebe;x)ssp‘urcn (Pembeﬁon and Frey, 1984; Vossler and Pemberton, in‘ press). In
-discussion of the fMeamer community, deep and Shallow~burrows can be
dlstmgmshed Burrows such as Planolites, Palaeophycus, hazocorallzum ‘and
‘generally Thalassmozdes represent shali?};w burrowin g activities and thus can be taken as
1;1dlcanve of sedlmentatmn condmons at the time of depositon. Deeper burrows such as
Zoophycos and Chondrites may have originated in later deposited beds up to several
decimeters above the strata in which they occur. Thus, Zoophycos burrows which cut a

storm sandstone are probabl'y associated with an overlying horizon (which may have

 been removed by small-scale er.osion). On the other hand, a Skolithos at the top of the
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same storm-generated sandstone can be assume to have been emplaced relatively soon

after depositon.

The emplacement of each sandstone bed represents a digruption of the muddy
shelfal cc‘)mmun'itil.. Scour prior to storm generation can redistribute or kill
shallow-dwelling benthos. The deposition of several centimeters of sandstone onto the
seafloor is also a crisis for the bottom commumty It removes burrowing organisms

A

from their optimal dwelling depth below the sediment/water interface. The ability to

escape from the blanket of sediment, i.e. burrow up through-it, determines if the

', community can quickly reestabhsh 1tself This ability is strongly related to the type of

9

sandstone of the Cardrum Formauon indicates that many organisms were able to survive

minor and relatively severé sedimentation events. As storms become more and more

frequent, it is possible that conditions favoured more robust organisms that would be

ablé to repopulate quickly after decimation (Pemberton and Frey, 1984 Vossler and
Pemberton in press). Thus a gradual change in behavior is seen vertically throuz,hou[
Cardium Formation sequences As well, subtle textural changes may /n»v/e helped to
alter the benthic community, to a certain extent at least, excludm/gfo/;;amsms unable to
tolerate sandier substrates.

Rapid storm burial could re)move nutrient-rich sedi rrts from the reach of
shallow-burrowing deposit-feeding organisms. These buried sedi}‘ments may not have
been completly depleted ofjtherr resources prior to br,naJ and as well the death of some
benthic organisms by suffc?c:anon would serve to enhance the organic content of the

muds. Deep deposit- feedmg strategies, such as those represented by C fwndrztes and

' Zoophycos may have enabled certain orgamsms to exploit these nutrient- t-rich areas. The

Chondrites behavior especially, appears to have enabled organisms to tolerat'e'”d slightly

-
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anoxic conditions such as those-created by the decay of organic matter (Bromley and
Ekdale, 1984). This ideg has been f)roposqd to explain abundant Chondrites in
.-interbedded sandstone and mudstones (Vossler and Pémberton, 1988).

| The mixed natﬁrc of éardium sandy mudstone ichnofossil assemblages, to a
l&gc extent, is a result of preservationai mixing and biases. Thin mudstone beds,
densely packed with small burrows can répresent a far greater amount of time than
sandstone beds with a few larger and distinct forms, and for [I:IiS reason the ‘i nortance *
of the sandstone inhabiting forms tends to be o;eremphasized. As wel nig: =~ .- in the

I

-t .' - . ' .
sequence, the removal of almost all mud gives the impression of a totali_ e

_ W
- sand-dominated environment which may not be correct. Diverse mud-dwelling

communities may have Iaecn present, but'evidence for them has been removed b}; stoxm‘
SCOur. |

Evidence for the activities of surface-dwellers are almost completly lost under
normal mud sedimentation conditions. Burrows of thesé organisms are generallyaburi'cd
and then obscured by later bioturbation. The storm dominated nature of the Cardium
Formatxon provides d umque format for preservation of delicate traces. Surface traces
such as Didymaulichnus and Lockeia are infilled with fecal material or mud, and will

©

represent a lithological discondnuitygh'a}kd mds a boundary for storm scour following
burial and compaction. After the stérm, burrows are infilled with sand. This is ;
analogous to the mechanism for preservmg delicate burrows at the sole of turbidite beds
as proposed by Seilacher (1962) |

In the amalgamated sand!ton?beds the traces of colonising orgamsms may be
removed by storm scour, giving the beds a unbioturbated appearance. Modem studies
show that in general, organisms in areas with a hlgh frequency of dlsturbance are small

IS

an_d shallow burrowing. As a result, they affect only 4 small amount.of the sediment,

L\‘
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and traces of them are easily obliterated (Rhoads er al., 1985, Cuomo and Rhoads,

1987).

o In the Raven River Member conditions at the sediment/water interface can be

interpfeted as well-oxygenated. The abundance of deep and shallow biogenic structures
attests to this cQﬁ_clusion, as does the evidence of shelly"beﬁthos, which would normally
not occur under dysaerobic conditions (Rhoads and Morse, 1971). Local dysaerobic
conditions may occur below the ‘sedimem/water interface due to decay of buried orgzu{ ic
material. The commorr siderite concren'ons in the Raven River mudstones indicate that
relatively abundant decaying organic material was buried by newly deposited sediment.
The occurrence of superabundant C hondrztes has been shown to be linked to buried

. orgamc mz;tenal (Vossler and’ Pemberton 1988) and it is possible that Chondrites
reburrowing Thalassmozdes may be consunnng-decaymg fecal materml which is causing
local dysaerobic conditions, '

<

CONCLUSIONS

1
The Raven River Member has sedimentological characteristics typical of

offshore storm dominated deposits. It is umque however, in having a prograding,
shelfal sequence which is not capped by sandstoncs which show reworking above

o~

fairweather wave base. In other words, no medium to large scale cross-bedding is
hpresent. The pattern of coarsening upward seqﬁenees can be explained .by pulses of sea
level rise, followed by basin infilling and shoreline progradation.

Physical instability of the environment of deposition was the primary parameger
controlling 1chnofoss11 distribution in this shelfal setting, creating ichnofossil T\
assemblages which show a mixing of pre- and post -storm components. Dysderoblc

Condltlons created by sorm burial may have allowed only deep burrowing organisms to
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exploit nutrients below the sediment/water interface, as evidenced by the prolific

Chondrites in interbedded sandstones and mudstones. "Evidence far epportunisti¢

< ~r

o . e , . : . .
- recolonisation of storm-generated sandstones has also been preserved in the Raven River

Member. . 5 - . '
“ ~Storm scour, while undoubtedly removing a significant portion of the initial

~

ichnofossil record,_flas lowed the prervation of Lockeia and Didymaulichnus in the
' * ’ 1 .
- Raven River Member. | o s ‘

In establishing ynd comparing ichnological models, the preservational biases,

towards storm-generated peds and large discrete ichnofossils must be taken into account, «_

especially in outcrops whqg fairweather beds may be partially destroyed by weathering,
The'Raven River Member provides an interesting example of the ichnology of -
storin-dominated sfifal envi_rohments. With increased interest in the hydrocarbon

‘potential of this type of enviroment, a more thorough undegstahding of the ichnology is

impdrtant academically an%g‘cono-nﬁcial_ly. -

-
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¢ CHAPTER FOUR: A FIRMGROUND ICHNOFAUNA In THE)CARDlUM
FORMATION (UPPER CRET&GEOUS) EVIDENCE F :
' CHANGES IN SEA LEVEL ~

é

LOCAL

v

INTRODUCTION

~ The ichnology of diScontihujties with firm but. unlith\iﬁcd substrates at the time
of excavation has only rarely been documcntcd in the rock record. Such a surface is ‘
present in the Uppcr Cretaceous (T uroman) Cardium' Formanon in the Pembina and Carrot
Creek oilfield areas of west central Albcrta Cﬂnada (FJg 9) In the core cxammed thc
'Cardmm Formatmn consists of several coarsenmg upward sequences of mudstone dnd
sandstone unconformably overlam by conglomcrate thrc present, the ﬁrmground
1chnofossﬂs dlSCUb <d in tlus paper are found at the base of the conglomcrate The nature -
of this contact and the gcne51s of thc conglomcratc has been a source of speculation and”

: research smce the discovexy of the Pembina oilfield in 1953 (N ICISCH and Porter, 1984)
’Recent work on the Cardxum Formation (Plint e al., 1986 Bergman and Walker, 1987,
chgltt, 1987) mdlcatcs that the basc of the conglomeraate may nepresent a dcposntxonul ‘

-sequence boun;_ia:y_ (sensu Mitchum er al., 1977). If this is the case the 'conglomcratc is
unirelated to the un‘dérlying sandstone and the basc pf the conglpmcratc is an unéonfdmﬁty _
surfacc represenung erosion of strata during a maximum lowstand of sealevel.

Fumgmund 1dcnt1ﬁcat10n has. bcen critical in 1dcnt1fymg sequence bounddncs in

areas close to the A

; vannc passive margine examined by Vail eral. (1977) (Kndwc!!i 1984),

and may be of -f b éﬁt in defining sequences away from the Atlantic. In areas where

"e Cardium Formation wnh the underlying Blackstone F ormatxon and lhc
. ' 92
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PEMBINA

—
100 km

Figure 9. Pembina oilfield area and its approximate position in the Western Interior

Seaway of late Turor in time. (modified from Walker, 1986 and Barron, 1987)
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overlying Wapiabi Formation comprises the Alberta Group in subsurface (Fig. 10). The
occurrence of coarsening upward sequences capped unconformébly by conglorncrates,
having total thicknesses which rangc/from metres to centimetres, is ubiquitous to the
Cardium Formation (Phnt etal., 1986). In the most recently proposed subsurface

. stratigraphy, the Cardium has been d1v1ded 1nto members based on the presence of .

‘unconformity. surfaccs ovcrlam by a conglomcrate (Plint er al., 1986). Erosion surfacesat

the base of conglomerates are intérpreted as repmentmg lowstand of sealevel and the top IR
of the overlying conglomerate represents a transgl'cssive surface.In core from Pembi; a, the
Cardium is comprised of the Raven River Member Wthh consists of a series of sandstone
and mudstone coarsening upward cycles and the Carrot Creek Member, wh1ch consist of
conglomcrates and mudstones (Fig. 10). The base of the thick conglomerate at Carrot

Creek has been traced through the Pembina-Carrot Creek area, where tﬁe base of the
conglomcrate was designated equivalent to the Es erosion horizon of Plint er al. (1986).
More recently, Leggitt (1987) used a numerically large database to document topography
along the E5 surface in the Pembina-Carrot Creek area. Several ridge and bevel featunes '
were deiineated Which are thougnt to represent shoreface erosion of shelfal sediments at tiie
time of a sea level lowstand (Fig, 11). At this unconformity surface, "E5", a suite of
ichndfossils has been documented which was formed in firm but unlithified substrates. In
this paper, this suite will be descn'bed and its significance to sea level changes and
sequence boundary delineation discussed. | |

¢

=

SEDIMENTOLOGY OF THE ZAVEN RIVER MEMBER IN THE STUDY
"AREA K u.

In the study area, the Raven River Member consists of one or two coarsening

M
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Figure 11. Bcvél surfaces in the Cardium Formation. 1. Cafrot Creek Bevel; 2.

Northern Bével; 3. Poplar Valley Bevel; 4. Buck Creek Bevel; 5. possible bevel north

of Bigoray. Terminology of Leggitt, 1987. (modified from Leggitt, 1987).
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upward scqucnc‘cvs” Gcncrﬁlly, thc upper sequence consists of pérvasively bioturbated
mudstone coarsening upwards into sandy mudstone or muddy sandstoncwhlch is capped
by mtcrbeddcd sandstone and Axdstonc Uppcrmost in the sequcncc are thick bedded fine
sandstones.’ The lower coarscmng upward sequence is similar, howcvcr the thick °
sandstoncs are gcncrally absent. Primary siderite nodules are commeonly found, as they
are throughout thc Cardium Formation (Bartlctx, 1987) 'I'hc 1chnology and sedunentology
of thc Raven vacr Mcmbcr suggests dcposmon below fmrweathcr wave base in a storm

dommatcd\cnvu'onmcnt (Vossler and Pemberton, in prcparatxon, Vossier and Pemberton,

1987) Thc tiickness of the Raver River Member may be dependent on the depth of '

- 'crosmn pnor to conglomerate dcpmmon as well as the initial depositional thickness

(chgxtt, 1987; Vossler and Pcmbcnon, n prcparauon) ‘ P

lﬁRMGROUND ICHNOLOGY - BACKGROUND p
‘ ‘Seilacher (1967) proposed thaf recurring ichnofossil groups - "ich;lofaci;:s"

resulted from the interaction of various environmental parameters which were -
: prcdofninandy dependent on bathymetry. In Seﬂaéhcr’s scheme, the Glossifungites
. ichnofacies was comprised of ichnofOssils found in nearshore areas where firm but
unhtlnfied sediments are exposed by erosion. ' More recent wofk has defined the
Glossifungites ichnofacies as characteristic of semiconsolidated sediments in a marine or
nearshore setting irrespective of depth (Pemberton and Frcy,-lS;SS). Fihﬁgroun&smay
| dcvqup in both siliciclzistié and,:ar_bc'matc substrates, but have never been recognised in
nonmarine scttihgs. | ” 7 |

s

-+

In areas with semiconsolidated substrates, organisms tend to construct

permanent domiciles. Burrow walls are sharp and the semicohesive substrat®makes

<3

I3
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burrow lining unccessaxy Firmgrounds are associated thh sedimentation dxsconunmucs
and thus burrow fill may differ from the host substrate. Suspcnsxon fccdcrs, camivores
and detritus feeders may all colonise firm sediments (Pemberton and Frey, §985). In
ancient sequences, the most comx'nonly found ﬁrmground ichnogenera are }uzocorallmm,
Diplocraterion, Skolxthos, Gatsrochaenolites, and Thalassinoides (Pem and Frey,

1985).  Firmgrounds can develop in dewatered muds, partly lithified limestone, and
arenaceous sediments that have undergone early ccmcntatioh Biogcnic'structun:s
resembling both burrows (sensu Ekdale et al. 1984), and borings (sensu Ekdale et al.,
1984) can occur under such condmons A pause in dcposmon accompanied by at least
shallow erosion, is necessary for firmground development. X‘
‘Modein examples of firmground burrows have been cxaminéd in detail by |

various authors (Schiifer, 1972 Frcy and Basan 1981 ‘Pemberton and Frey, 1985). All
modern examples are found in relanvcly fine gmmcd sediments such as sa}t marsh muds,
or peats, which may be exhumed by coastal proccsscma margmal marine setting,

| Examples of interpreted ﬁrmgrounds identified in anc1cnt dg:osnts are given in
- Table 3. These examples can be divided into two hasic groups based on substrate type:
: ‘. clastic or carbonate. Although similar ichnofossils are found in both, thc diagenetic
'corfdiﬁons of thcir formations are e very different. Carbonate ﬁrmgmuhds most commonly
dcvclop through submarine erosion of substrates which were subject to carly ht}uﬁcanon ‘
thus burial, if it occurred at all, was shallow.
', Dewatering of muds is the most common mechanism for firmground formanon
m sﬂxcmlasue substrates. The change in scd1mcnt consistency can be observed in the
;changc from indistinctly walled, somewhat deformed burrows associated with

softgrounds, to sharp-wa.lled hurrows of the ﬁrmground suite (Frey and Bromley, 1985).
- Only very shallow burial may be necessary for firming of the sediment, however, burial



TABLE 3: ANCIENT FIRMGROUND OCCURRENCES

" Kennedy,
1967

gﬂwo&d,

1970

Baird &
Fursich,
1975

Hattin,
1975 °

“
b

Hayward,
1976

Fiirsich
etal, 1981

Pollard,
1981

Lower Chalk, marine
Mid-Upper
Cretaceous

Belemnite marine/
marls, Lower marginal.

Jurassic marine

Kuperfels &  marine
Gryphacen-
bank, Triassic

Carlislc_Fm., marine
Uppcr .
Cretaceous "

Waitakere - deep sea
Grp.

Lower

Miocene

Austin/ " marine

Taylor Fm,

Upper
Cretaceous

( Waterstones & marginal

lower Keuper  marine

marl, Triassic

limestone
(early lith.)
marl-limestone
limestonie

calcarenite

fine grained
sediments

chalks
(early lith.)

Thalassinoides paradoxicus
Diplocraterion
Spongeliomorpha &uevica,
Diplocraterion parallelum

Thalassinoides, Teichichnus

Thalassinoides, Tigillites,

Rhizocoralliun}

Rhizocorallium jenense,

Spongeliomorpha, Stropichnus

- xystus, Romulichnus biconites

mudstone

Diplocraterion luniforme,

Thalassinoides suevicus
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. & .
Schroder, Oconee Grp. marginal . mudstone Thalassinoides, Trypanites
1981 Lower - '

Cretaceous-

Eocene
Miller & Esobus Shale marine mudstone Cruziana, Fustiglyphus,
Rehmus, Carlisle Centre : . knobs, scratch m.arks,
1982 ~ Formation, o " horizontal and vertical

Devonian . : | burrows

: D

Kidwell, ‘ Chesapeake marine sandstone N Thalassinoides, Skolithos,
1984 - Grp., Miocene! Gyrolithes
Bottjer, .~ Marlbrook _ marine ‘chaﬁc : »Thalassinoi‘des
1985  * Fm., Upper

‘Cfétaceous : | *
Saunders &, Horsg:sfxog: . "marginal - sandstone Diplocraterion
Pemberton . © Canyon Fm., marine (early lith) '
1986 Upper .

\ Cretaceous 4 .

Landing & Hungry o manne ' shale/ Cruziana, Rusophycus
Brett, 1987 Hollo;v Fm, s , limestone i

Devonian . - , ! -
IWescott & Mississipian fmarginal ' - sandstone Diplacrater\ion,
Utgaard, man'x\lc' ‘ Rhizocoralliwﬁ, Teichichnus

© 1987



-

Savrda & Montcrcy'

Bottjer, Fm.,,
1987 Miocene

Pemberton  Viking Fm,,
p. comm., Middle »
1987 Cretaceous

Pemberton  Clearwater

p. comm., Fm,,
1987 Lower

Cretaceous

I There is some question about this being a true firmground.

marine

marine

marine

siliceous

-‘muds&»

nodular

~phosphates

mudstone

mudstone

101

Thalassinoides

Skolithos,

4 Thalassinoides

Skolithos
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must occur. An important characteristic of all firmground occurrences is the superposition

of a new set of burrows upon the original ichnofossils of the softer sediments. The new
suite of ichnofossils is created in response to the new environmental conditions existing

during or after erosion, therefore the new suite differs in some way from the pre-erosion

- softground suite. The burrows preserved are almost exclusively the domiciles of

suspension feeders.

More rarely, firmgrounds may form in arenaceous sediments by compaction of
interstitial clays (Frey and Basah, 1981) or by void filling cementation at shallow depths
due to groundwater flow (Saunders and Pemberton, 1986). The !atter situation has not

been documented in the modem, and is difficult to 'provc in the ancient record.
EVIDENCE FOR EROSION AT THE BASE OF THE CONGLOMERATE .'

The major lines of cwdcncc for erosion at thc base of the conglomerate are a)
topography along the contact\jmd the nature of the contact, b) the types of biogenic

b L
structures associated with the contact and c) the mtcrprctcd depositional cnvironm‘cnt above

L

the contact.

A) Nature of the unconformity surface
. ¥ |
As demonstrated by detailed well log correlation, the base of the conglomcratc

("Es" surface of Plint ez al 1986) has been shown to have con51dcrablc topography (Plint

et al., 1986; Bcrgman and Walker, 1986, 1987; chgm, 1987). This cxplams in part why

the base of the conglomerate surfacc cuts into mudstones, mtcrbcddcd sandstonm and
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Plate 6. A. Sharp contact at the base of the conglc;mcratc (8-4-50-8W5M); B.
Thalassinoides system developed at the base of the conglomerate(4-13-51-11W5M): C.
close up of branch in a Thalassinoides tunnel(12-14-51-11W5M); D. Thalassinoides at

base of conglomerate(4-13-51-11W5M). All scale bars are lcm; bracketed locatons are

according to Dominion Survey of Canada.
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Figure 12. Map of the Pembina oilfield area showing the core examined during this
study. Crosses indicate contact not visible, open circles indicate sharp contacts, dark

circles indicate bioturbated contacts. )
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mudstones, and sandstone beds. The ES' surface has been found to be ubiquitouslq

r

erosional, but d1agcnct1c evidence from many subsurfa(,u areas exarruned by Bartlett (1987)
indicates that underlying strata were only partxally htluﬁcd at the time of erosion.
Examination of the "ES5" surface for this study confirms this observation for the Pembina
s , | |

The morphology of tﬁc conglomerat;:'s base in the northern part :of the Pembina
field was documented by Leggitt (1987) in a series of cross-sections and a |
three-dimensional mesh diagram. A series of ridges and hollows were defined with the
hollows rcprcscnting.broad valleys with steep north-east facing slopes (Fig. 11). A broad
"plain” exists over most of southern Pembina (Leggitt, 1987). 1

Three types ol; contact are found at the unconfoﬁm'ty surface (Plate 6)': 1) sharp;
23 'disturbed’ contacts; and 3) bioturbateg contacts (Fig. 12). Sharp contact are most
common; conglomerate-sandstone contacts are sharp and all contacts at thé base of thick
conglomerates are sharp regardless of the underlying lithology (Fig. 4). Such contacts
indicate that the sediments were relatively cohesive prior to conglomerate emplacement..
More rarely, contacts were 'disturbed' with some of the sandstone stirred into the
conglqmcratc and mudstones above the contact. In these cases (rwhich were .¢) the
sandstone may have been unconsolidated at the time of conglomerate deposition. Contacts
with biogenic str-uctum are discussed in the following section. »

|4

B) Biogenic structures at the E 5 contact

Three types of biogenic structure have been distinguish_ed.»at the E5 contact: (1)

deep horizontal/subvertical/vertical networks assigned Thalassinoides; (2) shallow
&
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horizontal burrows, sometimes network-like also assignabfc to Thalassinoides; and (3)

shallow subvertical burrows. Thalassinoides is the most prominent and distinct ichnoqusﬂ@.
in the northern Pembina firmgrounds.

Large Thalassinoides systems at the contact are found penetrating into thick

sandy mudstones only. Thalassinoides nctworlgs are the deepest burrows below the

contact, penetrating to depths of ~20 cm. Both horizontal and vertical components ae
present, but overall system morphology is. ihdisccfniblc. 'I"hc burrows are sharp walled
with diameters of ~1-2 cm. (Fig. 5). The fill is structurclcss.:pcbbly mudstone and is A
interpreted as passive. Thalassinoides h:is been most frequently attributed to the activities
of burrowing crustaceans - generally shrimp or lobsters (Hintzschel, 1975; Pemberton et
al., 1984). Larger crustaceans are not only capablé of excavaﬁng firm Substrates, they can
also manipulate coarse material, such as small pcbt;lmst In firm substrates, chclicipcd .
scratch marks are often present on the interior of burrow walls. In the core examined, no
scratch marks were observed, however, weathcriné usually serves to enhance scratch
marks; core does not have this advantage. .

Shallow horizontal burrows are frequently found running aloﬁg mudstone beds
in the interbedded sandstone and mudstone units. These burrows are less distinct than the
largchhaIassino‘it-ies, perhaps due to color shnﬂadﬁcs between the fill and the encasing |
mudstone. Th¢ relationship of the burrows suggests interconnection, thus these burrows
are also assigned to Thalassinoides.

jal

More rarély short vertical burrows are found at the base of the conglomerate. '

- These burrows cut intb all lithologies. They are generally found to a depth of <5-6 cm into

the underlying lithologies at a slight angle to the contact. ‘The burrows frequently taper
very slightly to their base and have sharp walls. These burrows are most probably B

assignable to the ichnogenus Skolithos, which in a firmground environment is most likcly
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the dwelling burrow of a large jawed polychaete similar to the modern worm Nereis

(Pemberton and Frey, 1985). | \

C) Sedimentology and ichnology above the unconformity

Three basic lithologies are found abo¥e the unconformity: conglomerate or
pebbly mudstone; pebbly and sandy mudstone which is bioturbated; and parallel laminated
mudstone. More rarely sandstone beds (frequently with pebbles) are found interbedded
with conglomerate. 4

Conélomcratc can be matrix or clast supported . In the wells examined in the
Pembina area (although the situation is different at Carrot Cr;ek- see Bergman and Walker,
1987) clast supported conglomerates are rﬁore rare. Mud supported conglomerates to
_ pebbly mudstones are prgdominant. Very few of the wells show any definite graded
beds. The scale of core’in relation to bedforms makes structures such 'as crossbeds
indisccrrliblc. Frequently, conglomerate is confined to a 1-2 centimetre pebbles veneer.
Less qommonly natnx supported cbnglomeratc have sand to granule sized maﬁ
material. | |

Pebble lithology is predominantly chert, in addition to sandstone, quartzite, and
metamorphic rock fragments. Locally derived angular clasts of siderite, shale and
sandstone are common. Large blocks (4-5 cm long axis) of sandstone and mudstone
similar to the Raven Riycr Membér sediments are also common. Rarely, thésc_: mudstone
clasts have Chondrites, which is also common in sidex_itc clasts found in the conglomerate.
In one instance Zoophycos was found in a mudstone clast. Tliese clasts are similar to
aodules which chgractcxisc the Raven River Member . Evidence for local derivation of
these siderite clasts is: (a) the large size of the clasts, preélud’ing a distal origin, and (b)
simiarity to siderite nodules in the underlying Raven R_iver Member. Preservation of
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"uncompressed burrows within clasts ihdicatcs that these siderite clasts were derived from .
primary siderite nodules (Baird et al., 1986). Bartlett (1987) did an c;tcns’ivc study of the
siderite “!=sts and found that the nodules were still soft when eroded. Siderite in the
Cardium Formation is for the most part pnmary and probably formed at shallow depths
(%10 m) (Bartlett, 1987; Gautier and Claypool, 1985). The period of burial could have
been relatively short, and erosion relatively shaliow for f'mng\l})"tmd exhumation.

Leggitt (1987), Bergman (1986), and Bergman and Walker (1987) have’
examined the nature of the cbnglomcratc in dac Carrot Creek- Pembina area in some detail.
The observations made during this study confirm the scdimcntdlogical conclusions of these
workers. When present, well sorted clast-supported conglomerate always occurs directly
above the erosion surface, and may coarsen upward into more poorly sorted conglomerate
(Leggitt, 1987). Pebbly mudstones and mud-supportcd congiomeratcs either directly
overlie the unconformity or overlie clast-supported conglomcratc (Leggitt, 1987). When
pn:scnt, mudstones with largc unsorted pebbles are always d.u‘cctly above the
unconformity surface (Leggitt, 1987).

. In the Pembina area, the conglomcrates are most frequently overlain by black
mudstones with prescrved sharp-b}gsed siltstone and very fine-grained sandstone beds.
These beds are wave rippled or parailel laminated, and may represent distal storm deposits
as degeribed by Hurst and Pickerill (1986). These mudstones are highly fissile and have
few éjéntrﬁable trace fossﬂs Wthh may be evidence for little biogenic rcwokmg of the
mudstone (O'Bncn, 1987). 'I'hxs lack of bioturbation may be due to dysaerobic conditions
in a deep outer shelf setting (Ekdale, 1985). Commonly, chert pebble stringers are found
within this mudstone. In wcﬁs that have extensive corc above the unconformity surface, a_
homogenous black, monotonously bedded mudstone with no identifiable bfogcnic
structures occurs. These mudstoncsAerobably represent the deepest depositional
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environment found in the Cardium Formation at Pembina.

In some wells, the iower portions of the parallel laminated mudstone are
bioturbated and contain up to 30% very fine sand-sized particles. These mudstones may s
be homogenised by bioturbation in some areas and tend to pass upward into parallel ’
laminated mudstones. This trend may represent a gradual deepening upward. A similar
trend was linked to a gradual decrease in oxygen level by Savrda and Bottjer (1986),
however more independent evidence is necessary before this can be shown in the Cardium
Formation. ) |

In the Pembina oilfield area, sandstones interbedded with the conglomerate are
rare, although this situation may be more common in the Carrot Creek oilfield. These
sandstones are fine to medium gramed and may contam chert pebbles Some
medmm—large scale cross beds are also present.

Three general 1chnofossﬂ assemblages can be delineated in strata above the
conglomerate: Ophiomorpha which occurs farely in the sandstones; Skolithos,

Zoop}_xycos, Helminthopsis, Planolites, Terebellina, Chondrites, Thalassinoides,
Palaeophycus, Asterosoma, Teichichnus, Rhizocorallium, Rosselia, and fugichnia found .
in mottled sandy mudstones with scattered pebbles; and Planolites and Helminthopsis
found in mudstones with preserved sharp-based silt laminae.

Sandstone beds above the contact are very rarely bioturbated so little can be
concluded from their ichnology. The bioturbated mudstone suite is similar to those found
in the Raven R1ver Member The abundance, degree of bioturbation, and diversity of
traccs in conjunction thh the behavior represented (predominantly deposit-feeding traces)
suggests offshore condidohs below fairweather wave baee (Vossler and Pemberton m
preparation). The third suite is indieétive of conditions of deeper water condiu'ons (Vossler .

and Pemberton in preparation). In some cases the mudstone with sharp-based silt laminae
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is overlain by a massive mudstone which may represent the deepest environment found in

the Cardium. All lithologies above the E5 contact (with the cxccpmn of the massive

mudstonc) havc scattered pebbles

DISCUSSION - FIRMG_ROUND CHARACTERISTICS

Bioturbated contacts dlsplay characteristics which are consxstcnt with a _
ﬁrmground interpetation: sharp walls contrasting burrow fill with encasing sediment, and
an ovcrpnnt of a new ichnofauna on the softground 1chnofauna. The significance of the
firmgmund characteristics must now be con51dercd |

Two constraints on firmground devclopmcnt were observed: 1) the nature of
the host substrate, and 2) the position along topographic features developed at the top of:
the Raven River Member. Burrows are found best developed in mudstones, indicating that
the organisms present preferred a semicohesive mud substrate. ’I’hé predominantly sharp '
nature of the ﬁncpnformity indicates that in most places the sandstone was lithified prior to
erosion and the mudstone at least semicohesive. Rare occﬁrcnces of disturbed cdntacts
may indicate ldcal areas of uncohesive sediments at thc time otlcrbsion.

The second control on burrow distribution is ﬁhc posiﬁon of the burrows in

' rclétion to the unconformity topography. Firmgrounds tend to be preferentially developed

on the northeast sides of the topographic ridges defined by Leggitt (1987). In relation to
the paleoshoreline in Cardium time, northeast is basinwards (Leggitt, 1987). In Pembina,
the most consistent firmground development has been found to exist in the northwest part
of the field and towards Carrot Creek. More rarely, burrows are found in the southern part
of the field, however these occurrences seem to be quite isolated (S. Leggitt, p..comm.,

"1987). | | ' .
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SUMMARY - A MODEL FOR FIRMGROUND DEVELOPMENT
No cases of totally nonmarine ﬁrmgr?und have been recorded in the modemn or in the rock
record (refer to table 1 ). 'I'hu’s, if Pembina was subaerially exposed, it must have been
exposed to further erosion in a marine or marginal marine setting prior to conglomerate
deposition. Topography at the base of the conglomerate is not suggﬁtivg of incised
~drainage patterns, and the amount of topografahy is too gn:ét to equate to offshore erosional
processes, such as those observed in Reccﬁt settings (Bergman and Walker, 1987).
Ichnofossils cxammcd in this study were consistently infilled with pebbly
mudstone. There is little evidence that emplacement was active, i.e. camed out by the
tracemaker. The ichnology of strata above the contact (bioturbated pebbly mudstones)
suggcstsfthat the environment was lower shoreface to offshore. Recent work in the Carrot
Creck area has topography developing in the Cardium Founiltion by rapid regression
allowing shoreface dcvclopmimt in shelfal sediments (Bergman and Wﬂk&, 1987).
Leggitt (1987) extended these ideas to the Pembina oilfield and found that the topographic
ridges prcsént in Pembina were also formed by shoreface erosion, although thevﬁeld was
emergent during maximum lowsénd of sealevel. Periods of tilting due to tectonic pulses
followed by slow readjustment allow the preservation of shoreface ridges. Abrupt
episodic downwarps formed thé Northern Bevel and Poplar Valley, with more steady
transgression forming Buck Valley (Leggitt, 1987). Direct evidence for subaerial exposure
of the E5 contact is lﬁc’king, although indirect diagenetic evidence from siderite occurrences
is present (Bartlett, 1987). Bergman (1987 in Leggitt, 1987) interprets the conglomerate
at Carrot Cmck as a gravelly shoreface deposit banked against a major bevel surface |
- (Bcfginan and Walker 1987).' The conglomcrate and sandstone characfcdstics in ﬁhc
Carrot Creek area appear to be consxstcnt w1th shoreface emplacemen, as described by
Bourgcxous and Leithold (1984) and Nemec and Steel (1984). Transgression blanketed 'the
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SLOW/NO S.L. RISE

Figur¢ 13. vPreservggipn potential of gravelly shoreface deposits (top block) during
varying rates of sea level rise. (modified from Nemec and Steele, 1984; Davis and
Clifton, 1987) |
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shoreface gravels with offshore deposits of mudstone. During lowstand of sealevel,

incised rivers transportcd conglomcratc alongshore agamst the bcvcl and into erosional
hollows, protecting them fmm furthcr erosion. Conglomerate s1ze trends and the
morphology of the conglomcratc pods in Pembina suggest that the river source supplymg
conglomerate to the shoreface may havc been to the south, with thick pods of )
conglomerate concentrated at or near river mouths (Leggitt, 61987). 4 \
Ichnofossils at the base of the conglomerate in the northwest part of Pcmbina
age associated with the Carrot Creek bevel and the area just south of this, extending north
to the Nonhcﬁ bevel. Initially, a shoreface was eroded into the shelfal sediments in tﬁ;:
area of the Northern bevel and eventually infilled with conglomeratic nearshore deposits
(chgitg 1987). At this time, it is possible that all of Pembina south of this shoreface was
subaerially exposed.  With transgression and readjustment of the basin, a new shoreface
was emplaced in the Poplar Valley area. At this time, a populftion of firmground
'bunowcfs inhabited offshore to marinal marine regions of ‘this new shoreface. The
burrows are developed during periods of active erosion due to wave energy in a storm
dominated coastline. In the high epergy coastal setting, nutrients are abundantly available.
As a gravel shoreface developcd, 'dmsiructivc processes reworked former shoreface -
~ deposits and pcbblés were transported offshore as a transgressi\{é lag io passively fill
abandoned burrows. The absence of ichnofossils in arcas with thick conglomerate may be
explained by 1) high energy conditions limiting biotic acti:irty or 2) scour associated with
gxavél cmplaccr;i::nts removing eﬁsﬁng burrows. Limited development of firmgrounds in
southern Pembina may be linked to more southerly shoreline positions. Ichnofossils in the
Carrot Creek area are associated with the offshore bumps and hollows of Bergman and
Walker (1987). Wave erosion offshore enabled opportunistic organisms to exploit newly -

exposed unoccupied substrates (Vossler and Pemberton, 1987; Vossler and Pemberton in
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press).

The absence of paleosols and an inciggd drainage network on the unconformity
surfacc present difficulties that must be overcome by this model. While the presence of .
palcosols or rooted zones is dcﬁmtwc cwdcﬁcy:c for subaerial exposure, the absence of
palcosols does not negate exposure. In Holocene offshore sediments which are known to
have been subaerially exposed prior to drowning, paleosols of rooted 'zones are almost
never prescrved (Nummcdal and Swift, 1987). In a high energy, storm dominated
coastline, destructive processes prevail and paralic (shoreward of the shoreface) deposits
tend to be reworked and moved offshore. In this process, a ravinement surface is formed,
-which may alter and or rcmové drainage network pzittcms (Nummedal and Swift, 1987:
Demarest and Kraft, 1987). This is especially true if sea level rise following lowstand is
gradual rather than rapid @aﬁs anci Clifton, 1987), as a stepwise progression of the
shoreface across Pemb;na would suggest. Since all documented 6utcrop and subsurface
occurrences of thc Cardium Formancm are storm-dommated a destructive coasthnc setting
is probablc With the tectonically active Cordillera to the west, sea levels m the foreland

basin of the Western Interior may have been greatly influenced by teéotm'c events.

Thrusting events'in the mountains and foothills caused subsidence in the basin (Kauffman,

1984; Beaumont, 1981), anu if sedimentation cannot keep pace with this subsidence, then

sea level rises (Demarest and Kraft, 1987). Sea lcvél drops (such as the one responsible

for bevel surfaces in the Pembina area) may be eustaticdlly or tectonically controlled.
In another occurrence of the Eg surface ét Seebe, Albcrta(R.G. Walker,

personal communication, 1987), pebble filled Rhizoéorallium were observed by one of the

authors (S. Vossler). This, along with south Pembina burrowed horizons, suggests t

the Eg surface is commonly burrowed, with firmground development perhaps much more .

 extensive than shown in this study. ‘Another unconformity horizon (E4) of the Cardium

/'/
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Formation in thc Edson oilfield has been observed by the senior author to have pebble

filled Thalassznotdes below the contact. Firmgrounds are found locally along the

unconformities of the Carditm Formation, wherever conditions are beneficial to colonists.

EROSION SURFACES AND STRATIGRAPHY IN THE CARDIUM
" FORMATION ¢ | |

The combincd work of Bergman (1986); Bergman and Walker (1987); Plint ez
al., 1986; 1987, Leggitt, 1987; and Bartlett, 1987, in addition to the evidence presented
herein show that the ES surface is probably ubiquitously erosional throughout '
northwcstcm Alberta in the subsurface. This fact has been used by Plint er al. (1987) to
defend a subsurface stratigraphy based on seven erosion surfaces (pebbly log markers and
the bases of thick conglomerates ), and overlying transgression surfaces. Some criticisms
of this stratigraphy were prﬁscntcd by Hayes and Smith (1987), and Rine er al. (1987).
While all of the log markers used by Plint et al. may represent w1d&sread erosion, more
study of the other horizons must ‘be done before conclusions can be drawn regardmg their
genesis. However, acceptance of the stratigraphy of Plint et al. (1986' 1987) should be
dependent of the usefulness and correlatablhty of the my /mbers rather than on the wholesale
aCCtptancc of the proposed mtcrprctanon of the log markers. The event stratigraphy of the
Cardium that Plint er al. proposed is convenient, and appears to express true stratigraphic

relationships in the Pembina - Carrot Creek area.

h - .
THE IMPORTANCE OF UNCONFORMITY RECOGNITION

The use of unconforrnity‘bouﬁded package. has become a common practise
amorig stratigraphers (Salvador, 1987), and has beeu we basis of an 'event stratigraphy' -

' for the Cardium (Plint ,\e;\q{:\ 1986). An 'event stratigrabhy' approach as used by Plint et

s s
-
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al. (1986; 1987) attempts to delineate stratigraphic units based on gcncncally rclated

packages of strata, and correlates thesc based on the occurrence of w1despread boundmg
unconformities. This idea is closely rclatcd to those of Mltchum et al (1977), who dct‘mcd
new tcrms for i mtcrprctatlon of stratigraphic sequences found on the passive ma:gm-
Atlantic coastline, where unconformxty boundcd packages can be recognised in scxsmxc

. proﬁlesand correlated to world-wide fluctuations in sea lcvcl (Vail et al., 1977). The basm
unit of this scqucncc stratlgraphy approac is thc depositional sequence: unconformity (or
their correlative conformity) bounded packages of genetically related beds (Mitchum er al.,
1977). In the work of Vail er al.(1977)and Mitchum er al .(1977), .thc unconfqrmity
surface répresenting maximum lowstand <;f sea level (or th: absence of beds fmml‘hat |
time) is the base of a deposidonal sequence seperate from that which contains the
underlying Raven River Member The top of the Carrot Creek Member is above the top
the conglomerate, wherc the deepest water deposition takes placc (here when lammau:dU
mudstones pass into monotonously bcdd; black mudstoncs)(Mxtchum etal, 1977). The
latest sea level curves reveal at 1‘ three major sea level ﬂﬁctuadons in Turopjan time
(Haq et al., 1987). The correlation of this sequence to scqucncé stratigraphy of the passive
margins is problematic however, since deposition an dealevel in the forcland basin would
be influenced to a  Jarge extent by local tectonics (Kauffman 1984) Wthh ovcrpnm and-

. obscure true eustauc changes in sed level.

\ Several workers have studxcd the large scale con‘elatlon of unconformities and
-unconforxmty bounded packagcs in Lhc Westcrn Interior of North America. Sloss (1984)
identified three classes of unconformity on a regional and interegional scale 1) the result of
uphft and erosion accompanymg deformation i in orogcmc;bclts,»2) unconfomuty as the
result of submarine erosion, 3) mtercratomc unconformities reiated to the cessation of

d::posmon the initiation of erosion and the rcmtabhshmcnt of deposmonal regimes
» v

e
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responsible for regional and interegional unconfomlities. All three of these unconformity
types are of a larger scale th:ln the csscntially intraformational unconformities of the
Cal'dium. In work of a similar vein to that of Sl,oss,»Wiemer ( 198;;') documented a period
of large -scale ero;ion of shelfal strata during a period of sealevel lowstand (90 m.y.
before present). During lowstand erosion by wave energy or by subaerial processes may
" have removed shelfal of slope deposits (Wiemer, v1.984). | ‘

The evidexlce for signiﬁcant ﬂuctllations of sea level leading to erosion is strong
for various‘Tproniari age rocks. Equivalent strata to the Cardillm Formation - Frontier
Formation in Wyoming, and the Tocito-Gallup Formationsin New Mexico - have been

- subject to alternating pcn'ods of deposition aild erosion leading to unconfoofﬁﬁes
" (Merewether.er al., 1979; Tillman, 1985). »
‘ ' The occurrence of mdespread mtrafonnanonal unconforrmtles appear to be
significant in many Cretaceous deOS‘ltS in thc interion of North Amenc& Unconforrmues
~ with ﬁrmgrounel developmeﬁt"have been observéd in the V1k1ng Formation, and in the
Clearwater Fgrmation, both ill the Alberta basin (S. G. Pemberton, personal‘ L
communication). The Greenhorn and Fairport Formations in the western United States
" have erosional valleys cuttmg into shelf deposits which are later filled by chert pebbles and
sandstone (W iemer, 1984). Plint and Walker (1987) documented a shoreface incised into
shelfal deposits of the Bad Heart Formauon of Alberta (Santoman) during a lowstand of

»

sealevel. ) ' . o
- CONCLUSIONS

Frorn the evidence presemeq:gere it can be concluded that the base of the

conglomerate in Pembma repnewms 3 significant unconfonmty, which is the baseofa
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denositional sequence. A burrowed firmground horizon exists at the base of the
conglomcratc in the northern part of the Pembina odﬁcld and organisms which burrowcd at
this horizon preferred semicohesive mud substrates. The absence, c‘>r limited occurrence of
burrows elsewhere in Perbina may be due to a greater dcpth of burial and thus
consohdanon of sediments. Th&sc ichnofossils were filled with pcbblcs and mud-sized
sediment dunng a trangmssmn wh1ch reworked prc—cxlstmg shoreface deposits and

| eventually blankctcd the unconforxmty surface and conglomerate with relatively deep-water
mudstones.
In order to identify depositional sequences in areas other than the passive
margin, sedimcntological and faunal evfc;cncc may be ncc&safy wiiire seismic déta 1S
'mconcluswc In the Cardium Formanon the occurrence of a firmground horizon confirms
that sea level ﬂuctuanons which delineate a depositional sequence have occurred and
provides 1n51ght into thc mechanisms of erosion at the bounding unconformity surface.

- The recognition of other firmgrounds in the ancient record can be beneficial i in pinpointing

lithologically subtle unconformities which can be significant in regional stratigraphy.
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CHAPTER FIVE: SKOLITHOS IN THE UPPER CRETACEOUS CARDIUM |
FORMATION: AN ICHNOFOSSIL EXAMPLE OF OPPORTUNISTIC
ECOLOGY |

 INTRODUCTION.
In recent ecological studies of benthic organisms, equilibrium or K-selected
species have been distinguished from opportunistic or r-selected species. Opportunistic species
- can respond rapidly to an open or unexploited niche and are characterized by (1) a lack of
equilibrium populatién size, ’(2) a density-independent mortality, (3) the ability to increase
abundance rapidly, (4) a relativciy poor compettive ability, (5) high dispersal ability, and (6)
having a high proportion of resources devoted to reproduction (Grassle and Grassle 1974).
Qpportunistic organisms display an r-strategy in population dynamics, emphasizing rapid
gmw{h rate (r), while equilibrium specieé adopt a K-strategy based on the carrying capacity of
Lh; environment (K) (Boesch andRosenberg 1981). Short generation span is the most
important mechanism for increasing population size in an r-strategy, therefére lifespans of
opportunistic species are shorter, and sexual maturation is reached earlier (Rez;,s etal. 1977).
Broad environmental tolerances and generalised feeding habits facilitate rapid colonization of
open niches (Pianka 1970). |
‘Rx_:lativcly little work has been done to relate these popublation strategies to the .
ichnofossil record. Ekdale (1985) summanzed a number of possible examples resulting from
1) .turbiditc deposition ‘(i.c. S;:ﬂachcr, 1962;’ KsiazldéWiéz, 1977; Kern, 1980); (2) salinity
variations (i.c. Miller and Johnson, 1981; (3) oxygen deficiencies ki.e. Brenne and Seilacher,
1978; Bromle and Ekdale, 1984); and (4) storm deposition (i.. Howard, 1972; Ward and
Lewis ,1975). In all of these cases some sort of physical and/of chemical stress was applied

- 1. A version of this chapter has been accepted for publication. Vossler, S.M. and Pemberton, S.G., 1989.
\Lethaia. 22. , 129 - ’ ’
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to the benthic population. It will be demonstrated in this paper that the ichnogcnus Skolithos

in examples from the subsurface Cardium Formation from the Pembina and Carrot Creek

oilfields of western Alberta provides an excellent example of opportunistic strategy preserved

in the rock record.

STUDY AREA

Seventy-eight cores from the Cardium Formaton (Turonian) were examined

. from the Pembina -Carrot Creek oilfield of west-central Alberta, whosq location is sho,wn in

Fig. 3. All core are stored at the Energy and Resources Conservation Board Core Research

Centre in Calgary, Alberta. The Cardium Fom)étion, along with the underlying Wapiabi

Formation and overlying Blackstone Formation, comprises the Upper Cretaceous Alberta

. Group.

*

' SEDIMENTOLOGY OF THE CARDIUM FORMATION IN THE PEMBINA’

AND CA‘RRQT CREEK OILFIELDS
In the core examined, the Cardium;Forfnation consists of one or fwo coarsen:

upward sequences of mudstone and fine-grained ‘s}mdstonc, unconformably overlain by

* conglomerate or mudstone. These sequences are comprised of heavily bioturbated

| mudstone,with the percentage of fine sand particles increasing upward, grading imto thin

interbeds of fine grained sandstone and mudstone followed by thick bedded fine grained

v'sandstone'.' In the most recently proposed subsurface stratigraphy, strata below the

unconfc;frrlity represent the Raven River Member, and strata above the unconformity represents
the Carrot Creek Member (Plint er al. , 1986).

~ The r'nud_stones of the Raven River Member coarsen upward from less than 5%
fine sand to approximately 50% fine sand. We suggest that the mudstones represent

interbedded sandstone and mudstone that have been homégcnizcd by biogenic reworkin g.
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This lithology has been shown to indicate periodic influxes of coarser sediment, followed by

periods of slow, steady sedimentation (Ekdale ez al., 1984). Thin, sharp-based sandstone
beds occur sparsely within the mudstone, increase in thickness and aibundance toward the top,
forming a gradational transition to interbedded sandstone and mudstone These uppermost beds
are composed of fine grained sand size particles having disk-shaped shale clasts concemrated
near the base. Physwal sedimentary structures present include plane parallel to gently inclined
laminations. Occasionally, the tops of the sahds{dne beds display wave ripple laminations.
.Similar structures and sequences in core have been interpreted as hummocky cross stratification -
(Tillman and Martinsen , 1985). Sandstone beds shbw a subtle fining upward trend and -may
grade into the overlying mudstone through biogenic mixing. While in most of the thin
sandstones only physigcal structures were observed, in some example- nofossils were
present. In most instances one ichnogenus dominates the unit (Skolithos, and more rarely
Ophiomorpha).

The general sequenée of the coarsening upward cycles is one of sandstone beds
increasing in thickness and abundance upwards into the sandstene beds, which may represent

amalgamated storm units.

SEDIMENTO.LOGICAL .CHARACTERISTICS

Storm events constitute an important rnecharﬁsm for the traﬁsport of sand onto
the shelf (Swift and Niedorada , 1985). In the ancient record they tend to be unusual compared
o surmundmg lithologies, and in shelfal dep051ts are usually characterised e1ther by
hummocky cross-stratification or sharp-based siltstone beds ( Winn et al., 1983; Walker,
1985; Brenchlcy, 1985; Pedersen , 1985; Hurst and Plckenll 1986) In addition, storm -
activity may generate turbidity flows deposmng Bouma sequences (W alker, 1985; Nelson,

1982). Initally, storms tend to resuspend bottom sediments, scouring the seafloor, and
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carrying debr's indward (Hayes, 1967). ‘This can have a winnowing effect on the seatloor,
resulting in basal lag depésits (Kmisz} , 1981), or the éondensation of beds and
ﬁrmground/hardground development in stratigraphic sequences (Walker, 1585).

- Following the initial shoreward currents, sand is carried onto the shelf by -
geostrophic currents moving parallel to isobaths, by storm-surge ebb currents, or by storm
generated turbidity currents (Walker, 1985). Thin parallel laminated sandstone units«ire
cbmmon,’ and are interpreted as interm.ediate d.epth storm deposits . Preserved storm tayers
- observed on the modern Puerto Rican mud-dominated inner shelf are thirty to fifty centimetres
and may héve been up to one metre thick when first deposited, with ten to twenty centimetre
beds on the outer shelf (Brackett and Bush, 1986). The sand layers deposited by storms, P
unless very thick, will be tompletely mixed with the Shrréunding shelf muds by biogenic
activit'}", providing condidqﬁs favour an active infauna (Kreisa, 1981). The nine ccmimctfé
_-aded blanket of sand spread by hurricane Ciﬁdy, observed by Hayes-(1967), was
unrg:cognisable twenty years-later (Dott , 1983). - '

Hummocky cross-stratification, which is common in all outcrop occurrences of
the Cardium’ Forxﬁation is difficult to régognisc in core, but may occur throughout thc section,
It is a bedform associated with storm deposmon of sand is chamctensed by sharp-based beds
of ﬁne sand to. coarse silt sized particles witn low angle truncations and termmanom and low
angle laminae which are convex or concave upwards there is an upward growth of hummocks -
. from parallel laminations (Duke, 1985) An ideal hummocky cross-stratification scqucncc
consists of: (1) a sharp base overlam by a coarse lag depcsit Wthh may be graded, (2) planc
parallel lamination, (3) hummocky cross-stratification, (4): Hlat lamination, ‘often undulatory
:5'(5) ripple lamination, and 6) mudstone which is generally blorhrbatcd Hummocky
:~‘-}cross-strat1ﬁcat1qn occurs in 10-200 centimetre beds interbedded wnh mudstone or in

amalgamated beds with thin shale partings which may be bioturbated.
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FAIRWEATHER CONDITIONS AND THE STA\QLE COMMUNITY
The ichnotaxa found in the Raven River Member mudstones represents the

activitiy of the stable community. Ichnogenera present include: Hélmint@sis, Planolizes,
Terebellina, Teichichnus, Zoophycos, Rhizocorallium, Asiercsoma, Rosselia, Palaeophycus,
Chondrites, Thalassinoides, and Skolithos. The typical appearance of the 'equilibrium
ichnofossils is shown in Plate 7. These ichnogenera represent divgarse ethological ca:;egoﬁes;
sﬁowing a dominated by depdsit-fceders, but no singlé icMoéenus is numen’caliy dominant.

_The density and diversity of ichndfossils in an ichnological ‘assemblage cannot be directly
Iinked to the density and diversity of gfganisms present (Rhoads, 1975); ie. one organism can
be responsibl'e for éeverﬁyichnofossils,,Whﬂe several differem organisms can leave identical

| ichnofossils Perv l;xoturbatlon coupled with thc high dlversny and low abundance of

_‘ mdmdual 1chnogencra mdlcatcs a complex and stable community in an area, having a slow

. and steady scdlmcntatlon rate (Frcy and Pernbcrton 1985). “nly unusually thick storm sands

w1ll be prcscrved in o shelfal setting w1th high bloturbauon rates due to abundant mfaunal

" organisms.

OPPORTUNISTIC COLONISATION
In most mstanccs Lhe 1chnocoenose of the storm-derived sandstone umts
" contain onl’} a single 1chnog¢n_us, Skolithos, although in rare instances Ophiomorpha or
Rosselia wére'ialsé noted. In these units Skolithos are chamcterig,tically small (diameter of 2-3
rﬁp&) vcfticai has thin (approximatcly‘O'. l- fnrr'x) élay linings‘, is straighi, a;nd never branche.s;

:::::

locally densmes ¢ be quite hlgh orm sandstones with Skolithos are shown in Plate 7.

>

Addluonal Skolithos ~n horlzons were also found assocmted w1th the mudstones These



Plate 7. Core photographs. All coré are stored in the Energy and Resources -
Conservation Board Core Research Centre in Calgary, Alberta. Numbers in brackets are
‘well locations, using the Dominion Survey of Canada. A. Zoophycos in mudstone of
the Cardxum Formaﬁon. Notice the thin sandstone bed (indicated by arrow; centre of
photo) which has been partially destroyed by bioturbation.(LSD 6-31-53-13W5M) B. ~
Sharp based sandstone bed in homc‘)gcnisqg‘,d mudstones. Numerous Skolithos come
down from 2 saﬁdstone bed(indicatcd by aﬁbw) where the core is broken.
Appmximat;tly one centimetre is miissing where the picture is cut.(14-10-53-13W5M)
C. Amalgamated sharp based sandstone beds with twoSkolithos hoﬁzons. ’
7(9-3-52-11W5M) D. Amalgamated sandstone beds with several thinly-lined Skolithos
coming down from the top of the uppermost sandstone.(6-3 1-53-13W5M).v Scale barlis

equal to one centimetre in all photographs.

-
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~ organism, with pcIséible tracemakers including pol}jchactcs or,phorrlmids (Pemberton and Frey,
1984b). In ecological studies of rcccnt crIvimnrrfcnt's pdlychactcs are conSistcntly the ;r";)c‘)st.
_, cornmon opportunistic organism group (McCall and Tevesz, 1983). Fauchald and Juinars,
: (197“9) indicated that suspcnsmn feédmg has been documcnted in some form or another, in 13 :
families of polychaetes. Where gregarlous behaviour is mdxcatcd by the hlgh dcnsmcs of
Skolithos, a mucous net or tentacular crown is the most hkcly fccdmg 1mplcmcnt (Barncs
1980 Pemberton and Frcy, 1984b) ;
EFFECT S OF STORM ACTIVITY ON THE EQUILIBRIUM POPULATION

Storm actmty disrupts bottom fauna, resulting in mass stranding and the

t!ansportauon of orgamsms to othcr environments (Haycs 1967; Rees et al 1981 Dobbs and
Vozarik, 1983) Sand or mud deposition followmg storms can bury thc stablc commumty
: ‘prcscnt on the shelf (Brongcrsma Sandcrs 1957; McKnight, 1969). Orgamsms may survive

_:thls by bum)wmg out to their prcfcm:d dwclhng dcpth leaving pcrturbatlons in the
) sed.uncntary smu:tlmcs (Schifer, 1972) If the dcpth of burial is too great, benthic and 1nfauna1
| organisms suffocate, wh1ch can result in the well- prcscrved dcath asscmblages found in many ‘
ancient tempestites (Schifer 1972; Brett er al., 1986; ).

' Thc escape potential of bivalves following suddcn buxiial was examined in detail -
by Krantz (1974) Wlnle infaunal bwalvcs have the ability to escapc whcn the burymg
medium was the same as thcxr ‘natural substratc exotic sediment poscd a greater problcm
Organisms appear to bc adaptcd to burrow in a limited range of substrates, and havc great
difficulty moving in and mampulaung foreign sediment. The infauna of the shelf muds '
comprising thé Cardlum Formanon may sumlanly havc had difficulty burrowmg up through
storm sand blankets. Thc combmatlon of seafloor scouring and sand dcposx)}ewwa storm '

processes could complctcly depopulate the normally quxct, stablc, shelf area.

RECOLONISATION FOLLOWWG DISRUPTION
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burrows displayed similar dimensions but were unlined. This may indicate an obscurcéi wall
lining and a concealed bed junction or perhaps such horizons are indicative of semi-cohesive
substrates exhumed via storm scour and recolonised with unlined Skolithos.

Eth/ologically, Skolithos represents the dwelling burrow of a suspension-feeding -
organism, with possible tracemakers including polychaetes or phoronids (Pemberton and Frey,
1984b). In ecological studies of recent environments, pblychaetes are consistently the most
common Opportunistic organism group (Mchill and Tevesz, 1983). Fauchald and Jumars,
(1979) indicated that suspension-feeding has been documented, in some formvor another, in 13
- families of polychaetei WHere gregarious behaviour is indicated by the high densities of
Skolithos, a mucous net or tentacular crown is the most likely feeding implement (Barnes

1980; Pemberton and Frey, 1984b).

EFFECTS OF STORM ACTIVITY ON THE EQUILIBRIUM POPULATION
Storm activity disrupts bottom fauna, resulting in mass stranding and the

tranSponationn of organisms to othér environments (Hayes, 1967; Rees er al., 1981; Dobbs
and Vozarik, 1983). Sand or mud deposition following storms can bury the stable community
present on the shelf (Brongersma-Sanders, 1957; McKnight, 1969). Organisms may survive
this by burrowing out to their preferred dwelling depth, leaving perturbations in‘the
sedimentary structures (Schifer, 1972). If the depth of burial is too great, benthic and infaunal
organisms suffocate, which can result in the well-preserved death assemblages found in many
ancient tempestites (Schifer, 1972; Brett et al., 1986; ). f |

| The escape potential of bivalves following sudden burial was examined in detail
by Krantz (1974). WhiIe infaunal bivalves have the ability to escape when the burying
medium was thc same as their natural substrate, exotic sediment posed a greater problem.

Organisms appear to be adapted to burrow in a limited range of substrates, and have great
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difficulty moving in and manipulating foreigri sediment. The infauna of the shelf muds

comprising the Cardium Formation may similarily have had difficulty burrowing up through
storm sand blankets. The combination of seafloor scouring and sand deposition via storm

processes could completely depopulate the normally quiet, stable, shelf area.

” phal
“ RECOLONISATION FOLLOWING DISRUPTION M

Rgcdl@sat}on of modern benthic.communities following physical or chemical disruption has -
beén documented by numerous workers (Grassle and Grassle, 1974; Rhoads et al., 1977;'
Simon and Dauer, 1977; Grassle , 1977; Rees et al., 1977; Santos and-Simon, 1980; Sanders
etal., 1980; Thistle , 1981; Bonsdorff, 1983; Whitlatch and Zajac, 1985 ). The results of
these studies are summarized in Table 4. |
Recruitment into depopulated regions is initiated by either adult or larval forms
(Santos and Simo, 1980), thus the composition of the larval pool helps determine the species |
available for:recolonisatic%n (Jackson, 1983). Zajaé (1986) noted that adults of opportunistic
species become sexually active after a phySica_l disturbance or after seasonal depopulation,
allowing a very rapid increase in the size of t‘he larval pool. The larvae of small invertebrate
opportunists are genérally brooded, allowing them to settle_almbst immediately after release -
from the parent. Gray (1974) noted that opportunistic organisms can have both planktonic and
benthic larvae, thereby giving them very flexible recruitment abilities. Thorsen (1966) found
. a{ larvae prefereptfa]ly selected suitablé substrates for settling, as opposed fo an
indiscriminant "larval rain upon the seafloor”. Polychaete larvae appear to be able to postpone
metamorphosis until a suitable substrate is available (Thorsen , 1966). Once settled, the mature
- larva must metamorphose quick{y to adult form.
| In éddition to substrate texture, the chemistry of the water may affect the success

of larval settlement. In a study of the opportunistic polychaete Capitella, settling was found to
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TABLE 4: MODERN EXAMPLES OF RECOLONIZATION FOLLOWING
DEFAUNATION :

estuary-
nearshore

intertidal

microtidal
fiod -

.deep sea

1760m

embayment

shallow

ine -*

estuary

marine-
estuary

offshore
12160 m.

shallow

- brackish

oilspill 1st month: > 8 months:
: Capitella capztata »Polydora ligni
red tide TLoast month: 2-3 months:
5w Polydoraligni Eteone hetero-
' poda, Nerels
succinea
pollution 3 yrs:Capitella Scolepsis
capitata ' fulignosa

experimental 2 months: Pnapulzs 28 months:

dcfaunauon atlantsi Capitella sp.
cxpcnmcntal 10 days: 50 days:
defaunation Streblospio Nucula proxima

benedicti, Capitella
capitata, Ampelisca

N abdita

storms

dredging 10 days: 29-50 days:
Streblospio Capitella capitata
benedicr Ampelisca abdita

oil spill 1st 11 months: 2nd year
Capitella Mediomastus

experimental 6 months:
defaunation Prionspio sp.
Opt-yaboche
pucrilis
dredging Nereis diversicolor,
Corophium volutator
Macoma balthica

Microphthalmus
aberrans, Syllides
verilli, Streblospio
benedicti -

year 2: Capitata
ambiseta, Minuspio
cirrifera, Trovisia

SPp.

mobile predators
with short life
cycles

50 days:

Nucula annulara
86 days:

Tellina agilis

175 days:

Nephthys incisa

v

ks
g

g
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Y
be' triggered by the presence of sulphides in the water column (Cuomo, 1985). Storm currents

that scour the sea floor may increase the sulphide content by uncovering sediments in which

decay of organic matter has already occurred. .Also, mass-death following a physlcal

-\'Qt‘"

- disturbance will increase the sulphlde content.

Santos a'nd‘S'um 1, (1980) found that ad};l{ recruitment from surrounding areas
can be appreciable in some circumstances. Adult recruitment may be facilitated by the tmns;ibn
of adults by storm currents, and subsequent relocation. Recolorrisation following storm
disruption in a nearshoremenvironment sheltered from current energyi was studied by Rees er
al., (1977). It was found that followmg large storms, mass-stranding and redrsmbutlon of
numerous spe01es occurred with adult orgamsms and mﬁ%m forms bemg dxsplaced to
open ocean areas, mediating raprd recolomsatlon . , 4 ?’\

" Studies of recolonisation rates of stable and unstable (fluctuating salinity,
§edimentadon and temperature) modemn environments shows that orgzmisrr]s in stable
eﬁvironments are more severely affected by physiological stress. Species present in

i

S 1 estuanes usually have broad environmental tolerances

unpredictable environments,
and can recover from disturbances quickly (Jernelév and Rosenberg, 1976). Relatively stable
deep sea environments can tzrke longer than two years to recover completely, while relatively
uﬁstable estuarine environments may recover in approximately 11 months ( Dauer and Simon,
’1976; Grassie, 1977). Marginal marine organisms are subject to relatively high physiological |
stress on a continual basis, and thus the resident populatiorl is likely to exhibit some degree of
r-selected strategy (Ekdale, 1985). For example, Rhoads er al., (1985) found very small shaft
dwelling organisms that were probably opportunistic comprising the normal ccmmunity in
nearshore areas with a rapid rate of sedimentation.

Recélonisation,’ if it progres;es without dismrbance,vwill follow a wrend to more

“complex and deep burrowing behvior as shown in Fig. 14.
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. TIME >
disturbance - . normal

'

Figure 14. The reestablishment of benthic community following disruption. (modified
from Rhoads er al., 1978) |

-~
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LIFESTYLES OF OPPORTUNISTIC ORGANISMS

Opportumstxc organisms display tolerancc toa wide range of physiologically
stressful condmons Ttus the lifestyles of opportunistic polychaetes in dlS&Cd systems can
be somewhat variable (Grassle and Grassle, 1974). In the examples n:vxcwcd in Table 1,

- opportunistic colonists were errant-burrowing or tube-dwelling deposit-feeders.
Suspension-feeding at the sediment/water interface differs very little from (and may bcB
-gradational with) surface deposit-feeding, where a suspended load of nutrients is found close
to the bottom. Organis?ns use similar apparati for both strategies. However, Cadée (1984),
noted that <.)pportunistic"organisms ha\;e a great éapability to vary their feeding habits
depending on food available in the habitat. Thus, if suspension-feeding. is the most viable
strategy, opporrur‘listic organisms would utilize it.

: Some commonly identified modern opportunistic polychaete genera include:
Capitella, Mediomastus, Nereis, Polydora, Streblo;ia, and Hobsonia (Grassle and Grassle,
1974; Sandcrsg%; al., 1980; Santos and Simon , 1980; Whitlatch and Zajac, 1985). While
most of these are enant-bunéwing or tubiculous surface debosit—feeders, Polydora is a

/suspension-feeder, Nereis and Capitella can suspension-feed or deposit- feed, and some

species of Capitella are also predators (Barnes, 1980; Thayer, 1983; Cadeé, 1984; Whitlatch
and Zajac, 1985). In %ecolonized dﬁmp areas, the earliest colonist was found to.be the
deep-burrowing polychaete Nephthys incisa, followed by tpbc dwelling deposit-feeding
polychaetes, and finally bivalves (Rhoads er al., 1977). Unlike components of the stable
community, pioneering species have generally‘bc¢n found to have a negligible ef fcéit on
sediment properties below the sedjment/water,intérface (Rhoads eral., 1978). Manyv
polychaetes line their‘ burrows with a thin mucus coating to enhance stability ( Ba}’r b,

This form represents the most simple, primitive, and quickly constructed of all b
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Washed-in sediment eventually forms a thin clay wall, and the burrows will be preserved as
~shaped burrowing tcxfurcs (Schifer, 1972). Tube dwelling organisms which suspension feed

hévc been fgrund to dominate early recolénisadc;n (Sf marine areas (Rhoads, 1975).

Opportunistic colonists tend to live in dense clusters (Rhoads er al., 1978).

Gregarious settling isused to inhibit competitors from settling (Whithtgh and Zajac, 1985).

Among opportunistic species, individuals tend to settle near conspgciﬁcs, indicating gregarious H

scttling behaviour is bésed on the presence of others rather than oﬁ the availability c;f preferred
-substrate. ‘éince these organisms teﬁd to brood their larvae, they can settle iﬁmediatcly upon

release from the adult, allowing rapid crowding of a given space. The initial cc onists thus

‘brccmpt space, inhibiting the settlement of other species.
Palaeontological evidence ) &

The characteristics of an opportunistic body fossil assemblage in the rock /
record (as rciterated by Pemberton and Frey, 1984a) are: (1) limited areal distribution .
(Waage, 1968), (2) occurring in a}continous, thin, isochronous horizon (Waage, 1968), (3)
abundant in several, othcrwise distinct faunal assemblages (Levinton, 1970), (4) having great
abumlance in a facies with which it is not generally associated (Levinton, 1970), (S)
numerical domination of one specics within the fossil assembage (Leviﬁtqn , 1‘970)..

Waage (1968) noted possible oppox:tunivst»i‘c body fossil ésserhblagcs in the
Maestrichtian Fox Hills Sandstone of South Dakota. ASsemblage zones attributed to mass
mortality. were found bounded by sparsely poplilatcd to barren units. The sudden abundance
of fauna was atm'butéd to a slight decrease in stress allowing a settlement iﬁ the newly opened
niche. ‘ |

Rollins et a]., (1979) documented a faunal succes'sibﬁ within a community

which contained an opportunistic brachibpod-gastropod assemblage; stress was “ap"p'lied by

shallow marine conditions associated with early transgressions. Epifaunal suspension-feeders
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IAB.LE.S._COMPARATIVE ICHNOLOGY OF STORM VERSUS FAIRWEATHER
DEPOSITS
Agn s E . I ] E .] :E . i l I‘,'l [ .] : , B [
Mid-Upper . Martinsburg none given ‘ Planolites , fugichnja ‘Kreisa 1981
Ordovician  Formation - ‘

Lower Ross Brook mottling, Chondrites,  Skolithos, Palaeophycus Hurst &
Silurian Formation = Helminthopsis : - Pickerill 1986
Lower Hughley . Scolicia, Walcortia,  Diplocraterion, Skolithos, ‘Benton &
Silurian Formation = Rusophycus, Cruziana Chondrites, Palaeophycus Gray 1981
Middle - Thorold Arthrophycus, Chondrites, Skolithos, szlocrat;r\xd Pemberton &
‘Silurian Formation = Cruziana, Daedalus, Arenicolites Risk 1982

Diplichnites, Dg{m;chnus
Lingulichnus, Lobichnus,

A Monomorphicnus,
chlaeophycus, Planolites,
‘Polycylindrichnus,
Rusophycus, Teichichnus )
Lower -  Courceyan none given  Zoophycgps, Planolites,  Wu 1982
. Carbon- andArundian ' Rhizocortullium,fugichnia :
" iiferous *  Formations ' '
Lower . Choshi none given -. Planolites montanus, ' Katsura eral.
Cretaceous  Group Nankaites, steeply 1984
. . : inclined Palaeophycus
Upper Frontier . - Asterosoma, Teichichnus 0pﬁomorpha Winn er al.
- Cretaceous  Formation - . R 1983
‘Upper -~ Shannon = Asterosoma, Skolithos,.  Skolithos . Tillman &
Cretaccous  Sandstone  gastropod trails, \ ‘ Martinsen
* - Teichichnus, - 1985
"donut burrows" "
(possiblyTerebellina), ,
i" Py Thalassinoides ’
Up ¥, Cardium Chondrites, Planolites, Skolithos, " Pemberton &
Cretaceous Formation C'ochlzchnus Phoeblchnus, szlocratenon, Frey 1984a .
»rMeunoteria, Rhizocoraliium, . - ‘ _ Palaeophycus

> . " Zoophycos, Thalassinoides,
X Cylindrichnus, Rosselia,
Gyrochorte, Planolites



Table S (continued)
Age Formation
Upper Star Point
Cretaceous  Formation
Y
Upper Capé
Cretaceous  Sebastian
Sandstone
Upper Cape
Cretaceous . Sebastian
Sandstone

‘Amo

Magazine Pt. Thalassinoides,
Formation

Scolicia, Palaeophycus

- herberti, Palaeophycus
- tubularis

Cylindrichnus
concentricnus,
Thalassinoides suevicus,
Teichichnus rectus,
Planolites beverlyensis,
Planolites montanus,

Ancorichnus capronus,
Ophiomorpha annulata

Ophiomorpha, Planolites,
Scolicia, Sabellcrites,
Thalassinoides,
Macaronichnus segregatis

Ophiomorpha, Planolites,
Scolicia, Sabellarites,
Thalassinoides '
Imbrichnus, Scolicia,
Planolites

=

- Ophiomorpha nodosa,
Skolithos linearis

Ophiomorpha =
u
fugichnia, Scolicia, -
Ophiomorpha
-

Il

Ophiomorpha

Ophiomorpha
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Reference

Howard &
Frey 1984

Hunter
& Clifton
1982

Bourgeois
1980

" Ward &

Lewis 1975
Lewis 1980
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dominate the assemblage. Latér, an eguiiibrium population appears to develop, but with the
transgressive > nature of the deposit there is some doubt that interspecific competition (necessary
for a true ecolOgical succession) was responsible for the biotic change.

_Diminuitive bivalves with paedomorphic traits were interpreted-as opportunistic
species in an area of low oxygen concentrations demonstrating that evolutionary cnamcteristics
can provide evidence for life strategies (Snyder and Bretsky, 1971). The relationshin oetwecn
paedomorphosie and ecology waS .examined by Could (1977).‘ Gould's theory s%:mwi that
accelerated sexual maturatlon is associated with r-selecting paedomorphs whercas retarded
somatic development chardctenzes K-selecting paedomorph51s and is supported by recent
models on ecological causation of heterochrony (McKinney , 1986). The example cited by
Snyder and _Bretsk_y, (1971) is suggesdve of accelerated sexual development, diagnosed by
redueed sizlev of descendants relative to their ancestors (McNamara, 1986).

In another body fossil example, an opportunistic fauna of trilobites was

documented by Brezenski (1986) i in  strata which were interpreted as represennng reduced -

' oxygen condmons

Ichnological evidence

The activities of soft-bodied infauna which have lonres'ervational potential as
body fossiis represent‘a"signiﬁcant component of any biological succession (M.cCall and
Tevesz, 1983). Nevemmeless the ichnofosSil record Ean preserve the activities of the soft
place to find evidence of opportumstlc colonists in an ecologlcal succession. As noted earlier,
some of the difficulties in recognizing part of an ecologlcal succession in the rock record are:
(1) fossiliferous strata tend to encompass long temporal ranges in comparison with the scale of-

Recent faunal successions; and (2) strata tend to include obvious environmental changes that
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are beyond the control of the resident 6rganisms, i.e. interspecific interaction is not the primary
reason for the cliange in biota (McCall and Tevaez, 1983).

| Pemberton and Frey (1984a) studied an bppc_)rtunistic assemblage of
ichnofossils from the Cardium Formauon at Seebe Alberta. In this example the resident
1chnocoenosc was dlsrupted by rapid storm sedimentation. Storm-current emplaced beds were
invaded by an opportumsbc fauna which in turn was replaced by a stable commumty when
conditions were stable once again. Opportunistic hfestyles were represented in the Cardium
Formation by Skoltthos szlocraterzon and Ophzomorpha The 1chnofossxls show a change
from a iverse, predominantly dqposn—fccdmg community to a less diverse, but locally
abundant syspension feediﬁ g com’m‘uni'ty.. Table 5 records other possible e;g?,r‘rxpies.
DISCUSSION .
The thin, Skolithos -rich storm‘Beds of the Raven River Member in the Cardium Formation
seem to fulfill the requirements of an opportunist ichnocoenose. The beds appear to be i
isochronous, each representing a single storm event. Asa result, the scale of the units is ai th‘é
level necessary for the-recognition of opportumsnc behaviour. It seems likely that the
ichnofauna preserved in the beds is influenced most strongly by the physical depopulatmn and
subsequent recolonisation of sediment in a shelfal setting. The abundance of one form, and the
exclusion of other ichndgenera is also consistent with an opbortunistic interpretation.

The small size of Skolithos associated wuh storm sands of the Raven River

" Member provides furthcr corroboration for an mte*pretatxon of oppo@mmsuc recolomsanon

blnCC opportunistic species are generally smaller than equilibrium species. While the size of

burrows cannot be dircctlvyAéor.related with the size of the tmcé—maldng organism, in the case of

a simple dwelling-shaft it is likely that the burrow is only slightly 1"arger thz;n me inhabitant.
The véry thin clay lining found in the burrows sug Jests a s1rnp1e and qulckly

constructed dormcxle in somewhat uncoheswe substrates. As previously stated, the 1chnofossxl

7
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Sk(o)ithos has been imerpret:ed as th.c-dwélli‘{_;?:'sbdrr_ow of a suspension-feeding organism.
~ Suspension-feediiig and surface depositéfcéé‘iing are common fceiiiﬁg strategies for early
colonists in Recent sedxmems and verucal burrowmg 1Isa prcvalenl adapt?itmn to sm:ssful
environments (Thayer, 1983). Based on the’ Lrsgtudn:s of modem scdlmems rcvxcwcd carlxér in 2 d

this paper, polychaetes seem to be the most lmci’g'pwnumsnc suspcnuomfmﬂcrx I'CSpon\lblL :

,t,,‘ b LN K

- for the abundant Skolithos . _ o
The high density of Skolithos observed bfbt;abl-y r;:p‘regér;ts the grcgarious
nature of the colonizing organisms. Vertital burrows iend to relate the life position of the
inhabitant, especially when the inhabitant is essentially immobile (Pemberjon and Fréy,.
1984b) and each shaft represents ’Ehe activity & an individual orgarﬁsm (Thaycr, 1983). Itis
likely, given the syn_chronou:s na,tﬁre c;f each storm bed, that the shafts are appfoximzitely the
same age. | | |
Recruitment inf this olpen niche could have been enhanced by substrate type
and.possibly by water chem;;try. Sué:bension feeding organisms may prefer .ady substrates
_such as the storm sand blanket (Ekdale er al., 1984). Methanic d‘iagenesis must havc Lakcn
place at shallow depth owing to decay of orgahic material.in the Raven River Member as
evidenced by the presence of primary siderite nodules (Baird et al.., 1986). Thus storm
vl activity would increase the concentrétion of sulphide ions in the water collum'n, thus acting as a
. trigger for larval settlement. In the case of Skolithos from thin storm generated sandstone
beds; Teestablishment 6f a normal shelf communi»ty rriay have been g:radual and due primarily to
interspeciﬁc competition. This is strongly suggested by Skolithos - rich beds that havé tops |
rmxed mto overylymg mudstones by later bioturbation.
The presence of an opportunistic Skolithos honzon in a sequence can be useful

in interpreting the microdynamics of a sedimentological or ecololglcal system. Each bed

14 . i - ’
containing the horizon canygrobably be attributed to the work of a single storm, and evaluation
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of the time needed to reestablish a normal benthic community can giVe some idea of"
sedimentati.on rates. The occurrence of some segnﬁngly homogeneous thin sandstones WiLh

“several Skolithos -rich horizons is an indication of amalgamated storm beds, since each
burrowcd zone represents a single storm

Skolithos -rich horizons in 1he mudstones of the Raven River Member may
indicate concealed bed juncton preservation, where discrete storm sands have been obliterated
byj‘ bioturbation (Ekdale et al., 1984). Another poss‘ibility is that storm currents®¥8ve eroded
a\iilay overlying muds to form a thin 'firmground' which was exposed to the activities of
burrowing suspcnsmn fecdmg orgamsms similar to the opportunistic organisms of the storm
emplaced sandstone beds (Aigner, 1982). ang;round\bunows tend to have very sharp walls

indicating the cohesive nature of the substrate. : c

CONCLUSIONS | |
Whiln evolutionary palaeontology may provide insights into life strategies
dopted by organisms, the ichnofossil record may enhance and increase our khowledge of
opportunistic behaviour in the past. Ichnofossils preserve the activities of otherwise
unfossilised so;;—bodied falir;a, which are observed in the Recent to be the predominant
opportumsuc biota. ¢ '

Thin, storm emplaced sandstones found in a quiet shelfal sequence, such as
those present in the Cardium Fonnation provide ideal examples of opporrunistic
recolomstmon The abundant Skolzthos in the sandstones is one such example The
recognition of an opportunistic. fauna may help to eluc1date the rmcrodynarmcs of sedlmentary
_ deposus by 1dent1fy1ng small discontinuties in mudstonc sequences, and by reveahng

amalgamated storm deposits. ' e
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| ~ of them are widely available. )

# CONCLUSIONS

How then have these four papers enhanced, understanding of ichnology in
general and the ichnology of the Cardium Formation in particular? First, a relatively
comprehensive knowledge of the appearance of common ichnogenera prcsc.m in shelfal
facies in core has been gained. The use of éor‘c is ubiquitous already in the petroleum
industry, and will undoubtedly grow in other areas of research in the future. Ac;’ulcgnic
workers can no longer ignore the vast bed of knowledge about formations in the
subsurfa¢e which core represent. Understanding of ichnofossils (and as well
sedimentary structures) will' grow only if published drawings, photo's and descriptions '

” \

Beyond the mere description of forms, the 1<,hno;,en<,r.1 identificd from the
Cardium help t(;ﬁldate several palaeoccologxcal situations. A comprdxumvc model of
bic_>turbation fa and ichnofossils associated with offshore deposits isattémpted. The:

full verticl;i:sccu'on afforded by core e:nablcs a fairly detailed look at distal-proximal
storm-generated deppsits in a prograding sequence. Complex ichnofossil-relationships
N . ‘
between pre and post- storm ichnogenera and between shallow and deep burrg-wing
_forms can be discefncd. Form thi‘s exampl¢, the complex interplay of assorted
environmental parameters which control ichnofossil distribution can interact to
compli‘ate the across the board application of ichnofacies modéles. In a.st(h/n .
dominated shelfal environment the frequcncy and mtensnty of storm dlsturbdncc is the
~ most unportant control on the occurrences of 1chnofossnls A hasty examination of the. |
ighnogencra presem,' using a bathymetric ‘approach to 1chnofossxl.asscmblagcs would
tend to involge unecessarily cbmplex flux of sea levels to cxp.,lz;in ichnogenera |

RURN

occurrence.

B
One of the most controversial aspects of the Cardium Formation is the presence .
162
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of multiple conglomerate/pebble horizons, One of these conglomerate beds is rresent in
the Pembina area, overlytng multiple coarsening upward sequences of Mudstone and
sandstone. The basal surface of this conglomerate has been interpreted ¢ .1 erosion
surface, which is a depositional sequence boundary. Firmground ichrofossisl are found
locally at this erosion surface, indicating firm but urhthxﬁed sedlments . the time of
erosion. The indentift z:auon of ﬁrmgrounds aids in the recogruuon of sea level
fluctuations which are significant, but engender only subtle lithologic changes.
Firmgroynds have proven to be beneficial in recognising sequence boundaries which are
important in tbe tectonically active foreland basin of the Western Interior Seaway. In the
case of the Cardium Formation, the :dentification of a firmground ichnbfossiol suite @
confirms preexisting ideas about sequence boundaries in the formations and provides
additional information whtc}h allows refinement of _idea&.on sea level fluctuations which
dominate Cardium deposiﬂctfc/m. Far reaching implications for further exploration of
sequence stratigraphy are foreseen with future recognition of firmground ichnofacies. |
Perhaps future work in this field can be founded on this initial documentaion of sequence .'
stratigraphy and associeted ichnofossils. v /

* One of the most unportant palaeoecological fmdmgs of this thesis is the
documentauon of an opportunistic occurrence of Skolzthos in storm-generated sandstone.
beds. This is an excellcnt example of opportumsuc suspensmn feedmg orgamsms -
explomng a niche which is suddenly available and vacant. As well as illustrating ar;
1mportant example of a rarely documented situation, thls study of Skolzthos provides a
* format for evalugmng preex1stu,1_g'. models and example_s‘ of opport%msuc behatv_lo‘r in the

fossil record ; - -

'I'lus study of the 1chnology of the Cardlurn Formauon has been: of beneﬁt by

e s

,exglormg a new aspect of an 1mportnat hydrocarbon producer n subsurface and by -
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putting forth ideas which are more widely applicable. While the Cardium Formation is
important locally, at the time of this writing, the problems of shelfal ichnology are more
widespread and will be pondered well into the future. So, whilc‘ assi'sting in thc(i%,» !
interpretation of the somewhat problematic Cardium Formation, this work h:as also been

of more far reaching interest.
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k

pebble conglomerate

" sandstone - N

interbedded sandstone and mudstone

t
mudstone

siltstone

s 7
granule size conglomerate

thin sharp~based sandstone bed
shale clasts
dispersed siderite
siderite nodule
siderite band -
gritty siderite band
pyrite

chert pebbles
bioturbation ,
parallel Tamination
wave ripples ’

" wavy bedding

load structures
sand graing

" gently inclined lamination
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