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ABSTRACT

The Bluesky Formation of early Albian age consists of a relative!r thick succession of
sandstones, mudstones and conglomerates that were deposited in shatlow manne shelf bar and
delta front settings. The Bluesky Formation, in the Peace River Plains, lays betwneen the conti-
nental Gething Formation below and by the marine shales ot the Moosebar Forr ition above.
Shelf bar complexes are found primarily in the north half of the study area and attan thicknessess
of over 30m. These shelf bar complexes were deposited at least 100 km from any recognizable
galeoshoreline at middle to inner shelf depths. In the Foothills area of the study area, the Bluesky
consists of a thick progradational succession of prodelta and delta front deposits which 1s overlain
by the delta plain deposits of the Chamberlain Formation. The base of the Bluesky Formation
probably records a sequence boundary between underlying non-marine Gething and marine
Bluescy strata. Deposition of the Bluesky Formation began when the Gething delta plain was
transgressed by the boreal Moosebar Sea, fiooding most of northeastern Bntish Columbia.

Eight lithofacies were defined in core and ou'Crop on the basis of physical and biogenic
sedimentary structures and lithology. The oftshore bar complexes are, In general,
coarsening-upward successions which can be dwided into: central bar deposits, composed of
clean, trough cross-bedded sandstone, bar margin deposits (proxmal and distalh) deposits, com-
posed of highly bioturbated, muddy sandstones; and interbar deposits. composed of bioturbated,
silty mudstones. The finer-grain and bioturbated bar margin sandstones were probably deposited
lateral to the higher energy portions of the ridge and probably represent periods of slow
sedimentation and lower energy. >roximal bar margin deposits contain abundant infaunal
suspension-feeding structures characteristic of the Skolithos ichnofacies; whereas, distal bar
margin deposits contain predominately epifaunal deposit-feeding structures, charactenstic of the
Cruziana ichnofacies. Silty mudstone interbar sediments were deposited lateral to the bar proper
in a very low energy environment.

The prodelta deposits consist of a rhythmically bedded series of cross-taminated sandstones
and burrowed mudstones implying a seasonal cyclicity of sediment input. Delta Front sediments,
composed of small-scale cross-laminated sandstones, were deposited as distributary mouth bar
and wave-reworked sheet sands. The presence of ichnofossils common to both the Cruziana and
Skolithos ichnofacies is characteristic of a Brackish Water ichnofacies. The regressive deitaic
succession is capped by the coal-bearing delta plain sediments of the Chambertain Formation.
Continued transgression of the Moosebar Sea flooded the entire basin allowing deposition of quiet
water shales over the Bluesky and Chamberlain intervals.
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1.0 INTRODUCTION

Lower Cretaceous Bluesky Formation sedimerits founc in the subsurface of the Peace River
Plains can be traced into the inner Rocky Mountain Foothills of northeastern British Columbia. in
the plains region, Bluesky sandstones produce significant quantities of oil and gas from a series
of structural and stratigraphic traps: equivalent Bluesky strata in northwestern Alberta also contain
large hydrocarbon reserves. Interest in exploring for hydrocarbons the Bluesky Formation be-
gan in Alberta as early as the late 1940's. Since that ime a number of large oil and gas pools
have been discovered in both northwestern Alberta and northeastern British Columbia. Estimated
resource potential for the Bluesky Formation in northeastern British Columbia is placed at 18 x

106 m:3 of gas and 2 x 106 m3 of oil (Dewar, 1977).

The Bluesky Formation s also used as d lithostratigraphic datum for the correlation of coal
measures in the Peace River coalfields. Within the Foothills structural belt of the study area, the
potential for gas entrapment is considered to be low since most of the lower bretaceous section
has been brought to the surface by extensive folding and faulting. However, despite the eco-
nomic significance of the Bluesky Formation, very little is known of its distnbution or
sedimentological characteristics. Comprehensive regional lithofacies and biofacies analyses are
not yet available for the Bluesky Formation in northeastern British Columbia. As a result, regional

stratigraphic correlations are inconsistent.

it is important, then, to gain a better understanding of this poorly documented and complex
unit so as to provide better sedimentologic models in exploring for hydrocarbons in the Bluesky
Formation. In addition, it provides an excellent opportunity to study in detail the sedimentology

and ichnology of a shallow marine sequence.
I



1.1 PURPOSE OF THE STUDY

The geologic record for the Cretaceous Period in the western intarior of North America con-
tains numerous examples of marine shelt sedimentation. Many of these deposits are lenticular
sandstone bodies encased in mudstones, such as the Upper Cretaceous Shannon Sandstone in
the Powder River basin (Spearing, 1976). Traditonally, these sand buildups have been nter
preted as shallow marine bars and are frequently employed as models for the interpretation of
other shallow marine sandstones (Johnson and Baldwin, 1986). Many of these sand bodies occur
hundreds of kilometers offshore, far from any recognizable time-equivaient paleoshoreline and
are suggested to have been molded by tidal and storm processes. However, the exact mode of
how sand can be transported across a muddy shelf and emplaced into discrete sand bodies 1s
still an enigma. !t has recently been suggested, though, that similar units, such as the Cardium
Formation of central Alberta, represent shoreline deposits which were stranded offshore as a ro-
sult of a rise in sea level and concomitant retreat of the coastline (Bergimnan afnd Walker, 1986,

1988).

Recent studies of modern shelves - the U.S. Atlantic shalf (Stubblefeld et al.. 1984), the
Alaskan shelf (Howard et al., 1981), and the North Sea (Houboult, 1968) - also describe sana
bodies which have originated, in part, in a setting different than thair present one. These sand
bodies are considered to have formed in a nearshore environment and are now stranded nany
kilometers from the present coastline as a result of the recent Holocene rnise in sea level (Waiker,
1984). huwever, these sand bodies continue to be moditied and shaped accordingly by modern
tidal or oceanic processes indigenous to their areas, losing their former nearshore sadimentologic

characteristics.



The Bluesky sandstones. in some regards, also share the same controversy in orngin. The
thick sandstone buildups of the Peace River region may have originated as shoreface deposits
which were strande~ after a sea level change or they may represent shallow marine bar
sedimentation. Nevertheless, this debate in depositional origin provides an interesting problem
which may be resolved by examining the sedimentologic and stratigraphic framework of the

Bluesky Formation.

In order to establish the geometry, sedimentary structures and depositional history of these
sediments, *this study will examine the stratigraphy, sedimentology and ichnology of the Bluesky
Formation in northeastern Bntish Columbia. Specifically, the objectives of this study are:

1) to define the regional stratigraphic relationships between the Bluesky, Chamberlain and
Mcosebar Formations.

2) to describe and analyze the lithofacies present within the Biuesky Formation,

3) to determine the ichnogenera present, their associations and their significance within the
clasac sequences,

4) to correlate and map the distribution of relatively thick, discrete sand bodies within the
study area.

5) to determine the «rivironments of deposition, including the method of sand transport onto
the shelf,

6) and to reconstruct the paleogeography of the study area prior to-, during-, and

after-Bluesky time.

1.2 LOCATION AND PHYSIOGRAPHY

The study area 1s located in northeastern British Columbia and covers the National

Jopographic System mapsheets of 93P, 94A, and the majonty of 94H. Peripharal areas include
-3-



the eastern halves of 930, 94B, and 94G mapsheets. It1s pounded on the south and north by the
549 and 57.5° lines of latitude north, respectively, and by the British Columbia - Alberta border

to the east. The total study area is on the ordar of 42,000 square kilometers (Figure 1.1).

The study area includes part of the Western interior Plains and the Rocky Mountain Foothills
physiographic provinces (Figure 1.1). For ease of reference throughout the study. the plains re-
gion will be referred to as the Peace River Plains. Much of the Peace River Plains 1s immediately
underiain by early Cretaceous undeformed shales and 1s, therefore, relatively flat. The subdued
topography is marked by only gentle undulations and is covered by muskeg or dense forest. The
Foothills province ranges from 50 to 90 km in width, and is underlain by mildly tolded and faulted
Cretaceous rocks in the outer Foothills and more severely deformed older Mesozoic and
Paleozoic strata in the inner Foothills. The topography of the Foothills generally reflects the

underlying structure with broad synclinal valleys and sharp anticlinal hills.

The Lower Cretaceous strata of the Foothills belt have been brought to the surface by faulting
along the leading edge of the Rocky Mountain Fold and Thrust Belt. In the subsurface of the
Peace River Plains, the Bluesky unit has a regional dip towards the southwest (Figure 1.2). The

deepest top of the Bluesky Formation is 1860 m below sea level (gas well 93-1-16 b-28-J).

1.3 DATA BASE

The data base for this thesis uses a combination of coal exploration diarnond drill core, pe-
troleum well core, geophysical logs from both types of well borings and outcrop exposures. Rarely
is outcrop, coal. gas and oil well data integrated to broaden the geologic data base. Yet north-
eastern British Columbia has a wealth of geologic information stored in a coliection of well cores,

diamond drill cores, and data ‘iles.
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For this study, a total ot 78 cores were examined, ot which 57 were petroleum well cores and
21 were coal exploration diamond dnll cores (Figure 1.3). in total more tha of core was

described for sedimentological, lithological and ichnological features.

Outcrop and coal exploration diamond drill cores are strictly limited to the foothilis belt. Out-
crop exposure of the Bluesky Formation s tarly sparse because of its easily erodable lithology.
Although the more resistant conglomerate beds ftound at the base of the sequence are better
exposed, even those are exposed in two dimensions Thus, data controi in the foothills 1s gained
best by coal exploration diamond drill intersections. Descriptions for the Chamberlain Formation

strata were also gathered from diamond drill intersections.

Ol and gas wells are generally restricted to the undeformed belt of the Peace River Plains
area. Whenever possible, well cores were supplemented with geophysical logs. Isopach plots rely
greatly on geophysical logs for therr data base. Generally, each township and range is repres-
ented by one well log. The thickness of Bluesky strata was interpreted using .gamma-ray and
sonic log signatures. Seli-potential fogs in this area generally do "ot provide the resolution re-

guired to analy se complex and nterbedded lithologees.

1.4 PREVIOUS WORK

1.4.1 GENERAL

The Bluesky Formation was first recognized formally by the Alberta Study Group (1954) as
~  a manne sandstone which occurs in wells hetween the Bullhead group below and the Spint
River Formation above™. Its name 1s derived from the Bluesky Well No. 1 (Shell-British American

4-29-81-1) in the Peace River region of Alb:rta. The Alberta Study Group described the unit as

.7 .



A Olarmandg Orin
111°)0° 11y 00 700 121 00 207 30 Core

o S e

3. 6C 8012
4. 5C 004
6. BvC 8817
6. GOR 002¢
7. GOR 8102
6. GDR 8301
0. PO 8001
10. PRC 7601
11. MC 7007
12. PPT008
13. PP 0001
14. PP 8301
16. wC 8108
186. WC 8117
17.C- 3%

18. MND 8102
19. 8D 7810
20. MDD 70808
21. 4D 8001

.

F—94-8

70 10 ro

@ Poyoieun Well
Caore

} *‘,1, V¥ Owsoremp
"—l ':V“ls""Lr | | 1 Bulimoose M.

|Aa ‘2A‘5A13 ] 3 Willow Cresk

174 °
v .
Lm0’ $3°00

420

—293-) 93-1

[k — s 346
nre 1700 B PLL -} el o4

Figure 1 3: Locaton ot cored intersactions and cutcrop examined in the study area

~~

o



a farly porous, glauconiic and pebbly sandstone with mir.or interbeds of shale. At the base. an
ostracod-bearing black shale was tentatively correlated with the Ostracod Zone of central Alberta

(Alberta Study Group, 1954).

The Bluesky Formation has never achieved formational status in northeastern Br.ush
Columbia. The sandstones which comprnise it have been traditionally considered as only the basal
sandstone unit of the Moosebar Formation and its equivalent the Wilnch Member of the Spnit
River Formation. Pugh (1960) proposed that the name Bluesky Formation be informally used ftor
the basal sandstone of the Moosebar Formation in northeastern British Columbia arguing that it

wads hthologically and stratigraphicaliyequivalent to the Bluesky succession tound in Alberta.

The ongin of the Bluesky Formation has been described, in previous literature, as a thin
nearshore tag deposit formed during the early transgres<ive stage of the Mooseuar Sea (Pugh,
1960: Rudkin. 1964). Although this may be accurate in some locales, there are occurrences of
thick, coarsening-upwards marnne sandstones which are difficult to explain depositionally strictly

using the transgressive lag proposal.

Stott (1968) briefly discussed the stratigraphic relationship of the Bluesky Formation to the
Gething Formation i the Peace River area by addressing what he termed the 'Gething-Bluesky
Problem’. Stott suggested that the Bluesky Formation 1s either: (1) a facies equivaient to the
Foothills Gething Formation; or (2) the earhest near-shor » unit of the Fort St. John shales that
overlys the Gething Formation. Stott (1968) indicated that the Bluesky Formation was probably a
facies equivalent to the upper beds of the Gething Formation. Bluesky Formation strata, up to this

pomt, had never been recorded within the Foothilis belt.
-9 -



Dutt and Gilchrist (1981) were the tirst to document the presence of a manne unit inter>edded
within the beds of the mostly continental Gething Formation in the Sukunka-Wolverine areas of
the Foothills. Recognition of this manne tongue was largely based on the dentiication ot marine
body fossils by C.R. Steick. Consequently, Outf and Gilchnist (1981) divided the Gething Forma-
tion into three units: (1) the Lower Gething Formation, (2) the Gething Manne Tongue. and (3) the
Chamberiain Member of the Gething Formation (Figure 1.4). According to Dutf ang Gilchnst, the
Chamberlain Member merges with the Lower Gething Formation in the Sukunka region, ndicating
that the Marnine Tongue 1s not present south of the Wolvernne area In a correlation section by
Duff and Gilchnst (1981) the top of the ‘Lower’ Gething Formation in the Peace River region 1s
correlated to the top of the Chamberiain Member n the Sukunka-Wolverine area (Figure 1.5).
However, it is suggested, in this study, that the top of the Gething Formation in the Peace River
area should be correlated to the top of the Lower Gething Formation (Dutf and Gilchnist, 1981) In
the Foothills. Also. it i1s suggested that the Bluesky Formatio, sediments of the Peace River Plains

1s equivalent to the ‘Gething Marine Tongue’ of Duff and Gichrst (1981)

Kilby (1984) bretly described the distnbution and stratigraphy of the Bluesky Formation within
the Foothills of northeastern British Columbia. Kilby (1984) indicaed that the manne unit had a
coarsening-upward profile on gamma ray logs and could be sub nvided Into three distinct units.
A recent study of Lower Cretaceous stratigraphy n Alberta and northeastern Bntish Columbia by
Smith et al., (1984) provided a bnef description of the stratigraphy and sedimentology of the
Biuesky Formation. Smith et al., (1984) stated that the Bluesky Formation consisted of a basal
transgressive lag, followed by the growth of a progradational barrier-bar succession n the

Elmworth area, and offshore bar complexes in the Peace River Plains.

Jackson (1984), in a study ot the Mannville Group n the Deep Basin, recognized the devel-

opment of coarsening-up deltaic sediments in the Eimworth area and ottshore bar cycles, Lt
- 10 -



STOTT DUFF GILCHRIST PROPOSED
(1978,1982) (1981) THIS STUDY
GATES FM. GATES FM.
| GATES FORMATION| .t | vommens MBR | . TORRENS MBR.
o o= O|3
2z

z % |g| SPIEKER MBR. | | | SPIEKER MBR.

g >la S|a

% MOOSEBAR ~ | %] MUDSTONE MBR. | ,:| % MUDSTONE MBR.

» FORMATION |9 alg

& E |3 CEHAMBER- | £ | 3 CHAMBER- /]

2 2 LAIN o LAIN /]
GETHING\ MBR. e, ]
MARINE :

o © BLUESKY FM. T

e - a a

o GETHING & GETHING & GETHING

o FORMATION o FORMATION o FORMATION

w o i

ur z z

-

=] 3 3

@ CADOMIN FM. @|  CADOMIN FM. @ CADOMIN FM.

Figure 1.4: Correlation chart for the Bullhead and Fort St.John Groups comparing Stoft
{1978.1982), Duft and Gilchnist (1981) ar

N.E. 4—P S.W.

N.E. ¢—P S.W.

proposed nomenciature for this study.

11



AL ouLPUL Sjuasand
.g) eIk PIpPeuS uvoleunod @:.Ewc o ped 18ddn Y pun ureuaquiey) USAMIBY UONBIBI0)D)

JJON (18611 15UUDD) Pue §INg AQ SUONEWNO § SFOBDBIBID JAMOT JO LEYD LONEISIOY) G | anbi 4

\lj /\ I | L .'\41‘
g '
e __ :
//\ _ |
o -1
- | -y
- R
] —.l, H -ia
| B
- e Wi -
P K _ | ”~|
| O LI
: . 1) savD NS
S Sl _ _ B [
/T\/’\/—‘ ¢/V\\/ N §a~ /
| | - NS
T~ i e
\/I\/*\ /./> NOLYWEO4 /\
7
R - T R R TR L T Pme T TE YT Y TSR R NS S A



by regressive pulses, In the more northern areas of the basin during Biuesky time. Jackson (1984)
included the deltaic sequence, which is equivalent to the Chamberiain Member of Duff and
Gilchrist (1981), in Bluesky Formation stratigraphy. A recent study by O’'Connell (1988) suggests
that the Bluesky sediments of northwestern Alberta were deposited as a multistoried series of
wave-dominated shoreface deposits in a barrier island setting accompanied by tidally-dominated
nearshore channels and interchannel brackish-bay sediments. Moslow and Pemberton (1988)
provided a brief sedimentological and ichnological review of shoreface sandstones in the Bluesky

Formation of northwesterr: Alberta

A number 5f general regional geologic studies of Lower Cretaceous strata have been
produced by the Geological Survey of Canada. The Bullhead Group has been documented by
Stott (1968, 1973) and the Fort St. John Group was discussed by Stott (1968, 1982). Compre-
hensive reviews of the development of Lower Cretaceous clastic sequences were given by Stott
(‘.934) and Caldwell (1984). McLearn and Kindle (1950) provided one of the first comprehensive
descriptions of the geology of the Foothills area in northeastern British Columbia. For a more
comprehensive list of earlier studies the reader is referred to the bibliographies provided by Stott

(1973, 1982).

1.4.2 PREVIOUS PALEOGEOGRAPHIC RECONSTRUCTIONS

A number of regional stratigraphic studies of the Bullhead and Fort St. John Groups have
discussed the history of the initial transgressive phase of the Moosebar Boreal Sea during
Aptian(?) - early Albian time. Paleogeographic maps for the Moosebar sea have been published
by McLearn (1944), Badgely (1952). Rudkin (1964), Stott (1968, 1973, 1982, 1984) and Williams
and Stelck (1975). Untfortunately, however, paleogeographic reconstructions specific to the

Bluesky period. northeastern British Columbia, are scant. Recent brief summarnes of Lower
13 -



Cretaceous strata by Jackson (1984) and Smith et al., (1984) have provided basiC reviews of
Bluesky paleogeography. McLean and Wall (1981) and Taylor and Walker (1984) both provided
some comments on the early depositional history of the Moosebar Sea in British Columbia. And
finally, O’Connell (1988) has provided new insight into the sedimentology and paleogeography
of the Bluesky Formation in northwestern Alberta. The following discussion is a brief summary

of reconstructions provided by the above references.

As early as 1915, paleogeographical maps of the Waestern Intenor Basin were drawn by '
Dowling. However, because littie was known about the distnibution of the vast marine suc-
cessions, the maps were incomplete. McLearn (1944) provided the first series of paleogeograpr:
maps for the Lower Cretaceous. He suggested that Gething Formation sediments were margira
to a marine embayment to the north, which ultimately flooded what is now the present site of the
Foothills and Plains. This marine transgression was responsible for the deposition of the
Moosebar (Wilrich) shales. Figure 1.6 illustrates MclLearns' interpretation of the paleogeographu
setting of the Gething Formation prior to and after the invasion of the Boreal Sea. This interpre-
tation of a Gething alluvial plain bordenng a marine embayment, in the Peace River Plains, was

also supported by Stott (1968).

The paleogeography of the Waestern Interior was also discussed by Jeletzky (1971) and
Williams and Stelck (1975). Jeletzky (1971) nferred that the Boreal sea in Aptian ime was re-
stricted to the Arctic region (Figure 1.7) and did not flood southwards unti the late Early Alian.
Stott (1968), though, considered that the sea had already flooded much of the northern areas
during Aptian time and completely transgressed the basin by early Albian time. Wiliams and
Stelck (1975) considered that the latest Early Albian (Subarcthophites) sea had by that time al

ready extended soutaward into southern Albenta.
-14 -



Diaqram has been removed due to copyriqht restrictions

Figure 1.6: Paleographic reconstruction by McLearn (1944) of the Western interior of Canada
during A) Lower Blairmore tima and B) Clearwater tmne. Dotted areas are corunentally dominated
deposits and dashed lines represent manne iNvasion.
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Diagram has been removed due to coyright restrictions

Figure 1.7: Paleogeographic reconstructions by Jeletzky (1971) infarrng the maximum extent of
the Clearwater Sea in A) Aptian time and B) late lower Albian.
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Stott (1973) had refined earlier interpretations to suggest that the sediment catchment basin,
in northern Alberta and northeastern British Columbia, was divided by a broad emergent island
(Figure 1.8). Gething and Bluesky Formation sediments were deposited on the west of the island
and McMurray Formation sediments were deposited on the opposite side. The boreal seaway
bordered the Gething alluvial plain to the north. Subsequent subsidence had resulted in the
complete flooding of the alluvial plain in Early Albian time Bluesky strata were suggested to be

a reworking of Gething Formation sediments by the advancing sea (Stott, 1973).

MclLean and Wall (1981), in tracing the movements of the Moosebar Sea in Alberta, sug-
gested that the imtial transgression of the Boreal sea had only flooded the areas north of the
Wolverine River and south of Grand Cache, bypassing the area in-between (Figure 1.9). They
suggested that the bypassed area remained emergent producing a deltaic complex. Continued
migration of the Moosebar sea aiong early Cretaceous drainage systems formed extensive
estuaries in Alberta prior to the complete flooding of northern British Columbia and Alberta by the

Moosebar Sea (Figure 1.9).

Jackson (1984) in a study of Mannville stratigraphy presented a series of paleogeographic
maps which documented the early transgressiva history of the Moosebar Sea. The events are
portrayed in a senes of diagrams starting in early Gething time to Bluesky time {Figure 1.10).
According to Jackson, Bluesky strata were deposited subsequent to the flocding of the basin as
a collage of offshore bars and barnier islands. Smith et al., (1984) provided similar interpretations
also for Bluesky deposition. Both Smiths’ and Jacksons' interpretations are based largely on

geophysical signatures for subsurtace control rather than core descriptions.

O'Connell (1988) suggested that the Bluesky Formation in northwestern Alberta consisted of

stacked barner shoretace deposits and nearshore tidal channel and inter-channel deposits. An
-17 -
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Figure 1.8: Paleogeographic map of the Bullhead Group in early Albi.
1982. The awal highlands separated the basin into two troughs for
sedimentation.

Stott
Murray
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underlying structural influence provided by the Pezce River Arch graben has caused a local
thickening of the Bluesky shoreface sandstones. According to O'Connell, a sea-level nse in
Bluesky time caused the shoreline to retreat southwards, where a senes of stacked barner de-
posits accumuiated at this site. Shoreline positions and sand body geometry as envisaged by

O’Connell for Bluesky deposition are illustrated in Figure 1.11.
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Figure 1.11: Simplfied paleogeographic sketch of the Bluesky sediments in northwastern Alberta
according to O’Connell (1388).
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20 EVOLUTION OF THE WESTERN CANADIAN CORDILLERA

2.1 TECTONIC HISTORY - INTRODUCTON

The Canadian Cordillera is the result of an arc-continent collision orogen that evolved from the
accretion of two allochthonous superterranes onto the North American craton edge in Mesozoic
and Cenozoic time (Monger and Price, 1979; Templeman-Kluit, 1979). The result was the for-
mation of five distinct geologic and physiographic belts that comprise the Cordillera (Figure 2.1).
The amalgamation of exotic terranes onto the western margin of North America imtiated the in-
tense metamorphism, igneous activity and the detormation of para-authocthonous platform and
foredeep deposits found in the present-day setting (Templeman-Kluit, 1979; Monger and Pnice,
1979; Price, 1981; Monger et al., 1982). The following discussion i1s a synthesis of processes and
products of the tectomic development of the Canadian Cordillera based largely on the cited ref-
erences. It 1s intended to provide the reader with a basic undersianding of the dynamic tectonism

that occurred and its effect on shaping Cretaceous sedimentation patterns.

2.1.1 DEVELOPMENT OF THE CORDILLERA

The earhest stage n the development of the Cordillera was the deposition of a northeasterly
taper:ng miogeochnal sedimentary wedge on the leading edge of the North American cratori. The
miogeochnal sedimentary package, of Late Proterozoic to Mid-Devonian age, consists of distinct
inear belts of extensive shallow water carbonate banks passing progressivery seaward to deeper
water sand and shale deposits. These sediments are considered to have accumuiated in a
tectonically-active back-arc basin (Templeman-Kiuit, 1979). Thin volcanic layers intercalated with

the outer shale facies lends support to the theory of rifting accompanying miogeoclinal
.23 .
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Figure 2.1 Physiographic belts of the Canadian Cordillera (modihied trom Price et al . 1381)
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sedimentation in a back-arc setting (Templeman-Kluit, 1979). A diagram atc sequence of events

for the development of the Cordillera is provided in Figure 2.2.

Miogeoclinal sedimentation continued from Late Devonian until Middle Triassic time. accu-
mulating thick carbonate sequences in the eastern half of the basin and shales and cherts in the
western half. These are the sedimentary rocks which now Somprise mo  of the Rocky Mountain

Fold and Thrust belt.

In Early Mississippian time, a second episode of nifting and seafloor spreading created the
ancient Anvil Ocean which was bordered on the western margin by an the . ikiman exotic terrane
(Templeman-Kluit, 1979) (Figure 2.2). By late Trnassic to early Jurassic time spreading had re-
versed, and the Anvil Ocean hithosphere began subducting beneath Stikima. Eventualiy, this
subduction resulted in the first island-arc/continent collision and the amalgamation of saveral ex-
otic of terranes, including Stikinia, onto the North American continent (Templeman-Kluit, 1979).
Recognition of Tethyan Permian fusulinids has provided, in part, evidence for. the allochthonous
nature of these terranes (Monger and Price, 1979). The collision of this 'superterrane and the
North America continent resulted in substantial uplift and compression of miogeoclinal strata
within the Omineca Crystalline Belt (Monger et al., 1982). This collision orogen, referred to as the

Columbian Orogeny, lasted well into Mid-Cretaceous time, and was responsible for the formation

of an Andean-type foreland basin east of the mountains.

This newly created foreland basin was the new site for the deposition of clastic wedge
sediments derived from the erosion of the recently uplifted Hinterland (Stott, 1984). The Bluesky

Formation hes within part of these stacked clastic wedge packages.
.25 .
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Beaumont (1981) indicated that the trough of the foraland basin was formed by loading of
successive thrust plates onto an already thinned continental crust. This basin, which was
mundated by epeiric seas in the Cretaceous, is nmmed by nearshore sequences along its western
margin indicating that sedimentation had kept pace with loading and subsidence of the crust
(Kauffmnan, 1984). The progressive eastward displacement of the thrust plates in the structural

belt caused a likewise eastward migration of the depo-axis of the foreland basin.

Renewed subducticn at the new continental edge led to the accretion of another exotic
superterrane onto the continental margin during iate Cretaceous and early Tertiary time
(Templeton-Kluit, 1979). The collision of this superterrane, composed of the Alexander and
Wrangellia terranes, led to the formation of the Coast Plutonic Complex and the eastward thrust-

ing and folding of miogeochnal and molasse deposits (Price, 1981).

2.1.2 TECTONIC ELEMENTS

The sedimentologic patterns of the foredeep in early Cretaceous time we;e not only influ-
enced by the advancing structural front but, also by two subtla structural elements found within
the study area. Bluesky deposition was, thereby in part, influenced also by these structures.
These structural features are the known as the ‘toredeep hingezone’ and the 'Peace River Arch’

(Figure 2.3).

The east-central portion of the basin, i northeastern British Columbia, contains a hinge zone
which acted as an axial higniand or margin to the basin. The axial high is marked by thin and rapid
tacies changes along its fiank and sites of non-depositon (disconformities) on its emergent
low-lying land mass. The eastern limit of the Barremian Cadomin Formation (Stott, 1984) lies

juxtaposed to the axial high at the site of the ancient Fox Creek Escarpment (Smith et al., 1984).
.27 -



Figure 2.3: Tectonic elements controlling Cretaceous deposition, including the Peace River Arch

and the hingeline separating the McMurray and Gething troughs (modified from Stott, 19%2)
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During the Lower Cretaceous. the northwest-trending Fox Creek Escarpment and the northwest
flowing Spint River Channel paralleled the hinge zone reflecting the structural grain of the hinge
(Jackson, 1984). Any incursions of the boreal sea were, thus, likely separated into two arms by
the hinge zone. The hinge zone consists of bevelled Mississippian and Triassic strata which

probably contributed a large volume of detritus to the Bluesky Formation and its bounding strata.

Vaniable amounts of subsidence for different areas of the basin has been suggested to be
reiated to the hinge zone. The role of the hinge zone 1s suggested to have acted as a rigid pivot
point for the subsiding crust (Kautfman. 1984). Subsidence west of the axial highland, towards
the deepest part of the basin, would have been the highest; moderate along the flanks of the
hinge; and low along the stable platform east of the hinge (Kauffman, 1984). Although this may
in part be true, it would seem more plausible that the higher rate of subsidence experienced in
the western portion of the basin is due to the proximity of the loading thrust plates ~d the di*-
ferential stresses accompanying the load. The hinge zone it=elf is probably a product of structural

readjustment in response to the downwarp of tectonically-thinned crust.

The Peace River Arch is a second tectonic element which influenced sedimentation patterns
in northeastern British Columbia. The Peace River Arch is a Precambrian basement structural
feature that was a major positive element during the Paleozoic and a negative or subsiding ele-
ment during the majonty of the Mesozoic (Stott, 1982). The collapse of the Peace River Arch is
considered to have begun in Mississippian time (Stott, 1982). Depositional trends in Aptian and
Albian deposits seemed to have been influenced by the subsiding nature of the the Peace River
Arch whereby the most frequent and thickest occurrences of paralic sediments seem to center
on and parallel the axis of the ancient Peace River Arch (Stott, 1982; 1984). By Late Albian, the
Peace River Arch apparently exhibited httle control on sedimentation patterns in the foredeep

{Stott. 1982).
.29.



2.1.3 SUMMARY

The origin - :d structural history of the foredeep and the contemporaneous nse and fall of sea
level in the basin was primarily controlled by: (1) the activity, timing and ntensity along the
Proto-Pacific coast with the accretion of exotic terranes; (2) the timing ang amount of
compressional tectonics (thrust plates) in the eastern portion of the Cordillera; and (3) the tor-
mation and structural irtegrity of minor structural elements in the accentuated crust. The combi-
nation of these tecton'c elements ultimately contributed to shaping the toreland basin. The history
of epi-cratonic marine transgressive and regressive cycles in relation to these tectonic parameters

are reviewed in the following discussion.

2.2 REGIONAL GEOLOGIC SETTING

The objective of this discussion s to provide a synthesis of Cretaceous strata in relation to
the transgressive-regressive cycles which dominate *s hisiory. The importance of this becomes
apparent when considering what role tectonics had, it any, in causing these c.ychc evants in the
foredecp. More precisely, both the BlueskyMooset:ar series. a major regional flooding event, and
the Chamberlain, a regressive-progradational event, may owe their ongins to perods of structural
activity rather than just simply basin subsidence or changes in eustatic sea level within the

seaway.

The physiography of the seaway varied between a low-rehef coastal plain and a shallow
epicratonic shelf (Stott.1982). Sediments deposited into this seaway, including those which
comprise the Bluesky Formation, were greatly modified by frequent changes in sea level of ihe
boreal sea. As a result ot these sea-level fluctuatons, the Cretaceous section varies from allwial

to deep-water shale deposits.
- 30 -



The history of tectonic events in the Cordillera and the development of the foredeep are well
recorded In the Cretaceous succession of the Rocky Mountain Foothills. Three clastic wedge
sequences (Stott, 1975) contain alternating sediments of marine, floodplain, geltaic and alluvial
environments. Each clastic wedge is comprised of several large cyclothems in which a number
of major transgressive - regressive cycles and minor subcycles ars found (Stott, 1984). The

Gething, Bluesky, and Moosebar Formations form part o! the second clastic wedge.

The oldest and lowermost clastc wedge contains two large-scale cycles. The first cycle
contains Jurassic Upper Fernie shales followed by the early Cretaceous massive Monteith
sandstones, reflecting basin-filling after marine transgression and flooding (Stott, 1975; 1984).
The second event called the Beattie Peaks cycle is of Cretaceous Valanginian age and is com-
posed of the remaining Minnes Group strata (1.e. Beattie Peaks, Monach and Bickford Forma-

tions).

The second clastic wedge, of late Neocomian to early Cenomanian age, includes six
transgressive - regressive cycles beginning with the initial Boreal sea mundat‘uon and deposition
of the Bullhead Group. Tangible evidence for this initial transgression is stil lacking. The Bullhead
cycle was followed by the early- to mid-Albian (Arcthoplites) Moosebar. Gates cycles (Stott, 1984)
which flooded most of the intenor basin. The Moosebar Formation deposits are equivalent to the
Wilnich-Falher nomenclature. Four subsequent cycles developed after the mid-Aibian including:
the late mid-Albian (Gastroplites) Hulcross transgression (Stott, 1984) which 1s equivalent to the
Harmon Formation: the late Albian Joli Fou cycle (equivalent to the Kiowa-Skull Creek cyclothem
of Kauffman et al., 1977): a regressive Hasler - Lepine cycle of late Albian (Neogastropiites) age,

.presented by the Goodrich-Sikanni sandstones (Stott, 1984); and the final cycle of latest Albian

- earliest Cenomanian age is the Cruiser - Sully package and Dunvegan deita. These latter

sediments are equivalent to the Shaftesbury and Dunvegan Formations of northern Alberta. By
- 31 -



late Albian time. the connection between the Boreal Sea and the Gult embayment was completed

(Stott, 1984).

The third clastic wedge includes beds of latest Cenomanian to early Maastrichtian time. The
first cycle is termed the Blackstone, which culminated with 1" deposition of the Cardium For-
mation (Stott, 1975; 1984). The second marine phase is recorded in the Muskiki, Bad Heart and
Puskwaskau Formations. The Santonian - early Campamian regression and transgression cycle
is marked by the Chungo Sandstone of the Smoky Group (Stott, 1984). The Nomad cycle of early
to rmd-Campanian age Is represented by the Belly River Formation. The tast marine incursion,

occurring in late Campanian to early Maastrichtian time, 1s represented by the Wapity Formation

The deposition and nature of sediment within these cyclothems are often related to eustatic
sea level rise and fall (Kauffman, 1984; Haq et al., 1987). A change n sea level worldwide and
the respective increase or decrease in absolute water volume are considered to be related to e-

ther periods of large scale continental glaciation or a product of plate tectomcs.

Depositional sequences and tract boundaries are belived to be globally synchronous (Haq et
al., 1987). As such, a globally uniform sea level curve was erected to correlate
transgressive-regressive packages to sea-level fluctuations (Haq et al., 1987). However, cnucism
of this method has centered on the fact that some depositional events are not recorded on a
worldwide basis, and the lack of adequate incorporation of subsidence into the scheme (Caldwaell,
1984; Kauffman, 1984). Bergman and Walker (1988), in a discussion of Cardwm stratigraphy n
the Carrot Creek Field of Alberta, have emphasized that recorded. frequent sequence boundarnes
were tectonically-controlled rather than 1 .- result of global-eustatic fluctuations. Embry (138€)
also considers that long term cycles of eustatic sea level changes cannot explain the thin bed

nature of some sediment packages and that some sequence boundaries can be correlated to
.32 .



episodes of tectonism. Caldwell (1984) also suggested that the short duration of some cycles
and the hmited geographical distribution of some units cannot be explained by using eustasy
theory alone. Caldwell (1984) designated these short-term depositional cycles, which may have

been tectonically-controlied, as "transgressive-regressive couplets”.

It would seem more plausible to relate the coarse clastic tongues as products of tectonism in
the Cordilleran front (Jeletzky. 1977; Stott, 1984). Stott related the two lowermost clastic wedge
assemblages to the two phases of the Columhia Orogeny and the third and last clastic wedge
sequence to the inihal phase of the Laramide Orogeny. The episodic nature of deformation 1s 1n-
dicated by the presence of localized regressive pulses or sub-cycles within each major cycle
(Caldwell, 1984; Stott, 1984). Thus, it1s quite possible that eustatic sea level changes originating

from global tectonics may have been overwhelmed by changes in regional tectonics.

The importance of this discussion, although not to discount the role of eustasy, is that
Canadian Cordilleran epierogenic events provide a means of explaining vanations in local and
regional sedimentologic and stratigraphic patterns. As stated above in the pre‘ceeding discussion,
the foreland basin (Beaumont, 1981) i1s a product of downward flexure of the ancient elastic
hthospher.c margin in response to passive loading of supracrustal rocks during the evolution of
the thrust and fold belt (Price, 1981). With continued younger thr:sting events, three products
would have resulted in the foredeep: (1) reworking of previously buried molasse deposits (Price,

1973), (2) eastward mugration of the troughal axis (Stott, 1982, 1984) (Figure 2.4), and (3) imtiation

of transgressive events (Kauffman. 1984).

Of the three. the initiation of transgressive events is of greatest importance 1o this study. It
1s postulated that major sea level nise or transgressive events and extensive basin subsidence

result with regional tectonic activity. Tectonic quiescence. on the other hand, may allow progra-
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dation of eastward . aming clastic sequences and retreating sea levels. Subsidence caused In
this stage may only occur by sediment loading (Caldwell, 1984). Therefore, clastic sediments
depositea in the foreland basin will contain alternating transgressive-regressive cycles reflecting

the tectonic events.

The history of the Bluesky - Chambertain - Moosebar series may reflect this pattern quite well.
The imtiation of marine flooding and deposition of the Bluesky Formation may have been associ-
ated with a brief pulse of tectonic activity; subsequent structural quiescence then allowed the
progradation of the Chamberiain delta. With a reniewed period of tectonism and loading, the ba
responded by subsiding, causing a rapid inundation of the Moosebar Sea. The latter is repres-

ented by tne deep water Moosebar shales.

The imphcations of these theories become apparent when considering resource modeliing.
Pnmary targets of rapidly migrating strandiines, stratigraphic pinch-outs, and onlap of shoreline
sands onto axial highs are common settings in this model. When in combination with an extensive
transgression and deposttion in anoxic conditions thick sequences of source rocks are produced.

Thus, the potential for hydrocarbon emplacement is greatly enhanced.

2.3 REGIONAL STRATIGRAPHY

2.3.1 INTRODUCTION

The stratigraphic relationstup of the Bluesky Formation to its bounding sediments 1s a complex
problem on which the tollowing discussion will focus. The internal stratgraphy and of the Bluesky

Formation 1s presented in Chapter 4.
- 35 -



Since this study is an integration of outcrop and borehole data trom the Foothills in conunc-
tion with subsurface data from the Peace River Plains, a revised stratigraphic nomenclature
scheme is incorporated to faciitate discussion (Figure 1.4). The Bluesky Formation will nclude
the basal sandstones previously includeu in the Wilnch Member of the Spint River Formation i
the Peace River Plains area and the succession referred to as the '‘Gething Marine Tongue’ by
Dutf and Gichrist (1981) in the Foothilis belt. The Moosebar Formation, following Leckie (1983,
will include subsurface strata previously reterred to as the Wilnch Member of the Spirt River
Formation and also the Buckinghorse Formation. The Chamberlain Member of the Gething For-
mation (Duff and Gilchnst, 1981) will be informally revised to the Chamberiain Formation. The
latter revision 1s incorporated so as to avoid duphcation of the term 'Gething Formation’ when
defining the stratigraphic sequences. This stratigraphic division 15 applicable to both outcrop and

subsurface data.

The Biuesky Formation is bounded by the continental deposits of the Gething Formation be-
low and the deep-water shales of the Moosebar Formation above. However, in the southern haif
of the study area between the Sukunka area to the north and the Wapiti Lake.s area to the south,
the Bluesky Formation is overlain by the coal-bearing Chamberlain Formation. The Chamberlain
Formation 1s then, in turn, overian by the Moosebar Formation. The stratigraphic relatonships
of these Lower Cretaceous rocks in the Foothills area have been extensivaly reviewed by Stott
(1968, 1973, 1982), Hughes (1964, 1967). L ne (1983) and MclLean (1982). Subsurface
stratigraphy w/as discussed by the Alberta Study Group (1954), Pugh (1960), Rudkin (1964). and
Jackson (1984). Excellent summaries of macro- and micro-faunal zonations for the Cretaceous

system were published by Jeletzky (1968) and Caldwell et al., (1978) respectively.

A north-south oriented regional cross-section (Figure 2.5) has been constructed using the

base of the Shaftesbury shales as the datum. This cross-section illustrates the extreme thickening



of the sect:on from the Cadomin to the Cadotte Formatiors towards the south, within the foothilis,
compared to a thinner 1sopach in the north. Tt thuckening trend is considered to be related to
a greater amount of basinal subsidence and infiling in the south or, alternatively, to a number of
extensive unconformities which bevelled these units. The cross-section also demonstrates the log
correlation of the Bluesky Formation across the basin. If one assumes that the pre-Bluesky sur-
face was reasonably flat, then the coarsening upward interval in the south haif of the section is
stratigraphically equivalent to the Bluesky sedimonts described by Pugh (1960) in the Peace River

Plains.

The sediments of the Bullhead Group and Fort St. John Group represent an overall change
in chararcter as the sediments become increasingly more marne from the basal alluvial plain
deposits of the Cadomin Formation through the shallow marine sediments of the Bluasky For-
mation to the deep-water shales of the Moosebar -ormatior: The following discussion is meant
to introduce the stratigraphic relationships of the Gething - Bluesky - Chamberlain - Moosebar
sequences and tc present a general deposhona! setting prior to-, during-, and atter-deposition

of the Bluesky Formation.

2.3.2 GETHING FORMATION

The Gething Formation 1s compnsed of interbedded, carbonaceous sandstones, siltstones,
mudstones and coals which were deposited in an alluvial-deltaic plain environment dunng the
Early Cretaceous (Stott. 1968). Clastic material was deposited under subaenal tu . . .aqueous
conditions on a low lying, poorly drained plar  “wch was bordered on the north by the Boreal Sea.
Lower sections in the Gething Formation are generally coarser grained and are recognized as

upper delta-plain deposits. whereas finer grained sediments in the upper beds of the formation
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are accumulates of lower delta-plain settings (Stott, 1973). The Cethung Formation, on a regional

scale, is a compostte of several coalescing deltas rather than one large delta (Stett, 1973)

As mentioned previously, the ax:al high region (hinge zone), in the east-centra! part of the
foredeep. separated the basin into two troughs; the western half was filled with Gething
sediments, whereas the eastern half was filled with McMurray sediments (Stott, 1973). The pat:
tern of sedimentation in the southern reaches ot the Gething trough was influenceod by active
subsidence on the Peace River Arch (Stott, 1975). The thickest accumulatons of Gethirig For

mation are found adjacent to * «» north flank of the arch (Stelck. 1975)

The Gething Form \ flora 1s comprised mainly of "Lower Blairmore’ nondicotyledorous
species of ferrs, gin w5, cycadophytes, and coniferophytes (Bell, 1956). Microflora analysis
by Singh (1964) for tne avilie Group, which 1s in part stratigraphically equivalent to the
Gething Formation, indicates that a warm, temperate to sub-tropical. humid chmate prevailed in
the central region of Alberta. This same type of climate can be postulated for (: ;ething and Bluesky

sediments since they were deposited at similar paleolatitudes as Mannwille strata.

The age for Gething Formation sediments 1s stll controversial. Tradiionally, the Gething For-
mation has been regarded as Barremian to Aptian based on floral remains (Bell, 1956). However,
lowermost beds of the Garbutt Formation i the Liard district. which are equivalent to Gething
strata, have yielded the ammonite Pachygrycia suggesting an age of Early Albian (Jeletzky and
Stelck, 1981). The reader 1s referred to Stott (1982) and Caldwell (1384) for excellent detailed
discussions of Gething dates. The importance of determining an accurate age tor Gething

sedimentation is necessary for establishing a maximumn age for Bluesky deposition.
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2.3.3 BLUESKY FORMATION

The initial strong southern advance of the Boreal Sea. which flooded the low-lying Gething
delta plain, is recorded by marine sandstones and mudstones of the Bluesky Formation. The
Bluesky Formation hes directly on top of the Gething Formation throughout northeastern British
Columbia, except in the mmediate area of the axial igh zone where it unconformably overlies the
subcropping Triassic strata. The basal contact consists of a thin polymictic conglomaerate band
with a sharp, often bioturbated base, overtop of either coals or fiuvial degpusits of the Gething
Formation The eroded base of the Bluesky Formation mav indicate either * heveiling effect as
a result of Bluesky deposition, or a short hiatus at the end o et iy The upper contact
with the Moosebar Formation 15 generally conformable and abrup!  The- . per contact with the
Chamberlain Formation, in the Sukunka-Wapiti River areas. s placed at the frst occurrence of
carbonaceous shale or sand or a coal seam. For purposes of tris study, it is heresn considered
that the definition of Bluesky strata shoutd be limited to include onty marie or marginally-marnine
sediments, deposited directly as a result of the Early Albian transgression. Chamberlain Formation
sediments. on the other hand, are separated from the 3luesky Formation because of their conti-
nental ornigin. In outcrop, the Bluesky occurs as a recessive, talus covered interval between the

prominent chff-forming units of the Gething and Chamberiain Formations.

The Bluesky Formation in northeastern Bntish Columbia is considered to be laterally equiv-
alent to the Bluesky Formation of the Alberta Peace River region, the Glauconitic Member of

central Alberta. and the Wabiskaw Member of the Mannville Group in northeast Alperta.

A network of regional gamma-ray log correlations (Figures 2.6-2.8) illustrate the locai
thickening and thinning of the Bluesky Formation as well s its stratigraphic relationships. Bluesky

strata n the Peace River Plains area typicaiy c.:1sist of generally coarsening-upward, :solated
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sand buildups. These buildups can attain a thickness greater than 30 1. Where the buildups are
absent, the Bluesky Formation is represented only by a thin conalomeratic veneer. An isopach
map of the thickness of the BlueskyFormation in the Peace River Plains area illustrates the lo-
calized sandstone buildups (Figure 2.9). Bluesky strata can be traced southward as far as the
Wapiti Lake area, which possibly represents the southernmost limit of the transgressing Moosebar
Sea in northeastern British Columbia. Taylor and Walker (1984) suggested that the Moosebar
Sea eventually advanced as far south as the Ram River area in Alberta. In the Monkman to Wapi
Lake area, Bluesky strata are much thinner than in the Sukunka region, but still retains a con-
sistent lithological character. South of this region it is believed thet Bluesky strata are absent and
that Chamberlain strata cannot be differentiated from Gething strata. in the Foothilis area, the
Bluesky Formation consists of a distinctive coarsening-upward, interbedded sandstone and shale
succession (Figure 2.6). The coarseming-upward profile is reflected not only by the decrease in

mud content (sandier-upwards), but also by increasing grain size and sand bed thickness.

The Bluesky Formation can be dated, approximately, on the basis of its stratigraphic position
and lateral associations. Unfortunately the Bluesky Formation lacks diagnostlc‘ index fossils which
might have been used to date the sequence. Caldwell (1984), however, assigned the Bluesky
Formation of the Alberta Peace River Plains to the Cleoniceras subbeyley: ammonite zone. whuch
corresponds to the early Albian Rectobolivina sp. subzone of the Gaudryina nanushukensi:s
microfaunal zone (Figure 2.10). The Gaudryina nanushukensis foraminiteral zone was estathshed
by Caldwell et al., (1978). Cleoniceras is of early Albian age (Stelck et al., 1956) Rectobolvina
sp. was later reassigned to early Early Albian age by Caldwell and North (1984) Stelck et al
(1956) reported Cleoniceras n the basal part of the Loon River shale (equivalent to Monsebar
shales) in the Alberta Peace River area. Wall (in Caldwe!l et al., 1978. p. 504) recorded the

presence of Rectobolivina sp. within the same horizon. Stelck et al., (1956) also indicated that the

Wabiskaw Member belonged to the Trochammina mcmurrayensis 7one (latexr revnsed 10 a sub-
- 40 -
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zone by Caldwell et al., 1978). Furthermore, Mellon and Wall (1956, p.11) were able to trace this
same microfaunal assemblage into basal shales of the Moosebar Formation in the Pine River area
of northeast British Columbia. Thus, the Bluesky Formation is probably no younger than the early
Early Albian Rectobolivina sp. subzone with an upper himit of lower T. mcmurrayens:s, since this

same assemblage is found in the overlying Moosebar shales.

An implication ot this relationship 1s that the upper parts of the McMurray Formation and the
Wabiskaw « . -7 «ed later than Biuesky deposition in the Peace River area. This would imply
the transgression of the Boreal Sea was moderately diachronous. As indicated previously, the
initial transgression of the Moosebar Sea, south of the Peace River, extended into central Alberta,
forming extensive estuaries along entrenched drainage systems (McLean and Wall, 1981). The
deposits are represented by the Ostracod Zone and upper parts of the McMurrary Formation. This
would imgly that Bluesky strata of northern British Columbia and Alberta are ti~:- ~quivalent, at
least in part. to the Ostracod Member of the Lower Mannville in central Alberta. Thus, the
Glauconite Sands. which overlie the: Ostracod Member, would be deposited fater than the earher

phase of Bluesky deposition.

2.3.4 CHAMBERLAIN FORMATION

The Chamberlain Formation, which conformably underhies Moosebar marine shales. typically
consists of interbedded sancstones, siltstones and muastones with twg accurrences of commer-
cially viable coal seams. The Chamberlain Formation was deposited as a prograding delta-plan
complex at the edge of the Boreal Sea. The Chamberlain sequence is defined by the Chamberiain
coal seam (local nomenciature) at the base and a distinctive glauconimic. sandstone at the top

(Figure 2.11).
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The Chamberlain Formation extends southward from the Sukunka River area into the
Belcourt-Wapiti River region and eastwards through the study area into Alberta. Thrust faulting,
at the western margin of the inner foothills, has tectonically ypufted and subyected to erosion all
Lower Cretaceous sediments. The Chamberlain Formation attains a maximum thickness of B0 m
in the Sukunka-Bullmoose area, tapering southward to 30-50 m in the Wolverine River area. In
the Monkman area. the Chamberlain Formation 1s 48 m and at Nekik Mountain, a borehole inter-
sected 35 m of Chamberiain strata. The Chamberiain unit i1s not recognized north of the Sukunka
River, indicating a nearby shoreline. The Chamberlain section 1s considered to be, in part,
equivalent to the highest sandstones of the Bluesky Formation, and also laterally equivalent to
lower-most Moosebar shales of the Peace River Plains. The exact boundary of the northeri limit
of Chamberlain strata cannot be traced due to very few wells in the area. Upper parts of the
Gladstone Form.  n of the Alberta Foothills may prove to be  erally equivaient to the

Chamberlain sequence.

Flora of the Chamberlan Formation also belong to the "Lower Blarmore’ type. Although no
analysis has been performed on Chamberlain strata, it is known that angiosperms did not become

well established untit mid-Cretaceous in the upper Commotion Group (Singh, 1975).

An age tor the Chamberlain Formation 1s suggested to be Early Albian. This 1s based mainly
on stratigraphic position and the ating of lower Moosebar and Bluesky strata. As n.2ntioned in
the above discussion. Bluesk . 'rata probably belong to the Rectobolivina sp. subzone of early
Early Albian age Moosebar sha.-~ have yielded fauna of early Albian age (Stott, 1982). Thus, if
Chamberiain strata were the fi ~t deposition before the complete flooding vy the

Moosebar Sea. an age of Early + »uld not seem unreasonable.
- 45 .



2.3.5 MOOSEBAR FORMATION

Sediments of the Moosebar Formation in northeastern Briish Columbia have been descnbed
as offshore marine shales (Stott, 1382) at least 300 m thick in the Peace River area. which thin
southwards to 43 m at Mount Torrens. The Moosebar shales were deposited within the nernitic
zone of the transgressing Boreal Sea. The shales are dark grey. containing foraminiera, abun
dant, small, horizontal, pyritized burrows and bands of sideritic concretions. Numaerous thin beds

of bertonites have also been described in the Moosebar shales (Kilby, 1985).

Contemporaneous flooding by the Boreal Sea 1s represented by the Clearwater Formaticn in
northeast Alberta. the Loon River Formation in north-central Alberta, and the Cummings Mo or

of the Mannuville Group in the McMurray area.

The deep water shales of the Moosebar Forrnation fall within the Arcthophtes sp. zone
(Ammonitida). cons ‘ered 'a be Early Aibian in age (Stott. 1968). Mucro-faun;al assemblages, in-
cluding species ot the T. mcmurrayensis (Mellon and Wall, 1956) and Marginulinopsis
collinsi-Verneutlinoides cummingensis subzones, also serve to date the Moosebar shales as early
to middle Albian. Both subzones belong to the Gaudryina nanushukensis zone of Caldwell ¢! al ,

(1978).

The faunal assemblages associated with the Moosebar Formation indicate an open marine tg
marginal marine affinity since no freshwater fossils have ever been recorded (McLean and Wall.
1981). Water depths for the seaway probably did not exceed 100 m Trace fossils recorded in

this rock commonly include Planolites, Helminthopsis and Chondrites.
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The contacts with the Bluesky Formation. in the Peace River Plains, and with the Chamberian
Formation south of the Sukunka River, are both very sharp and conformabie. The abruptness
of the lithologic changes. from the sandstones of the Biuesky Formation to sandstones and coals
of the Chamberlain Formation to deep-water shales of the Moossbzi Formation, suggests an ab-

rupt change in water depths as a result of the rapid transgression of the Moosebar Sea.

2.3.6 SUMMARY

Up to this point, the discussion has centered on fiting the Bluesky Formation into a regional
context. It has been suggested that both the Bluesky and Chamberlain successions should be
given formational status within northeastern British Columbia. The Bluesky Formation i1s underiain
by non-marine strata of the Gething Formation and, in turn, overlain by the Moosebar Formation
in the Peace River Plains. In the Sukunka-Wapiti River region, the Bluesky Formation i1s imme-

diately overlain by the Chamberlain Formation (Figure 2.12).

The precise age of the Bluesky 1s as yet undeterminable due to the pauc;ty of diagnostic
marine fossils. The Bluesky Formation, however, is suggested to be of early Early Albian age,
occurnng in the Cleoniceras biostiatigraphic zone. This zone is coeval with the micrc aunal sub-
20ne of Rectobolviria sp. and possibly in part to the Trochammima mcmurrayensis subzone of
Caldwell et al.. (1978). As a result of contemporaneous transgression into central Alberta. Bluesky
strata may be time equivalent to Ostracod Member deposition, but earlier than ¢ auconite Sand

or Wabiskaw Member depostion

The Bluesky-Chamberlain deposits represent a transgressive-regressive event as part of a
series of larger depositional cycles. These cycles were probably to a great degree influenced by

active tectonism on the structural front, rather than by pure sediment loading and subsidence.
.47 -
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Transgressive events are considered to be a response to loading n the foredeep. The Moosebar

Formation 1s considered to represent one such occurrence of complete flooding of the entire

basin caused by tectonic loading.
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3.0 SHELF PROCESSES AND PRODUCTS

Sedimentological studies of modern continental shelves over the past tew decades have
provided new insight into the physical and biological processes and produr i« that are prese 't in
the shallow marine environment. One of the objectives of these studies 1s to supply geologic
models for use in the recognition and interpretation of ancient shelf deposi - Conv: o1 Jrtan
aspects of ancient shelf deposits aid in interpreting the mechanisms of sedimentation on the
modern continental shelf (Howard. 1972; Harms et a/ . 19/5). However, because of some fun-
damental differences between modern and ancient settings, the task of adequately interpreting
ancient rocks has been somewhat limited. The basic difference between the ancient foredeep
deposits and modern deposits are found in the basin confguration and the contained sediments.
Modern continental shelves are fairly narrow, average 75 km from the shoreline to the selt-slopc
break {>200 m water depth) and face deep ocean h- =igure 3.1). In a typical coastal prohite
relatively new coastal sediments pass seaward into " rehc’ sediments of orce exp ¢ " tITaces.
valleys and channels and "palmpsest” sediments of the shelf (Swift et al., 1971). hese are
products of the recent postglacial Holocene transgression. As a result, sediments on modern
shelves do not necessarily reflect modern shelf processes and, in fact. these sediments have had

less than 5000 years to adjust to therr present conditions (Harms et al., 1982).

I contrast, the bulk of ancient foredeep deposits, including those of the Bluesky Formation,
were formed in broad. shallow intracratonic seas (epicontinental or epenc seas) which contained
no discernable shelt-slo~e break or deep-ocean basin (> 1000 m). Instead, epicontinantal
shelves are divided into depth-related features: the httoral zone (nearshore) and the nentic zone
(inner and outer offshore). However, it 1s considered that many of the modern-day hydraulic

processes observed « the continental shelves, such as tidal and oceanic currents, had operated
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simarily in the past. Therefore, these madels can be used, to some axtent. as partal analogues

for comparative studies of ancient shelf deposits and their respective hydrauics.

3.1 MODERN SHELF CURRENTS

The tollowing discussion will review the origin and nature of shelt curronts nfluencing the
entramment. transportaticn and dispersion of material on modern continental shelves  The tour
main types of shelf currents are: (1) oceanic circulation (semi-permanent currents), (2) tdal cur-
rents, (3) meteorolcgical currents. and (4) density currents. Empnasis will be placed on
meteorological- and thdal-currents, as the others show little ettect on Bluesky depositional proc-
esses. As well, bedtorms and products of sedimentation on oceanic-, tide-, and

storm/wave-dominatod continental shelves will be examined.

3.1.1 OCEANIC CIRCULATION CURRENTS

Semi-permanent large scale movements of water in the oceans are known as 0Ceanic Circ
lation currents. The interaction of the atmosphere with the ocean produces two vertically stacked
types of circulation: a wind-driven (surface currents) circulation and a thermohaline or density

circulation. Wind-driven circulation is the most shallow and stronger of the two types of currents.

Wind-driven currents are directly produced by the shear stress exerted on the ocean surtace
by prevailing global wind systems. The global wind patterns are controlled pnimarnily by the difter-
ential distr'bution oi heat between equatonal and the polar regions and by the Corolis forces
produced by the earth’s rotation. The Coriols force will cause the moving air masses to deflect
towards the right in the northern hemisphere and towards the lett in the southern hemisphere.

Thus, the global wind system i1s separated latitudinally into large ehptical cells of circulation known
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as the trade winds in the low latitudes and the westerlies in the mid-latitudes (Ross. 1975). Pat-
terns displayed by surface currents, theretore. should reflect the prevailing wind patterns of the
globe. However, the currents also suffer a gradual decrease in velocity and change In direction
with increasing depths to about 100 m. This results in a spirai-shaped current pattern known as
the Ekman spiral, n which the net motion of the entire mass of moving water ends up flowing at
nght angles to the wind direction (Ross. 1975). Examples of wind-driven currents are the Agulhas

current and the Brazil current.

Deep water thermohaline circulation currents resuit from density variations and temperature
layering in an ocean. Specifically. these currents are generated by sinking dense, cold water in
the polar regions slowly flowing towards the equator. These currents are considerably slower (1-2
cm/sec) and more complex in flow directions than surface currents (Gross, 1977). They are also

diverted and deflected by sea floor topography.

Major oceanic currents, created by effects of wind, temperature and density vanations, gen-
erally lie oceanward of the shelf edge. However. it has been suggested that these currents ac-
uvely interchange waters of the shelf area and also encruach upon the shelt itself (Johnson and
Baldwin, 1986). 'hese large-scale meanders cnto the shelf occur seasonally, such as when the

Agulhas current impinges on the Atncan shelf durirg the winter months.

3.1.2 TIDAL CURRENTS

Oceanic tides. which are the cychcal daily nse and fall of sea level. result from the gravitational
attraction exerted on the surface water of the Earth by the Moon. and to a lesser extent by the

Sun. Tidal ranges and movements are usually complex due to the positional changes of the Moon
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in relation to the Earth, the Earth-Moon system around tho Sun, an uneven ribution ot water

on the Earth’s surtace anc uy irregulanties in the morphology of oceanic basins.

During a tidal cycle, the graws .t draction of the moon pulls the collective ocean mass
on one side of the Earth into a tida: L.ige. This is counterbalanced on the opposite side by a tidal
bulge resulting from a centrifugal torce generated by the orital motion of the Earth and Moon
about each o:her (Ross. 19:5). Tides may be diurnal. which are charactenzed by one high-water
mark and one low-water mark durning a tidal day; semi-diurnal ides have two high- and two
low-water marks. or mixed tdes, which demanstrate various combinations of both diurnal and
semi-diurnal tides. In addition to the daily tide cycles are fortnightly vanations in the strength and
range of the tides (Gross. 1977). When the Sun and Moon align the co-grawvitational eftects cause
a maximum or "spring-tide”: when the Sun and the Moon are at nght angles a relatively weak
"neap tide” occurs Additional considerations that will atfect tide-generating forces involves
seasonality and the changing distances of astronomical bodies. Tidal ranges are gieater when the
Earth is at its closest distance to the the sun (penhelion) and when the moonJs at peragee In its
orbit around the earth. In both cases. the tide-generating forces are at a maximum due to the

closeness of the bodies.

Tidal currents are produced when tidal waves, generated n the deep ocean basin, are dis-
placed onto the continental shelf. The strength of the tide depends upon the oscillation penod of
the deep basin, and 1s greatest when this osciltation penod matches that of the pninuipal
tide-producing force (Johnson and Baldwin. 1986). The oscillation pernod ot @ basin s determined
by its morphology and water depth. Generally, continental shelves are too small and shallow 10
generate their own tidal effect. Thus. enclosed seas or those with anly a small agerture 10 an

open ocean wili usually be tideless or weakly tidai.
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In the open ocean the Conohs force - ~uses the standing waves to be converted to progres-
sive rotating waves which change direction constantly. Within a partly enclosed sea, such as the
North Sea, the tidal currents follow this rotary cattern around an amphidromic point or an axis of
zero tidal range (Houboit, 1968). When the current approaches the shoreline, the shoaling etfect
and the constraints of the coastline converts the rotary currents to alternating flood and ebb cur-

rents. The ntervening slack-water p.riods occur between changes in the tidal current direction.

4 1.3 METEOROL OGICAL (CURRENTS

One of the most dynamic circulation currents on the continental sheilf 1s the
meteorologically nduced current. Generally, these are the most effective sediment transporting
agents on open shelves when tidal influence 1s negligible (Johnson and Baldwin, 1986). Four main
types of currents result specifically from meteorological forces: (1) wind-driven currents; (2)
oscillatory and wave-dnft currents: (3) nearshore. wave-induced longshore and np currents; and

(4) storm-surge

Wind-driven currents are large scale surface currents generated from the apphcation of wind
shear stress on the water surfac~. Since atmosphernc disturbances, such as mid-latitude pressure
cells. drecity contro' the magnitude and tion of wind diiven currents, their occurrence are
temporal. Nearbed velocities up to 80 cm s at nepths of 50-80 m on the Pacific continental shelf
have been recorded during winter storms (Smith and Hopkins. *972). These currents are gen-

erally unidirectional.

Cscillatory and wave-dnft currents result from  the orbital motion of water particles as awae
propogates  The wave torm itselt 1s induced by pressure difterentials between the wave crest and

rough as the wind passes over ' - ar-water interface. In deep water, water particlies move in
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circular orbits with orbital diameters matching the wave height at the surtace. The orbital diam-
eters progressively decrease with depth till they are virtually non-existent at a level beneath sur-
face equal to one-half the wavelength (Figure 3.2). As a wave shoals, though, the water particles
follow a progressively more elliptical motion which flatten with depth (Chfton, 1976). At the sea
floor, the motion is essentally a flat honizontal plane. A wave-dnft unidirectional current anses
from the asymmetry 0 velocity of the water particles. Even weak unidirectional currents contain

sufficient energy to transport sediment after entrainment {Chtton, 1976)

Two types of currents associated with nearshore circulation are generated as waves approach
and break the shoreline. These are: (1! longshore currents and (2) np-currents. Longshore cur-
rents are generated when waves ooliquely approach the shoreline. These flow parallel to the
shoreline and are contined almost enticely to the foreshore zone (Komar, 1976). Rip-currents are
narrow, high-velocity, seaward onented currents intimately associated with longshore currents
(Figure 3.3). Rip-currents are induced from vanations in water level trom differences in wave
height. standing waves of pottom topography (Elhot. 1986). Longshore currents imay convert nto
rip-currents N zones of low water levels or when they flow around the edge of a nearshure bar
(Elot. 1966). Rip-current velocities up to 1 m's are common and are eftective transport agents

dunng storm events (Elhot, 1986).

Perhaps one of the most siynificant meteorologically -induced fiow 15 the storm-surge current
During storm events, higher amphtude waves deepen the wave base which rauses enhanced
shoaling. oscilation, and extreme build-ups of water within the beach prsre (510rm-surge). This
excessive coastal set-up ot water creates a seaward pressure gradient and the initiation of re-
jaxation {ebb) flow (Hay. .. 1957. Morton, 1981, Nelsor. 1982h) The seaward-directed ebb s
released and 1s considered 10 pe oeflected to the nght by Conohs force tu form a resultant

geostrophic flow that parallels the .sobaths (Morton. 1381) (Figure 3 4, ¢ ansequently, sedinent
1)



Diagram has been removed due to copyright restrictions

Figure 3.2. Path of water particle motion n a shoaling wave (A) deep water wave and (B a
shallow water wave. Parameters which describe waves are: Wavelength (L) 1s the honzontal dis-
tance between successive wave crests: wave height (H) 1s the distance between wave crest and
trough; water depth (H). orbital drameter (do) 1s the maximum nonzontal distance of excursion of
water particlas as a wave passes (Circular motion in deep water, an an elliptical motion in shallow
water: r'ople spacing (x): rrople height (n); and average distance from npple crest to leading trough
(B (trom Chtton and Dingigr. 1984).
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entrained by the storm w=-es will be deposited paraliel to the shore rather than seaward. This
storm process of entraining and transporting nearshore sands 1o the oftshore 1s suggested to be

more affective in strangly tidal seas (Johnson and Baldwin, 1986).

3.1.4 SEDIMENT GRAVITY FLOWS

Sediment (175 atv ffows or resedimentation processes are mechamsms that move odiment
downslope over th.a sea floor from shallower to deeper waters by gravitational torces. The tour
main types ot seciment grawvity Hows are: (1) turbidity currents; (2) grain flows: (3) iquitied flows;
and (4) debns flows. In turbidity currents, sediments are kept in suspension by the upward
comporent or fiud turbulence which 1s maintained by the drag of the fluid at its upper and iower
boundanes (Middleton and Southard. 1984). Mixing of the flow with the ambient flud, loss of
sediment by deposiion and flow separation will eventually si.p the turbidity current. Gramn flows
are visco-elastic flows which are maintained by dispersive pressures generated trom grain to grain
colisions. These are generally considered to be small-scale sand avalanches and are incapable
of depositing a single sand bed greater than a few centmeters. Liquihied flows are the tailure of
a quasi-stable sediment downslope which is internally maintained by upward-moving pore fluids.
The grains become suspended and the fabric strength approaches zera. Deposition occurs quite
rapidly and the total flow freezes as one complete unit. Debris flows are highly concentrated
matrix-supported, viscous sediment dispersions which advance as slow laminar flows. The fiuw
freezes when excess pore pressures are dissipated or when the shear strength of the tlow be-
comes large (Middleton and Southard, 1984). Rarely du these four types of flows occur supa-

rately in nature, but probably interact in concert within a flow event
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3.2 MODLRN CONTINENTAL SHELF SEDIMENTATION

Sedimentation on ~odern shelves 1s not just simply controlled by the hydraulic processes
active in the basin Instead, there are several interactive factors which influence the distribution
and magnitude of shelf sediments, including: 1) the rate and type of sediment supply, 2) the type
and intensity of the hydraulic system. 3} sea-level changes, 4) chmate, and 5) animal-sediment

retationshios (Johnson and Balgw 1986}

In the tollowing sections, three  1ssic situations of modern sholf sedimentation are reviewed,
including’ oceanic current-dominated, tde-dorminated. and wave- and storm-dominated shelves.
As well. a brief review of wave- and tide-domina * shoreline sedimentation 1s provided. These
will be only briefly discussed and illustrated. however. the references cited should direct the

reader to more complete reviews

32 1 OCEANIC CURRENT-DOMINATED SHELF SEDIMENTATION

Oceamc currents play a signthcant roie in shelt edge seaimentation on continental margins
with extremely narrow shelves and those which are situated to receive deflected boundary cur-
rents. As mentioned previously. oc. 1nic currents, such as the Gult Stream, are able to meander,
eddy onto and interchange waters v " the continental shelt. When these oce = currents im-
pinge onto the sheit they are responsible for the developrnent of large migrating bedforms. Ap-
proximately 3% of continental shelves are oceanic-current dominated (Walker, 1984). Powertul
boundary currents have been known to influence sedimentation off the Afncan and South Amer:-
can shelves. However. the best documented example of a » . werful boundary current strongly
nfluencing odimentation 1s the Agulthas Current atong the <outheast Afncan continental margin

(Flemming. 1980)
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The southeast African shelf 1s microtidal (< 2 m), 700 km long and ranges n width trom 10
km in the north to 40 km in the south (Flemming, 1978). The general sand distribution on the sheit
s illustrated in Figure 3.5. Flemming (1980) indicated that the relative narrowness of the shelt pi:
the anomalously steep continental slope (129 ) allows the Agulhas Current to impinge upon the
shelf. According to Flemming, once on the shelf, the Aguihas Current 1s able to meander

nearshore. entran and transport sand southwarads to the outer zone of the sheif.

The outer zone of the shelf is dominated by the Agulhas Current (Figure 3.5) and contains a
mobile sand stream on which a vanety of longitudinal and transverse bediorms are impninted.
Large sandwaves or dunes, ranging up te 17 m in height with wavelengths of several hundred
meters, are replaced offshore by sand ribbons and patches (Johnson and Ba'dwin, 198€). Walker
(1984) suggested that the associated high face angle { 259 ) in the sandwave may form thick (>2
m) sets of angle of repose cross-bedding. Walker also indicated that since the Agulhas Current
only reworks relict shelf matenial and does not supply new sediment, it will form only a deposit

no greater than a few meters thick.

3.2.2 TIDE-DOMINATED SHELF SEDIMENTATION

Approximately 17% of the world's continental shelves are swept by strong tidal currents which
produce a wide varety of bedtorms (Walker. 1984). Most of these shelvas Sapeiience dwrnal
tdal cycles with ranges greater than 3 m and surface current speeds ranging from 60 to > 100
cm/s. An exceptional tidal range of > 15 m (with current speeds 1-2 m - 15 found in the Bay of
Fundy (Thurman, 1978). Tidal sedimentation bedform morphology has been examined in the Guilt
of Korea (OH, 1963). the Georges Bank (Twichell, 1983), the New England seaboard (Kumar and

Sanders. 1975), and the Bay of Fundy (Klen, 1970). One of the best documented and most
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strking examples of a tdally-dominated shelf and coast i1s the North Sea (Belderson and Stnde.

1966; Houbolt, 1968; and Stride, 1982).

Nearly all tidally-produced bedforms, such as sand ridges and sand waves, are
current-onented either longitudinally or transversely even though tidal currents are bidirectional.
rectilinear or rotary in flow (Terwindt, 1371). It has been suggested that they develop
unidirectional transport paths either becsJse: (1) of an asymmaetry in strength of ebb and tiood
current velocities, (2) the ebb and flood tidal currents may follow separate paths, (3) other types
of currents such as wind-driven currents may enhance one tidal direction, or (4) the lag ettect

associated with a rotary tide delays the entrainment of sediment (Johnson and Baldwin, 1986).

The morphology and distribution of bedforms within a tdally-dominated area is empirically
related to the near-surface mean tidal current velocities (Stnde, 1982) and by the sediment supply
(Belderson et al.. 1982). This 1s analagous to the flow regimes associated within fluvial settings
where certain current speeds have associated charactenstic pedforms. Five main sedimeriary
features generally result trom differing tidal current velocities, including: sand r;bbons. sanuwaves,

sand patches and mud zones (Figure 3.6).

Furrows and scour nollows are current-parallel seafloor erosional teatures which are confined
to areas with ndal currents greater than 150 cmvs. Furre < can be up to 8 km long, 30 m wide
and 1 m deep. and can be found in gravel, sand or mud tloors (Belderson et al., 1982). Examples
of scour hollows greater than 28 m deep have been recognized in the Insh Sea (Belderson et al.,

1982).

Sand ribbons are current-paraliel bedforms developed in zones of tidal currents in excess of

100 cmvs (Kenyon, 1970). These consist of fine bands of sand up to 200 m wide by 15 km lung
SF4 -



Diagram has been removed due to copyright restrictions

Figure 3 6 Distribution of bedforms produced by tidal currents cn a continentaisheit (A). at imes
ot low sand supply (B); and with high sand supply (C). Bedtorms are aligned parallel with mean
spring peak near surface tidal current velociies in cm s {from Belderson, Johnson. and Kenyon.
1982).
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and generally less than 1 m thick. Sand nbbons are typwally found in the hydraulic zone between
the erosional anu -and wave zones (Be' ‘erson et al.,, 1982). These features are usually
transistory and are often reworked into sandwaves when current speeds or sand supply change

with tima (Kenyon, 1970).

Sandwaves are flow-transverse bedforms with straight crests and well developed lee-sinpes.
Sandwaves vary in height between 3 and 15 m high with wavelengths be’' veen 30 to 500 m
(Johnson and Baldwin, 1986). Terwindt (1971) has documented sand waves up to 12560 m n
length in the North Sea. The sand waves range from symmetrical to strongly asymmetrical in form
(Reineck and Singh, 1980). The asymmetrical cross-section has been suggested to be related
to the asymmetry of the tidal flow with the lee side facing downstream to the strongest tidal cur-
rent (Johnson and Baldwin, 1986). Lee-slopes on asymmetrical forms range trom about 17° 1o

359 but are most commaonly greater than 20° (Belderson et al . 1982).

The sandwaves occur where current velocities are greater than 65 cm's in the hydraulic zone
between the sand nbbon zone and the proximal sand patch zone (Figure 3.6): Smaller sand
waves represent an end-member and require a slightly lesser current velocity for formation
(Belderson et al., 1982). nternally the sandwave 1s composed of low angle set boundaries with
superimposec high angle cross-stratification (from the smaller-scale megaripples) and rare mud
drapes. Sanawaves have also been termed giant npples and dunes (Reineck and Singh, 1980).
These features have been knowr to occur in a vanety of tidal environments with well documented
examples from the Rhine -Me. ;e Estuary (McCave, 1971), the German Bight (Reineck, 1963) and

the southern North Sea (Belderson et al., 1982).

Sand patches occur in areas of relatively weak (< 50 cm-s) tidal currents (Figure 3.6). These

are widespread features and are aligned more Or less flow-transve. se or longitudinal to the peak
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tidal fiow (sohnson and Baldwin. 1986). Itis considered that these oscillatory velocities are in-
suff.cient to move the sand and thus must be enihanced by storm tiow. The sand patches were
first recogmized by Kenyon (1970) in the Celtic Sea where they tended to be thin, tabular,
well-sorted sand fieids with an arcuate to ragged shape. T use sand patches can occur up to 3

m o thickness {Belderson et al.,

At the ends of :he hdal current transport path are zones of mud accumulations (Johnson and
Baldwin. 198€). The deposition of mud along continental shelves 1s influenced by wave effec-
tiveness, suspendnd sediment corcentration and tdal current shear stress (McCave, 1971). Mud
1s generally frund in a wide variety of setungs, but usually it accumulates in moderately deep
water (> 30 m) where wave effectiveness 15 low. However. if excessively strong tidal currents
are present. as in the St. Georges Channel, mud 1s swept clear from the sea bed even at depths

of over 100 m (Johnson and Baldwin, 1986).

I he largest bedtorm most distinctive of tidally active seas are the ‘tidal sand ndges’. The best
examples of these ochr in the North Sea where they can be up to 50 km ior;g, 6 km wide and
40 m high (Berderson et al., 1982). These are hnear features with their long axis onented at a
small cbhique angle (0-20° ) relative to the strongest udal current flow direction. Some tidal sand
ndges are strongly arcuate or SINUOUS 1IN plan view and most have asymmetncal cross-sectional
protiles  When this occurs. the steeper slope faces obliquely downstream to the net sand trans-

nort direction. Therefore. this teature can generally be used as an ndicator of flow direction.

Due to the inequalty of the tidal currents producing these structures. the internal morphology
15 quite complex. The internal structure of the sand ndge 1s compnsed of a senes of low angle
master bedding planes (< 109 ) separated by small-scale cross-stratfication produced by cb-

hquely migrating sandwaves and megaripples {Houbolt, 1968). The mugration of these smaller
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bedforms is the result of tdal currents which entraned sand converging towards the crestine ot

the nidge.

Sand ndges of tidally-dominated seas can occur aither as clusters in offshore and estuary
settings or singly as nearshore coastal teatures on the lee of islands or submerged shoais
(Beiderson et al.. 1982). Because their present location is considered to be geologically anoma-
lous it has been suggested that these sand ridges represent relict teatures tromn a earhier lowstand

nearshore wedge which are now being mod:tiad under present conditions (Swift, 1975).

Otber sedimentary structures that are more or less diagnostic ot ndal regimes are mud
drapes, reactivation surfaces and herringbone cross-stratihication. Mud drapes are distinctive
fcatures in tidal deposits and are usually well-developed in modern subtidal environments such
as estuaries. The thin muc' layers are considered to be produced durnng slack water pernods in
the tidal cycle Double mud drapes with a thin parting ot sand are suggested to be diagnostic of
two slack periods with the intervening sand deposit resulting from subordinate tdal current
(Johnson and 6.:4wn. 1986). Reactivation surfaces are su Jgested to be formec .y erosion ot the
becforrn Ly t.w: weaker reversing tidai corrent (Klein, 1970). Hernngbone cross-stratfication s
probably the . nagnostic feature for t:dal deposits. Tris bedtorm consists of co-sets of
oppositely dipping foresets laminae which preserves the bidirectionalty of the tdit urrents. This
type of cross-bed suggests that both ebb- and ficod-tidal currents were eftective ' transporting

bed-load

3.2.3 TIDALLY-DUMIN>TED SHORE! INE SEDIMENTA TION

The influznce of tidai processes 1s al>o recorded in the shorelines of tdally-dominated

shelves The most significant enveronments in terms of 15 areal distrovtvn ang thafacies ue-
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velopment, is the tidal Hat setting. Tidal flats form extensive stretches of shoreline in meso- and
macro-tidal coasts, lagoons, estuanies and tidally-influenced deltas. A wide vanety of physical and
biogeric structures occur in response to tidal and wave activity. Most tidal flats are usually
featureless plains dissected by channels where sediments accumulate by vertical accretion and
progradation of the flat and channels. In general, during a tidal advance, waters enter the chan-
nels nvertop the banks and v date tt « adjacent flats. During slack water, the waters retreat via

the ndal channels and re-expose the tlats.

T\dat flats are subdwided nto supratidal. intertidal, and subtidal environments. Supratidal flats
occur above mean high tide ievel, and are commonly covered with sait marshes charactenzed
by mnterlaminated s.\ts and clays. Rootiets, mud-cracks and biogenic structures extensively disrupt
the laminae (Eliot, 1986). Interhdal flats are comprised of a mud-dominated zone near the high
water ark and a sand-dominated zone near the low water mark. The intertida! flats are char-
actenzed by prohific flaser, wavy, and lenticular bedding patterns, reflecting a roixture Gf strong
udal currents and waves alternating with slack water times (tIioi, 1986). Dissecting the intertidal
flats are highly sinuous tidal channels and creeks which deposit minor sai .. bar sequences along

it inner banks.

The intertidal flats pass taterally into the subtidal zone. The subtidal zone 1s generally
featureless but can contain numerous extensive channel bars and shoals. Thus zone contains
M. fum and large-scale cross-beds produced by channeis and fine grain sands with ripple lam-
naton produced i the shoals and bars. Progradation of a tidal flat will typically produce a
hring-upward sequence consisung of coarser-grained material from the subtidal zone at the base
10 mixed sand and mud beds fro. n the low intertidal sand flats, and capped by mud-dominated

deposits ot the high intertidal and supratidal mud rlats (Klewn, 1970:; Elliot, 1986).
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Estuanes occur in association with tidal hats, nver deltas and barner islands and are subd:-
vided into two types: the tidally-influenced rvernna -stuary and the drowned paleo-valley The
tdes, in the estuary, firstly atfect the degree of sait and fresh water mixing and secondly, the udal
currents may influence sediment transport and deposition. The nature of the deposited sediments
is influenced by the changing velocities of the tidal currents, the reversing nature and symmetry
of the ebb-flood cycle, and the vanation of udal currents along the length of the estuary (Off,

1963).

in tidaily-mfivenced estuanes. the lower reaches, compnsed of partially to completely mixed
circulation, pass upstreg T IC tidally-influenced meandernng channels before reach.ng the
fluvially-dominated rver system. While sand s normally Con(,enlral.ed in the central part ot the
estuary, < amud accumulate along the margin on the tringe of the intertdal tats. Sand s
depocited as either transverse 7 longitudinal-oriented subtidal bars or ebb- and flood-onented
Jdeltas (Eliot, 1986). Sedimentary structures associated with the esti.arine bars range from current
npples to sand waves. Hernngbone cross-beds e coron features in current npple larmination

Bioturbation patterns are also influenced by the changes in sahinites of the estuary and, as such,

show almast as much vanation in distrbution as the bedtorms (Ekdale et al., 1984).

Several sedimentological studies of modern estuaries have been provided recently, mcluring
a study of the Dutch Rhune delta (Terwindt. 1471) and the Georgia coast (Howard and Frey,
1980). A review of the typical physical charactenstcs of estuanne sediments has been summa:
rized by Eliot (1986) and Greer (1975). Reviews of the biological aspects uf brackish water «n

vironments is found in Howard and Frey (1375, 1980) and Ekdale et al., (1984).
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3 4 WAVE- AND STORM-DOM NATED SHELF SEDIMENTATION

In many shallow marine environments where tidal currents are weak, meteorlogically-induced
currents dominate the hydraulic regime and sedimentat.cn patterns on a daily basis Wind- and
wave-induced currents are also charactenstically strongly seasonal, with their most intense period
faling in the winter months. Also, shelves which face the prevailing westerly winds (ie. Bering
Sea, Washington-Oregon shetf) are subject to more intense wave action than those shelves in the
iee of prevailing wirds (Atlantic shelf, Gulf of Mexico). Since most of the sheif off North America
s wind storm-dominated, these are now ¢ st 2s well understood as tide-dominated seas (Swift
et al . 1971). Numerous studies concerninc * - and wave-dominated shelves have be~n
c.mpleted on the Oregon-Washington shelf, the eastern United States Atlantic shelf, the Bering
Sea and the Gulf o1 Mexico. Excellent -tudies of beach protiles and pro "<ss-res onse to wave
actinn have also buen provided by Chiton {1976). Dawvis (1978), Howard and Ri-neck (1981), and
Elot, (1986) Datalled reviews ot high enerqy barred coastlines ang barner islands have been

provided by Davidson-Arnott and Gireenwood (1+.°6). McCui 'n (1382) and Reinson (1984).

Wave- and storm-dominated shelves and coasthnes are modified by wave-cnft (wave surge)
and direct wind-driven currents, which are usually most intense during the winter months.
Nermally dunng summer, wind-induced currents are generally oaly capable of reworking the
sediment surtace on the inner shelt Silts an< muds are depos:te-d from suspension and
rwogenically reworked on the middle and outer shelt areas. Dunng . ' weather conditions, waves
are relatively low amplitude. long perioa swells with a shallow wave base. As the wave shoals and
interacts with the shallowing shelt, oscillatory flow 1s gradually replaced by asy:imetncal landward
ti - of higher energy. Tne bedforr = on the shelt bottom reflect this changing wave regur.2 and

syimetnc . npples produced in the oscillatory wave zone grade up-slcpe to asymmetrical wave
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npples in the shoaling w~ ‘e zone followed by flat beds produced n the breaking, surt and swash

zones (Clitton, 1976) (Figure 3.7).

Conversely during stormweather conditions, the ntensity of the wave action can increase
greatly from strong winds or 0C€amc storm waves v «ch lowers wave basc and orc.'vs and
vansports sand and silt, both as bedload and in suspension. across the shelf to the sheit-edge.
i tary tidal curre . aithough sometimes weah, Can ennhance this process  Significant modit
cation of nearshcre sediments result from storm-surije currents and relaxation (ebb) currents

(Hayes, 1967, Morton, 1981, Nelson, 1ART L Qe Lot u L 38).

~xamples of storm-ca- -+ ~ted beds havo be. .mented + many shelt areas, such as the
German Bight (Aig <neck, 1982), Norton Sound area (Nelson, 1982a), Gulf of Mexico
(Hayes, 1967). 1 ... . .«umar and Sanders, 1976) and Calfornia Shelt (Howard and
Reineck, 1981). ~ . : -, a storm seqguence cinsists of an eroded. sculptured base, a ba- it lag

deposit of mud clasts. followed by hornzontal to low angle larmination, wave npple cross-lammnaton
and topped by a bioturbated interval (Johnson and Baldwin. 1986). Indivic .I~ storm beds range
in thickness from a tew centimeters taw decimueters. The bioturhated interval marks the oc:
currence of opportunistic organisms thing advantage of the waning currents associated waith the

stor + =2vent.

Ve omal-aistal trends have also been recorded in storm-generated beds. Vanation in the:
storm layers across the shelf are the result of decaying currents and sedunent supply Proxmas
storm sands are generally thicker. contan basal lags. and display paraliel to low angle lamnation
Distal Lte. -~ sands are finer-grained. thinner demonstrate grading with many rhythmic interbeds

¢ mud laminae. A summary of proximal to distal trends i1 storm deposits (Figure 38) has b

provided by Aigner and Remneck (1982). An excellent example of 1heoe proxamal-distal trends s
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Fiqure 3.7 Bedtorms produced by shoaling waves across the beachtace n alandward cdirection.
nactive storm-generated nipples in the offshore-transition area are bioturbated durng tairweather
onditions. these pass into :ymmetricai npples followed by asymmetric bedtorms to iunate
megaripples as wave shoals in the shoretace: tiat or plane-bed flow conditions occur in the

breaker surt and swash zone of the foreshore (modified from Clifton, 1876
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found in the texturally gradea elf - prodelta sequence .-t the Yukon Delta in the Norton Sound
area (Howar ¢ 2nd Nelson, 1982; Nelson. 1982a). Graded sturn layers n the sound, typically
demonstiate 4 progressively seaward derease in grain sie and thickness of sand beds ard
charactenstically display waning flow sequenc ™ whie fr umic turbidites (Howard and Nelson,
1982) 1he amount of bioturbation in the stortn deposit: also increases towards the distal

end-member (Ne:ison, 1982a).

Hummccky cross-stratification 1s considered to be the most diagnostic feature of stor
sedimentation. This sedimentary structure, as descrhed by t« ms el al., ( 975). has been widely
reported 1 wave-dominated shelf sediments and 15 accepted to reflect storm-wave depasition
above storm wave base. These b, are coinposed of aiternating concave and conve s iTinae
and are typically interbec .d with bioturbated beds. The precise mec  usm of formaton s suil
under - 'nsiderable debate as to whether purely osctlatory or combmnad fHlows are responsibie

1t and Bourgeos (1982) suggested that hummocky creoss-stratiticaton 1s produced by the
scounng ard draping acton of storm-generated, large scale oscillatory currer;ls. Harms et al .
{1982) and Duke and Leck 186) also suggest that fine sands can be moulded nto hurmmaocks
anc swales by ourely higth osciltatory Hows. On the other hand, Switt et al, {1983). A
(1985). and Nottvedt and Kri:.a (1987} argue that astrong unidirectioral compo.ont combined
with osciitatory tlow would torm hummocky cr Ls-steantication. Leckie (1988) indicated that
hummocky beds are: intimately associated with coarse grant npples whick are congidered to be
formed ty oscillatory flow comtined with & chore-normal urdirectional component . Swilt et ar
(1983) ha' «» named these sea-floor teatures "hummocky meganpples’ Duke (1986) provided
numerous case examples of hummaocky cross-stratification produced by atense winter storene

acd tropical hurncanes.
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3.2.5 WAVE- AND STORM-D/)M'NATED SHORELINE SEDIMENTA TION

A number of subenvironmints, each with distinctive charactenstcs, are “ommonly used to
describe a wave-dominated shoreline, including the oftshore-transition shoretace zone, toreshore
and backshaia (Figure 3 9). The offshore-transition zone extends from mean tarweather wave
base to mean storm wave base. and 1s subject to periods of intense wave action during storm
evants (J.hnson and Baldwin, 1986) Normally dunng fo - seather penods sidts and mudtsare
deposited from suspe sion and biogenically reworked However, dunng storms. bottom
sediments are subjected to strong wind-driven- and storm surge ebb-currents which gererally
deposit graded and cross-laminated <and beds. Thus, farweather deposits ot bioturbated silts

and muds alternate with silt-sand beds ot storm ornigin.

The shoreface zone (Figure 3 9) extends from mean low water level to fairweather wave base
and 1s sub-divided into three zones: up; . middle and lower. In normal conditions, the upper
shoreface 1s subjected to breaking and surf currents. The middle and lower shoretace s b
jected to progressively weaker oscillatory and shoaling wav.s with depth. Generally, along the
shoreface profile. witr increasing water depths. bioturbation gradualiy increases, gran size de-
creases and bedforms change from flat beds to asymmetric npples followed by symmetnc npples.
During storm events storm-surge currents erode the heach prism and upper shoureface and re-
deposit the sediment on the lower shoreface or beycnd by relaxation (ebb) currents. Thus, the
upper shoretace 1s generally sand-dominated, with ittle distinction between firweather o !

e .- nts except for pencdic lags (Johnson ar ‘1 Baldwin, 1986). The lower shoretace conssts ol
interbedded farrweather bioturbated silts and storm deposits of parallel-iammated or hummocky
sands It should be noted that bioturbation 1s a sensitive indicator of energy conditiuns in the

beach profile. in that it occupies distinct zonation. Burrow torms reflect the behavior of the arimal
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to the prevailing energy conditions. This condition provides the tasis for the « hnolacies concept

(Seilacher, 1967a; Frey and Pemberton, 1984; Ekdale et al., 1984).

The next sub-environment along the shoreline profile 1s the foreshore which 1s located in the
intertidal area between the mean high level and the low water level marks Bedtorms ro”1ct the
hiah energy processes of breaker, surt and swash flows with predominantly planar-lanunated and
current I+ ited sand beds (rhompson, 14 7 Davis and Fox. 1975) Bioturbation is usually
sparse due to the harsh and rugged hving conditions of the surf zone (Ekdale ef al., 1984). In low
energy settina-  such as the Atlantic coast ot eastern United States, symmetncal and asymimet
ncal wave ripp o<, rather than planar-laminated beds. are common. Ridge and tunnet topography,
which 1s a senes of asymmetric nidges separatad by shallow troughs, 1s often superimposed onto
the foreshore. The ndyes are suggested to be caused by swash-backwash of the shoaling wa. as

in concert with aggrauation of the foreshore (Davis et al., 1972)

The final sub-environment is the backshore area which 1s located at. ¢ mean high waier
mark. This zone 1s dominated by sand emplaced during storm events and bacomes reworked

by wind processes and organisms. This is normally the site for vegetation growth

3.3 SPECUILATIONS ON CRETACEOUS SHELF PROCESSES

Numerous studies on the processes of sand sedimentation on modern continental shelves
provide< a basis for comganson with Lower “retaceous deposits examined in this study invest-
gations of sand bodies on many of the moderc shelves {te. Bering, Uregon-Washington and the
North Sea shelves) illustrate the processes and products ot diftering hydraulic regimes. [hey
have also advanced the concept that sediments or the modern shalves & 2 L0y "ot rehot,

paimpsest and new ongmns (Switt et al.. 1979). Cn the Atlantic shelf, althouc™ tv I re
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are suggested to have been stranded by the Holocene transgression, they are presently beng

modified by a vanety of present-day sheif currents (Switt and Field, 1981).

Durning the Mesozoic, the western interior of North America was flooded by ep o

seas which probably contained, as modern shelves do, a varnaty of hydra. . rec me Se-
quently. a wealth of manne nearshore and oftshore deposits accumuiated withi.* sin under
aither hdal-. wave and storm- or oceanic-current systems. The:  ire Mary ¢ v s ot arocer
deposits in the literature which are considered to have been deposited under process or an-

other. Marine offshore sands in the Jurassic (Oxfordian) of Montana, interpreted as shallow ma-
nne shoals, are considered 10 have been formed by wave-induced currents (Brenner and Davies,
1974). These are charactenzed by well-sorted coarsening upward sequences with gradational
bases. The lower halt of the bar contains highly bioturbated sands which grade upward to
wave-nippled and trough cross-bedded sands.The Dufty Mountain Sandstone. in Colorado. are
oftshore bars suggested to be partly created by oceanic currents combined with storm-generated
currents (Boyles and Scot: 1982). The Jurassic Ferme-Kootenay deposits in Western Canada
are . .ctulated to -+ "ve been emplaced by the transport of sands from a waw. iominated delta to
the oftshore by storm-surGe ebb density currents (Hamblin and Walker. 1979). Rapid trans-
gression and shoretace erosion are suggested to have emplaced thin conglomeratic veneers
within the Cardium Formation of Alberta (Eyles and Walker, 1988). Bars in the Cretaceou's
Shannon Sandstones of Wyoming have been describd by Spearing (1976) to contain an abun-
dance of tdal structures. A typical vertical profile consists of a coa sening-upward succession
ot bioturbated shale grading upward to oroturbated sandstones and clean. non-bioturbated
cross-bedded sandstones (Spearing. 1976). These are believed to be the products of tidal cu-
rents enhanced I¢ ally by s.orm-induced urrents. Later these were re-interpreted by Tillman and
Martinsen (1984) to be products _t storm currents enhancing tairv:@ather oceanic currents This

combmation of currents was said to transport and deposit sands in the form ot megaripples and
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sandwaves. Stacking of these carawaves and megarpples developed north-south trending sand

ridges up to 20m thick (Tdlman and Martinsen. 1984)

Although the behavior of tides for the Cretaceous is poorly understood. the Cretaceous
seaway of the Western Intenor has been suqyested by many authors to have expenenced micro
to meso-tidal regimes (Tillman and Marinsen. 1984). Slater {1985) suggested that udal systems
for the seaway were minor, with tidal ranges ot 0 86 m and current velocities up to 10 ¢ m 5 Kleun
and i (1978) argued that the Cretaceous epeiric seas were tidally-dominated and that the et
fects of tides are often overlooked. Their ewidence tor strong tidal settings 1s based on the de-
duction that regular tida! flushings in semi-enclosed basins (lagoons, estuanes) were neede In
order to maintain the marine benthic assemblages found in these deposils They also stated thal
strong tidal influences are indicated by several forms of bivalves which taithtully recorded
neap-spring tidal cycles on therr growth nings. In addition, Bnidges (1982) stated that since
epicontinental seaways n the Jurassic and Cretaccous were connected to the Arctic Ocean, tidal
waves propagated within this oper ncean would have been displaced onto the North Amercan
cratonic shelf. thus. forming significant tdal currents within the basin HOWevG.*r, because of the
vast distances trave'led by the tides. twice-daily an! dally udal waves probabiy would have
produced reflected v. s, which.in turn, leads to the jevelopment of amphidromic Systems
containing central points of zero tdal range (Figure 3.10). Thus. strong reversing tdal current:
with a specitic tidal range would have developed parallel to- and adjacent 1o- the western coist

of the seaway (Bridges. 1982).

The strerigth of tides is also said to be significant when Cernain basin morphologes are en
counered High velocities for tidal currents have been recorded in re-entrants such as Norton
Sound (Neisor, 1982). When the tide passes through a narrow apertuie. the ormalles

cross-sectional area acts as a 'throttle point’, thereby inCreasing the ndal current velooty graatly
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Diagram has been removed due to copyright restrictions

Figure 3.10: Speculative reconstruction of the paleoucal regme in the Western interior Seaway
duning upper cretaceous times. Tidal ranges are indicated by dashed lines and amphidromic
systems are indicated by solid lines. Amphidromic systems indicate rotary ndal currents around
a zero node(Belderson et a/. 1982).
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Also noted on modern continential shelves is that the widest shelves are characterized by the
greatest tidal range amplitude and current velocities. Thus, this should also be applicable to an-

cient epeinc seas (Klein and Ryer, 1978).

Most of the evidence presented for the presence of tides in the epeiric sea is somewhat
speculative. The fact that tides were present hinges on the premise that a sufficient aperture to
the Arctic ocean existed to allow propagation of a tidal wave. However, the presence or absence
of a suitable connection to the Arctic Ocean during the Cretaceous cannot be proven either way.
If we assume that Slater (1985} is correct, in that the Cretaceous seaway was microtidal with in-
effecuve tidal processes, then sadiment transport. In paricular Bluesky sediments, was accom-
plished by other mechanisms. However, occurrences ot tidally-produced bedforms, such as
herringbone cross-stratitication, were noted in nearshore tidal channels in Bluesky sediments
northwestern Alberta (O'Connell, 1988). Thus, the role of tices during Bluesky time should not
be fully discounted. The shoreface teatures noted by O'Connell (1983, though, were considered

to be formed 1n a wave-dominated setting.

As noted earhier, many of the offshore sand bodies and deltas are considered to have been
greatly influenced by wave and storm processes. In particular, storms were a major feature of the
hydraulic regime in ancient shielves (Kreisa, 1981; Wright and Walker, 1981; Leckie and Walker,
1682). Marsaglia and Klein (1983) have indicated that the westerm interior basin of Canada was
within a latitude susceptibie to frequent winter storms. There are several examples which have
documented ancient storm deposits. Leckie (1983) noted hummocky cross-stratificaton in
shoreface deposits of the Lower Cretaceous Gates Formation in northeastern British Columbia.
High-angle cross-laminations, in the Wabiskaw 'C’ sand of northern Alberta, have been inter-

preted as hummocky cross-stratification by Ranger et al., (1988). Rahman and Smith (1988)
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reported hummocky cross-stratified beds in the shoretace of the Cadotte Formation in the

Eimworth area of Alberta.

Recent studies of the effects of storms on modern continental shelves (e.g. Swift and Feld,
1981) suggest that storms are primarily resonsible for the bulk transport of sand into the oftshore
setting. However, it has also been noted that the thickness of these storm layers are in the range
of a few cenumeters to several decimeters. The layer deposited from Hurricane Carla was less
than 10 cm (Hayes, 1967) ard lavers in the Norton Sound are less than 20 cm (Nelson, 1982b).
These storm layers alone seem insutficient to account for the vast quantity ot sediment needed
for the build-up of extensive offshore bars such as in the Bluesky Formation. Thus, alternative
shelf processes are needed to account for the occurrence of large amounts of sand discretely

emplaced many kilometers from any paleo-shoreline.

Recent work by Eyles and Walker (1988) in the Cardium Formation ot central Alberta have
provided an alternative explanation for the extensive linear sandstone accumulations often inter-
preted as ‘offshore bars’. Thes» sandstone accumulations are encased in mudstones and
capped bv ~onglomerates whose origin has stirred considerable debate. They have suggested
that the sandstones are remnants of a once continuous blanket sand that was shaped into dis-
crete linear sand pods by shoretace erosion during a major transgression. The occurrence of the
conglomerates, at the top of the sandstone buildups, are considered to have been provided by
coeval coastal input and distrbuted across the shelf by the transgressing sea (Eyles and Walker,

1098).



4.0 SEDIMENTOLOGY

The sedinentology of the Bluesky Formation within northeastern British Columtia 1s examined
in this chapter. The discussion will focus on detailed descriptions of the litholc yies and their de-
positiona! settings. The sedimentology will be presented in two parts: (1) detailed descriptions
of the hithotacies and (2) interpretation of sedimentary structures and depositional origins of the

mhofacies based on the physical bedtorms observed.

4.1 LITHOFACIES DESCRIPTIONS

41.1 CRITERIA FOR THE RECOGNITION OF LITHOFACIES

The term "hthofaciec™. as used in this thess, retfers to the lateral and vertical structural and
organic aspects of sedimentary rocks (de Raaf. et al., 1965) No connotation in a genetic sense
is imphed. In the following discussion the dominant lithofacies are described and interpreted as
observec in outcrop and core. Core was studied bed by bed to record detaile;j descrniptions of the
internal sedimentary structuras, thickness, hedding contacts, mineralogy. apparent grain size and
biogenic structures. The major criteria ror classifying the various beds into a specific ithotacies
were the physical sedimentary structures, grain size and the presence or absence of biogenic
structures. All measured sections of outcrop, coal company diamond drill core, and petroleum

well core a - linstrated in Appendix |. Appaient grain size was determined by using the Wentworth

graw: size scale (Figure 4.1).

The dominant hithologies in the Bluesky Formation are fine- to coarse-grain sandstone, con-
glomerate. sitstone and mudstone. Eight distinct lithofacies charactenze the Bluesky Formation

in the study area. For this study. physical and biogenic sedimentary structures have particular
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importanca. The relative abundance (density) of biogenic reworking was recorded in each of the
measured units. The density of trace tossils ca., range from a few scattered burrows 10 beds that
are completely burrowed. The identification of trace fossils in core 1s based manly on their ap-

pearance on the outer surtace of the core, either split or unsplit surfaces. Critonia which must be
considered for the identification of indwidual chnogenera are: (1) onentaten of the struc ures, (2)
presence of wall iming or ornamentation, (3) distinct geometric pattern, (4) presence of meniscate
fill, (5) occurrence of spreite, (6) presence of organic residue. {7) occurrence and type of hill, (8)

prasence of pellets and. (9) the overail shape and size of the structure (Ekdale et ai., 1984).

Generally, dnill core provides excellent exposure of traces; however, there are several hmita-
tons to the use of core for ichnofossil recognition. Firstly, the 'ack of three-dimensional xposure
imits the lateral interpretation of any changes in the traces or setting which surround the core.
Secondly, the density of a trace may be under-represented, especially tor vertical burrows since
thewr long axes parallel the core. Finally, different sectional views of a particular trace may 1e-
semble that of a completely different ichnogenus. thus, an erroneous identification of an
ichnogenus 1s possible. It should be noted that in some intersections of Blue;ky core, severe
biogenic reworking has destroyed or obscured all recognizable burrow forms making 1t difficult, o

not impossible, to assign formal ichnotaxa.

Two main types of internal cross-stratitication were interpreted based on the association of
cross-laminae within the set and the nature of the lower bounding surface. Planar
cross-stratification 1s recognized by the inchined. parallel foresets which maintain a constant angle
and paralle! bounding surfaces. Trough cross-stratfication s characterized by strongly concave
upwards laminae w'ch non-parallel. curved bouding surtaces. The latter 1s recognized only In
smali- to medium-scale vaneties in core. In outcrop. because mos: of the Bluesky Formation 1s

easily eroded. only the basal conglomerates are generally exposed.
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Bedding contacts were described as planar, scoured or gradaronal. Planar bedding contacts
are non-erosional, sharp and form horizontal bed boundares. Scou.cd contacts are wregular to
wavy, generally with reliet greater than 3 cm. and commonly truncate structures 1 the underlying
bed. Gradational contacts record a gradual change from ono hthofacies to the next over several

centimeters.

4.1.2 SUMMARY OF LITHOFACIES

Eight major lithofacies with tour suulithofacies have been outlined tor the Bluesky Farmation
These are:
Lithofacies 1: Ungraded matrix-supported pebble conglomerate
Subwthofacies ta: Structureless
Sublithofacies 1b: Low-angle cross-stratified
Lithofacies 2: Interbedded mudstone and fine-grain sandstone
Lithofacies 3: Small-scale cross-stratified medium- -0 sandstones
Lithotacies 4: Massive glauconitic mudstone
Lithofacies 5: Bioturbated glauconmtic sandstone
Subhthofacies 5a: Medium- to coarse-grain
Sublithotacies 5Sb: Fine-grain
Lithotacies 6: Massive to horizontally stratfied medium-grain sandstone
Lithofacies 7: Low- to high-angle cross-stratitied medium-grain sandstong

Lithotacies 8. Silty mudstone

4.1.3 LITHOFACIES 1: UNGRADED MATRIX-SUPPORTED PEBBLE CONGLCMERATE

This lithotacies 1s compnsed of two distinct sublithofacies: a structureless matrnix-supported

conglomerate and a low-angie cross-stratified matrix-supported conglomerate. This hthotacies 1s
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charactenzed by matnx-supported pebble conglomerates which are generally poorly sorted with
a wide range of clast sizes. Clast shapes vary greatly from obiate to equant. Clasts are generally
randomiy onented and are composed of mainly chert with minor quartz and quartzite tioating n
a sand or mud matrix. The sand matnix 1s typically a medium- to coarse- grain chert and quartz
sand (0-2 phi). The clasts are sub-angular to rounded with most being sub-rounded. The iargest
ot . bbles average 5 cm (range: 2-15 cm) whereas the average mean pebble diameter 1S
about 1 cm. Most of the chert 1s white, grey or black with minor am sunts of pale green or bluish
gray. Clast content s gererally ie,s than 40°  Ina . ahofacies ta s composed
of a crudely bedded. glauconitic sandstone with minor floating chert pebbles. This 1 . «

end-member Ic the structureless, matrix-supported conglomerate of subiithotacies 1a.

Within subiithofacies 1a. sand matnx-supported conglomerates usually grade upwards intr
mud-supported conglomerates at the contact with *he Moosebar shales An umique feature of this
pebble conglemerate 1s that althiough the sand matrix may grade vertically upward into mud, no
corresponding decrease 'n pebble size was ncted. This does not occur n sublithofacies 1b.
Typically, sublthofacies 1b occurs mnterbedded with the cross-bedded sandst;mes of the Peace
River plains area. Locally, this matnx-supported conglomerate may be interbeaded with zones

of clazt supported conglomerate.

41 4 SUBLITHOFACIES 1A: STRUCTURELESS UNGRADED MATRIX-SUPPORTED PEBBLE

CONGLOMERATE

In this sublithofacies structureless. ungraded. matrix-supported pebbie conglomerates show
utle evidence of stratiication within the bed (Figure 4.2a). The unitis usually composed of a
single. thick veneer of disorganized, poorly sorted pebble conglomerate. Basal contacts are con-

sistently erosive with rehet of 2-15 cm (Figure 4.2b). Bioturbation 1s found exclusively at the
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contact. A network of sharp-walled. uniined burrows, tentatively identhed as Thalassmnoides ex:
tend from the contact into the underlying sediments. The burrows are infilled with pebbles and
sand from the overlying conglomerate. Bioturbation 1s not evident in outcrop due to the triabiity
and poor condition of most outcrops Rip-up- and coal-intraclasts are commonly tound i the
lower sections of the conglomerate. Composttion ot the matnx and clasts are as those described
above Glauconite contunt averages 5% and occurs as discrete sub-row.Jed grains Bed thick-
ness averages 60 cm (range’ 10-700 cm). This sublithofacies 1s commonly tound n contact with
the underlying Gething Formation or at the top of the Bluesky section grading into Moosebar
shales. Between the major sandstone buildups of the Peace River Plains area, this sublithofacies

can comprise the complete Bluesky Formation occurrence.

4.1.5 SUBLITHOFACIES 1B: LOW-ANGLE CROSS-STRATIFIED UNGRADED

MATRIX-SUPPORTED CONGLOMERATE

This sublithofacies consists of matrix-supported pebble conglomerate with faint low-ancle
cross-stratification (Figure 4.2c.d), occurnng in sets 0.01-2.5 m thick. Althoug.h n oatcrop this
sublthofacies was tound only at Willow Creek and Crassier Creek. it occurs commonly in ap
proximately 20% of the petroleum core conglomerate intersections. This unit may vary from a
single pebble veneer 1 cm thick to 7.2 m total thickness as found at tha Cra- sier Creek outcrop.
Beds, in this instance. are laterally persistent and can be traced for several meters with only shyht
vanations 1n thickness. Stratification is revealed by Jaminations which shightly fine upward n
pebble or matrix grain size. or by associated lenticles and stringers of planar laminated sandstons
Cross-beds average 0.15 m (range 0.1-4.5 m) in thickness. The cross-laminae generally dip at
a low angle (5-° 50 ) which parallel the lower bounding surtace. The conglomerate beds are
sheet-like units of cobbles. pebbles and coarse sand. and contan rare low-angle gravel hiltled

scours at the top of some beds. Grading and soriing n this sublithofacies 1s slyhtly more de-
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a)

b)

c)

d)

FIGURE 4.2 CORE PHOTOGRAPHS OF LITHOFACIES

Structureless ungraded matrix-supported pebble conglomerate,
subli*hofacies 1a: Crassier Creek outcrop. Pebbies are chaotically scattered
throughout with a wide range of clast sizes. There Is neither imbrication nor any
developed stratification in the cuiciup. Up is towards the left of the photograph.

Structureless, ungraded matrix-supported pebtle conglomerate,
sublithofacles 1a: Conglomerate in contact with carbonaceous mudstones of
the Gething Formation. Contact is scoured with over 15 cm of relief (dashed line).
A fragment of the underlying Gething mudstone is found within the conglomerate
{hollow arrows). A truncated burruw is noted by a solid arrow. d-67-k 94-H-2,
1046.4 m.

Low-angle cross-stratified ungraded matrix-3upported conglomerate,
sublithofacies 1b: Crude stratification in pebble conglomerate is indicated by
slight decrease in clast size and crude layering. Packing of clasts is high. b-42-L
94-A-13,1338.5m.

Low angle cross-stratified ungraded matrix-supported conglomerate,
sublithofacies 1b: Low angle cross-stratification is indicated by thin lenticles of
pebbly sandstone and crude normal grading. d-1 4-L 94-H-2, 1037.5 m.

NOTE: In all photographs, uniess otherwise specified, cores are 8 cm wide.
Bottom is the base of the core photograph.
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veloped than the above subithotacies Basal bedding contacts range from planar to scoured with
iow rehet (< 3 cm) Bioturbation i1s not evident in any of the core intersections or OutCrops.
Glauconite content averages <2% Composition of the matrix and clasts are as those desc-ibed

above

416 LITHOFACIES 2 INTERBEDDED MUDSTONE AND FINE-GRAIN SANDSTONE

This ithotacies consists of a distinct «Lccession of alternating. thinly beddad. fine-gran
sandstone and mudstoce  couplets o which the troequency ANndg thickness ot the sandstone beds
ncreases upward (Figure 4 3a) A typcal szndstone-mudstone couplet ranges in thickness from
110 20 cm i the lower half of the section, whereas in the upper parts the sandstone beds
thicken 1o several meters rangag from 0.1 to 35 m Individual bed thicknesses for the mucstone
beds ranges trom 00210 35 m Total section thickness tor this Iithotacies averages 10 m (r>.ge
2.35 m} The base of the section is dominated by mudstone A sandstone-mudstone couplet
consists of a sharp based. cross-laminated sandstone grading upward to bioturbated mudstones.
Overall, the sandstone beds are fine-grain, and normally-graded with wel|-de\;eloped. low-angle
cross-lammations and rare npple laminations at the top of the bed Trough cross-laminations are
mtarpreted from small-scale structures i, which the cross-laminae dip asymptotcally towards the
base. The lower bounding surface of the trough cross-bed is also generally concave upwards.
Sross-laminae are reveaie ! tiy grain color vanations anc finng upward ot grain size. The basal
contact of the sandstone beds are usually scoured with abundant ioad structures. Load structures
are commonly well defined ball-and-pillow or 'ame structures Rioturbation 1n the sand beds 1s
minor and typrcally occurs at the top of the bed. Stratification in the mudstones 1s indicated only
by rare. thin silty streaks. Mudstone interbeds show varying degrees of bioturbation. This
Ithotacies contains the trace fossils Chondrites. Gyrochorte. Helminthopsis. Planolites, Skolithos.

Teichichnus. Zoophycos. and Palaeophycus. * he mudstones weather. in outcrop, to rusty rubbly
- 97 -



preces, whereas the sandstones have a platy habit. Body fossils have been dantiied in this ho
nzon by C.R. Steick (in Dutt and Gilchnst, 1981). A few of those dentiied are: Entolum sp.,
Ostrea?. Pecten sp . Corbula?, Entolium irenense, Inoceramus dowiing:, Tancrodia sp .
Pleuromya sp. and Protocardia sp This ithctacies occurs only in the southern half of the study
area. within the Pine Pass-Wapiti River region, and 1s charactensiically overlain by sedunemnts of

hthotacies 3

4.1.7 LITHOFACIES 3. SMALL-SCALE CROSS-STRATIFIED MEDIUM-GRAIN SANDSTONE

This lithofacies consists of medium- to coarse-gran sandstone with well-developed. low-angie
planar and small-scale trough cross-laminatons with rare npple cross-lammations (Fiqure 4 3c).
Planar laminations are typically low-angle with a slight ining upward irom medium- to tine-g/am
sand. Laminations range from 0.3 to 1 cm in thickness. Sandstones are essentially ciean. quarts
arenites which are well-cemented and well-sorted. The complete sandstone unit generally grades
upward frcm small-scale cross-stratication at the base to parallel laminated beds near the top
The log signature I1s charactenstically blocky. Commonly, there are 1+ (2-6 mm) layers of .hart
pehble/granules and or zones of angular muddy intraclasts (range: 1-3 cmn lengih) on the basal
section u! the paraliel laminated beds (Figure 4 3d) Bed thicknesses range from 1 to 12 m, av-
e-aanng 3 m. Thin stringers of finely macerated carbonaceous matter are also tound throughou!
the unit. This lithofacies is locally bioturbated (Falaeophycus) and 1s charactenstically
non-glauconitic. The base of this unit 1s typically 3 scoured. disconformable Zurtace overlyng
mudstones of ithotacies 2. The underlying beds are visibly truncated (reliet of < 2 ¢m). Soft
sediment deformation, in the form of ame and load structures. was also observed. [his umit 1o

overlain by the deltaic deposits of the Chamberiain Formation in the Sukunka-Wapiti Rivers ared
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a)

b)

c)

d)

e)

FIGURE 4.3 CORE PHOTOGRAPHY OF LITHOFACIES

interbedded mudstone and fine grain sandstone, lithotacies 2:
Sandstone lenses exhibit normal grading, cross-lamination and sharp, eroded
bases. The mudstone beds often exhibit burrows such as Planolites (arrows).
C-35, (Sukunka), 384.3 m.

Inierbedded mudstone and fine-grain sandstone, lithofacies 2:

Thick beds of cross-pedded sandstones with minor bioturbation commonly occur
at the top of this coarsening-upward litiiofacies. Low- to high-angle
cross-lamination is marked by dashed lines and a possible Skolithos burrow is
marked by an arrow. C-35, (Sukunka), 378.7 m.

Small-scale cross-stratified medium-grain sandstone, lithofacies 3:
Parallel-laminated clean sandstone with thin layers of chert granules and mud
intraclasts. Base of sandstone bed is sharp and eroded C-35, (Sukunka), 305.1
m.

Small-scale cross-stratified medium-grain sandstone, lithofacies 3:
Zone of angular mudstone intraclasts in a cross-bedded sandstone. C-35,
(Sukunka), 362.4 m.

Massive glauconitic mudstone, lithofacles 4: Outcrop photograph of
extremaly glauconitic mudstone (G) which exhibits a a dark hue in photographs
and a green colcr in outcrop. Dashed lines mark the top and basal contact of the
unit. The unit is 0.9 m wide. The top of the unit is towards the left of the
photograph. Sukunka River outcrop.

NOTE: In all photographs, cores are 4 cm wide.
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4.1.8 LITHOFACIES 4: MASSIVE GLAUCONITIC MUDSTONE

An extremely glauconitic silty mudstone comprises this lithofacies. Glauconite content varies
from scattered grans to about 50 %, where the unit forms a coarse, gritty mudstone. The bed
ranges from 0.1 to 2.0 m n thickness and is generally massive to crudely bedded. Stratification,
although generaliy obscure, 1s indicated by thin sandstone stringers. in some cases. a few scat-
tered floating chert pevbles were found averaging < 1 cm in diameter. The .ebbles are randor™
onented. In outcrop and core, the unit has a distinctive dark green color (Figure 4.3e).

Bioturbation was not evident in any of the cores or outcrops.

4.1.9 LITHOFACIES 5: BIOTURBATED GLAUCONITIC SANDSTONE

This lithofacies consists of intensely bioturbated glauconitic sandstones which are divided into
two sublithofacies based on the grain size, type of burrows and mud content The sands'ones
have been greatly modified by biogenic reworking. In general, homogenization by burrowing has
completely destroyed any evidence of pnmary sedimentary structures, giving'the sandstones a
distinct mottled appearance in core. The lower and upper contacts are graJational over a few
decimeters. In some core intersections, the unit 1S truncated at the top contact by deposits of

hthofacies 1 and 6.

4.1.10 SUBLITHOFACIES 5A. MEDIUM- TO COARSE-GRAIN BIOTURBATED GLAUCONITIC

SANDSTONE

This sublithofacies consists of medium- to coarse-grain, bioturbated and glauconitic
sandstone containing sharp, discontinuous, shghtly wavy shaly laminae or mud stringers {Figure

4.4a). The percentage of mud content i1s generally less than 15%. The bed thickness in this
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sublithofacies ranges from 0.5 to 8 m. Glauconite content averages 10% (range: 2-20%).
Glauconite occurs pervasively as sub-rounded grains or n the lining and hil of the burrows.
Physical sedimentary structures are generally completely destroyed by a high density of biogenic
structures. Structures, where apparent, consist of rare asymmetric ripple torms. ichnofossils
identified within this sublithofacies consist of dominant vertical and subordinate horizontal burrows
(Figure 4.4b). This sublithofacies contains a recurring assemblage of trace fossils consisting ot
at least 8 ichnogenera, including: Asterosoma. Cylindrichnus, Diplocraterion, Ophiomorpha,
Palaeophycus, Planolites, Skolithos, and, Teichichnus. In addition, numerous ndiscernable
burrow forms are also present which provide a bioturbate texture. Porosity in this sublithofacies

is fair to good (< 10%). This unit generally overlies deposits of sublithotacies 5b.

4.1.11 SUBLITHOFACIES 5B: FINE-GRAIN BIOTURBATED GLAUCONITIC SANDSTONE

This sublithotacies consists of a fine-grain intensely bioturbated. glauconitic sandstone which
generally has a higher mud matrix content than subhthofacies 5a The proporyion of mud laminae
and shale stringers commonty ranges from 10 to 25%. Pnmary sedimentary structures in this
sublithofacies have also been completcly destroyed by biogenic reworking (Figure 4.-1c). The
beds are generally extremely poorly sorted which is probably also a consequence of the intense
bioturbation. Preserved mud laminae are commonly wavy, discontinuous and range in thickness
from 1 to 3 mm. This sublithofacies 1s aiso charactenzed by a recurruiy association ot
ichnofossils. In contrast to the above sublithufacies, this assemblage cf traces are dominantly
horizontal with abundant grazing and deposit-feeding traces. Thie assemblage consists of
Asterosoma, Chondrites, Helminthopsis, Palaeophycus, Planolites, Rosseha, Teichichnus, and
Terebellina. The bed thickness for this sublithofacies ranges from 0.5 to 6 m. Glauconite content

ranges from 5 ‘0 30%. Porosity in the unit 1s generally fair (< 5%).
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b)

d)

FIGURE 4.4 CORE PHOTOGRAPHS OF LITHOFACIES

Medium- to coarse-grained bioturbated glauconitic sandstone,
sublithofacies 5a: Intense bioturbation, dominated by vertical-oriented lined
tubes, possibly Skolithos (arrows), have destroyed the primary physical
structures 6-29-81 15, 10953 m.

Medlum- to coarse-grained bioturbated glauconitic sandstone,
sublithofacies 5a: Diplocraterion burrows in a medium-grained, severely
bioturbated sandstone. 6-29-81-15, 1094.7 m.

Fine-grained, bloturbated glauconitic sandstone, sublith.ofacies Sb:
Severaly bioturbated shaly sandstone. from the Peace River plains sandstone
buildups, exhibiting Palaeophycus burrows (arrows) and possibly Teichichnus
structure (upper left corner of photograph). 7-30-80-14, 1098.2 m.

Fine-grained, bioturbated glauconitic sandstone, sublithofacies 5b:
Burrowing is dominated by deposit-feeding and a few dwelling structures such as
Palaeophycus (arrows). The shiftin feeding strategy is typical in the finer grained
sandstones of sublithofacies 5b. 6-29-81-15, 1093.3 m.

NOTE: In all core photographs, core is 8 cm wide.
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4112 LITHOFACIES 6: MASSIVE TO HORIZONTALLY-STRATIFIED MEDIUM-GRAIN

SANDSTONE

This hthofacies 1s charactenzed by massive to honzontally -stratified, medium-grain
sandstones (Figure 4.53). The laminations when visible are generally planar and parallel and
range in thickness from 2 to 7 mm Laminations are defined by the vanation in color of adjacent
laminae and <hght fiming-upward ot grain size. Low-angte cross-stratthcation (<5° ) was also
recorded in some cores. The bedding contacts are sharp, planar to shghtly undulose and possibly
erosive. Average bed thickn2ss is 0.3 m (range: 0.01 to 1.2 m). The sandstones are generally
well sorted, clean and fnable. The grains are commonly angutar, composed of clear quartz with
white kaolnite booklets occupying the pore spaces. The sandst' e has a tan-brown, micaceous
appearance in core. Bioturbation 1s virtually absent throughout most of the bed except a few
rninor traces (1.e. Skolithos and Palaeophycus ) at the top. Glauconite occurs as scattered, sub-
rounded grains and generally 1s less than 1% in content. Porosity in this ithofacies is generally
good to excellent (10-20%). This sandstone i1s commonly undertain by a thin band of flat-ying,
sub-rounded chert pebbles in a coarse-gran sand matrix (Figure 4.5b;. The ;>ebble bands aver-

age 5 cm in thickness and have a sharp, scoured base.

4.1.13 LITHOFACIES 7: LOW- TO HIGH-ANGLE CROSS-STRATIFIED MEDIUM- TO

COARSE-GRAIN SANDSTONE

This ithofacies consists of low- to high-angle ( 5.200 ) cross-stratified medium- to
coarse-grain sandstone (Figure 4.5C). Commonly, the bedsets contain nuMerous small, well
rounded chert pebbles (5-20 mm in diameter), either as isolated clasts dispersed in the bed. or
as discrete layers along distinct bedding planes. This lithotacies 1s characterized by planar lami-

natiuns and shghtly concave upward curved cross-laminae which are interpreted as trough
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cross-stratification (Figure 4.5d). Occasionally, low-angle planar cross-stratficaticn displays up-
ward shallowing oppositely-dipping cross-laminae. A distinguishing t3ature of the shightly
concave-upward cross-laminations is their basal low-relief truncation of the previous bedset. In-
dwidual cross-lamina are distinguishable by therr variation in grain color from adjacent laminations
and by a slight fimng-up n grain size. Most commonly the sandstones are moderately - 1o
well-sorted and a ight-buft-grey with an overall ‘salt and pepper’ appearanca. Bed sets range
thickness from 0.5 cm to 25 cm. Glauconite content within these sandstones generally averages
<5 %, which 1s commonly less than that found in the bioturhated sandstones of ithotacies 5.
Bioturbaiion structures are virtually absent or not apparent. In one occurrence (a-89-K 94-H-6;
1088.4 m) a single Ophiomorpha burrow was noted in a cross-bedded sandstone. Reactivation
surfaces are not uncommon. Basal bedding contacts are generally sharp, planar and non-erosive.

Unit thicknesses average 2 m (range: 0.5t0 8.5 m).

4.1.14 LITHOFACIES 8: SILTY MUDSTONE

This lithofacies consists of dense, dark grey to black horizontally-stratiied mudstone and silty
mudstone (Figure 4.6a.b). The lithotacies 1S charactenstically bioturbated with burrows of
Planolites, Chondrites and Helminthopsis. Extensive bioturbation completely homogenizes some
parts of the unit to where no distinct burrow forms or any pnimary sedimentary structures are
discernable. Also recorded were siderte bands ranging from 10-20 cm in thickness and prowding
the only recogn+zable stratification Bedding contacts range from sharp slanar to scoured and
erosive. Bed thicknesses range from 3 cm to 30 cm. This hithotacies 1s gene-ally interbended

between two coarse-gran sandstones of hthofacies 5.
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a)

b)

d)

FIGURE 4.5 CORE PHOTOGRAPHS OF LITHOFACIES

Massive to horizontally-stratified medium-grained sandstone,

lithotacles 6: Skolithos (arrow) burrow in a massive-appearing sandstone. The
sandstone bed has a sharp basal contact over a cheit pebble conglomerate
band. C-16-D 94-H-10, 3313 m.

Massive to horizontally-stratified medium-grained sandstone,
lithofacles 6: Massive sandstone (m) with a basal conglomerate log truncates
an extremely bioturbated sandstone layer (b). d-33-C 94-H-11,1 109.7 m.

Low- to high-angle cross-stratified medium sandstone, lithofacies 7:
Non-burrowed, high-angle, cross laminations are intercreted to be trough
cross-stratification. b-42-L 94-A-13, 1338.5 m.

Low- to high-angle cross-stratitied medium-grain sandstone,
lithofacies 7: High-angle cross-laminated sandstone with abundant chert
granules and pebbles along bedding planes. d-67-K 94-H-2, 1033.6 m.

NOTE: In all core photographs, cores are 8 cm wide
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a)

b)

c)

d)

FIGURE 4.6 CORE PHOTOGRAPHS OF LITHOFACIES

Silty Mudstone, Lithotacies 8: Dark grey mudstone with thin interbeds of
laminated and burrowed siit overlying a chert pebble conglomerate of
sublithofacies. b-42-L 94-A-13,1336.0 m.

Siity Mudstone, Lithofacies 8: Bioturbated mudstone with silt laminations
and silt-filled Planolites burrows (arrows) d-67-K 94-H-2, 1046.3 m.

Bioturbated medium-grained sandstones of sublithofacies 5a overlying massive
to horizontally-stratified medium-grained sandstones providing a
laminated-to-burrowed appearance in core. Arrow points to a large Skolithos
burrow. Top of core is at the upper nght comer of photograph. Core is 5 cm wide.
PD 8001, 535 m.

Low- to high-angle cross-stratified medium-grain sandstone,
lithotacles 7: High-angle cross-laminations are interpreted to be trough
cross-stratification. d-59-L 94-A-13, 1290.21 m.

NOTE: Core in all photographs, except where noted, is 8 cm wide.
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4.2 LITHOFACIES INTERPRETATIONS

421 SUBLITHOFACIES 1a: STRUCTURELESS UNGRADED MATRIX-SU+#PORTED FEBBLE

CONGLOMERATE

Subhthofacies *3 which consists of a poorly sorted. ungraded. matrix-supported chert pebble
conglornerate containing glauconite. mud and coal intra-clasts 1s interpreted to be a transgressive
lag depostt tormed during the initial transgression of the Moosebar Sea. The rapid input of
coarse-gramn detritus 1s considered to be revated to a major transgression and or a substantial shift
in slope gradient due to ‘ectomc readjustment within the depositional basiri. These deposits
commonly separate carbonaceous non-iidrine strata below from bioturbated marine sediments

above

The lag deposits are product results from surd-winnowing processes of shoaling waves as the
sea advanced over relict deposits. Oscillatory-tlow currents produced by shoaling waves which
contain strong asymmetnc orbital velocities tend to drive relatively coarse sediment onshore
{(Komar. 1976) From Figure 4.7, 1t can be seen that current velo. es >40 cm's are required
before grain movement begins in 2.0 mm sand. Theretore. it is considered that exceedingly large
clasts. that were not capable of transport. were concentrated on the erosional surface. The
paucity of stratification indicates that finer-grain sediments may have been transported and de-
posited rapidly trom suspension as the energy levels waned rather than by bedload tractronal
transport. With continued transgression, as the water deepens and the shoreline retreats, the et-
tect of waves will diminish and no longer be able to madify the texture of the seatloor sediment.
Generally at this point, only fine-grain size sediment was avanable for deposition in the lag. This

may account tor the fiming upward matrix size commonly observed in the tabric of this lithofacies.
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it 1s generally considered that transgressive lags represent all that remains from the erosion
of underlying sediments (Pugh, 1960) or the remnants ot a transgressive shoreline (Sanders and
Kumar, 1975). According to Sanders and Kumar (1975) shoreface retreat, which occurs with a
relatively slow and continuous rise in sea level, inevitably leads to complete destruction of a.y
nearshore deposits by erosion and wave reworking. The preserved record would only consist of
a thin transgressive lag overlain by nearshore marine sediments (Sanders and Kumar, 1975).
At this point, it 1s difficullt to interpret exactly where the sediments for the lag deposits in the
Bluesky Formation oniginated. It has been noted though, that the "lag’ deposits, of the Bluesky

Formation. sor:ain matenal commonly found in the underlying Gething Formation.

4.2.2 SUBLITHOFACIES 1b: LOW-ANGLE STRATIFIED UNGRADED MATRIX-SUPPORTED

CONGLOMERATE

The internal stratification of sublithofacies 1b, consisting of low-angle, cross-stratified,
matrnix-supported congiomerate, indicates that this sediment was tractionally reworked, possibly
after the initial depositional event. Intuitively, it would appear that at least moderate to high energy
oscillatory currents were responsible for the deposition of this lithofacies. The lateral persistence
of these cross-stratitied conglomerate beds indicates that the mechanism for deposition acted

over a broad area and was not localized at a single locale (e.g. fluwial channel).

Although, the type of current required to produce planar laminations in this sublithofacies is
ditticult to interpret, long period swells can produce the necessary velocity asymmetry required
to generate these bedforms. Clifton (1981) interpreted that cross-stratified pebbly sandstones of
the Miocene Cediente Range were produced by large waves with periogs of 8 to 12 seconds.
Bourgeors and Leithold (1984) suggested that reworked conglomerate beds in the sandstone of

Floras Lake are products of long-perod swells forming low-ampiitude, migrating nearshore bars.
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These nearshore bars are composed of low-angle. cross-stratiied conglomerates. Leckie and
Walker (1982) also described stratified conglomercte layers from the Cretaceous Moosebar -
Lower Gates Formations. They suggested that these conglomerates may have formed by long
period oscillatory waves within the shoreface, in depths ranging 1-om 30-100 m. Leckie (1988)
has suggested that coarse-grain npples are common features witiin broad, upen transgressive
shelves, where suitable coarse sediment is available. Coarse-grain npples are consigared ic ha
generated by 6-16 second period oscillatory w ies within water depths ranging from 3-160 m.
Leckie (1988} has documented several occurrences of ancierit and - 'dern coarse-gram r:pples

on transgressive surfaces 1 shoretace environments.

Thus. it seerns pcssible that these cress-stratified bec heen tho result of reworking
during higher energy and:or long period oscillatory wave cufi. which postdate the imital de-
positional event. The dearth of biogenic structures in this sublthofacies indicates either an ex-
tremely high energy setting or eavironmental conditions to stressful “or benthic organisms. The

low-angle cross-stratification may be the result of large. low-amplitude migrating bedforms.

4.2.3 | ITHOFACIES 2: INTERBEDDED MUDSTONE AND FINE-GRAIN SANDSTONE

This lithofacies which consists of alternating layers of mudstones and hne-grain cross- and
ripple-laminated sandstones represent a depositional setting that was subjected to fluctuating
energy conditions. The interbeds of mudstone are interpreted as suspension fall-out of mud
particulates during hydraulicaily quiet times. This represents the ‘normal’ state of sediim.entation
in a low-enerq  tranquil muddy substrate environment. Conversely, the fine grain sandstones are
considered to be associated with episodic higher energy currents generated possibly during
meteorlogical disturbances and carrying coarser detnitus. These coarser beds, in most cases,

exhibit planar erosive contacts.normal grading and waning tlow-sequences of paraliel-laminated
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sands passing upward into starved ripples. Trough cross-stratification commonly replaces the
parallel 1amination at the base of a sandstone bed. The sedimentary structures in these beds re-
flect high rates of sediment transport in suspension-laden currents and deposition by traction

under progressively decreasing current velocities.

The fine grain size and well-sorted nature of the parallel laminations reflects that these were
deposited by upper-flow regime upper plane-bed transport; plane beds of the lower flow regime
are not stable within thus size range. Figure 4.7 displays the stability tields for bedforms produced
by varying flow velocities. For 0.2 mm sand, stable bedforms with increasing flow velocities are:
no movement, small npples, dunes, upper plane bed, and antidunes. Thus, current veocities of
about 80 to 120 cm/s are needed to produce planar laminations. Trough cross-stratification which
is produced by the migration of megaripples or dunes are formed in current velocities from 60 to
20 cmvs. Current velocities of 15 to 60 cm/s are required to generate ripples in 0.15 mm sand.
However, it is possible that some of the cross-laminated interbeds are formed or altered by cur-
rant or wave reworking subsequent to the initial depositicnal event. Many of of asymmetric ripples

and starved npples could have been reworked by shoaiing waves or a tidal current system.

Several processes, mostly attributed to storms, have been suggested to be responsible for
these episodic depositional events In shallow coastal areas, including: density gravity flows from
storm-surge ebb (Hayes, 1967), wind-induced geostrophic bottom currents (Morton, 1981), cyclic
wave loading during storm events (Nelson. 1982) and density (turbidity)} currents {Wright and
Walker. 1981). However. it would be difficult to discern exactly which process is responsible for

the deposition of this lithofacies as each process is capable of producing similar sequences.

The interbedded nature of this lithotacies is considered to reflect the interaction of storm- and

tair-weather processes. The sandstone interbeds. which consist of bedforms produced under
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waning flow veloci*'es, suggest that these were generated by frequent episodic meteorological
disturbances. The mudstore interbeds, on the other hand, represent a return to the ‘normal’
sedimentological and biological pattermns of suspensicn fall-out in a tranquil, low-energy environ-
ment. Typically, in a beach to offshore profile, sediments such as these would be located in the

offshore zone above storm wave base.

4.2.4 LITHOFACIES 3: SMALL-SCALE CROSS-STRA VIFIED MEDIUM-GRAIN SANDSTONE

The sequence of sedimentary structures in this ithofacies. ncluding small-scale
cress-stratification grading upwards to planar Jaminations. indicates increasing flow velocities witt
time. The small-scale cross-stratification is interpreted to be the result of migrating small-scale
ripple forms. Low-angle planar laminations are considered to be a product of higher energy plane

bed deposition.

The'occurrence of smail-scale cross-lamination in moderately well-sorted fine sands indicates
tha: currents at the time of deposition were in lower part of the jower flow reg;me. From Figure
4.7, the range of current velocities required to produce small npples in fine sand (0.2 mm) s from
about 20 to 60 cm/sec. The tractional movement of sand producing flow-transverse npples are
preserved only as lee-side laminae. Planar laminations in the shghtly coarser, well-sorted sands
at the top of the succession were probably deposited from upper flow regime currents. Current
velocities producing upper plane  »ds range from 90 to 130 cm/sec for 0.3 mm sand. The organic
debris found in several beds was transported into the site of deposition. it 1s also possible that
planar laminations could have resulted from reworking by high energy oscillatory waves. The
change in sedimentary structures vertically, from small-scale cross-laminated beds to
planar-laminated beds. indicates an increasing current velocity andior a shallowing of water

debths upsection. The few scattered burrows within this iithofacies indicate that geposition oc-
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curred in erther a physically demanding or ecologically-stresstul setting such as that adjacent to
a point source of fresh water. The combination of sedimentary structures in this lithofacies, its
association with brackish or fresh water, and its stratigraphic position, underlying the Chamberiain
delta sediments, suggest that these sediments were influenced by both unidirectional and
oscillatory wave currents. Depositional settings which record the effect of both types of currents

are commonly ioca:d in the subaqueous zone of the deita front (Coleman and Gagliano. 1965).

425 [ ITHOFACIES 4: MASSIVE GLAUCONITIC MUDSTONE

The extremely high content of glauconite in this lithofacies poses an interesting problem of
ongin. The speciic environment of tormation which 1s favorable for the development of glauconite
minerals can be ascertained from their occurrences on the present continental shelves.
Glauconite i1s generally not a reliable depth indicator as it occurs on recent shelves at depths from
60 to 500 m (Odin anc Matter, 1981). Glauconite has also been recovered at depths exceeding

800 m from submanne highs (Odin and Matter, 1981).

Glauconite most commonly occurs in semi-indurated sandy-muds and muds which underlie
the present shalves. These sediments typically have extremely low organic contents and are

subjected to low rates of deposition (Bornhold and Gnesse, 1985).

The tormation of glauconite or shelves is the result of relatively long, quiet conditions at the
sediment water intertace (Odin and Matter, 1981). The turbulent waters of the shoreface are
generally unfavorable to the development ot glauconite: because the high rate of detntal input
does not provide the necessary residence time for glauconite formation before burial (Odin and
Matter. 1981). At depths greater than 50 m. into the oftshore areas towards the shelf edge, en-

ergy levels are reduced and even though substrates are continually shifting ar.d winnowing, the
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rate of new detntal influx 1s low (Odin and Matter. 1981). Theretore. within this zone sediments
accomodate the formation of glaucomite. Thus, itis constdered that the development of glauconite
is characteristic of open-marine environments. when the requisite parameters are met beyond the

zone of high detrital input (Odin and Matter. 1981).

The chemical development of glauconite occurs at the sediment water interiace n the trans:-
tion zone between the strongly oxidizing conditions above and the reducing condiions balow
(Born-2 ¥ and Giresse, 1985) lron. which 15 mobilized aldep"1undvrrnduunq<xuuhuUns,un
grates upwards into increasingly oxidizing and acidic conditions closer to the sediment water
intertace allowing the precipitation of glauconite within the pore space (Bornhold and Gnesse,
1985). Glauconization of fecal pellets 1s also well developed even though they nave a high intial
organic content. Microbral activity 1S apparently very intense, thereby reducing the contant of
carbon to lower levels than the surrounding matrix allowing glauconization (Bornhold and Giresse,

1985).

Marine transgressions generally provide favorable conditions for the development of
glauconite on a regional scale (Odin and Matter, 1981). Nearshore clastics which are stranded
upon transgression are highly susceptible to glauconite formation because of the lower energy

conditions and low input of sediment as the shorelne retreats (Odin and Matter, 1981).

Thus. the occurrence of silty mudstones and the high content of glauconite sugqgests that this,
lithofacies was deposited in a relativeiy quiet-water marnne environment. associated with ex-
tremely slow rates of sediment accumulation. It 1s quite possibie that this nthotacies was produced

as the result of a significant increase n water depths.
- 108 -



4 6 SUBLITHOFACIES S5a. MEDIUM- TO COARSE-GRAIN BIOTURBATED GLAUCONITIC

SANDSTONE

This sublithofacies. which consists of poorly sorted, muddy, medium- to coarse-gran sands,
are interpreted to be the resuit of moderately strong tractional bottom currents. Although, the In-
tense degree of bioturbation makes it ditficult to reconstruct the bedform patterns or their
kinematics of formation, the overall charactenstic of the sediments allows some interence of tt
physical processes nvolved. The occurrence of asymmetric ripple forms suggests that oscilatory
flow currents were affecting the loose granular bedload. The apsence ot many of the
tidally -suggestive structures, such as reactivation surfaces, bidirectional cross-stratification, and
mud drapes along foresets, suggests that udal intluence was probably not as significant as wind-

and wave-induced currents

According to Chitton et al., {(1971) wave-forrned nipples are somewhat analagous to ripples
formed by unidirectional currents, in that both are typical of lower tlow power. Asymmetnc npples
formed 1n 10 second penod waves require current veiocities from 20 to 80 cm s to form in 0.35

mm sand (Figure 4.8)

The occurrence of a community of infaunal suspension-feeders which require an agitated
water column to suspend tood also supports the suggestion that moderately-powered currents
were probably responsible for cepositing this sublithotactes. Aithough deposit-feeding structures

are present. they are not as abundant

It has been noted that both physical and biogenic structures such as these are common, but
not exclusive. to the shoreface environment (Howard and Reineck, 1981; Eckdale et al.. 1984).

The dominance of ichnogenera such as Skolithos and Palaeophycus in a sandy substrate indi-
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cates a high energy manne environment. such as the shoreface, that 1s suitable for dwelling and
suspansion-feeding orgamsms. However, the presence of deposit-feeding forms, such as
Asterosoma, in relatively clean sands may indicate an oftshore ongin. It is possible, then, that this
sublithofacies was deposited by the aggradation of a sandbed n an otfshore setting which was
affected by moderately-powerad oscillatory wave-currents. The abundance of bioturbation and the
paucity of physical sedimentary structures indicates fairly stable substrates and energy levels
which were not too physically-demanding to be inhospitable to or destructive to burrowing actvity.
Current levels must be sufticient, though. to transport medium- to coarse-grain materal into the

depusiiona! site

4.27 SUBLITHOFACIES Sb: FINE-GRAIN BIOTURBATED GLAUCONITIC SANDSTONE

This sudhithofacies. which consists of poorly-sorted, muddy bioturbated, fine-grain
sandstones, represents a similar setting to that of sublithofacies 5a. but with an overall decrease
in energy levels. The wavy and undulating laminations of shaly silt interbedded with fine sands
also indicate somewhat fluctuating energy conditions. Muddy silts can accumhlate from suspen-
sion fall-out in a low-energy environment, whereas the fine sands can be emplaced by slightly
higher energy bottom currents. Such periods of differiny energy conditions can occur during
temporary rough or storm weather conditions. Alternatively, sand with mud drapes can be de-
posited from the changing high- and low-energy conditions during a diurnal tidal cycle. However,
because of the seventy of bioturbation most. if not all, physical sedimentary structures in the sand
are destroyed making the interpretation of the effects of waves or tides difficult. The suite ot trace
fossils in this sublithofacies consists predominantly of deposit-teeding structures and occasional
dwelling tubes. This assemblage records a fundamental shift in behavior from predominantly
suspension-feeding orgamsms. In sublithofacies 5a. to deposit-feeding orgamisms in this unit.

This 1s consistent with the finer-grain nature of this sublithofacies.
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The argillaceous and fine-gran nature of this sandstone and the suite of predorwnantly
deposit-feeding etructures indicates that this sublithofacies was deposited under conditions of low
wave activity. The intensity of bioturbation in the sediment reflects stable conditions under which
the resident infauna complately reworks the substrate. The current levels must be low enough to
support deposit-teeding infauna, but sutficiently high to sustain the few suspension-feeding
organisms. Collectively, the physical evidence of this sediment indicates a low energy offshore

marine setting slightly more distal than sublithofacies 5a.

The sandstones of this sublithofacies were deposited by traction and the clay laminae were
probably deposited from suspersion under decreasing wave intensity. Theso alternating traction

and suspension deposition may represent temporary storm wea'ner conditions followed by rein-

statement of farweather conditions.

4.2.8 LITHOFACIES 6: MASSIVE TO HORIZONTALLY STRATIFIED MEDIUM-GRAIN

SANDSTONE

The relatively non-bioturbated and coarse nature of this hithofacies suggests hat the
honzontally-laminated sands are the result of rapid deposition in a decelerating strong
unidirectional bottom current. The deposition of this lithotacies was controlied by oftshore currents
of high flow velocities (upper flow regime) which formed upper plane beds and very low amphtude
bedforms. High velocity flows are often jet-like and down-welling 1n nature. and are charactenzed
by a down current decrease in sand flux leading to rapid deposition of sand from suspension
(Swift et al., 1983). Figure 4.7 ilustrates that the current strength required to produce upper plane
beds in 0.4 mm sand is approximately 120 to 140 cm.s. Under thase hydraulic and grain size

parameters, upper plane beds are the only stable bedform developed.
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Of the many sedimentary processses, tiows which are able to entrain large volumes of sand
in suspension and capable of high velocities are commonly attributed to the action of
meteorologically-induced storm-wave surges. Generally, hummocky cross-stratification 1s con-
sidered 1o be diagnostic of shelf storm deposits (Harms et al., 1975; Leckie and Walker, 1982
Swift et al  1983). However, the geometry of the internal stratfication of this lithofacies lacks the
undulations and or curved varable dip laminations and erosional upper contacts which charac-

tenzes hummocky cross-stratification (Harms et al., 1982, Duke, 1985).

Storrn sand layers in )dern sedimentary environments, which contain parallel laminations.
have been noted i the Gult ¢’ "desx (Hayes, 1967), in the German Bight of the eastern North
Sea (Aigner and Remneck, 1982, . . ahfornia coast (Howard and Reineck, 1981), Sapelo Island
along the Georgia Coast (Howart and fzeineck, 1972), and also, the Norton Sound of the Berning
Sea (Nelson, 1982b). Storm sand 'ayers in these examples typically show lateral and vertical
trends in sedimentary structures as a result of decraasing energy conditions and distance fron
shore (Johnson and B-l-'win, 1986). Generally. the coarsest and thickest sequences of parallel
jamiations are found in the proximal parts of these sand layers. Following th;ase storm-surge
depositional events, normal fairweather processes return, including bioturbation, which may ac-

count tor the obscuring of ripple lamination at the top ¢f the storm bed.

Although, n this instance. storm-surge ebb currents are the most plausible explanation tor this
Iithofacies, planar stratification can te generated from several current conditions. Harms et al.,
(1982) state that planar lamination can be produced by traction from a strong. steady upper flow
regime umdirect:onal current such as those found 1n fluvial settings. Anotner possiblie
hydrodynamic situation responsible for producing planar lamination 1s high velocity oscillatory
flow. These multi-orbital velocities are sufficiently large (Clifton. 1976). Thase bedforms are uwu-

ally tound n the foreshore and upper shoreface environment in a typical beach tc offshore profile
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(Chfton et al., 1971). However, this ithotacies lacks the discrete wedge sets and erosional sur-
faces that characterize the parallel laminations found in these settings. in addition, thus ithotac.es
does not contain any .ndication of emergent conditions such as rootiets. The massive appear-
ance commonly seen in this lithotacies may be the result of zapid deposition trom suspension with

no subsequent tractional transport or a uniformity of gran size (Reineck and Singh, 1980).

It 1s considered that bottom-returning storm-surge ebb currents are responsible for producing
beds of this lithotacies. Evidence for this is supported by the interbedded nature of this iithotacies
with bioturbated sandstones of lithofacies 6. providing a larrinated to burrowed appearance (Fig-
ure 4.6C), inclusion 0 escape burrows, and the occurrence of thin pebble bands at the base of
the parallel-laminated sands (Figure 45ab). Laminated-to-burrowed sequences have been ob-
served in ancient sequences from the Star Point and Blackhawk Formations of Utah (Howard and

Frey, 1984).

4.2.9 LITHOFACIES 7: LOW- TO HIGH-ANGLE CROSS-STRATIFIED MEDIUM- TQ

COARSE-GRAIN SANDSTONES

The internal stratification of this lithofacies reveals a rich assemblage of pnimary structures
consisting of low- to high-angle planar- and trough-cross-stratification.  The low-angle planar
cross-lamination usually occurs as parallel sets of laminations dipping at shallow angles The
medium- to high-angle cross-bedding has heen interpreted as trough cross-strantication. These
bedforms suggest that they were generated under conditions of continuous and
moderately-powered asymmetrical oscillatory flow. The strongest onshore- and offshore-dwected
water motions in the nearshore are the oscillatory motions due to waves. it the waves are

shoaling. the onshore pulses reach hig.ier maximum velocities but are ot shorter duration than the
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otfshore pulses (Chtton, 1976). The toreshore and shoreface of the nearshore are dynamic zones

dominated by shore-normal oscillatory motion related to pnmary incident waves (Ciifton, 1976).

Bedtorms produced by shoaling and breaking waves co:isist of low-angle. oppositely-dipping
wedge-shaped sets bounded by low-angle truncation surfaces (Thompson, 1937 Clfton et al.,
1971) Planar-laminations are commonly generated by sheet flow over a flat bed n

,wash-backwash processes in the foreshore zone.

Seaward of the zone containing planar-laminations 1s typically a zone of medium-scate trough
cross-stratihcation. These structures are produced by the rmigration of lunate megarnpples
(Chfton, 1976). Trough cross-stratification 1s common in medium- to coarse-grain sands under
conditions of irtense asymmetnc flow generated by long period waves. Dunes or megaripples are
large scale featuras, with spacings ot several meters to tens of meters and heights of a few
decimeters (Harms et al.. 1982). They are three-dimensional forms with a characteristic lunate
shape (Harms et al., 1982). They are similar, in profile. to asymmetnc ripples produced under
urdirectional flow . According to Cliton (1976) lunate megaripples will not fom:l in sands finer than
0.2 mm (fine sand). Based on flume work, Harms et al., (1982) concluded that with increasing
flow velocities. the height and spacing ot megaripples increase untit the transition to upper plane
bed tiow The stability field plot of megarnpples shows that current velocities of about 565 to 120
cm sec are needed to form these bedforms in 0.5 mm sand (Figure 4.7). Clfton (1976) ndicates

that the toresets will be oriented shore- parallel or ir the direction of a dominant longshore current.

It 1s considered that the dearth of trace fossils in this ithofacies is the result of the
physically-demanding processes miting the occupation of the substrate by benthic organisms.
However. 1t 1s possible that the traces may have been destroyed by reworking of the sediment.

Similar sequences of physical structures were noted in the foreshore and upper shoreface zone
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on the Califorma coast (Howard and Reineck, 1872). The occurrence of stacked trough
cross-stratfied sets represents a laterally migrating meganpple held, probably tormeu Ly ;olativoly
strong unidirectional bottom currents (longshore drift) dnven by wave action and or
semi-permar.ent currents  This lithotacies 1s conswdered to have been deposited in a subtidal high
energy manne setting dominated by moderately-powered asymmetrical oscillatory currents. Al-
though occasional planar-laminated beds were ancountered. the lack of rooted horizons or

naleosols indicates non-emergent conditions of the preserved sediments.

4.2.10 LITHOFACIES 8: SILTY MUDSTONE

Unstratified siity mudstones which comprise this ihofacies are generally regarded to repre-
sent deposition by suspension fall-out dunng penods of diminished energies or current
quiescence. The sediment is too fin3 for current-produced structures to have Jeveloped. and s
thought to have been deposited by setting in slow-moving (<0.1 m/s) bottom currents. Contin-
uous sedimentation over a perind of ime from hemipelagic fall-out results n the vertical accretion
of massive sits and clays. Once deposited. these sediments do not suffer any turther transport
and thus, form a muddy substrate. Vertcal setthng nf the tinest parucles under these conditions
is extremely slow, and deposition rates range from 0.06 to 6.0 cm per annum (Johnson and
Baldwin, 1986). Fine-grain sanos and sits were probably introduced dunng storm weather con-

ditions by storm-surge ebb flow currents into the normally tranquil environiment.

The lack of onginal layenng in the mudstones 1s due to the extensive bioturbation by
indigenous organisms. The prasence ot Helmnthopsis burrows 1in mudstones indicates that this

lithofacies was deposited in an offshore mann2 seting.
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Mudstones 1N ancient sequences are considered to have accumulated in the offshore area
of epicontinenial seas below storm wave-base. However, in Bluesky cores, this mudstone 1s
most often interbedded between bioturbated or laminated sandstones which are not typical of very
low energies. This association and the mode of deposition are somewhat problematical. Rather
than attribute the sequence of sediments to a transgressive-i agressive cy. - of nearshore clastics
and offshore ¢ :eper-water muds. it would seem more plausible to relate this series t0 a temporal
shift . deposiional styles. The deposition of mudstones can result ether dunng a temporary
shortage of coarser sediment, a change in the hydraulic parameters or in the troughal areas be-
tween major accumulations of sandstone. Alternatively, during tidal cycles .d orapes can ac-
cumulate during the slack water periods. However, these mud drapes are generally thin and
cannot account for the relatively thicker (commonly > 10 cm) silty mudstone deposits found in the

Bluesky cores.

4.3 FACIES SUCCESSIONS

To thoroughly describe the vertical lithofacies succession with the Bluesky Formation, two
generalized facies successions are required, one for the Rocky Mountain Foothills area and, the
second. for the subsurtace in the Peace River Plains area. Figures 4.9 and 4.10 illustrate the
typical vertical relationships of the Iithofacies associations for each area. Although these represent
a typical vertical successton. they do not reflect the variability in the deposits. For example, some
cores do not exhibit the saine starting point and some lithotacies are repeated in the same cored
ntersection. C her cores exhibit a reversal of the typical coarsening-upward pattern and some

cores are completely lacking an expected Iithotacies in the succession.
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4.5.1 PEACE RIVER PL 4INS AREA

The Peace River Plains area typically consists ot a coasrening-upward senes of interbedded
bioturbated shaly sandstones, cross-bedded clean sandstones and conglomerates (Figure 4.9).
The facies succession normally includes lithofacies 5 to 8. with the conglomerates of hithotacies

1 occurring as discrete interbeds.

As mentioned above, some hthofacies types do not ocCur in some ed intersections. de:
pending upon the location of the core in the study area. For example, in the most seaward
sandstone buildups, lithofacies 7, the high-angle cross-bedded sandstones, are infrequent;
whereas, in the more landward intersections this lithofacies is common. The relative proportions
of these lithofacies also vanes considerably; lithofacies 8 is consistently the thinnest, but either
lithofacies 5 or 7 can be the thickest. The study area contains localized thick builldups of
sandstone which show lateral changes in ithofacies along and perpendicular to the strke of the
sand bodies. In the areas between the thick buidups, the tormation lacks the development of
bioturbated (lithofacies 5) or cross-bedded (hthotacies 7) sandstones, consust;ng only ot
poorly-sorted conglomerate deposits (sublithofacies 1a). The thickest buildups of sandstone
(>20m) occur within Townships 78-83, Ranges 13-20 W6 and within NTS Block 94-H-7. The
average buildup thickness is approxiamately 9 m, whereas the conglomerate deposits are only

3m.

The base of the vertical succession s conuistently marked by an erosional surtace which
truncates the underlying Gething Formation. This truncation surface marks a major shittin
depositonal conditions from mainly aliuvial to manne sedimentation. Although this contact 1s
broadly conformable with bedding. it has local irrequlanties with rehet up to 15 cm. Poorly sorted

conglomerates of sublithotacies 1a generally overlie the erosion surface. The contact s frequently
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bioturbated and Thalassinoides burrows are present. These sharp-walled, uniined burrows are
incised into the carbonaceous mudstones of the Gething Formation and, are passiely-inhiled by
the overlying conglomerate. This implies that the burrows were emplaced by benthic organisms
in a saline setting prior to the deposition ot the conglomerate. The poorly-sorted nature of the

conglomerate indicates a fairly rapid input of coarse-grain detrnitus.

The basal conglomerates are generally overlan by interbeds ot sublithotacies 5a and Sb.
Occasionally, low-angle stratified conglomerates (sublithotacies 1b) cap the basal conglomerates
The basal section of the sandstones is generally formed by the more shaly bioturbated
sandstones with abundant deposit-feeding burrows. These gradually clean- and coarsen-upwards
to deposits of sublithofacies 5a. The sandstones of sublithofacies 5a appear to have been infiu-
enced by higher wave activity or shoaling, indicating a slight shal'owing ot water depths. The
bioturbated sandstones are occasionally punctuated by clean. massive sandstones of lithofacies
6. providing a laminated-to-burrowed appearanc’ re. The bioturbated sandstones are gra-
dationally overlain by clean, croos-bedded sandstones of lithofacies 7. Cross-laminated
sandstones often contain interbeds of low-angle cross-stratified conglomerates (sublithotacies

1b).

This lithofacies succession indicates. tor the most part. progradation and shallowing of water
depths as the sandstone layers accrete. The depositional continuum can be interupted. though.
by a reversal of the progradation, accompanied by a shift back to bioturbated sandstones from
jaminated sandstones. This may indicate either a deepening of the water or a shift in sedinent
supply and abandonment of the sandstone buildup. The succession i1s normally capped by a

poorly-sorted conglomerate before passing abruptly into Moosebar Formation shales.
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4.3.2 ROCKY MOUNTAIN FOOTHILLS AREA

The vertica! succession for the Bluesky Formation in this area consists of a
coarsening-upward series of interbedded sandstones and mudstones deposited in a completely
different setting than that of the Peace River Plains subsurface. The base of the vertical suc-
cession In this area i1s also marked by an erosional surface which is commonly bioturbated with
the presence of Thalassinoides burrows and overlain by conglomerate deposits of sublithotfacies
1a  These conglomerate deposits are tairly widespread, occurnng consistently in drilt core
throughout the Foothills and in several outcreps. The thickness of the conglomerate appears to

be fairly uniform with localized thicks scattered throughout the study area.

The poorly-sorted conglomerates are typically abruptiy overlain by the coarsen: or
sandier-upwards interbedded sandstone and mudstone of lithofacies 2 (Figure 4.10). The thick-
ness of this unit vanes considerably, with thinming north of the Sukunka River area, thickening in
the area between the Sukunka and Wolverine rivers and thinning south of (hl; area. It is difficult

to distinguish sedimentologic thickening from tectonic thickening within the Foothills and, as such,

some cored intersections may be tectonically thickened by low-angle thrusting.

This Iithotacies. i the southern half of the Foothills, tends to show thicker. planar laminae and
coarser grain sizes. Parallel and lenticular silt laminae become more common and tend to be very
thinly bedded n the northern hait ot the region. The coasrening-upward succession in the Pine
Pass and Crassier Creek areas 1s capped by the glauconitic mudstones of ithotacies 4, betore
being abruptly overlain by Moosebar shales. In the Sukunka region, the glauconitic mudstones

are followed by a continuance of the interbedded sandstone and mudstone lithotacies.
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Progressing upwards within the successicn, the small scale cross-laminated sandstones
(ithofacies 3) gradationally overhe, and sometimes interfinger with, lithofacies 2. in the landwards
portions, towards the south, the sandstones are characterized by cleaner sediments, fewer
nterbeds of silt or mud, and exhibit a vanety of well-developed small-scale cross-laminae, current
npples, and planar laminations. Towards the seaward pasiton, in the north half, the sandstone
beds become thinner, muddier and exhibit more bioturbation. The complete succession in the
northern half of the Foothills region averages less than half of the total thickness in the southern
half. The cross-sections in Figure 2 6 illustrates the thinning of the Bluesky Formation in a

northwards direction south of Township 7/,

The small-scale cross-stratiied sandstones are typically overlain by the fresh-water deposits
and coals of the Chamberlain Formation. The complete sequence in the Foothills, in general, re-
cords a shallowiny upward of water depth as the shoreline of the Chamberlain deita progrades

northward.
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5.0 ICHNOLOGY

5.1 INTRODUCTION

In a marine environment the habits and habitats of tracemakers are considered to be de-
pendent upon the local environmental parameters, such as temperature, salinity, food supply and
substrate consistency and level of water agitation (Ekdale et al., 1984). Sewacher (1967a) noted
that many of these ecological parameters which influence the abundance and distribution ot
macro-invertebrates tend to change progressively with increasing water depth and, as such, can
be divided into distinct zonas. In most respects this zonation by Seilacher (1967a) 15 tundamen-
talty a powertful tool; however, it must be emphasized that the abundance and distribution of
benthic organisms is related to a host of ecological parameters rather than solely bathymetry

(Rhoads, 1975).

Trace fossils are the preserved record of the behavior and tunctional morphology of
tracemakers as they adapt to specific environmental conditions. In short, particular assemblages
of trace fossils appear to be charactenstic of specific environmerts, occurring wherever and
whenever the requisite ecological parameters are met. As such, the practical value of trace
fossils lies with their use in paleoenvironmental analyses when applied cautiously within the tull

line of physical and biological evidence (Frey and Pemberton, 1985).

5.2 GENERAL PALEOECOLOGICAL SIGNIFICANCE OF TRACE FOSSILS

community of environmentally-related traces 1s known as an ichnocoenose  1he preserved
record of that ichnocoenose 1s known as the ichnotacies (Ekdale et al., 1984). Seilacher (1967a)

designated six fairly distinct and recurrent ichnofacies, which are found in a variety of typical
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manne environments. These ichnotacies are composed of trace fossil associations that represent

specific environmental niches and(or) bathymetnic zones (Frey and Pemberton, 1985).

One of the key aspects in attaching some form of paleoacological and geological significance
to trace fossils 1s to interpret the type of behavior the trace records. Seillacher ( 1967b) has clas-
sihed the type of behavior displayed by organisms Into six major categories: resting traces
(Cubichma), grazing traces (Pascichma), iseding burrows (Fodinichmay, locomotion traces
(Repichnia), dwelhng structures (Domichria) and escape structures (Fugichma). The recognition
of the type of ethological structure 1s most useful In environmental analysis, as well as in the
identification of the general trophic group. It must be remembered that not onty do the types of
trace fossils vary widely because of the diversity in species. but that the same organism may

produce difterent traces under different conditions (Frey, 1978).

In addition to the type of behavior the trace fossil records, the ichnologist can attach some
ecologic significance to the preservability of traces. sediment type, salinity, temperature and en-
ergy levels. Preservation of lebensspuren are prnmarnity influenced by the pre\;a|llng energy con-
ditions and rate of sedimentation in the depositional zone. Traces are much less likely to be
preserved in the high-energy conditions cf the upper shoreface setting than the quieter conditions
of the mid- to lower-shoreface (Frey and Pemberton, 1985). Critenia such as strength of con-
struction and subsurtace extent of the lebensspuren aiso influence the selective preservability of

an assemblage of traces.

As mentioned earhier, a cniical aspect of the environment to a benthic organism 1s the stabiiity
and consistency of the substrate (Purdy, 1964 Ekdale et al., 1984). Ditferent organisms require
certain types of substrates. whether 1t 1s soft or firm, shifting or stationary and. indeed. some

orgamisms display ditterent behavioral responses to varying substrate stabilities (Ekdale et al.,
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1984). Of the seven recurrng ichnofacies. the traces ot the consolidated substrates. including the
hardground ( (Trypanites). firmground (Glossifungrtes) and woodground (Teredolites) ichnotacies
are dominantly controlled by the substrate type moreso than the water depth or other environ-
mental parameters (Ekdale et al.. 1984). The soft-ground ichnofacies (ie. Skolithos, Cruziana,

Zoophycos, and Nereites ) are intluenced primarily by the environment that surrounds them.

Sediment gran size and composition seem to have little effect on the distnbution of
tracemakers except in extreme conditions (Frey and Pemberton, 1985). The common association
of one particular trace 0 a class of grain size is generally the result of a mutual response to hy-
draulic conditions rather than an amimal-sediment affinity (Purdy, 1964; Frey and Pemberton.
1985). Sediment textures are limiting tactors only in certain cases of infaunal and epifaunal
bioturbation. Settings such as gravel fields and stagnant muds are inhospitable to these torms.
Extremely turbid waters in @ muddy environment generally do not support filter-feeders (Ekdale
et al.. 1984). Figure 5.1 illustrates the (. ative proportion of dwelling, feedinc: and grazing struc-
tures in differing substrate types as observed in the Bluesky cores. For example, the majonty of
dwaelling structures occur in medium- to coarse-grain sandstones, whereas thé bulk of feeding and

grazing structures occur 10 mudstones.

Varnations ir salimty and temperature of the water are important factors in the Wfestyles of
some organisms. A common response to high stress conditions such as these s 10 butter the
fluctuations by intrastratal iving. Sediment cover 1S an effective screen tor slowing down the
exchange of ~ore waters (Rhoads, 1975). Thus, infaunal organisms tend to be more abundant
than epifaunal organisms in such high stress environments. The brackish-water environment. in
general, also contains different and fewer taxa than the fully marnine environment (Ekdale et al.,
1984). Howard and Frey (1975) established animal-sediment trends tor the Georgia Estuanes

which distinctly demonstrated a lower diversity of biota tor these brackish-water settings.
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A final consideration, but probably the most important, to the ecologic sigmhicance of trace
fossils involves the role of waves and currents (Frey and Pemberton, 1985). Therr pnmary roie i1s
in food and sediment distribution, and aeration of sediments and water (Frey and Pemberton,
1985). Above wave base, the strength o! wave action determines the abundance and type ol
trace as well as the preservability of the trace; but below wave base the type and number of
species is determined by the available current and the food it distributes. This type ot
energy-depth dependence is best portrayed in a typical beach to offshore sett:ng. Higher energy
conditions are found in the shallower zones, and thus are dorninated by physical sedwnentary
structures rather than biogenic. Towards deeper water and lower energy conditions in the oft-
shore, the sediments become increasingly bioturbated. As a result, most physical sedimentary

structures are destroyed in the oftshore (Howard and Frey, 1984; Ekdale et al., 1984).

The above discussion contains just a few of the parameters that are crucial to ichnology and
its use 1n sedimentology; more complete reviews of the paleoecological sigmnificance ot trace

fossils are provided in the references cited with'ni the discussion.

5.3 DESCRIPTION OF ICHNOFACIES

The occurrence of ichnofauna in Bluesky core fall into 3 distinct. somewhat intergradational
chnofacies. These divisions are made follow . the universal ichnofacies classitication of
Seilacher (1967a). A fourth yet unnamed ichnotacies consisting of a brackish-water assernblage
is also discerned in Bluesky cores. The occurrence of a brackish-water suite ot trace fossits has

also been noted by Ekdale et al., (1984) and Wightman el al., (1987).

The four ichnotacies represented in the Bluesky Formaton are the high energy Skolithos

chnotacies. the lower energy Cruziana ichnotacies. a stratigraphically hmited Glos sifungites
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«chnofacies and the unnamed brackish-water ichnotacies (Ekdale et al., 1984). lheir respective
characternistics and and bathymetrnc positions are 1wcussed below and also summarized in Table

51.

The Glossifungies ichnofacies occurs in firm but uniithihied substrates, intermediary between
the fre3 shifting, softground substrate of the Skohthos chnofacies and the consolidated
hardgrounds of the Trypanites ichnofacies (Frey and Pemberton, 1985; Pemberton and Frey,
1985) (Figure 5.2). The necessary firmground can be produced n several settings, of which the
two most notable are (1) ow-energy. protected setting of the intertidal to supratidal which otters
penodic prolonged subaenal exposure of (2) 1 higner energy settings which can exhume
unhithified top sediments to expose firm dewatered sediments, typically muds (Frey and
Pemberton, 1985; Pemberton and Frey, 1985). An example of the latter is taking place on the

present Georgia coast where a transgressing sea 1S unroofing buried marsh muds

Examples of the occurrence of the Glossifungites ichnofacies are generally scarce and poorly
documented: however, a notable example ‘s the modern Georgia Coast (Pembarton and Frey,
1985) and an ancient example from the Cretaceous Austin-Taylor contact of Texas (Fursich et

al., 1981)

Due to the somewhat imiting nature of the substrate. the suite of biogenic sedimentary
structures tend to be dominated by vertical. U-shaped. or oblate borings and dwelling structures

ot suspension teeders or carmvores (Frey and Seilacher, 1980; Pemberton and Frey, 1985).

Pascichnia and fodimchmia structures are . * expected due to the firmness of the substrate
and paucity of organics (Ekdale et al.. 1984). Also. because of the substrate firmness, ining of

the burrows for support 1s unnecessary (Rhoads. 1975. Frey and Pemberton 1984) and walls are
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Table 5.1: General description of ichnotacies and thewr common trace fossiis.

Typical Beathic Laviroament

Glosst fungites ichnofscres:

Firm but unhthified manne littore! srd subhittorsl
omussion surfaces, especially semiconsohidated
carbonate firmgrounds, or stable, coherent, purtially
dewatered muddy substratcs ether in pretected,
moderate -energy settings or Or in aseas of somewhai
migher energy 'vhere clastic, semi-consolidated
substrates of fer resistance 10 erosion. Final
sedimentary record typically consists of a mixture of
relict and pahimpsest features.

Skoilthos ichnofacies:

Lower Littoral to infralittoral, moderete to relauively
high-energv conditions; siightly muaiy to clean,
well-sorted, shifting sediments, subject to abrupt
erosion or deposition. (Higher energy increases
physical reworking and obliterstes biogenic
sedimentary structures, les’ s preserved record of
physkal stratification).

Cruziana chnofacies:

Infralittoral to shallow cu. substrates; below
daily wave base but not storm wave base, (o
somewhat quieter of fshore-type conditions; moderate
to relatively low energy, well-sorted silts snd sands,
1o 1ncerbedded muddy and clean ssuds, moderately to
intersely bioturbated, negligible to appreciable,
although not necessarily rapid, sedimentation. A very
common type of depositional envircnment, includiug
estuanes, bays, lagoons, and tidsl flats, as well as
continential sheives or epeiric slopes.

Brackish Water Ichnotacies:

Marginal marine, littoral, intertidal to subtidal
brackish wate: conditions; inu:mate facies relationship
betweer. non-marine and marine beds; water sahnity
subject to erratic fluctuations (eg. input of fresh
water from rivers, rams); typicsl settings are
estuanes. bays, deita platforms, tidal flaus.

Charscterisisc Trace Fessils

Vertical cylindrical, U- or tear-shaped borings or
boring-like structures or sparsely to densely ramafied
dwelling burrows, protrusive spreiten in some,
developed mosily through growth of animals
Fan-shaped RAlzocoralliyum and Diplocraterion
Many intertidal species (eg. crabs) leave the burrows
to feed. others are mainly suspension feeders
Diversity typically low, but given kinds of structures
may be abundant.

Verticsl, cyhindncal or U-shaped dwelling burrows,
protrusive sné retrusive spreiten in some, developed
mainly 1n response (o substrate aggradation or
degradation (escape or equilibrium structures); fofins
of Ophiomorpha consisting predominantly of vertical
ot steeply 'nclined shafts. Animals chiefly suspension
feedecs. Diversity 18 low, yet given kinds of burrows
mey be abundart.

Abundant crawling tr:.ces, both epi- and intrastratal;
inclined U-shaped buirows having mostly protrusive
spreiten (feeding swaths; soft sediment
Rhizocorailium); forms of Ophiomorphs and
Thalassinoldes consisting of uregularly inclined to
horizontal components, scattered verticsl cylindrical
burrows. Animals include mobile carnivores and both
suspension and deposit feeders. Diversity and
sbundance generally high

Verucal and honzontal burrows common to both
Skolithos and Cruziana chnofacies; abundant
crawling, feeding trails, associated with deep lined
verucal burrows, reduced diversity of traces; forms
typcally found in manne environment; generally
reduced sizes of traces consiructed by organisms
which employ non-specislized feeding strategies.
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sharply defined anc may be sculpted (Frey and Pemberton, 1984). Thus. common traces to the
Glossifungites ichnofacies are Thalassinoides. Rhizocorallium, Skolithos and numerous
polychaete burrows (Pemberton and Frey, 1985). Diversity i1s generally low, but burrow density

may be high (Frey and Seilacher, 1380).

The Skolithos ichnofacies is characterized by freely shifting, well-sorted arenaceous
substrates that are associated with relatively high wave and current activity. (Seillacher, 1967a;
Pemberton and Frey, 1983; Frey and Pemberton, 1985). Within this setting, abrupt vanations in
the rate of deposition, scouring and physical reworking are quite common (Frey and Pemberton,
1985) due to the changing nature of the hydraulics in the setting. This type of setting 1s common
to the foreshore and shoreface of beaches, bars and spits (Frey and Pemberton, 1985). The high
energy is also reflected in the sedimentary structures, where primary physical structures tend to

predominate over biogenic ones (Howard, 1975; Ekdale et al., 1984).

Because of the intensity of the current and wave action and associated rapid fluctuations in
temperature and salinity, the foreshore and shoreface tend to be very demanding and exacling
environments (Cnmes. 1975; Ekdale et al., 1984). Thus. the majonty of tracemakers that can
tolerate these conditions tend to be infaunal suspension feeders. Therr response to these condi-
tions is to anchor themselves into the substrate by producing long, renforced vertical burrows
which act as permanent domiciles.  Thus. a vanety of vertically-onented agglutinated worm tubes,
branching peiletoid-lined, and varous U-shaped domichria as well as some repichnia structures
will be found (Ekdale et al., 1984). Trace fossils such as Skolithos, Diplocraterion, Opiomorpha,
Monocraterion, and some torms ot Arenicoiites are typical to this setting (Ekdale et al., 1984).
Usually, the diversity is low but abundance of any specihc burrow may be high (Frey and

Seilacher, 1980). To compensate for the freely-shifing substrates, and to halp ot themselves
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from wide fluctuations in salinity and temperature, the organisms will burrow deeply into the

substrate where conditions are not so variable (Rhoads, 1976).

The Skolithos ichnofacies, which charactenzes the nearshore zone above fairweather wave
base. 15 diterent:ated trom the Glossifungites ichnofacies by the softground substrate. Whereas,
Skolthos chnofacies can be separated from the Cruziana , Zoophycos and Nereites ichnofacies
by the assemblage of traces contained in each (Eckdale et al., 1982, Following Seilacher’s

(1967a) model, the Skolithos ichnofacies grades seaward into the Cruziana ichnotacies.

The Cruziana ichnofacies occupies the oftshore zone below fairweather wavebase but above
stormwave base (Frey and Seilacher, 1980). Generally, the energy levels range from moderate
in shallower waters to low energy in deeper, quieter waters of the distal offshore (Pemberton and
Frey. 1983). Bedding styles and sediment textures are farly diverse (Pemberton and Frey, 1983).
Thin fine-grained sand containing organic detr'tus. n faminated to rippled cross-bedded units are
interbedded with intensely bioturbated poorly sortec. homogenous beds where any physical

stratiication 1s obscured. Drstal parts of the otfshore are mostly totally bioturbated mudstones.

The Cruziana ichnotacies, although common to the low-energy oftshore or the nerettic zone
of continental _nelves and epemc seas (Ekdale et al.. 1984), has been noted in marginal marine

settings such as estuanes (Howard and Frey. 1975, and lagoons (Fursich. 1975).

Recause the over all er. .y gradient is low, food 1S availabie in high concentrations as both
,uspended and depasited components (Purdy. 1964; Ekdale et al., 1984). Therefore, character-
istic organisms are abundant and diverse including both suspension- and deposit-feeders as well
as mobile carmvores and foragers (Ekdale et al., 1984). Thus. the Cruziana ichnofacies wiill be

represented by diverse behavioral responses including dwelling, resting, feeding, crawhng and
ORI



escape structures (Ekdale et al.. 1984). Traces diagnostic of the Cruziana ichnotfacies includes
Cruziana, Teichichnus, Rosselia, Phycodes. Dimorphichnus, and some forms ot Asterosoma &nd
Ophiomorpha. Burrow forms will range trom simple intrastratal feeding patterns to inchned
U-shaped burrows having mainly protrusive spreiten. However, because the 3xternal stimuli (ie.
temperature, salinity. oxygen) are 'ess variable than high energy zones. the burrows will have a
pronounced horizontal component rather than vertical. Thus, the assemblage of traces will be
domunatad by gre.sng and feeding structures with subordinate, underdeveloped vertical burrows.
The chan.¢ . 31 r. ervation for burrows in this setting are quite high since the sediments are

largely undisiurbed by fairweather shoaling waves or currents.

The brackish water ichnofacies 1s commonly found in marginal marine environments such as
shallow lagoons, bays, estuaries. tidal channels and delta platforms (Ekdale et al., 1984). These
environments are generally somewhat restricted,: most having a small or narv. nnerture that
inhibits circulation with fully marine waters. Sahnity gradients are typical and result from: (1)
variation in freshwater runott fron: :and. (2) raintall, (3) salimty content fluctuations in tidal ranges.
(4) changes n wind direction and velocity and (5) eva;  aton (Dorjes and Howard, 1975; Ekdale
et al., 1984). Such drastic changes in the envirunment will have signiticant ecologic ramifications
on the biota. In short, it creates a very stressful environment for the orparnisms (Rhoads, 1975}
S0 in order for a benthic community to successfully populate this area, they must be able to ac-

commodate and modify their ife strategy.

The fauna which ultimately inhabits this setting 1s not 3 combination of true treshwater or true
marine species. but one wruch can be considered to be more of an iImpovenshed marine.
assemblage (Ekdale et al., 1984). Thus, n coping with the tigh stress mche, a number of sys-
tematic trends in the resident biocoenose have been noted. ncluding. (1) a reduction i the di-

versity of species, (2) wnfaunal organisms are more abundant than epitaunal, (3) reducton in
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ovarall size ot some species, and (4) shift in the normal bathymetric range for a particuiar species

(Wightman et al., 1987).

Thus. the typical brackish-water ichnocoenose will be characterized by: a low diwversity of
species, ichnotaxa commaon to marine settings, simple, non-specialized structures constructed
by trophic generahsts, and a mixed association of vertical and horizontal burrows typical to both
the Skolithos and (-uziana chnofacies (Ekdale et al.. 1984). Typical examples of ichnogenera
found in a brackish water assemblage are Skoiithos, Monocraterion, Thal.issinoides.
Ophiomorpha, Chondntes. Planoiites and Palaeophycus (Howard and Frey, 1975; Ekdale €! al..

1984)

Occurren: -5 of brackish water trace fossil assemblages have been noted extensively in
modern settings such as the Georgia estuaries (Howard and Frey. 1975), but few have been de-
senbed tor ancien' _ccks. Two notable exceptions are the McMurray Formation of northeast
Alberta (Pembertcn et al., 1982; Benyon et al., 1988) and the recently descnbed brackish water
assemblage of the Upper Mannville Group ot vast-central Alberta (Wightman et al., 1987}. The
paucity of ancient studies 15 probably due more to inaccurate recognition and documentation

rather than a lack of occurrence in ancient rocks.

5.4 ICHNOLOGY OF THE BLUESKY FORMATION

The Blueshy Formation cc -ains a nch and vared collection of ichnofossils. Representatives
of at least 15 ichnogenera have beer. isentified, including: Asterosoma, Chondrites,
Cyhindrichnus. Diplocraterion, Gyrochorte, Helminthopsis, Ophiomorpha, FPalaeophycus,

Planolites. Rossela. Skolithos. Teichichnus, Terebellina. Thalassmoides and Zoophycos. As
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well. a number of bioturbate textures were encountered. untortunately, due to the intensity of the

burrowing, ndividual forms were impossible to discern

Most trace fossils occur in distinct ichnofossil suites which exhibit conspicuous environmental
zonation and represent distinct, sometirnes intergradational. ichnofacies. Trace fossil suites of
the Bluesky Formation contain dwelling. teeding. crawlng. and grazing structures probably
produced by deposit-feeding-, suspension-feeding-, or scavenging-polychaetes. carnivores,
bivalves and crustaceans. Thus, accordingly, each ichnogenus can be assigned to an ethological
category, a general trophic group and a probable producer of the trace (Table 5.2). In thus way,
the occurrence of the ichnofossils and their associations can be used as further clues in the re-

construction of paleoenvironments.

5.4.1 TRACE FOSSIL DESCRIPTIONS

The following discussion includes brief descriptions of the encountered trace fossils in
Bluesky Formation cores. These descriptions generally apply to all occutrences of ndividua!
ichogenera in ihe core. For systematic taxonomic descrptions of ichnossils, the reader 's referred
to Hantzschel (1975). Burrow descriptions are summarnzed from a numter of reterences includ-
ing: Howard and Frey (1984), Pemberton and Frey (1982,1983) and Hantzschel (1975) as well

as their appearance in the Bluesky cores.

ASTEROSOMA

Star-shaped burrow system consisting ot tapered tinger-like arms radiating from a
vertically-inclined central shaft: arms may erhibit longitudinal striae or wrinkles The arms are

usually circular to oval in cross-section (Figure 5.3a). Internaily the burrows CoNsIst ot concentne
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Table 5.2:

Bluesky cores.

lchnogenus

Astarosoma
Chondrites
Cylindrichnus
Diplocraterion
Gyrochorta
Helminthopsls
Ophiomorpha
Palaeophycus
Planolites
Rossella
Skolithos
Terebe!!ina
Teichichnus
Thalassinoides

Zoophycos

Ethological
Classificetion
fodinichnia
fodinichnia
todinichnia’domichnia
domichnia

fodinichnia
paschichnla
domich:ia

domichnia

todinichnia
fodinichnla

domichnia
domichnia/fodinichnia
fodinichnia

domichiila

paschichnls

Trophle Group

deposit-feeder
deposit-feeder
deposit-feeder
suspension-feeder
deposit- -eder
deposit-teeder
suspension-feeder
carnivore
deposit-feeder
deposit-teeder
suspension-teeder
suspension-feeder
deposit-teeder
suspension-feeder

deposit-teeder

Ethological and trophic classitication of ichnofossils from

Probable Producer

annelid
slpuncutid/annetid
annelid
amph!pod
anneiid
anneild
crustacean
annelid
anneiid
annelid
anneild
annelld
annelid
cnstacean

annelid/sipunculid



laminations of mud and sand Individual ovoid arms range in diameter trom 20 to 40 mm. The
burrows are preserved as epichnia and cndiciinia. Asterosoma, based on its tubular construction
of galleries and the details of sediment processing, has been interpreted to be the teeding burrow
of a worm. The burrow is part of the fodimchma behavioral ciassification representing a
deposit-feeder. Accordingly, the worm seems to have repeatedly probed into the sediment to

enlarge the gailery vertcally and laterally (Pemberton and Frey. 1983)

Burrows identified as Asterosoma have been found only 1n Bluesky cures trom the Peace

Rwer Plains area. occurnng in bioturbate sandstones of ithotacies 5.

CHONDRITES

Burrows belonging to the ichnogenus Chondnites  are ‘root-like’ dentritic patterns of small,
regularly-branching teeding tunnels: ndwidual tunnels are uniform in diameter and do not normally
interpenetrate ¢+ i+ The branches connect 1o one or few main vertical axes open to the sur-
face. These branching tunnels trend downwards then fan outwards subparallel to bedding n the
distai parts. In core, Chondrites usually appears as tiny (1-3 mm) dots or oblique, subvertical,
small tubes. Generally the infill is structureless and more argillaceous than the surrouniding host

This ichnogenus 1s preserved mainly as endichnia.

The Chondrites burrows have been suggestec to represent tunnels produced by
deposit-teeding sipur.culids or polychaete orgamsm which worked from the mamn axis, connected
to the surtace, probing deeply and repeatedly nto the substrate with its proboscis. Thus, the

burrow belongs to the fodinichnia ethological category.
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a)

bi

c)

d)

e)

U]

FIGURE 5.3 CORE PHOTOGRAPHS OF ICHNOFOSSILS

Asterosoma burrow in bioturbated, glauconitic sandstone, lithofacies 5. Core is 3
cm wide in photograph. a-23-A 94-B-8,922.2m.

Cylindrichnus burrow (arrow) exhibiting the multi-ined walls of the burrow. Core
is 8 cm wide in protograph. d-33-C 94-H-11,1105.81 m.

Diplocratenion burrow (solid arrow) in bioturbated, glauconitic sar.dstone,
sublithofacies 5a. Possible Skolithos burrow is indicated by hollow arrow. PD
8001, 633.5 m.

Gyrochorte in the bedding plane of a mudstone bed, lithofacies 2. Core is 3¢cm
wide in photograph. GDR 8021, 220.2 m.

Helminthopsis (arrows) occur as thin, wispy black lines in bioturbated glauconitic
fine-grain sandstone. Core is 5 cm wide in photograph. a-23-A 94-B-8, 920.5 m.

Ophiomorpha burrow in bioturbated sandstones ot the Peace River Plains area,
PD 8001, 538.4 m.
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Burrows dentitied as Chondrites occur in the Bluesky cores, in both the interbedded sands
and muds (Iithofacies 2) ot the Foothills region and the bioturbated sandstones (lithofacies 5) in

the Peace River Plains area.

CYLINDRICHNUS

This ichnogenus can be descrnibed as long. subcylindrical to subconical burrows straight to
gently curved with a vertical to sub-honzontal orientation (Figure 5.3b). The walls of the burrow
are mulhi-ined. in core. the burrow can be readily 1dentfied by the long, slender tubs with con-
centrically layered walls. The burrows are usually onented subvertically in Bluesky core. T 2y
average 15 cmn length and 1 cm in width at the top, tapernng downwards. The burrows are
generally preserved as endichma. The limngs of the walls are composed cf fine grain sano with
thi subparallel mud partings. The fill of the burrow, n Bluesky cores, 1s identical to the sur-
rouncing matnx The muiti-layered nature of the wall has been attributed to the activity of the
organism as sediment enters the burrow In tmes of slow, continuous sedimentation, the
organisT presses the intruding sediment to the wall ot the burrow. These burrows have been
interpreted to be dwelling or combined dwelling-feeding structures possibly occupied by annehds

or coelentrates.

These traces have only been encountered in the bioturbated. sandstones of sublithofacies

5a in wells only from the Peace River Plains area.

DIPLOCRATERION

Diplocraterion are U-shaped burrows with spreite (Figure 5.3c). The burrows are

vertically -onented and perpendicular to the bedding piane. These burrows have two clyindrnical to
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funnel-shaped openings to thu sediment surface. Retrusive spreiten occurs when the orgamism
migrates toward its apertures. In response to sedimentation. The spreite in this case are on the
outside of the "U". Protusive spreiten is formed by the downward migration and lengthening of
the burrow, so that the spreite 1s contained inside the "U”™. The de +3nation of the type of burrry
1s dependent upon the posttion of the spreite relatve 1o the final tunnel occupie:: Ly the
tracemaker (Ekdale et al, 1984). Protuswe burrows are said to be caused v the rer *the
organusm when scouring 1s taking place at the sediment serface Both retrusive and ave
spreite may occur in the same trace if alternating period of scour and deposition 1s occurnng The

hmbs of the "U” may be parallei or divergent.

In core, Diplocraterion are recognized by long slender shafts that which contam protrusive and
retrusive spreiten structures. The intill1s identcal to the surrounding host. No wall hrings or
ornamentation were noted. The final position of the t+ + 1ker appaars as a small pouch-hke
protrubance nto the host sedunent. Burrows in the Bluesky core average 20 cm i ' ~.2th and
15 mm 10 width. These structures are preserved as endichnia. Diplocraterion have;  esuonter-
preted to be dwelling burrows (domichnia) of a suspension-teeding organism Possible producers
of these structures inciude polychaetes. echiurods. and crustaceans (Pemberton and Frey
1983). Possible environments have beer suggested to be high energy wave zone:. (Hantzochel,

1975).

These burrows have only been noted in wells of the Peace River Plainsg area withun the

bioturbated. coarse-grain sandstone (sublithotacies 5a).

GYROCHORITE
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Gyrochorte are honzontal trails compnsed of distnct bi-lobate rndges which are tangentially
algned and separated by a median furrow (Figure 5.3d). The course of the trace may be sinuous,
straight or meandering. The traces are unbranchad and may intersect itself. The burrow is gen-
arally hmited 1o tess than 7 mm n width. The burrows are preserved as epichria, endichnia, and

hypichma

These hurrows have been attnibuted to the cr «+ing-feeding movement of an eiongate
organism in search of food. Possible producers have been suggested to be annelds or ther

worm-hke organisms, and 7crustaceans. These can be classified as fodinichnia.

in the Bluesky cores. this trace has only been noted in the interbedded sandstone and
mudstone hithofacies (ithotacies 2) of the Foothills area. These traces are recognmzable only on
bedding planes of the mud units. In a vertical section. as seen in core, they can be mistaken for

load or tlute casts.

HELMINTHOPSIS

These burrows are simple. thin irregular to random meandering tras whicn newe Cros- G
interpenetrate. The burrows are generally honzontal to obuque the bedung plare  ihe fill s
usually mud size and unhke that of the surrouncin:, NOst {Figure 5.3e). In the cross-section, th:
burrows are elhiptical to circular and may contain sharp turr's. Burrows m lorgituamal section

appear as thin, dark ines. Helminthopsis are usually pres¢ ~ved as endichina ur e@pichnia.

Helminthops:s s considered to be a grazing trail prc aucad oy veriform organisms or

worm-hke organ.sms. Thus. these trais can be ethologicrilv classified as pascichmia.
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These burrows have been noted in the interbedded sandstone and mudstone hthota es
(hthofacies 2) of the Foothills area and also in the bioturbated, fine-grain sandstones
(sublithotacies 5b) of the Peace Rwver area. In lithotacies 2 the burrows are generally restnicted
to the mudstone beds. These burrows are considered to be a tacies breaking trace, but are most

frequently found in deeper-water marine settings.

OPHIOMORPHA

Ophiomorpha consists of simple to complex, three-dimensional, cylndncal, dichotomously
branching burrow systems distinctly ined with agglutinated pellotoidal sediment. Tt » burrow walls
cynsist of a dense mosawc of discoid, oval, mastoid. bilobate or wregularly shaped pellets pressed
to the wall. The peliotaid nature of the hming gives the burrow a mammatiated appearance to the
exterior The burrows may be horizontal to vertical in orientation and where they branch the
burrow is swollen. Infill of the burrow system is generally structureiass and ot similar composition
as the surrounding host rock. The diameter of the burrows rarge from 5 to 12 mm. individual
ichnospecies of Ophiomorpha are distinguished by the type of burrow hining. These burrows are
generally preserved as endichnia. in core, these burrows are reccgrized by therr cwcular

cross-section and by the two distin -t concentric rngs enclosing the wall g (Figure 5.31).

Ophiomorpha are considered to be the dwelling or combined dwelling-teeding structures of
decapod crustaceans, particularly shnmp or shrimp-like animals. Thus, they may be classitied

as domichnia structures occupied by carnivores or suspension teeders.

Ophrornorpha have only been recognized in the bioturbated, coarse-grain sandstone
(sublithofacies 5a) and the hic.r angle cross-stratihied sandstones (hthotacies 7). both in the

Peace River Plains area.
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PALAEOPHYCUS

Palaeophycus 1s essentally a cylindrical to subcylindrical, distinctly lined burrow onented
honizontal to oblique to the bedding plane; the infill is characteristically the same as the sur-
rounding medwm. Wall inings may be smooth or stnated on the exterior. individual ichnasnecies
may be distinguished by the thickness ot hmings and the presence and type of ornamentation.

Palaeophycus may be preserved as endchnia, hypichmia, or apichnia.

In core. the burrows are recognized by their circular to elliptical cross-section with a distinct
wall hmng. The fill of the burrow 1s of the same lithology and color as the surrounding host. In
a longitudinal view, the burrow appears similar to a small channel-like structure that tapers at both

ends (Figura §.4a) The burruws average 5 10 11 mm in diameter.

Pembsion and Frey (1982) indicated that the Palaeophycus burrow is distinguished trom the
maorphologically similai Planolites burrow by the presence of a wall lining and the character of the
burrow nfill. Planolites typically has an infill different from that of the host rock. They also suggest
that the Palaeophycus burrow is passively intilled by gravity-induced sedimentation. Deformation
of the burrow 1s suggested 1o be caused by the emplacement of the burrow in soupy- of

soft-ground, 1mplying the burrow 1s relatively shallow in depth.

Burrows which are passively infiled and hned are typically interpreted as the dwelling struc-
tures of organisms such as polychaetes. The burrow of the modern predaceous glycend
polychaete 1s commonly used as an analog for the Palaeophycus trace (Pemberton and Frey,
1983). Thus. this burrow may be ethologically classified as a domichnion structure possibly oc-
cupted by a suspension-teeder (thotacies 2), the small-scale cross-lamunated sandstones

(ithotacies 3)., and the bioturbated. fine- to coarse-grain sandstones {hthofacies 5j.
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FIGURE 5.4 CORE PHOTOGRAPHS OF ICHNOFOSSILS

Paieophycus burrows (arrows) are lined tubes and ir‘tilled with sediment similar
to the surrounding matrix. Core is 8 cm wide in photograph. c-32-G 94-B-8,
1039.8 m.

Planolites burrows (arrows) in the interbedded mudstone and fine grain
sandstone, lithofacies 2. Core is 5 cm wide in photograph. C-35, 324.8 m

Probable Rosselia structure (arrow) crosscut by vertical burrow. Core is 6 cm
wide in photograph. a-23-A 94-B-8, 919.1 m.

Skolithos burrows (arrow) in a bioturbated sandstone. sublithofacies 5a PD
8001, 534.8 m.
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PLANOLITES

Planolites burrows are unhned. rarely branching, straight to meandenng, clymdncal to
ellipitical .n cross-section. These burrows are typically infiled with a sediment different ir color
and texture as that of the surroundiny rock. The intill1s generally structureless. The burrows are
more or less hornizontal but sometimes are obhique 0 the bedding plane (Figure 5.4b) Burrows
may Cross or interpenetrate. The burrows are generally preserved as endichimua, epichiig. and
hypichnia. Pembertor and Frey (1982) indicate that Planolites may be distinguished trom

Palaeophycus by the type of inhili and by the avsence of a hmng.

In core, the burrows are from 2 to 6 mm n diameter and are oval to circular in shape. The
contrasting nfill of the burrow is suggested to be partially the result of active backfiing by a
mobile deposit-feeder, which is processing the seJdiment {Pemberton and f-rey. 1982) No modern
analog for the Planolites burrow has yel been distinguished. although several forms of

polychaetes have been suggested to retain similar behavioral patterns

Planoiites is considered to be a facies breaking trace fossil that occurs i the v rbedded
sandstone and mudstone, silty mudstone and bioturbated sandstones of the Bluesky Formation
This type of burrow can be ethologically classified as a todinichma structure possibly occupied

by a mobile deposit-feeder such as an annehd

ROSSELIA

Rosselia 1s a conica’- (0 bulbous-shaped structure whir.h contains cone-in-cone larmmnae or
helicaoidal swirling spreiten structures surrounding a central stern.  These structures are typrc.aily

onented vertical to inchned. The laininae of the trace indicate that T e fimant was processed
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by a tracemaker. The till 1s generally hiner-grained than the surrounding rock, and may have a
gnassic-ike pattern in longitudinal section. The diameter at the top of the tunnel is approximately

4 c¢m and tapers downward to <1 cm (Figure 5.4c). These are generally preserved as endichnia.

These structures are interpreted to be the burrow of deposit-feeding vermiform animals
working outwards trom a central shatt (Howard and Frey. 1984). These may be classitie s ds
fodmchma  Thes: - burrows were noted only within the tner-grained sandstones ut the Peace

River Plains area

SKOLITHOS

Skohithos burrows occur as unbranc’  d. cyhndncal to subcyhndrical shatts that are straight
to shghtly curve- profile. The burrows are charactenstically ined and are typically vertical to
steeply inclined The walls are generally smooth and unornamented (Figure 5.4d). The intit 1s
structureless and composed of the same matenal as the surrounding host  Occasionally. the
burrow infill will be extremely glauconitic w  a distinctive green nue. The burrows can be ex-
tremely long. penetrating deeply nto the sandstones to lengths greater than 2 cm. Burrows are

generally preserved as endichma.

These single entranced shafts are interpreted to be domiciles of suspension-teeding
organisitis Probable producers have been suggested to be numerous forms of polychaetes (Frey

and Pemberton. 1985). Thus, these burrows toponomically represent domichi.un structures.

Skolithos burrows occur in several hthotacies of the Bluesky Formation, including: the
intarbedded sandstone and mudstone lithofacies (hthotacies 2} the small-scale cross-bedded

<andstones ' ‘acies 3) and both sublithotacies of the bioturbated. glauconiic sandstones
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(ithofacies 5), although more commonly in the C..Arser-graned unts (sublithotfacies 5a). 1hese
burrows occur in both the Foothills and Peace Rwer Plains areas. The Skolithos burrows in the
interbedded sandstone and mudstone lithofacies appear to be distinctly smaller in size than the

burrows In the bioturbated sandstones of the Peace River Plains

TEICHICHNUS

Teichichnus burrows appear as gently curved, and closely nested. vertically stacked lamnae
(spreiten structures) The spretten are typicaily oriented subhonizontal to oblique to the bedding
plane and lie in a vertical plane. The spreiten may be retrusive (displaced upward) or protusive
(displaced downward). The final tunnel records the last position occupied by t 2 burrower The
spreite appear to be truncated at ther »nds. The burrows average 3 cm in width and 4 cim in
height. The fill in Bluesky cores are typically finer-gramned than the surrounding host. These

burrows are generally preserved as endichnia.

Teichichnus 1s formed by the upward and downward migration ot a tunneling urganism as it
moves back and forth in a single vertical pian: ~.earching the sediment for food. These are con-
sidered to be produced by a worm-like deposit-leeding organism. Howard and Frey (1984) indi-
cate that these are feeding or dwelling-teeding structures ot vermiorm organisms. The muddy
burrow laminae surrounded by cleaner coarser-grained matenal has been attributed to selective

size sorting of particles by the tracemaker (Howard and Frey. 1984).

Teichichnus burrows have been noted in the interbedded sandstones and mudstones ot the:
Foothills where these structures are generally restncted to the sandstone ienses thigure 5 53)
These typically destroy the primary bedding. Teichichnus s also found 1n the hioturbated

sandstones of the Peace River Plains area (ithotacies 5)
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FIGURE 5.5 CORE PHOTOGRAPHS OF ICHNOFOSSILS

Teichichnus burrow in a fine grain laminated sandstone, lithofacies 2. Burrow
extends to top of sandstone bed to mudstone. Coreis 5 cm wide in
photograph.C-35, 318.1 m.

Oval-shaped, compressed Terebellina burrow (arrow) in a bioturbated
sandstone, lithofacies 5. ¢-32-G 94-B-8, 1042.2 m.

Conglomerate filled, unlined burrows incised into Gething mudstone are
Thalassinoides burrows. Burrows are suggested to have been emplaced in a

firmground. PP 7506, 90.2 m.

Zoophycos burrow (arrow) in fine grain cross-laminated sandstone bed of
lithotacies 2. Core is 5 cm wide in photograph. C-35, 367.4 m.
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TEREBELLINA

Terebellina burrov.  are single, vertically onented, distinctly iined tubes that commonly curved
or arcuate at the base The hning I1s the most distinctive feature of the burrow in that it 1s com-
monty composed of calcium carbonate or tightly pact.ed sand grains. The imings range from 1 to
3 mim in thickness. The diameters of the tubes are charactenstically small, averaging 4 mm. The
burrows saally taper m diameter downwards In cross-section, the burrows are typically
doughnut-shaped with the infill dars colored than the ning or the tubes are often tlattened to
an cv. shape The burrows are pro rved as endichma. These burrows are similar in morphciogy
to the chnogenus Schaubryhndrici, us  However, the latter may be recognized by the multiples
or bundles of tubes  In core the burrows appear +mite. ovoid burrows which seem to be
predominately horizontal (Figure 5.5b). However. "1is 1S the result of the strong curvature at the

base of the tube.

These burrows are considered to be the dwelling structures of worm-hke suspension-teeders,

such as a polychaete. Thus. these nay be toponomically classitied as a domichnia Structure.

Terebelling has been noted most commonly 1 the bioturbated. fine-grain sandstone
thofacies (sublithotacies 5b) in the Peace River Plains area and rarely in the interbedded sands

and muds Wthotacies (ithofacies 2) ¢ the Fnothills area.

THALASSINOIDES

Thalassmordes structures are large. ciyindnical burrows . uch form three-dimensional
branching =, -tems which are connected to the surface by 1 shaft. The branches are "Y' or ‘T’

shaped and are typically enlarged at the ponts of bifurcaticn. The burrows are thinly-ned to un-
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iined where reinforcement i1s Not necessary. The burrows are circular tc oval in cross-section and
greater than 2 cm in diameter. Infill 1s generally different than the surrounding sediment. The inhil
material indicates passive (gravitational) sedimentation after evacuation by the organisim.
Thalassinoides burrows are differentiated from Ophiomorpha by the absence ot an ornamentuu
wall inng. These burrows are preserved as epichria, endichnia and hypichnia. Thalassinoides

burrows 1re considered to be the dwelling burrow of a shnimp or shnmp-like organism

in Bluesky cores, these burrow networks extend downwards trom the Bluesky-Gething tor-
mational contact into the mudstones ot the Gething Formation. They are typically sharp walled,
unhined and infilled with chert pebbles and »and trom the overlying conglomerate (Figuire 5.5¢).
The lack of lining in these burrows indicates that they may hacve been emplaced into a

semi-cohesive substrate or ‘firmground’

ZOOPHYCOS

Zoophycos i1s composed of a complex, sheet-ike downwards spiral or whorl of spreiten
structures. The diameter of sucessive whorls or volutions generally increase downw.rds These
whorls are either flat or curved and wind about a central cylindrical axis. The overall shape s
analogous to the shell of a gastropod. The laminae contained within each whorl may be curved
or arcuate, with a small ndge. The central stem 1s presumed to open 1o the seGuient sufrface

These structures are preserved as endichnia.

I core. the burrow generally appears as a long. sediment back-filled tunnel. with ao Indication
of successive whorls (Figure 5.5d). Generally, the tunnels are 4 cm in length and 5 mm n height

The infill 1s comparatively close to that of the surrour 4ing host.
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These traces are interpreted to be complex feeding patterns of vermiform organisims where
each whor! represents the path of the feeding proboscis. The complex form may indicate a
impovenshed tcod supply or relatively calm to restricted waters Thus. these traces may be
classified as feeding structure or possibly 2 grazing-feeding structure (fodinichma paschichra)

possibly occupied by an annelhd.

These traces have primanly found in the interbedded sands and muds ithotacies (ithotacies

2) ot the Foothills area Generally these are restricted the sandstone lenses.

5.4 2 ICHNOFOSSIL ASSOCIATIONS

The designation ot trace fossil suitas is based strictly on the diversity. abundance and dis-
tnbution of ichnogenera in Bluesky cores. The overall occurrence vi irace fossis in Bluesky cores
can be divided ito at least six distinct, recurnng ichnotossil associations (Table 5.3). These
wchnotossit associaticns represent the repeated occurrence of an assemblage of traces in a
substrate when the required ecological conditions were met (Frey and Seiacher. 1980;. However,
because of temporal enviconmental vanatons, indwvidual ichnogenera may be transitory, occurnng
locally in associations other than those designated. Therefore, the genera character and
ethological trends displayed by a suite is ot more importance than the presence or absence of
an indwrdual ichnotaxon (Frey and Seidacher, 1980). Establishing a spectfic behawvioral trend of the
whnocoenose 1s of paramount importance when inferring some conditions of deposition. When
combined with the physical sedimentary evidence an environmental reconstruction 1s much closer
at hand. The overall assemblage of traces i Bluesky sediments point to a shallow marne envi-

ronment. The tollc wing discussion will provide a descrption of the ichnofossil associations within

the Bluesky Formation pius an analysis of their paleoenvironmental significance.
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Table S 3 : Distribution and reiative abundance® of ichnofossils

comprising the ichnofossil suites in Bluesky cores.

fchnngenus

lchnofossil

Suite

Dwelling Burrows

Diplocraterion
Opniomorpha
Palaeophycus
Skolithos
Terebellina

Feeding Burrows

Asterosoma
Chondrites
Cylindrichnus
Gyrochorte
Planolites
Rosselia
Teichichnus
Thalassinoides

Grazing Structures

4

>»>» OO
>

O O >

Helminthopsis
Zoophycos

A

* Relative Abuncance:

R = Rare O = Cccastional

C = Comman

A = Abundant




lchnofossil Suite 1. This suite 1s doiminated by several vanetie: ot dwellird burrows, including
Skolithos. Palaecphycus, Diplocraterion and Ophiomorpha. However. ra e awalina fecding
structures of Asterosoma. Cylindrichnus, Teichichnus and Planoiites are common locally. These
traces are associated with the heterolithic glauconitic, coarse-grain sandstone (subuthofacie $aj.
Figure 5.6 illustrates the relative proportion of each trophic group which compnses this suite of
trace fossils. The asssemblage of traces in this suite are predominately vertically-oner.ted with
hned burrow walls The density of burrows is very high. Producers of the dwelling burrows have
hean nterpretad to be suspension teeders (some polychaetes and crustaceans) which gather
food from the overlying wave-agitated waters. Such an assemblage of trace fossils with thick
burrow wall-hnings is indicative of high energy conditions and the shifting, granular nature of the

substrate (Howard and Frey, 1984).

The high density of traces, however, may indicate a somewhat slow depositional rate where
bioturbation 1s in pace with sedimentation, rather than strictly a hugh abundance of biota. Figure

5 7a provides an example of the occurrence of ichnofossil suite 1.1n core.

Ichnoiussil Suite 2. Suite 2 1s commonly associated with fine-grained, glauconitic sandstones
{sublithofacies Sb) and minor siitstones. As described in Chapter 4, these sandstones are gen-
erally muddier and more poorly sorted than the lithotacies in the above suite. This suite 1s char-
actenzed by the dwelling structure Palaeophycus as weli as a host of teeding, grazing and
combined teeding-dwelhing structures, including: Asterosoma, Helminthopsts, Planolites.
Russeha. Teichicknus. Terebellina and rare Chondrites (Table 5.3). To the casual observer the
core seems to be dominated by Palaeophycus; however. the rock typically has a ntense
tiotutbate texture where mynads of indistin.  teeding structures have completely churned the

sediments  Theretore. the larger dwelling burrows may seem overemphasized or preferentally
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FIGURE 5.7: CORE PHOTOGRAPHS OF TRACE FOSSIL SUITES

Ichnofossil Suite 1: Su.c 1, in a Mmedium-grain bioturbated $andstone
(sublithofacies 5a), is characteristic of the Skolithos ichnofacies. Single arrows
point to Diplocraterion burrows and double arrow points to a Palaeophycus
burrow 6-29-81-15, 1094.7 m.

Ichnofossii Suite 2: Suite 2 contains trace fossils characteristic of the
Cruzianaichnofacies. This suite of trace fossils occurs in a fine-grain, bicturbated
sandstone Arrow points to a Palaeophycus burrow PD 8001, 538 m.

ichnotossil Suite 3: Suite 3 contains trace fossils characteristic of the
Cruzianaichriofacies. Compressed Terebellina burrows are indicated by arrow.
This suite of trace fossils is considered to occur in somewhat restricted circulation
conditions. PD 8001, 557.1 m.

ichnofossil Suite 4: Suite 4 occurs in the interbedded mudstone anc
fine-grain sandstone lithofacies. Arrow points to a Skolithos bu vow. C-35, 354.5
m.

ichnotossil Su'te 5: Network of conglomerate infilled burrows (arrows) occur

at the base of the Biuesky Formation. Dotted lines outline stratification in
mudstone of the Gething Formation. This suite of trace fossils is characteristic of
the Glossifungites ichnofacies. ¢c-32-G 94-B-8, 1042 m.

ichnofossil Suite 6: Planolites burrows (arrow) in silty mudstone comprises
part of Suite 6. This suite of trace fossils is indicative of the Cruziana ichnofacies,
possibly in an offshore-like setting.






preserved; hence. teeding structures are possibly more abundant than initally considered. Figure
5.6 Hustrates the relaiha: proportion of each trophic group that comprises suite 2. Overall, the

rate of bioturbation is extremely tugh.

The assemblage of traces contained within this suite demonstrates a distinct shiftin strategies
as 1 Grrpared o sute 1, from caostly v - honzontal component. (Figure 5.70). The extreme
rate of thoturbation, andé combined teeding-dwelling structures suggests that sediments were

probably less shitting with siower sedimentation rates and with a high degree of deposited food.

lchnotossil Suiie 3. Association 3 1s closely related 1o st ite 2 which 1s similarty common to the
fine-grained. glauconitic sandstones. Only a few trace fossils, representing two distinct types ot
behd.or, were recognized. The grazing trace Helminthopsis, the dwelling burrow Terebellina and
small Palaeophycus structures represent a low diversity-high abundance sune. The smaller

number of recognizable traces s more hikely related to obs:.uring of other forms by a high deqree

of biogenic reworking. rather than a dearth of orgamsms.

The domunance ot grazing traces indicates that organic detntuc was present on the seafloor
in quantities sutticient to support the graze:s. possibly in large numbers. The traca fossil
Helminthopsis 1s often icund in th.e deeper. quieter waters of the offshore (Ekdaie et al., 1984).
P slaeophycus and Tereoellina are dwelling burrows which were most likely occupiea by
suspension -feeders or predaceous vermiform organisms. An interesting morphological feature
of the Terebellina burrows, whi~h has some v wvironmental s:gnificance, 1s thewr compressed oval
shape (Figure 5.7¢). The compression of the Terebellina burraws 1s somewhat analogous to the
setormation of Palaecphycus n soupgrounds (Pemberton and Frey, 1982). Softgrounds such as

these. occur in quet but not totally restricted environments {Ekdale et al.. 1984). These burrow
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forms when emplaced in a fluidized medium becnme compressed dus to the weight ot the over-
lying sediment column. It has aiso been noted that Terebellina burrows tound in the upper re-
aches of the shoreface maintain their round cylindncal shape: whe. as in deeper-waters and finer
grained sediment, the burrows are typically smaller and compressed (Tiliman and Martinsen.

1979).

Ichnofossil Suite 4. This assemblage of trace fossils I1s the most intnguing o' the Bluesky cores,
occurnng n the coarsening-upward nterbedded «  Istone and sandstone unit (ithotacies 2). It
is typicalty dom.nated by simple feeding structures of Planahitrs, Teichichnus and Chondrites, and
by grazr : ~ ' stures of Helminthopsis and rare Zoophycos (Table 5.3). Scattere:  hroughout the
occurrence i this suite are associated forms of the dwelling structures bSkolithos and
Palaeophycus. Figure 5.6 illustrates the relative proportion of each trophic group within this sunte.
The Skolithos and Palaeophycus burrows are generally contained within the sand units. Com-
monly the traces are generally small in size, for exampie, the sp ~1ten structures of Teichichnus
are relatively narrow and the shatft length and tube diameter ot Skohthos are relatively small when
compared to species found in ichnofossil suite 1 (Figure 5.7d). The degree of bioturbation ranges
from low to mouerate to locally high. Numerous beds are charactenzed by a binturbate texture
where discrete ichnofauna are impossible to identity  in areas where Teictichnus burrow density
15 high. a bioturbate texture exhibiting spret’ n structures 1s reconizatle only  No single bed re-
cords a mutual ubiquitous occurrence of all the trace fossiis oberved n thus assemblage  Of the
seven dominant torms only Terchichnus and Planohtes occur consistently throughout the
mthofacies. Traces such as Skolithos and Falaeophycus become progressively more abundant

vertically upwards, whereas Zoophycos disappears in the upper sections of the core.
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Taven collectively, this assemblage ts dominated by honzontal, deposit-feeding structures tha.
arg exploiting relatively nutrient-nch, tine-gran sediments. The dwelling structures are generally
restricted to the thin, sharp-based. cross-laminated sandstone lenses. The occurrence of dwelling
structures may indicate the displacement of the indigenous benthic community by opportunists
as a result of a physiclogically stresstul event Overall fro: an etholoc context, this assemblage
15 characterized by a generally low diversity of traces. an impaovenshed marine assemblage, a

reduction in nverall burrow size, and a dominance of functionally siriple feeding strategies.

Ichr.ofossil Suite 5. This 1S @ monogpt ..,emblage consisting of a netwark Ot DUTOWS that
have beer tantauvely identfied as Thalassinoides (Table 5.1). The burrows are closely-spaced
dwellng structur. ° that charactenstica ly have sharply defined and ur.  ed walls. The burrows are
typrcally passively inred, with sand and ~ebbies from the :mmediately overlying strata, after afer
desertion ot the burrow - qure 5 "o) Cormmonly these burrows are mcsaed 'nte the mudsones
beneath the Gethiry . Bluesky formational contact or in sar * units imrediately taneath
matnx-supj. rted congiumerates (sublithofacies 1a) The mudstones locally contain small feeding

structures ot Planolites

The tracemancrs which constructed ' se permanent domiciies are suggested to be su--
pension teeders or canivores.  [he lack of 1eintorced walls for burrows incised in mudstc cs iN-
dicates tha! the sediment may have been lairty cohesive at the time o'+ placement. Sediment
cohesveness generally -tiscounts the need for burrow hinings (Ekdale e s/ 1984). In additicn.
tube walls are suggeste.: 1o be utiized by an orgamsm to isolate tself from .truding ambient pore
. ater solutes within e sedimem (Rhoads, 1375). it the sediment is dewatered. as lirmarcunds

generaiy arg, the - eed for the organism to protect itselt with wall rungs would no longer be
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necessry. Thus, these Jwelling burrows possibly represent overprnnting ot bioturbation into a

reiict substrate that was possible partially exhumed by erosive currents.

Ichnofossil Suite 6. Suite 6 1s a low diversity a- :rmblage dominated by the fee-1ng structures
Planoites and Ct ‘ndrites and by *he grazing structure Helminthopsis. This assemblage 1s con-

sistently a550¢ aivu with the silty mudstones (ithofacies 8) (Table 5.3. Figure 5 6)

The diversiiy of burrows is very fow ..« -+ 3t boarr & acnsity 1s high. At times 1t s dithcuht
to recognize cistinct burrow forms an only & . vrue s discerned.  This assemblage
of traces exciuss us the activities of @ cemraunity of deposit-teeding organisms (Frg-
ure 5.7t). inten< 2n and ths ethologic type indicates siow, centinuous rates of deposi-
tion. The death ~ing burrows suggests that most food particulates were deposited rather

than suspended. inuicating that Iittle wave or current activity was present.

5 4.3 GEOLOGIC SIGNIFICANCE OF THACE FOSSIL SUITES

( »llectively, the complete asse. blage of ichnotauna present in the Bluesky cores indicate
tha! normal manne an¢ .arginal manne settings were renponsible for the deposition ot the
Bluesky Formation. However, separately the diferent ichocoencses refiect varying behavioral
resp - se< “y the organiems to distinct subenvironments or niches  Overall, suites 1. 2.5 and
6 are typical ot normal manne conditions. Sute 3 reflecis somewhat restricted congitions and

suite 4 charactenzes « - ackish water setting.

In general most assemblages the Bluesky Formation. are consistent with ihe energy-depth

relatonships exhibited by the primary Ithofacies Specifically. the behavioral charactenshes of
- 160 -



each ichnocoenose reflects the intensity ot current energy associated with the deposition of each
mthotacies. The predomirunce of dweliing traces associated with a coarse-grain »>anc: 'one mn
sune 1 represents the highest energy levels. This is followed by the tropiically diverse suite 2.0
a fme-grain sandstone reflecting a response to lower energy conditions. The deposit-teeding

traces of - f suite 4 and 6 1n mudstones reflect the lowest energy leveis

Lach of these su” 5 also representative of a specific ichnetacies as detned oy Se v . er
(1967a). These are
a) Skonthos \chnotacies: Suite 1
by Cruziara lchnofacies Suites 2. 3
) Braca..h Water ichnofacies Lt 4

d) Glossiftungites Ichnotacies: ¢ b

The trace tossil assemblage of Suite 115 charactenstic ot the Skolithas :chnofacies. The

1 sogenrta contamed within the assemblzga refler* - vities of a trophically-narrow suite
compnsoed preduminantly of carnvores, epifaunal anc. \al sust ‘on-fee‘ders cormuined with
several deposit feeders. The bel.avoral patterns indicate moderate to high energy levels. witid
water agtation sutticient tor the requirements of suspension-*  tars. bt we - enough 1o allow
setthing of finer organic datntus to maintain the sediment-feec. n 5. The * gn degree ot broturbat:on
ndicates either slow periods of sedimentation or tugh faunal density Freely shifting substrates
appear to have been preser* as indicated by the presence of thick buriow wall hnings. In addiion,
the long tubes ot suspension-feeders may be interpreted as a protective rmeasure sheiter agamst

unstable substrates

The occur - nce of numerous beds of parallel-lamir. ed sandstores within ihe burrowed

segments reflects a Gynamic ard episodic nature to cadimentaton within this unit.  Pernodic ad-
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ditiors of sediment into the _eposit has produced som# thick cycles ot laminated- to
burrowed-cequences. Thase sequences are especially pronounced n the more shoreward sand
bodies of :ne Biuesky Formaton in the Heace River Plains area. In the tarther oftshore sand
bodies of the Biuesky Formatior, these 0i_*ix hve 50 uences are less pronounced Howard
(1972) notecd that modern shoreface sequercas clsc contained taminated to burrowed sedi it
Howard interp.r :ted these sequences as alternating penods of st 'n and tairweather
sedimentation 1St veiow farweat o war Das Thase seqien: as ware alse recorded m
ancient shoreface deposits ot th> star Pont ard Blackhawk Formations of Utuh (Howard and

Frey, 1984)

A sedimentological study of the Gulf of Gaeta {Dones  na Hertwork 1374 dr . mantad tt 3
ichnological zonations found in a beach to offsh-re sequence The Guit of Gaeta s a high en-
ergy. microtidal be:ach dominated by storm- and wave-induced cufrents. Dorjes and Herweck

AR documented abundant burrows of the organism Capuornastus mewmus and kned dwelling
rubes of the polychaetes opalra neapolitana, Onuptis eremita and Quermia fusiformis n the

inwer shoreface at water depths trom 2-5 m. | thologically . this zone contains uerbeds of

broturbated and ripple: dllel-laminated sand

Even though this setting may be dissimilar in depositonal setting to that of the Bluesky For
mation. it does provide some iNsight as 1o the environment that contains the traces representative
of the Skolithos ichnots s The tugh taunal density and the predominance of dwelling tubes with
remniormed walls in Suite 115 similar 1o that of the Gult ot Gaeta Thus, it wooll seem possible that
these trace fossils were emplaced in a high energy setting with freely shiting suostrates. such
as that found i a prograding shoreface. However. the association of depasit-teaders in Sunte Y,

<uch as Asterosoma, 0 a ciean sanc ‘ndicates mcre of an oftshore sand ongin
g
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Associatic 2 1s a trophically faly umform suite of trace fossils. Traces such as
Helminthopsts. Planolites, Teic:  hnus, Asterosoma and Rosseha were made by deposit teeders
indicating that the orgamc content ot the sediment w.. . relatively high, and hence. energy leve -
were generally low towever. the oo, ency of many Palaeophycus burrows suggests an envi-

ronment where w.ter agitation was suthcient 1o support the requirements of these tracemakers.

Oy 4t e shift in teading strateqgies from suspensinn- to deposit-feading structures suggests
o distin decredse 1 energy levels as compared to Site 1. Collectively, the trace assembiage
L Same 215 charactes © of the Cruziana ichnotacies This 1s supported "y the well-preserved
anu ntense love! of bioturbatoen, the exhibited behavioral patternis and hithologically. by

firy camned sandstones. .1 d increased mud content.

A close analogy to this setung 1s founc i the upper offshore zone ot the Geargia coasthne
where ‘odern sediments are intensely bioturbated (Dorjes ana Hertweck. 1975, Howard and
Heanack 1972 1571 Traces recorded trom the -erent upper oftshore zone are mostly
potychaete burrows and tubes ot crustaceans and +agile carnivores {Dorjes ar‘\d Hertweck, 1975)
The coimonts are charactenzed by abundant bu.rows of the polychaetes Giycera, Capitornastus.
ane the stoinatoped crustacean Squila  Water aepths for this zone range from 5 to 10 m and the
cedurent . composed of silty sands (Howard and Reineck. 1981). The level of bioturbation and
donsty ot b rowing fauna in the oftshore are censidered to be the & t1n the neashore profile
(Dores and Hertweck, 1975 Howard and Reineck., 1981). Gener. o preservation of

Stratthication within this zone s minor (Howard and Re- ock, 1981).

The diversity and density of ichnofossils Sutte 2 occurning i a fine-grain sandstone re-
sembles that of the upyer oftshore ot the Georgia coastlirie The extreme amount of bioturbation.

the fearth of physical structures and the wealth ot teeding structures indicates an overall low
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energy setting with stable substrates. This trace tossil suite appears 10 be depositionally adjacent
to, bt bathymetrically deeper 1.1 ichnofossd Sutte 1. Suite 2 possibly represents a shightly more

distal position in an offshore deposit than suggested for Sura v

Trace Fossil Sute 3 1s characterized by a mixture of grazing structures (Helminthopsis) and
dwelling structures (Terebellina and Palaeophycus) in a fine-grained. structureless sandstone
This trophically-diverse ichnocoenose reflects the actvity of carnivores, suspension-feeders and
deposit-teeders The high degree of bioturbatior 4nd paucity of escape structuros indie ates slow,
contnuous rates of .«position. Tha diversity of teeding behawviors in this assemblage indicates
somewha' ntermediate environmental conditions, where water agitatron was high enough for the
requirements of suspensions-teaders. but low enough 10 atiow setthng ot the ting sands and or

ganics essential tor the deposit-teeders

This suite of ‘races 1s charactenst ot the Cruziana wchnotacies. hisichi tacies s typ: b to
lagoons, oftshore zores and tidal “a (Exkdale et al.. 1984). However it difers son  hat trom
the above trace fos-: suite (Suite 2), ~#hich also 1s charactenstic of the Cruziana chnotacies, L,
the type of ichnotaxa present and the nature of the associated sedimen: Trace Fossit Sute 3.
as mentior ibove. occurs in a much cleaner, homogereous sand In many respects. It re-
sembles the sand that is typical of washover depos:1s of barner istands (¢ 1 Remnson, 1984), de
posited mainly from suspension rather than traction. This may explain. in part, the structurelass

nature of the sediment The compressed nature of the Terebeliina burrows 15 also very, ot

cant. Genera'y this form of detormation has peen attributed 10 restricted cirulatiun <.na s
(S.G. Pemberton, 1986. per. comm.). A motable occurrence of this assocation s found in the
well PD 8001, in Township 81, Range 20 W6 of the study area, at the base ot a thick sandstone

accumulation. This would imply that this ichnotossil surte occurs N a somewhat sheltered area.
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where the prevailing cutrents ware possibly Leing damped. In short, this suite probably retlects

somewhat restncted circutation conditions « au offshore setting.

Trace Fossil Sute 4 15 considered to represent an impoverished assemblage of traces that s
associated with the interbedded sands and muds of hthotacies 2. This suite is dominated by
feeding structures (Planolites. Teichichnus. and Helminthopsis) as well as associated forms of
dwelling structures (Palacophycus and Skolithos! The combinaton of teeding and mnor dwelling
structures indicates that some elements of tbuth the Skoiithos and (ruziana chnofacies are
present. in addion. the overall reduction in ichnotaxonomic diversity. the simpacity ot the feeding
structures and generally reduced size ot the traces suggests a somewhat physiologically-stresstul
anvironment (wWightman et al . 1987: Benyon et 2!, 1988) Vanations in salinty is CONSic d to
be a mayor tactor influencing the distrbution of benthiz marnne faunas ‘Rhoads, 1875, Wightman
et al . 1987) Salimuies deviating fre. .. ,ormal manne levels are generally found in naarshore
environments where large inputs of treshwater o , exchange with fully marne waters
result n brackish conditons (Dorjes and Howdrd, Yoo, arsich and Werner. 1984). Er vironmants
such .« ttus are rarety on @ basin-wide scale, but more con! ned to settings such a$ estu. nes.

g tats. aad deltd plattorms which sutfer short-term fluctuatices

frecogmition of salimty influencea settings 1s largely based on the contained fauna (Fursich
and Werner. 1984). Apart from the reduced diversity levels, salimity reduction 1s interred from the
mixture of teeding strategies. In situations such as these. mud-loving orgarisms that produce
teeding structures wouid be juxtaposed with dwelhing structures constructed i the sand units
(Fkdale et a/ . 1984). Organisms common to these environments wou'd be trophic generaiists,
employing nonspeciaized teeding strategies. and where infaunal habitats are more abundant than
epitar ¢ ould also be stre . 1 Ihat the relative abundance of traces tcund within

bracs 1 water © posits will be reduced (Dorjes and Hertweck, 1975). To examine the
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animal-sediment relationship in a brackish setting. a marginally-marine settng in the Norton
Sound 1s used to possibly better ilustrate the environmental signiicance of the brologic and

physical trends displayed by this asszemblage.

The Norton Sound 15 a broad. micro-tidal re-entrant of the Bering Sea, ~haracterized by low
rates of tectonic subsidence and extremely shallow water depths (<25m. (Howard ana Nelison,
1982). The Yukon Delta. on the southern margin of the Sound. 1s the major source of sediment
that enters the Sound. mostly dunng the:  e-free months of May through Octobei. The delta ot
the Yukon River 1s refatively young and consists ot pro-delta, delta-front and delta plain compo-
nents i Jupr- 1982) Although the Yukon River trar:sports large quantities of silt and sand nto the
delta regior nuch of 13 resuspended during storm events and transported away by the Alaskan
Coastal Water Mass, thus. bypassing the Norton Sound and Berning Sea area (+i ward and
Nelson, 1982! What sediment ' stored in the dJelta area 1s reworked by a vanety ot processes
including waves. wiw and tidally-induced currents, strong oceanic currents. as well as ce
movement (Dupre, 1382,. Thus, the depositional setting 1s said to be nver- and storm-dormnates

(Dupre. 1982).

Seasonalty and spnng lreshwater run-off 1s very much apparent in ihe Yukon River and, as
such, the Nortor: Sound displays rapd sahrity fluctuations. During the surnmaer months, excessive
run-oft of tfreshwater creates a salimty zonauon within the Sound. the -Jegree of salinity INCreases
from the deita platform seaward towards the northern end of the sour-1 where the salimity 1s al
most narmal (Howard and Nelson. 1982) Proximal-distal trends are also demonstrated in the
sedimentary structures. Physical Structure: 1 Fest developed ' and agjacent 1o the Yukon
De'ta, including parallel-, and rnpple-laminated beds (Howard and Ne'son, 1982). Dominance ot
physical structures near the Yukon Delta are the resuli of: 1) very shallow water wave and currer!

energy. 2 increased rates of deposition. and 3) reduced rates of L. v 0t by
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Nelson. 1982) They also stated that bioturbation patterns also retiect the salinity gradient with
a high density. hormal marine assemblage at the north end and a low-density, restncted

assemblage at the delta plationn (Figure 5 8)

The eftects of storm-surge depositional processes that occur yearly 'rom mo« avere
storms are also prominent within the Sound (Nelson, 1982a). As C.sCrts .exin “he ., on shelf
processes. storm surges resultin graded sand layers interbedded with bioturta Jds. up to
100 km trom the Yukon ODetta shoreline (Nelson, 1982a) Prax  al-dista’ v as these: InC

layers were noted. including: 1) coarser, thicker and more vertically comple  ,equences of lam-
inations (parallel. trough. and €ross) occur in the proximal zones, and 2) distally, the sand layers

change to thin silt beds wih flat and ripple-dnft laminatcon (Nelson, 1982a).

The modern Yukon Delta in suine respects serves as a bologic model for this Bluesky trace
fossil suite as well as the sediment type and distribution for hthotacies 2 (intertedded sandstone
and mudstone) The Norton Sound contains a shelf prode'ta sequence accumulating in a some-
what restncted embayment, in which sediments from the Yukon delta are redistnibuted by
storm-avents i Norton Sound displays a basinward increase in bioturb:e . and salin®  a

basinward decrease n grain size and sedimentary structures.

These same trends are exhibited in Association 4 of the Bluesky cores. This association,
which was subject to progressive reductions in salimty vertically upwards, reflects laterally and
vertically the reqressive nature of this sequence. Since this stratigraphic package is overlain by
Chamberlain delta seciments. it seems likely that Trace Fossil Suite 4 reflects a prodelta delta
front settng. This in itself 15 impurtant because 1t signais a change in basin depositional sty ‘rom
predominately r-aree n the northern r.aif of the study area to marginal marine followed by conti-

nental settir.g i the soutnern kah of the study area.
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Trace Fossil Suite 5, albeit monospecific, 's characteristic of the Glossifungites ichnotacies.
Substrates of the Glossifungites ichnofacies are typically firm, but uniithified, compacted muds,
or silts which tend to develop in protected, low-energy settings, or high-energy settings where the
sediment offers some resistance to erosion (Pemberton and Frey, 1985). Trace tossils charac-
teristic ot this ichnofacies consist of uniined aweliirg structures of suspension-feeding or

carnivores, such as bivalves, crustaceans, and polychaetes (Pemberton and Frey, 1985).

Although this suite is typically found in other ichnofacies, it is the mode of occurrence and
preservation that indicates the Glossifungites ichnofacies. These unhlined, vertical burrows typ:
cally occur at an erosive contact between the Gething and the Bluesky Formations. The contact
is generally disconformable and consists of mud deposits overlain by matrix-supported conglom-
erates of sublithofacies 1a. This discontinuity surface represents 1 break in deposition and a
cramatic shift in depositional regimes (Bromley, 1975). The Gething mudstones locally contain
intrastratal feeders such as the Planolites burrows, which are overprinted by the Thalassinoides
burrows. This association indicates that the Gething mudstones were possibly semi-cohesive
firmground and that they retained relict teatures indicative of prior conditions. This situation 1S
somewhat analogous to the preomission- and omission-suites described by Bromley (1975). The
burrows contained within the Gething muds may be termed the preomission assemblage and the

Thalassinoides burrows constitute the omission assemblage.

The fill of the vertical burrows is very significant since it is composed of the same pebble and
sand mixture as the overlying matrix-supported conglomerate rather than Gething Formation
sediments. This suggests that the burrows remained open n the sea floor through the initial
stages of the processes which emplaced the conglomerate. Both the Thalassinoides burrows and
the occurrence of conglomerate suggest a shift in environmental parameters with increased cur-

rent energies.
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One notable example of modern sediments, which may aid in the interpretation of this suite
and associated sediments, is the Georgia Coast (Pemberton and Frey, 1985). At many locales
aiong the Georgia coast, active erosion storm turbulence and the late Holocene transgression has
exposad relict salt marsh deposits which have been subsequently overprinted by organisms under
the new depositional reg/me (Pemberton and Frey, 1985). Thus, this sedimentary sequence re-
cords a relict soft-substrate assemblage of traces as well as a modern suite ot opportunists in a
high-energy firm substrata suite which is characteristic of the Glossifungites ichnofacies

(Pemberton and Frey, 1985).

Sute 5 of the Sluesky cores possibly exhibit similar hydrographic characteristics as the
Georgia setting. Unlithified, but dewatered, shallow buried muds of the Gething Formation were
possibly exhumed or reworked by the transgressing Boreal Sea. The high-energy nature of the
transgressive currents allowed oppo:tunistic organisms to occupy the exposed firm-substrate
briefly before the epicement the conglomerates. This aspect in itself has important implications
for the origin of the matrix-supported conglomerate (sublithofacies 1a) in that the burrows must

have been emplaced under saline conditions.

Trace Fossil Suite 6, which is characterized by a low-diversity assemblage of traces
(Planolites and Helminthops:s), is typically associated with fine-grain deposi.s. In this case, the
traces record markings, organic harvesting or castings of ingested sediments by intrastratal
teeders. Burrows are all horizontally oriented and occur in relatively high abundance. The

sediment itselt racords very few, if any, current structures.

From the biologic and thologic evidence, it can be concluded that this was a relatively
low-energy environment with litile indication of wave or current influence. The sediments were

probably rich 1n organic matter in order 0 support these active deposit-feeding organisms. The
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paucity of suspension-feeders is probably aue to the low-level of water turbulence, hence httle
suspended food, or the overlying water columi: was too turbid and thu, inhospitable to

filter-feeding (Ekdale et al.. 1984).

Sedimentation rates were also probably slow and continuous. This 1s assumed by the absence
of sand layers from pulses of sedimentation or storm-events and the extensiveness of

bioturbation.

Overall this suite 1s indicative of the middle to lower oftshore condiions and the Cruziana
ichnofacies. However, the trace fossils and its associated sediment type are typically tound
interbedded between deposits of bioturbated, glauccnitic sandstones. This stratigraphic associ-
ation suggests that there were temporal changes within the depositional setting rather than major
events of transgression and significant deepening of the water column. These conditions in the
nearshore zone must be produced by restrictions in circulation which allows depaos:tion of sus-
pended fines. Situations such as these can occur in the troughs of large bediorms or in tidal slack
water periods. However, considering the thickness of these units (commonly >10 cm), a

tidally-influenced genesis is unlikely.
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6.0 PALEOGEOGRAPHY AND DEPOSITIONAL ENVIRONMENTS

Tre Bluesky Formation in the Peace River Plains and the Foothills areas of northeasten
British Columbia records two distinctly ditterent depositional settings of marine and marginally
marine sedimentation. The lithofacies succession occurring in the Peace River Plains region s
intarpreted as shelt bar complex deposited in relatively shaliow, open marine waters as a result
of the rapid southward transgression of the Boreal Moosebar sea. On the basis of its constituent
lithofacies. ichnofaunal content and stratigraphic position, it i1s considered to have been deposited
in an offshore, inner-neritic setting. The orientation and pronounced lenticular geometry of the
sandstone bodies indicates some form of bar buildup subparaliel to a paleoshoreline. The
lithofacies succession from the Sukunka to Wapiti Rivers, on the other han 1, consists of
nearshore progradational prodelta‘delta front sediments deposited in a brackish water embayment
prior to the deposition of the Chamberiain delta. These deposits formed at or near the same time
as the shelf bar deposits. The paleogeographic setting ot the Bluesky Formation (Figures €.1 and
6.2), including the Chambertain delta, illustrates the position of the shelf bars as well as the pro-
gradational limit of the delta front sediment. This interpretation of depositional environments co-
incides. with some modifications, to prio: interpretations made by several authors such as 3mith

et al., (1984) and Jackson (1984).

Despite inherent local variations, the general vertical trend through the deposits in the Peace
River Plains area is one of coarsening-upward sand sequence, accompanied vy a shift in the type
of bioturbation and increased development of stratification. A typical vertical section through the
shelf bars show a grading upwards from muddy bioturbated sandstones into burrowed and
cross-laminated sandstones, and capped by ron-burrowed, cross-stratified sandstcnes (Figure
6.3). Overall. the diversity and intensity of bioturbation indicates a marine environment with open

circulation, normal levels of salinity, and stability, in which bioturbation <ept pace with
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saedimentation. Bar sandstones probably accumulated initially in water sufficiently deep to be only
minimally affected by normal wave action. As relief developed within the bar sands, increasing
energy levels brought about a shift in the behavior of organisms from deposit-feeding to
suspension-feeding strategies. Continued growth in relief of the bar allowed bioturbation proc-
esses to be overtaken by the physical processes of sedimentation. This coarsening-upward pat-
tern appears to be truncated abruptly at the top by a return to fine-grained deposits containing
varied ichnofauna, but dominated, for the most part, by deposit-feeding forms. This trend in de-
positional pattern is strongly indicative of regression and shoaling of the shelf followed by a sud-
den transgression and deepening of wate: depth or, possibly, a reducton or shift in the supply
of sediment. If water depths continue to increase with transgression, accompanied by 2 sudden
shift in sedimentation, the shoal would become a relic sandbody which would be forced into
hydrodynarmic equihbrium under the new energy conditions. This regressive succession overlain
by deeper manne sediments, suggests that they formed as part of an overall transgressive re-

gime.

6.1 DEPOSITIONAL SETTINGS

6.1.1 PEACE RIVER PLAINS AREA

The mnitial and most widespread deposit of the Bluesky Formation is the transgress.ve con-
glomerate lag that occurs immediately above the carbonaceous sediments of the Gething For-
mation (Figure 6.4) These lags. comprised of the poorly sorted matrix-supported pabble
conglomerates (sublithofacies 1a), developed as the boreal seaway transgressed across the older
deposits. reworking Gething delta deposits. Alternatively, these conglomerates may have been
empla_ced by fluvial processes associatsd with a lowstand in sea level. However, these sediments

are widespread deposits rather than the localized hnear features expected with fluvial deposition.
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in addition, the contac! at the base of the conglomerates is frequently broturbated and
Thalassinoides burrows incised nto underlying mudstones have been recorded. The morphology
of these burrows, with sharp walls, conglomerate backtil and no inings, ndicates they may be
representative of a firmground suite of trace fossi's (Glossifungites chnofacies). This hrmground
condition indicates a possible depositional hiatus at the end of Gething time and erosion of a
previously buried substrate. The subsequent burrowing of this substrate by benthic fauna ind-
cates that marine or marginaily marine conditions were present prior to the emplacement of the
conglomerate. The conglomerate infili ot the burrows indicates that the burrows remained open,
due to the cohesiveness of the substrate, during the emplacement ot the conglomerate This
contact, then, represents a distinct shift in sea level and possibly a sequence boundary (Haq et

al., 1987), separating depostts that are not genetically related.

Sedimentological studies of oftshore bar complexes. such as the Hygiene Sandstone in the
Denver Basin (Porter, 1976) and the Shannon Sandstone ot Wyoming (Tiiman and Martinsen,
1984), have provided commonly-used terminology which can be used here, with httle modifica-
tion, to describe the components of the shelf bar complexes. The lithofacies and their respective

depositional settings are described in order of successive decrease in energy levels.

The low- to high-angle cross-stratified medium-grain sano .'one (Ithofacies 7) 1s interpreted
to represent the central bar complex. the consistently highest energy zone of the bar. The oc-
currence of trough- and pianar cross-stratthcation represents reworking of sands by moderately
powered asymmetnical oscillatory currents. Because of the relative coarseness of the sediment
and the extensive development of stratification, this part of the shelt bar would have been doimi-
nated by bedload tractional transport proc.esses. The dearth of trace fossils is probably the result

of the physically demanding wave processes inherent in this setting. No evidence for emergent
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or foreshore conditions have been Wdentfied The central bar complex had aggraded or prograded

over bar margin deposits.

Subithofacies 6a and 5b, bioturbated glaucomitic sandstones, are interpretec as representing
proximal- and distal-bar margin environments, respectively. The proximal bar margin depostts,
sublithofacies 5a. 1s predominantly less muddy, coarser grained and contains a suite of trace
fossils representative of the Skolithos ichnofacies. The distal bar margin deposits are more
argiaceous and support a more diverse and abundant suite of trace fossils, representative of the
Cruziana ichnotacies. The scarcity of suspension-feeding structures in the distal bar margir de-
posits suggests relatively low energy levels making suspension-feeding structures nefficient.
Upward in the succession into sublithotacies 5a. suspension-feeding structures become more
abundarn.t, presumably because of higher energy levels. The interisi'y ot burrowing in both envi
ronments reflects stable conditions under which the resident infauna completely rework the
substrate. HHonzontally-stratified to massive sandstone deposits, which occur in laminated to

burrowed sets (Figure 4.6¢). are interpreted to represent deposition from storm currents.

Lithofacies 8 is considered to represent the interbar environment. The occurrence of silty
mudstones and an indigenous suite of ichnotossils charactenstic of the Cruziana chnotacies are
interpreted to represent fairly low energy conditions and would be expected to occur in areas of

the shelf lateral to the shelf-bar buildups.

The succession described above 1s somewhat similar to that of a prograding shoreface.
However, the physical and biogenic evider.ce suggests deposition or buildup of sandstone in the
offshora. In contrast to classic models of shoreline regrassion. no foreshore or beach deposits
were clearly defined. indeed. the ove. ail ichnotossil evidence point to a stable succession de-

posited in water depths up to 30 m.
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6 1.2 ROCKY MOUNTAIN FOOTHILLS AREA

The facies succession in this area records a progreding deltaic succession which is divisible
into two main components or depositional sattings. The basal section of the column congists of
mud-dominated prodelta shelf deposits which are overiain by sand-dominatec delta front deposius.

This succession is overiain by the terrestrnal delta plain depusits of the Chambariain Formation.

The prodelta environment is transitional to the shelf, entrely subaqueous and comprises the
lower reaches of the deltaic setting (Coleman and Gaghano. 1965) Lithofacies /. the intarbeddead
mudstones and fine-grain sandstones, 1s considered to represent the prodelta environment.
These deposits are charactenzed by thinly bedded bioturbated mudstone and cross-laminated
sandstone beds. The sedimen:ary structures within the lithofacies reflect a rhythmic or cyclical
style ot sedimentation, such as seasonal tlood or storm events. These cychcal evonts are con-
sidered to deposit sediment rapidly, predominantly from suspension, tracticnal and grawity proc-
esses. Soft sediment geformation in the form of oversteepened bedding, microfaulting and
convolute bedding indicates substrate instabiity. The coarsening- and thickering-upward trend
of the sandstone beds ndicates a shallowing of water depth as the shoreline of the Chamberlain
delta advanced. This upward coarsening succession also records the gradual introduction of a

brackish water suite of trace fossils (Suite 4).

The basal poriion of the prodelta setting is characterized by a low-diversity Cruziana
ichnofacies assemblage (Planoiites and Helminthopsis) which indicates signiticant water turbidity
and fluctuating suspended load sedimentation. The upward change to a tuigher diversity brackish
water ichnofacies indicates a shift in sedimentation to higher energies and fresher water condi-

tions as rniver input becomes more predominant with the advancing shoreline.
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The change of depositional setting from the mud-dominated prodeita to the sand-dominated
delta front is commonly transitional. The delta front deposit is the seaward subaqueous portion
of the delta where relatively coarse-grain sediments are influenced by both wave- and
distributary-processes (Coleman and Gagliano. 1965). Lithofacies 3, the small-scale
cross-stratified medium-grain sandstone, is interpreted as a delta front sheet sand-mouthbar
complex that built seaward over the interbedded mudstones and sandstones of the prodelta en-
wronment. Thick accumulations of laminated sandstones are interpreted as the deposits of
distributary mouth bars, whereas the thinner sanastone beds probably represent the laterally
spreading sheet sands which develop trom sediment dispersal by longshore currents. Trough
cross-stratification in the sandstones and the presence of brackish trace fossils indicate the
proximity of the strand line. The time-equivalent strandplain lay to the south of the delta front

deposits, indicating that the deita plain prograded northwards.

As the deltaic succession continued to prograde. nonmarine to marginally marine Chamberlain
Formation sediments built over the delta front deposits. These sediments consist of coastal
swamp or marsh, shoreface/beach, distributary channel, overbank floodplain and interdistributary
bay deposits. Along the leading edge of the delta. where longshore currents were operative,
sediments furnished at river mouths may have been redistributed, forming beach sandstones in
places. Thick seams of coal (>5 m) are found interbedded between the floodplain and
distributary channel deposits. Following deposition of the Chamberlain Formation, the region was
subjected to a major boreal transgression of the Moosebar Sea depositing deep water shales over
the delta plain deposits. This transgression, unlike that which initiated Bluesky deposition, was
sufficient to flood all areas of northeastern British Columbia and west-central Alberta {Taylor and

Walker. 1984). This transgression formed a quiet and deep water marine shelf settung.
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6.2 SAND DISPERSAL MECHANISM

Although the above information summarzes the general setting :or deposition of the deltaic
and o’fshore sand sediments, it does not account for the ongin of the sanc on a distant shelf
Shelf sand sedimentation has received considerable attention in recent years. Ottshore bar
models have been proposed for many of the Cretaceous marine sandstones, including the Dufty
Mountain Sandstone in northwestern Colorado (Boyles and Scott, 1982), the Hygiene Sandstone
of the Denver Basin (Porter, 1976), the Sussex Sandstone of the Powder River Basin (Berg,
1975) and the Shannon Sandstone of the Hartzog Draw Field in Wyoming (Sr.eanng, 1976,
Tillman and Martinsen, 1984, 1987). Most of these offshore bar models ar< morphologically sim-
ilar, consisting of cross-laminated and bioturbated sandstones built-up from a muddy seativor.
The only fundamental difference is the type of shelf process, such as oceanic-, dal- or
s rm/wave-dominated processes, which influences the type of deposit. The Shannon Sandstone,
in the Powder River Basin, has been re-interpreted by Gaynor and Swift (1988) as a'shelt ndge
sand’ deposit. The distribution of lithofacies in this mode! is suggestad to be specifically related

to the velocity distribution of the regional fiow field across the ndge (Gaynor and Swift, 1988).

Offshore bar models have also been described for the Cretaceous section in Alberta, includ-
ing: the Viking Formation in central Alberta (Reinson et al., 1983; Farshon and McKay, 1986), the
Wabiskaw 'C’ sand in northeastern Alberta (Ranger et al.. 1988) and the Cardium Farmation in
the Carrot Creek Field (Swagor et al., 1976). Most ot the above-mentioned sandstone bodies,
except for the Wabiskaw, are typically encased in mudstones and occur far from any recognizable
paleoshoreline. The processes which are responsible for the transport of coarse clastc matenal
into a marine shelf setting has been the focus of considerable recent debate. Indeed, the proc-
esses responsible for the deposition of sand contained in shelf deposits of the Western Intenor

Seaway may prove to be related to tactors other than transport mechanisms.
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The movement of sediment from the nearshore to the shelf has been attributer! to several
dynamic processes which break through the nearshore depositional systems. Sediment transport
onto a shelf has been suggested to occur by river mouth bypassing, shoreface bypassing
(Brenner, 1980) or storm/turbidity flows (Swift and Hice, 1984). River mouth bypassing occurs
during a flood stage where the fiow exiting a deha is of sufficient strength to carry sediment past
mouth bars into the offshore (Brenner, 1980). Shoreface bypassing occurs when the sea trans-
gresses a shoreline and reworks the sand into shelf sand bodies. Storm tlows occur when
storm-surge return flows carry sediment from the beach area into the shent (Aigner and Reineck,

1982: Swift and Rice, 1984).

Recent sedimentological studies of modern shelves have suggested that sand bodies found
on the shelf are relic sediments deposited originally at low stands of sea level and later stranded
by transgression (Swift e al., 1973). Studies of the northeast Atlantic shelf, however, also sug-
gest that not only are relic sediments being reworked, but that new sediment is being introduced

to the shelf (Swift et al., 1979).

Sedimentologic studies of the Carcium Formation (Bergman and Walker, 1986, 1988) and the
Viking Foramtion (Beaumont, 1984; Downing and Walker, 1988) have suggested that the
coarse-grain material was introduced as shoreline deposits during a low stand of sea level. During
the lowstand, sand and granules were supplied to the shorc 2 by rivers and distributed along the
shoreface. The subseyuent rise of sea level encased the sandstone in mudstone (Downing and
Walker. 1988). F or the Cardium Formation, a lowering of sea level apparently created a subaeriai
erosion surface that appears to constitute a sequence boundary. in the Bluesky deposits, ai-
though the contact of the Bluesky and Gething Formations represents a disconformity, there is
no evidence of subaerial exposure, foreshore or beach conditions. Instead. it seems reasonable

that the disconformable surface is most readily explained as a marine erosion surtace formed by
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wave and current action when transgression of the Gething delta plain reduced sediment supply
to the shelf. Unlike the Cardium erosion surface, which records a relative drop in sea level, the
disconformity at the base of the Bluesky Formation records a rise in sea level, marking a change

from delta plain deposition to marine deposition

It is difficult to precisely determine what exactly is the mode of sand emplacement onto the
shelf in Bluesky time. in the southern half of the study area, thick delta front sandstones have
been observed. and erosion of these may have contributed to the supply of sediment for bar
sedimentation in the shelf areas. Similar settings have been intrepreted for the Muddy Sandstone
of the Bell Creek Field in Montana (McGregor and Biggs. 1968) and the Woodbine Sandstone of
the Kurten Field in Texas (Turner and Conger, 1984). Both of these studies describe the occur-
rence of progradational deltaic sediments coincidental with shelf sand bar sedimentation under

transgressive conditions.

In summary, it appears that there are three alternate mechanisms for the origin of sediment
on the shelf in Bluesky time. Sand may have been derved from the delta system in the south or
from reworking and concentrating of underlying sediments into discrete sand bodies or, lastly,
from deposition originally as shoreline sandstones as part of a lowstand wedge. The evidence
gathered to date does not provide definitive proof for lowstand deposition; however, this does not
discount its validity with further work. If indeed the Bluesky deposits were onginally fcrmed as part
of a lowstand wedge, then the subsequent transgression may have reworked the sand deposits

removing any trace of subaenal exposure.
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6.3 CONCLUSIONS

1. The Bluesky Formation can be traced into the Peace River Foothills where it is overiain by

the deltaic 'Chamberlain Formation’.

2. The Bluesky is comprised of coarseru.g-upward offshore bar complexes in the north haif of the

study area and prodelta/delta frorit deposits in the south half.

3. A) Ottshore bar complexes are divided into:
1) Central bar deposits consisting of cross-bedded sands;
2) Bar margin deposits consisting of bioturbated shaly sands,
3) Interbar deposits consisting of silty, bioturbated mudstones;
B) Deltaic succesion can be divided into:
1) Prodelta deposits consisting of interbedded saris and muds;

2) Delta front deposits cunsisting of smali-scaie cross-bedded sands;

4. The base of the Bluesky Formation is marked by a transgressive lag deposit which contairs a
suite of firmground trace fossiis ( Glossifungites ichnofacies) at its basal erosive contact. This

surface possibly represents a sequence boundary.

5 Trace tossil suites in the Bluesky cores also support the interpretation of two distinct environ-
ments for the Bluesky. Offshore bar complexes contain trace fossils characteristic of the Skolithos
and Cruziaria ichnofacies, whereas the prodelta/delta front deposits contain traces characteristic

of a Brackish Water ichnofacies.
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