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For my own part I am pleased enough with surfaces -in fact they alone seem to
me to be of much importance. Such things for example as the grasp of a child's hand in
your own, the flavour of an apple, the embrace of a friend or lover, the silk of a girl's
thigh, sunlight on rock and leaves, the feel of music, the bark of a tree, the abrasion of
granite and sand, the plunge of clear water into a pool, the face of the wind-what else is

there? What else do we need?"
Edward Abbey, 1967, Desert Solitaire
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ABSTRACT

The Middle Triassic of northeastern British Columbia consists of the Toad and Liard
Formations in outcrop, and the Doig, Halfway, and basal Charlie Lake Formations in the
subsurface. These units consist of a complex succession of siliciclastic, carbonate and minor
amounts of evaporite sediments deposited on the northwestern margin of Pangaea. Outcrop
along Williston Lake, and core within the Tommy Lakes Field were analyzed to assess lateral
and vertical lithofacies relationships and to construct a detailed sequence biostratigraphic

framework for the Middle Triassic of northeastern British Columbia.

The outcrop succession at Williston Lake includes six recurrant lithofacies
associations; I) shelf/ramp turbidites; II) clastic offshore-shoreface; IIT) wave-dominated
transgressive shoreface; IV) mixed siliciclastic-carbonate shoreface; V) brachiopod-
echinoderm biostrome; and VI) mixed siliciclastic-carbonate marginal marine (intertidal flat,
lagoon supratidal sabkha). Four recurrent lithofacies associations were identified at Tommy
Lakes Field: I) offshore-lower shoreface; II) tidal inlet channel; HI) barred barrier island
shoreface and IV) mixed siliciclastic-carbonate marginal marine (intertidal flat, lagoon

supratidal sabkha).

The Middle Triassic succession in outcrop consists of at least seven third-order
sequences deposited within two second-order sequences. The basal four of these sequences
are Anisian (TA1-TA4) in age and are limited in outcrop exposure to a single, basinal site.
The Ladinian succession consists of three sequences (TL1-TL3). Correlation into the
subsurface east of the study area confirms that the TL2\TL3 sequence boundary occurs at the
base of a regionally correlatable bioclastic sandstone/packstone marker horizon, informally

refered to as the "A" Marker limestone.



The Middle Triassic stratigraphic succession within the Tommy Lakes region
comprises at least fourteen parasequences within three third-order depositional sequences
(HDI, HDII and CLI). The HDINCLI sequence boundary in the subsurface occurs at the base
of the "A" Marker Limestone and is coeval with the outcrop TL2\TL3 sequence boundary.

Controls governing and promoting mixed siliciclastic-carbonate deposition within
marginal marine lithofacies associations in the Middle Triassic of northeastern British
Columbia include an arid climate, fluctuations in sediment supply, variability in
sedimentation style and source, a significant and productive source of biogenic carbonate,
lateral shifts in lithofacies and a texturally mature sediment source. Siliciclastic sediments
within the study area were derived from aeolian transport, longshort drift from depocentres
within and outside the study area, and episodic fluvial input to the shoreface. Nonsiliciclastic
sediments within the study interval were derived primarily from marine biogenic sources and

are dominated by bioclastic sand and silt.

It is hypothesized that a paleotopographic high separated basinward sites (Ursula
Creek) from landward sites (Brown Hill, Glacier Spur, Beattie Ledge and Aylard Creek).
This high created a landward sub-basin and resulted in severe basinward sediment starvation.
Evidence supporting the presence of a paleotopographic high include severe thinning of
Ladinian sediments in basinward sections, inverse profiles in basinal (retrogradational) and
landward (progradational) settings, deepening in a "landward" direction, erosional removal
of parasequences at basinal sites that are preserved in more "landward" localities, and an

abrupt shift in depositional patterns between the Ladinian and the Carnian.
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CHAPTER 1.
INTRODUCTION

"....the Muschelkalk of the Germanis,.....contains many organic remains belonging to
species perfectly distinct from fossils of the lias, and equally so from those of the

carboniferous era next to be mentioned."
Charles Lyell, 1833

General Overview

Triassic strata in the northern part of the Western Canada Sedimentary Basin
comprise one of the most complete and best preserved early Mesozoic successions in the
world (Gordey et al., 1991). These units consist of a westward thickening succession of
marine and continental siliciclastic, carbonate and evaporite sediments deposited on the
western margin of the North American craton (Gibson and Barclay, 1989).

Triassic strata in the Western Canada Sedimentary Basin have been subdivided into
three facies assemblages (Gibson and Barclay, 1989; Moslow and Davies, 1992). These
subdivisions are interpreted to reflect three major transgressive-regressive marine cycles
which correlate closely with the three Triassic Epochs; 1) Early Triassic (Griesbachian
through Spathian), II) Middle Triassic (Anisian through early Carnian) and III) Late Triassic
(Carnian through Rhaetian) (Gibson and Barclay, 1989). Each of these cycles is characterized
by an apparently rapid transgressive phase followed by a relatively prolonged regressive
phase (Embry, 1988). Numerous lower order transgressive-regressive events (third order
sequences) occur within each major cycle.

Within its type area, the Triassic has also been subdivided into three parts, the Bunter,
Muschelkalk and Keuper (von Alberti; 1834). Although the initial segregation was based
on lithology, these three subdivisions reflect large scale fluctuations in sea-level. Although
the precise ages of these subdivisions are difficult to ascertain, due primarily to the
nonmarine nature of the initial and final stages (Bunter and Keuper), they are approximately
correlative with the Early (Bunter) Middle (Muschelkalk) and Late (Keuper) Triassic epoch
subdivisions (Aigner and Bachmann, 1992; Embry, 1997). In a summery of sequence
stratigraphic data from eight localities worldwide (Arctic Canada, East Siberia, Norway,
Germany, Italy, China, southwestern United States, and the Western Canada Sedimentary
Basin), Embry (1997) showed that these large scale cycles are global in extent.

This study deals primarily with facies assemblage II (Middle Triassic), consisting of
the Doig, Halfway and basal Charlie Lake Formations in the subsurface and the Toad and
Liard Formations in the Peace River outcrop belt (Table 1). Middle Triassic strata comprise
one of the most economically important stratigraphic intervals within the northern Western
Canada Sedimentary Basin. Recent estimates suggest that over half of total in-place Triassic
gas reserves remain undiscovered (Bird et al., 1994).
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Until recently, Triassic deposits in the Western Canada Sedimentary Basin were
primarily mapped using lithostratigraphic methods. As a result, a wide variety of names
have been introduced to refer to the same succession of rocks in different parts of the basin.
A synopsis of stratigraphic nomenclature currently in use for Triassic strata of northeastern
British Columbia is presented in Table 1. Until detailed chronostratigraphic studies spanning
the entire Western Canada Sedimentary Basin are provided (outcrop and subsurface), precise
correlation between regions remains somewhat tenuous and conjectural. It is intended that
this thesis provide a framework for correlation between Middle Triassic strata between the
outcrop belt and the subsurface of the Western Canada Sedimentary Basin.

Objectives

This dissertation deals with various aspects of sequence architecture and deposition
in a Middle Triassic mixed siliciclastic-carbonate depositional system. Vertical and lateral
facies relationships within lithofacies and lithofacies associations in the Grayling, Toad and
Liard Formations at Williston Lake (Figure 1), and within their subsurface equivalents, the
Doig, Halfway, and lower Charlie Lake Formations are documented, the provenance of
significant bioclastic accumulations within these units is assessed and finally, the results are
compared to subsurface units within Tommy Lakes Field (Figure 1), a laterally equivalent
hydrocarbon reservoir in the subsurface of northeastern British Columbia.

This study has four main objectives: 1) to develop sedimentary facies models for
Middle Triassic strata in both outcrop and core utilizing sedimentology, ichnology, and
invertebrate paleontology. 2) to initiate a biostratigraphic study of Halfway (and equivalent)
outcrops and subcrop using conodonts and ammonoids to aid in establishing both lateral and
vertical relationships between the Tommy Lakes region, the foothills outcrop belt, and other
Triassic reservoirs within the Western Canada Sedimentary Basin; 3) to develop a detailed
sequence stratigraphic model for the middle Triassic in the Tommy Lakes region, using core
and wireline logs in the Tommy Lakes Field and using measured outcrop sections and
outcrop gamma-ray scans in the Williston Lakes region in the Rocky Mountain foothills of
British Columbia; and 4) to determine the stratigraphic equivalence of Middle Triassic strata
in the Williston Lake region to the Doig, Halfway and basal Charlie Lake Formations in the
subsurface of the Western Canada Sedimentary Basin, particularly the Tommy Lakes region.

Peace River Outcrop Belt

Triassic Strata in northeastern British Columbia are exposed in a narrow belt
extending from the Yukon border near Watson Lake (Mile Post 632 on the Alaska Highway)
to Kakwa Provincial Wilderness Park on the Alberta border. The subsurface component of
this study centres around outcrop exposed along the shores of Williston Lake (Figures 1 and
2). Williston Lake is located approximately 80km west of Fort St. John, British Columbia
along the Peace River and along the Rocky Mountain Trench (Figure 1). The lake was
created in 1967 by construction of the W.A.C. Bennett Dam on the Peace River.

Previous work (i.e. McLearn, 1930; 1940; 1941a& b; Gibson and Edwards, 1992, and



6} o Rocky Mountain Subsurface
g B|& Stage Foothills and Front Ranges | NE British
o E é g Outcrop Belt Columbia
< w South North /Alberta
2054 2 | L | Hettangian | Fernie Fm Fernie Fm ___| Fernie Fm
. Rhaetian
210+ Bocock
J Fm
215 5 Norian Pardonet
= Pardonet Fm
) = Fm
2201
i Baldonnel Baldonnel
Carni E Fm Fm
arnian i
225 |, Whltehc?rse | Charlie Charlie
= Formation 0| Lake Fm
A £ Lake Fm
4 0 et
20 & Ladinian  |&| [ jamg || LiaxdFm
i © E \ Halfway
2351 3 = Fm
= 5
i Anisian S ;
2| Whistler Toad Fm Doig Fm
240- =
] Spathian _|=. T
S Smithian _|Z| Vega
a = 0] g
245 g Dienerian . Montney Fm
. Griesbachian Phrosg | Cravling Fm
250+ E U | Changhsingian Carlxz)?gr%?m. Fantasque Fm| Belloy Fm
Table 1. Triassic stratigraphic nomenclature, subsurface and outcrop, northeastern British Columbia

(adapted from Gradstein et al., 1994; Tozer, 1994). Formation contacts in the southern outcrop belt follow
Orchard and Tozer (1997). Lower and Middle Triassic Formation contacts in the subsurface and northern
part of the outcrop belt are drawn to reflect their diachronous nature, and are not absolute. Numerous intra
and extraformational unconformities occur within the Triassic of Western Canada although they are not
shown here. Emplacement of the basal Grayling Formation and Sulphur Mountain Formation (Phroso
Member) contacts within the Upper Changhsingian (uppermost Permian) follows Henderson (1997).
Triassic chronostratigraphy utilized here follows the recommendations of the IUGS Subcommision on

Triassic Stratigraphy (Gradstein et al., 1994) in retaining the Rhaetian as a valid stage.
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Pelletier, 1964) has documented several vertically extensive and well-exposed Triassic
outcrops along the margins of the lake. Although damming of the lake resulted in the
inundation of the classic Triassic Peace River localities visited by F.H. McLearn in the early
part of this century (McLearn, 1921; 1937; 1940; 1941a; 1941b), numerous new localities
were created along the shores of the lake. These new localities are, as a rule, more
completely exposed. Access to localities along the lake is limited to approximately four to
six weeks per year, between mid-May (after spring ice break-up) and mid-June (prior to peak
spring runoff and seasonal high water). Seasonal fluctuations in lake level scour detrital
material from outcrop exposure and prevent vegetation from overgrowing the outcrop.

Previous Work

The presence of Triassic strata on the Peace River was first recognized by Selwyn in
1875 (Selwyn, 1877). Middle Triassic strata were first recognized on the Peace River at
Beattie Hill (Figures 2 and 3) by a Geological Survey of Canada expedition led by F. H.
McLearn in 1917 (McLearn, 1921; 1940; Tozer, 1984). He did not have opportunity to
revisit the site and expand upon his earlier work until the late 1930's (McLearn, 1940; Tozer,
1984). Although he concentrated primarily on the Upper Triassic, several publications in the
early 1940's summarized the Middle Triassic field work of McLearn and his field assistants
on the Peace River (McLearn, 1940; 1941). Many of these assistants have subsequently lent
their names to geographical landmarks in the Peace River foothills (i.e. R.A.C. Brown, A.J.
Childerhose, W. Jewitt, A.B. McLay, and C.R. Stelck).

In his stratigraphic description of Beattie Ledge, McLearn (1940) also made brief
reference to Middle Triassic exposure at Aylard Creek, recognizing its equivalence with the
Beattie Hill succession. McLearn (1941) recognized the significance of the Brown Hill,
summarizing biostratigraphic zonations and discussing its equivalence with other sites,
including east and west Glacier Ridge on the south side of the river opposite Brown Hill.
McLearn continued to publish on the biostratigraphy of northeastern British Columbia
through the 1960's (McLearn, 1953; 1960; 1966; 1969).

Field workers from the Geological Survey of Canada have continued research on the
Middle Triassic in the Peace River Foothills. Irish (1965; 1970) produced the first detailed
and comprehensive geological maps of the area. Gibson (1971; 1975) summarized the
Triassic lithostratigraphy within the study area. Gibson continued Triassic field work in the
study area until his recent retirement (Gibson and Edwards 1990; 1992).

Database and methodology

Five sites along the shores of the Peace Reach of Williston Lake display exposure of
Middle Triassic strata and comprise the outcrop component of this study. Locality names,
National Topographic System 1:50,000 map sheet name and number, and coordinates
(latitude and longitude) are supplied for each locality in Table 2. All five localities discussed
in this report (Ursula Creek, Brown hill, Glacier Spur, Beattie Ledge and Aylard Creek)
occur on the limbs of thrust faults in the Front Ranges of the Canadian Rocky Mountains.
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Ursula Creek, Brown Hill and Glacier Spur are structurally simple, consisting of sub-
vertically emplaced (75°-90°) eastward (Ursula Creek) and westward (Brown Hill and
Glacier Spur) dipping strata on the limbs of thrust faults. Beattie Ledge and Aylard Creek
are somewhat more complex. Beattie Ledge occurs on the west side of a minor thrust fault
and consists of small monocline (Figure 3). Aylard Creek is located on the eastern side of
the same thrust fault and consists of a succession of minor, low-angle anticlines and
synclines. Faults do not occur within any of these localities however, simplifying
stratigraphic analysis.

Detailed stratigraphic sections were measured at each locality. Attention was paid
to lithology, physical and biogenic sedimentary structures, and bioclastic or fossil
composition. Bounding surfaces were closely analyzed and described. Lithofacies were
described both vertically and horizontally (in as much as exposure allowed) to assess lateral
variability in physical and biogenic sedimentary structures and in sediment composition.
Representative samples were collected at regular intervals for thin- and polished-section
analysis. Trace and body fossils were photographed and described in terms of associations
and overall abundance. Samples of all trace and body fossils were collected. This collection
shall be housed in the Royal Tyrrell Museum of Palaeontology in Drumheller Alberta where
it shall be accessible to all future field workers.

Gamma-ray readings were taken at all measured sections using a portable hand-held
scintillometer (Scintrex BGS-4), to facilitate correlation between outcrop sections and better
delineate marine flooding surfaces. Five radiation count readings, separated by ten second
intervals, were obtained at 0.60 m intervals following the methodology of Slatt et al. (1992).
The highest and lowest values were discarded and the remaining three averaged to obtain the
value for each horizon.

Bulk samples for conodont analysis were collected within adjacent marine strata to
place the sections within a biostratigraphic framework. Special attention was paid to
bounding surfaces during selection of conodont sampling sites. Samples were collected
above and below all ravinement surfaces, whether they were deemed to be chronologically
extensive unconformities or not, and at all significant flooding surfaces. Gamma ray
scintillometry proved invaluable in selecting conodont sampling sites. Samples
characterized by high gamma ray readings proved more likely to produce conodont elements
than lithologically similar samples characterized by lower readings. In total, 1250m of
section and 2100 gamma-ray intervals were measured. One hundred and twenty bulk
samples weighing a total of approximately 245 kilograms were collected for conodont
analysis.

Stratigraphic Setting

The outcrop portion of this study deals with three main lithostratigraphic units, the
Grayling, Toad and Liard Formations (Table 1). The Grayling Formation was named for
a thick succession of dolomitic siltstones and shales, fine-grained sandstones and silty
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micrites and dolomicrites (Kindle, 1944), outcropping along the banks of the Grayling River
near its junction with the Liard River. Exposure of the Grayling Formation along Williston
Lake is limited to the basal part of the Ursula Creek section where it consists primarily of
black silty shale and dark brown siltstone. Fossils were not observed in the Grayling
Formation within the study area. The Grayling is the temporal equivalent of the lower part
of the Montney Formation in the subsurface to the east, the Phroso Siitstone Member of the
Sulphur Mountain Formation (Table 1) in the outcrop belt along the Rocky Mountain Front
of southwestern Alberta, and the Toad Formation in the eastern portion of the outcrop belt.

The Toad Formation was described by Kindle (1944) for a thick succession of dark
grey calcareous siltstone, silty limestone and silty shale exposed near the mouth of the Toad
River in northeastern British Columbia. Toad outcrop within the study area is comprised
predominantly of dark shales, siltstone and fine-grained sandstone, deposited in a proximal
shelf to slope setting. Toad outcrop at Ursula Creek is comprised primarily of dark shale,
silty shale, siltstone, and rare bioclastic packestone lenses, deposited in a distal shelf to slope
setting.

Although fossiliferous elsewhere in the outcrop belt (Gibson, 1975) the Toad
Formation was not found to be particularly fossiliferous at Williston Lake. Fossils observed
within the Toad Formation at Williston Lake include a variety of brachiopod, ammonoid,
bivalve and fragmentary fish fossils, as well as a wide variety of trace fossils. The Toad is
considered to be the equivalent of the upper Montney and lower Doig Formations in the
subsurface to the east, and to the upper part of the Sulphur Mountain Formation in the
southern Rocky Mountain Foothills outcrop belt (Table 1). Within the study area, the Toad
conformably overlies the Grayling Formation and is conformably overlain by the Liard

Formation.

The Liard Formation was named for resistant dolomitic to calcareous sandstone,
siltstone and sandy limestone exposed on an island in, and on the south bank of the Liard
River near a particularly treacherous stretch of the river known as Hades Gate (Kindle,
1946). Liard formation outcrop within the study area is comprised of a series of
progradational, overall coarsening-upwards, mixed siliciclastic-carbonate-evaporite,
shoreface to marginal marine parasequences (Zonneveld et al., 1997).

The unit has proven extremely fossiliferous within the study area. Fossils thus far
identified include a variety of ammonoids, bivalves (including pteriids, trigonids, pectenids),
gastropods, brachiopods (lingulids, acrotretids, spiriferids, and terabratulids), echinoids,
crinoids ophiuroids, bryozoans and decapod crustaceans, along with fragmentary remains of
fish, and marine reptiles, as well as an impressive array of trace fossils. The Liard is
considered to be the equivalent to the Halfway and upper Doig Formations in the subsurface
to the east, and to the Llama Member of the Sulphur Mountain Formation in the southern
Rocky Mountain foothills outcrop belt. Within the study area, the Liard is conformably
overlain by the carbonates and evaporites of the marginal marine to nonmarine Charlie Lake
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Formation.

Doig/Halfway/basal Charlie Lake Interval in subcrop

The Middle Triassic, comprising the Halfway, Doig and basal Charlie Lake
Formations in the subsurface (Figure 1), is one of the most economically important
stratigraphic intervals within the northern Western Canada Sedimentary Basin, accounting
for approximately 40% of established natural gas reserves in British Columbia (CAPP
statistics, 1994). Both sandstone and coquina form reservoirs within these units (Chunta,
1969; Campbell and Horne, 1986; Caplan, 1993; Evoy and Moslow, 1995; Willis and
Moslow, 1994a & b).

Previous work

The Halfway and Doig Formations are dominantly siliciclastic units restricted to the
subsurface of the Western Canada Sedimentary Basin of northeastern British Columbia and
northwestern Alberta. Laterally continuous, chronostratigraphically significant marker
surfaces have been identified extending down from the lower Charlie Lake into the Halfway
and Doig Formations in the Wembley and Sinclair fields of west-central Alberta and the
Peejay Field of northeastern British Columbia (Caplan, 1992; Willis, 1992; Wittenberg,
1992) indicating that these units were deposited penecontemporaneously. These units are
considered chronostratigraphically equivelent to the Toad and Liard Formations in the Peace
River outcrop belt in the Rocky Mountain Foothills.

The Halfway Formation was initially described by Hunt and Ratcliffe (1959) as the
first gray marine sandstone below the predominantly terrigenous strata of the Charlie Lake
Formation. As a result, all such sandstones have subsequently been lithostratigraphically
correlated as a single regressive sheet sandstone (Hunt and Ratcliffe, 1959; Armitage, 1962).
Other middle Triassic units (i.e. the Doig and Charlie Lake Formations) were similarily
lithostratigraphically defined (Armitage, 1962; Hunt and Ratcliffe, 1959). Since the advent
of sequence stratigraphy in the early 1980's, emphasis has been placed on analyzing the
Middle Triassic of the Western Canada Sedimentary basin within a chronostratigraphic
framework (i.e. Amold, 1994; Caplan, 1992; Caplan and Moslow, 1997; Evoy, 1995; 1997;
Evoy and Moslow, 1995; Willis, 1992; Willis and Moslow 1994a; 1994b; Wittenberg, 1992;
1993). This study continues this trend. It is intended that this thesis provide a framework
within which the Middle Triassic of northeastern British Columbia can be defined on a
regional sequence biostratigraphic basis.

Tommy Lakes Region

The Tommy Lakes field is located in northeastern British Columbia, approximately
170 km northwest of Fort St. John (Figures 1 and 2). The field as presently defined consists
of map quadrangles 94-G-09, the western part of 94-H-12, and the southern part of 94-G-16,
and is approximately 48,750 hectares in size (Figure 4). Tommy Lakes Field, along with the
townships surrounding the field comprise the subsurface portion of this investigation.
Approximately 120 wells penetrate the Doig-Halfway-Basal Charlie Lake interval within the
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Tommy Lakes region. Fifty-six of these wells contain core through the study interval. All
core from the Tommy Lakes region, as well as core from an additional fifty wells outside the
immediate Tommy Lakes area were analyzed to facilitate lithofacies and sequence
biostratigraphic analysis. Correlation between Tommy Lakes Field and the outcrop belt
along Williston Lake has proven possible by the identification of several key sequence
stratigraphically significant surfaces present in both the subsurface and in the outcrop belt.

Regional Stratigraphy

In the subsurface of the Western Canada Sedimentary Basin, Middle Triassic
(Anisian-Ladinian) strata are subdivided into three lithostratigraphic units: the Doig,
Halfway and basal Charlie Lake formations (Table 1). Within the Tommy Lakes region,
Middle Triassic strata unconformably overlie the lower Triassic Montney Formation and are
unconformably overlain by younger Mesozoic (Jurassic and Cretaceous) strata.

The Doig Formation consists primarily of grey siltstone and dark shale (Armitage,
1962), although within the study area the Doig contains a significant proportion of very fine-
grained sandstone. The top of the Doig Formation is defined as the base of the Halfway
Formation and is characterized by a sharp decrease in gamma radioactivity (Dawes, 1990).
Although the Doig-Halfway contact has been described as a disconformity (Campbell and
Homne, 1986; Dawes, 1990; Young, 1997), recent work has shown that it is not a regionally
correlatable unconformity (Willis 1994a; Wittenberg, 1992; Evoy, 1995; 1997; Evoy and
Moslow, 1995).

The Halfway Formation consists of grey, fine to medium-grained, calcareous
sandstone (Hunt and Ratcliffe, 1959). Thick, cross-bedded bioclastic accumulations are
locally common within both the Halfway and Doig formations (Campbell and Horne, 1986;
Barclay and Leckie, 1987; Leckie and Rosenthal, 1987; Willis and Moslow, 1994a & b;
Caplan and Moslow, 1997; Zonneveld et al., 1997). Within the study area the Halfway
Formation is conformably and gradationally overlain by the dolomitic mudstone/sandstone
of the Charlie Lake Formation. The Halfway and Doig formations and the basal part of the
Charlie Lake Formation are chronostratigraphically equivalent to the Toad and Liard
formations in the Rocky Mountain Foothill.

The Charlie Lake Formation conformably overlies the Halfway Formation within the
study area. It is a highly heterolithic unit, consisting of sandstone, limestone, dolostone,
cyanobacterial laminites, evaporites, red beds and solution collapse breccia (Hunt and
Ratcliffe, 1959). The Charlie Lake contains three formally defined members (Artex, Inga,
Coplin and Boundary), numerous informal members and several regional unconformities
(Moslow and Davies, 1992). Although the Charlie Lake Formation has generally been
referred to as an Upper Triassic unit (Dawes, 1990), the Halfway-Charlie Lake contact
corresponds with a shift in lithofacies and in inferred depositional environment, and thus is
an inherently diachronous contact. Preliminary biostratigraphic data suggests that the contact
may be Ladinian or uppermost Anisian in eastern subcrops.
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CHAPTER 2.

LITHOFACIES ASSOCIATIONS AND DEPOSITIONAL ENVIRONMENTS IN A
MIXED SILICICLASTIC-CARBONATE COASTAL DEPOSITIONAL SYSTEM,
UPPER LIARD FORMATION, TRIASSIC, NORTHEASTERN BRITISH
COLUMBIA.

A version of this chapter has been published . Zonneveld, J-P., Moslow, T.F. and Henderson, C.M., 1997. Bulletin of Canadian Society
of Petroleum Geology. 45: 553-576.

"The calcareous masses usually termed coral reefs, are by no means exclusively
composed of zoophytes, but also a great variety of shells; some of the largest and
heaviest of known species contributing to augment the mass. In the south Pacific,
great beds of oysters, mussels, pinnae marine, and other shells, cover in great
profusion almost every reef; and, on the beach of coral reefs, are seen the shells of
echini and the broken fragments of crustaceous animals. Large shoals of fish also
are discernible through the clear blue water, and their teeth and hard palates are
probably preserved, although a great portion of their soft cartilaginous bones may

decay.”
Charles Lyell, 1831

INTRODUCTION

Background and Objectives:
Triassic strata in the Western Canada Sedimentary Basin comprise a westward

thickening succession of marine and marginal marine siliciclastics, carbonates and evaporites
deposited on the western margin of the North American craton. As observed in this study,
Middle Triassic outcrop within the Peace River foothills region consist of an an overall
shallowing upward series of progradational, mixed siliciclastic-carbonate shoreface
parasequences. Until recently, Triassic strata in the Western Canada Sedimentary Basin were
primarily mapped utilizing lithostratigraphic methodologies. As a result, a wide variety of
names have been introduced to refer to the same succession of rocks in different parts of the
basin. A synopsis of stratigraphic nomenclature currently in use for Triassic strata of
northeastern British Columbia is presented in Table 1. Until detailed chronostratigraphic
studies spanning the entire Western Canada Sedimentary Basin are provided (outcrop and
subsurface), precise correlation between regions remains somewhat tenuous and conjectural.

The Middle Triassic, consisting of the Halfway and Doig formations in the subsurface
(Table 1), is one of the most economically important stratigraphic intervals within the
northern Western Canada Sedimentary Basin, accounting for approximately 40% of
established natural gas reserves in British Columbia (Canadian Association of Petroleum
Producers, 1994). Both sandstone and bioclastic units form hydrocarbon reservoirs within
these units (Chunta, 1969; Campbell and Horne, 1986; Caplan, 1992; Evoy and Moslow,
1995; Willis and Moslow, 1994a & b). The bioclastic units have been interpreted as tidal
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inlet channels (Barclay and Leckie, 1986; Campbell and Horne, 1986; Caplan, 1992; Evoy
and Moslow, 1995; Willis and Moslow, 1994a & b) as shoreface deposits (Evoy and
Moslow; 1995; Wittenberg, 1992), and as sediment gravity flows (Wittenberg, 1992).

The upper Liard Formation is considered to be the outcrop equivalent of the Doig and
Halfway Formations (Arnold, 1994; Gibson and Edwards, 1990). The present study
discusses lithofacies associations and depositional environments within the upper 220 metres
of the Liard Formation. Excellent exposure of the Liard Formation along the shores of
Williston Lake (Figures 1 & 2) provides rare insight into the depositional mechanisms of
mixed siliciclastic-carbonate systems.

This paper documents sedimentary characteristics and sedimentologic origins of
facies, vertical and lateral facies relationships within the different lithofacies associations,
and assesses the provenance of significant bioclastic accumulations. These units are
compared to bioclastic accumulations in laterally equivalent hydrocarbon reservoirs in the
subsurface of northern Alberta and northeastern British Columbia.

Regional Stratigraphy

The Liard Formation was first defined by Kindle (1946) for an 180m succession of
calcareous sandstone and arenaceous limestone conformably overlying the Toad Formation
in the vicinity of Hades Gate on the Liard River, northeastern British Columbia. Kindle
(1944) had originally included these strata in the Toad Formation but separated them on the
basis of their thicker bedding, coarser nature, and greater proportion of carbonate units. The
unit was extended southwards by Pelletier (1964) and Gibson (1971) to include strata
between the Toad and Charlie Lake formations as far south as the Pine River, British

Columbia.

Within the Williston Lake region the Liard Formation conformably overlies the Toad
Formation and is conformably overlain by the predominantly marginal marine to nonmarine
Charlie Lake Formation (Figure 2). The Liard represents a period of mixed siliciclastic-
carbonate deposition on the western margin of a topographically low, tectonically stable
North American craton. Although the Pangean supercontinent had already divided into two
parts by the mid-Triassic (Smith es al., 1994), tectonic activity is believed to have had an
effect on sediment source, supply and deposition in the Western Canada Sedimentary Basin
(Wittenberg, 1992; 1993).

Study Area
Williston Lake, located approximately 80km west of Fort St. John, British Columbia

(Figure 1), in the Rocky Mountain Trench, was created in 1967 by construction of the
W.A.C. Bennett Dam on the Peace River. Previous work (MacLearn, 1941a & b; Gibson
and Edwards, 1990b; Pelletier, 1964) has documented several vertically extensive and well-
exposed Triassic outcrops along the margins of the Peace River, and subsequently along
Williston Lake. This study concentrates on middle Triassic strata at two localities on the
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PEACE RIVER SUBSURFACE OF NE
PERIOD/SERIES/STAGE OUTCROP BELT BRITISH COLUMBIA
RHAETIAN BOCOCK FM
3 NORIAN PARDONET FM PARDONET FM
[44]
% =| BALDONNEL FM BALDONNEL FM
CARNIAN %
£ | CHARLIE LAKE FM
= LIARD FM
O LADINIAN ||
7 | HALFWAY FM
2 | 3
= |8
M| =
= ANISIAN
DOIG FM
= TOAD FM
<| SPATHIAN
5
& |&| SMITHIAN
=z |2 MONTNEY FM
Q || _DIENERIAN
<
o]
S|oriEsBACHIAN| ~ GRAYLING FM

Table 1. Triassic stratigraphic nomenclature, subsurface and outcrop, northeastern
British Columbia (adapted in part from Tozer, 1994). Contacts between Lower and
Middle Triassic formations are drawn to reflect their diachronous nature and are not
absolute. Triassic chronostratigraphy used here follows the recommendations of the
IUGS Subcommision on Triassic Stratigraphy (Gradstein et al. 1994) in retaining the
Rhaetian as a valid stage. The table is not drawn to absolute chronologic scale.
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Figure 2. Detailed location map of the study area, showing the contacts between the
Toad (T), Liard (L), and Charlie Lake (C) formations. The formations all dip to the west
at 75-80°, on a strike of 170°. The two outcrop sites, Brown Hill on the north side of the
lake, and Glacier Spur on the south side of the lake are on direct depositional strike from
one another, and separated by a distance of approximately 2km.
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Figure 3. Stratigraphic section showing the vertical arrangement of lithofacies and
general depositional environments in the upper Liard Formation at Brown Hill. The
section has been separated into 10 parasequences, although some (i.e. parasequences 2, 7
and 8) likely comprise several amalgamated parasequences. MFS= Marine Flooding
Surface; TSE= Transgressive Surface of Erosion; RS= Ravinement Surface;
OS=Offshore; LSF= Lower Shoreface; TER= Terebratulid-Echinoid Reef; USF= Upper
Shoreface; FS= Foreshore; SF/W= Shoreface/Washover Fan; B/L= Backshore/Lagoonal;
IAM= Intertidal Mud Flat; SMEF= Supratidal Evaporite Mud Flat.
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Peace Reach of Williston Lake, approximately 50km upstream of the dam (Figure 2). These
localities comprise some of the most extensive exposures of middle Triassic strata within the
Rocky Mountain outcrop belt. Exposure at outcrops along Williston Lake is scoured every
year by seasonal fluctuations in water level.

Detailed sections were measured at Brown Hill (Figure 3) and Glacier Spur (Figure
4) to describe sedimentary facies and to assess vertical and local lateral facies variability.
The two sites are located approximately 2km apart on depositional strike from one another,
and are considered to be equivalent, both chronologically and stratigraphically.

Biostratigraphy

Preliminary biostratigraphic analysis suggests that the upper Liard Formation is
Uppermost Ladinian in age. Conodonts have been recovered from several horizons within
the study interval. Epigondolella? mungoensis recovered from the base of parasequence 3
at Glacier Spur (Figure 4.) is characteristic of the upper Ladinian sutheriandi Zone. This
species may be the oldest representative of the genus, which is more characteristic in and
evolves rapidly through the Carnian and Norian. There is some disagreement regarding the
generic assignment depending on the relative significance of upper and lower surface
morphological features as well as on interpreted phylogenetic relationships, however the
species is considered diagnostic of the Upper Ladinian (Mosher, 1973). Four genera of
ammonoids were collected from the top of parasequence 6 at both Brown Hill and Glacier
Spur (Figures 3 and 4). These ammonoids, Nathorstites macconnelli, Daxatina canadensis,
Muenesterites glaciensis and Lobites ellipticus, are all diagnostic of the sutherlandi Zone
(Tozer, 1994). Paragondolella navicula navicula and an unusual form of Metapolygnathus
sp. recovered from the base of parasequence 9 at Brown Hill (Figure 3), may be suggestive
of early Carnian deposition.

SEDIMENTARY FACIES AND FACIES ASSOCIATIONS
Thirteen sedimentary facies have been recognized in the upper Liard Formation
within the study area, identified on the basis of lithology, bounding surfaces, primary
physical and biogenic sedimenary structures, and bioclastic or fossil composition (Table 2).
Sedimentary facies within the study area occur within three recurring progradational facies
associations. These facies associations are: a) clastic offshore/shoreface, b) mixed
siliciclastic-carbonate shoreface, and c¢) mixed siliciclastic-carbonate marginal marine.

Facies A- Laminated black silty shale

Description- Facies A consists of thinly bedded, planar laminated black silty shale
containing fractions (<10%) of disseminated very fine-grained sand and thin (1.0-20.0cm),
normally graded layers of silt to very-fine grained sand (Figure 5), often load casted.

Body fossils observed within this unit include rare fish (palaeoniscid) and
chondricthyan ('shark') scales, ammonoid impressions on bedding planes, and scattered shells
of the inarticulate brachiopod Lingula. A single specimen of Lingula was observed in
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growth position within facies A, indicating that at least some of these shells are
autochthonous rather than transported from a shallower environment (Figure 6). Trace
fossils consist of a low diversity, distal Cruziana assemblage comprising Palaeophycus,
Lingulichus, Helminthopsis, Phycosiphon incertum, Scalarituba missouriensis and
Chondrites.

Interpretation- Facies A was deposited in the proximal offshore, below mean storm-
weather wave base. The finely laminated shales are primarily a product of suspension
deposition. The disseminated sand fraction and much of the silt may have been sourced by
aeolian transport from contemporaneous continental environments (Amold, 1994). Aeolian
transport has been shown to be an important mechanism in delivering disseminated
terrigenous sediments to ocean basins downwind of arid regions (Windom and Chamberlain,
1978). Thin, normally graded laminae of silt and very-fine grained sand within this facies
may be attributed to offshore transport and deposition via sediment gravity flows (Reineck
and Singh, 1972; Nelson, 1982). In several cases, particularly at the base of parasequence
10 at both Brown Hill and Glacier Spur, these coarser laminae are very evenly spaced (Figure
5), possibly reflecting either storm seasonality or a longer duration climactic cyclicity.

Facies B- Interlaminated sandy siltsone and very fine-grained sandstone.

Description- Interlaminated siltstone and sandstone of facies B conformably overlie
the laminated black shale of facies A. Thin (0.5-25cm) shale beds similar to those of facies
A occur throughout the unit, more commonly near the base. Sedimentary structures include
plane parallel laminations (Figure 7a), current ripples, and horizons of poorly developed, low
relief hummocky cross-stratification. Better developed hummocky cross-stratification and
a mix of current and oscillation ripples occurs towards the top of facies B, particularly in
parasequences 9 and 10 (Figures 3 and 4).

Body fossils consist of scattered lingulid valves, and isolated fish and marine reptile
skeletal elements. Trace fossils consist of a low diversity medial Cruziana assemblage of
Scolicia, Thalassinoides suevicus, Spongeliomorpha, Lockeia, Palaeophycus and Planolites.

Interpretation- The presence of abundant hummocky cross stratified horizons
indicates that this unit was emplaced within the zone of storm-wave reworking. With the
exception of hummocky cross-stratification, the unit is characterized by an absence of high-
energy sedimentary structures. Facies B was deposited within the transitional zone between
the offshore and the shoreface. The unit coarsens upwards overall reflecting the gradational
shallowing/shoaling nature of these sediments.

Facies C- Hummocky cross-stratified very fine-grained sandstone.

Description- Facies C is comprised almost exclusively of well sorted, very fine- to
fine-grained quartzose sandstone, and is interbedded with thin mudstone lenses. The unit is
predominantly hummocky cross-stratified (Figure 8a). Individual beds range in thickness
from 10 to 60cm, averaging approximately 20-30cm (Figure 8b). Upper bedset contacts are
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Figure 6. Line drawing of the inarticulate brachiopod Lingula sp. in growth position.
The pedicle is cemented to the base of the burrow by mucus secretions and tiny papilae or
rootlets. Unlike the calcium carbonate shells of articulate brachiopods, lingulid shells are
composed of a mixture of chitinous material and calcium phosphate. The dorsal and
ventral valves are morphologically similar.



Figure 7a. Outcrop photograph of planar laminated and cross-ripple laminated (solid
arrows) silistone and very fine-grained sandstone, lithofacies B, parasequence | (0.0-
10.0m), Brown Hill. Rock hammer is 32cm in length. Up is to the left. Figure 7b.
Outcrop photograph of a bedding plane with abundant Palaeophycus burrows, lithofacies
B, base of parasequence 9 (128.0m), Brown Hill.
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sharp, except where intensely bioturbated. Lower bedset contacts are sharp, and exhibit load-
casting with underlying thick shale beds. Other physical sedimentary structures include
planar bedding (lower flow regime), oscillation ripple laminations, and current ripple
laminations. Mud, rip-up clasts are common near the base of some of the bedsets.

Body fossils include scattered brachiopods (spiriferids, terebratulids and lingulids),
bivalves (pteriids, trigonids, and pectenids), ammonoids, gastropods, and a single
calcisponge. Trace fossils are usually limited to the top few centimetres of sandstone bedsets
and consist of a diverse, mixed Cruziana-Skolithos ichnofacies assemblage of Diplocraterion
parallelum (Figure 9a), Skolithos, Thalassinoides suevicus (Figure 9b), Palaeophycus
striatus, Palaeophycus tubularis, Planolites montanus, Cylindrichnus, Teichichnus, Roselia
(Figure 10a), Siphonites (Figure 10b) Lockeia and Arenicolites.

Interpretation- Deposition of lithofacies C is interpreted as a storm-dominated lower
shoreface with individual beds interpreted as tempestites. Hummocky cross-stratification is
common throughout the shoreface, but is most commonly preserved within the lower
shoreface to proximal offshore transition (Hamblin and Walker, 1979).

Facies D- Terabratulid-echinoid rudstone/grainstone.

Description- Facies D consists of a sandy, calcareous, bioclastic rudstone to
grainstone with minor sandy laminae and lenses (Figures 11a & b). The unit is
overwhelmingly dominated by whole and fragmentary terebratulid brachiopods
(Aulacothyroides liardensis;, Figure 12a), crinoid columnals, and cidaroid echinoid
(Miocidaris sp.) spines and interambulacral plates. The basal metre of the unit is extremely
sandy, and contains predominantly fragmentary bioclastic material. The sand component
above the basal metre is minimal. Fossil debris is predominantly deposited concordant to
bedding. Although internal bedding is not discernable, the bedsets are arranged in a series
of amalgamated lenses. Many of these lenses are comprised almost exclusively of whole
terebratulid brachiopods, others are comprised predominantly of fragmentary brachiopod and
echinoid debris. The upper contact of the unit is sharp with the sandy bioclastic floatstone
of lithofacies E.

Several of the terabratulid brachiopods collected display compact groups of
microscopic holes or pits, possibly examples of the trace fossil Podichnus isp. In modern
brachiopods these pits are created by chemicals secreted by the pedicle of another brachiopod
as a means of creating a holdfast (Bromley and Surlyk, 1973). The groups of pits are circular
and compact, rarely exceeding 1-2mm in diameter, consistent with brachiopod pedicle shape
and size. The size and geometry of these pit concentrations is inconsistent with traces made
by sponges or other benthic boring organisms. The unit also contains several partially
complete and articulated, albeit highly weathered, crinoids (Articulata, cf. Holocrinus sp.)
on the upper surface, and isolated spiriferid brachiopods (Spiriferina sp.; Figure 12b)
scattered throughout. Overall the bioclasts show few signs of transportation or abrasion.
Trace fossils other than the brachiopod boring Podichnus were not observed.



%74 Figure 8a. Outcrop photograph of
:}(‘ hummocky cross-stratified sand
% bed, lithofacies C, parasequence 9
U5 (147.5m), Glacier Spur. Concave/
convex laminae (arrow) in HCS bed
are visible immediately below scale.
Up is to the top of the photograph.
Figure 8b. Outcrop photograph of
amalgamated storm-generated beds
(tempestites, T), lithofacies C,
parasequence 9 (165.0-168.0m),
Brown Hill. The shotgun is
approximately one metre in length.
Beds are dipping at 75-80°, up is to
the left.
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Figure 9a. Outcrop photograph of burrowed tempestites, lithofacies C, parasequence 1
(12.0m), Brown Hill. The tops of Diplocraterion burrows penetrating the basal hummocky
cross-stratified (HCS) storm bed are removed by the next storm event, as evidenced by the
erosive base of the upper hummocky cross-stratified (HCS) storm bed. Figure 9b. Outcrop
photograph of the ichnofossil Thalassinoides suevicus on the bedding plane of a lower
shoreface sandstone unit, lithofacies C, parasequence 1 (10.5m), Glacier Spur.



Figure 10a. Outcrop photograph of funnell-shaped Rosselia burrows, lithofacies C,
parasequence | (6.0m), Brown Hill. Up is to the top of the photograph. Figure 10b. Outcrop
photograph of abundant Siphonichnus ichnofossils on the bedding plane of a lower shoreface
sandstone unit, lithofacies C, parasequence 10 (198.0m), Brown Hill. Siphonichnus is the
dwelling structure of a burrowing bivalve. In most specimens, only a siphon opening is
visible, however the specimen at the centre of the photograph exhibits a faint, heart-shaped
halo representing the burrow lining.
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Fig. 12a. Line drawings of Aulacothyroides liardensis showing dorsal view (i), ventral view
(if), side view (iii), anterior view (iv) and living position. 12b. Line drawings of Spirifirina
borealis showing dorsal view (i), ventral view (ii), side view (iii), and anterior view (iv).
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Interpretation- The sandy, highly fragmented shell accumulations at the base of the
unit are interpreted as storm-generated skeletal concentrations. Calcareous rich tempestites
often have recrystallized micritic layers at their tops and bases caused by the dissolution and
subsequent reprecipitation as micrite, of aragonitic shell material (Seilacher and Aigner,
1991). This may happen quite quickly after deposition, producing a more consolidated
substrate, and inadvertently providing a locus for colonization by hardground preferring
organisms (Hagdorn, 1982; Seilacher and Aigner, 1991). The overlying layers of unabraded
and articulated terebratulids and scattered echinoid skeletal elements reflect the subsequent
colonization of these patches of stable substrate, a process referred to as allogenic
taphonomic feedback (Kidwell and Jablonski, 1983; Kidwell, 1991). Lenses of fragmentary
brachiopods reflect storm reworking of locally derived skeletal material. Although echinoids
as a group can live in essentially any marine or marginal marine environment, cidaroid
echinoids are rarely found on unconsolidated sediments, prefering rocky or stable substrates
(Smith, 1984). Early Triassic echinoids were probably algal-grazers or scavengers (Schubert
and Bottjer, 1995). Similarily, terebratulids and early, stemmed, articulate crinoids prefer
comparably stable substrates. Crinoids are particularly rare in sandstones, except as
scattered, disarticulated plates. Triassic articulate crinoids probably anchored to a stable
substrate such as hardgrounds or by a cemented holdfast (Hagdorn, 1982).

The absence of interfingering with hummocky cross-stratified sandstone layers
(lithofacies C), the preponderance of hard substrate preferring organisms, and the minimal
abrasion of bioclastic debris makes it unlikely that lithofacies D represents amalgamated
proximal storm deposits. Facies D is interpreted as a terebratulid-echinoid dominated reef
mound (sensu James and Geldsetzer, 1989) or shell bank within the lower shoreface.
Although the Liard terabratulid-echinoid skeletal accumulations did not possess true skeletal
frames, the organisms did preferentially attach themselves to each other, as evidenced by the
presence of Podichnus isp. on many of the whole brachiopods.

Facies E- Bioclastic floatstone/mudstone
Description- Facies E consists of a sandy, calcareous, bioclastic floatstone within a

calcitic mud/silt matrix. Bedding is difficult to discern in this unit, but generally is
comprised of low-angle planar laminations. Sandstone lenses, characteristic of facies C,
increase in abundance towards the top of the unit.

The unit contains scattered acrotretid (cf. Discinisca sp.) and terabratulid brachiopods
(Aulacothyroides liardensis), a variety of bivalves, abundant echinoid debris including a
single complete specimen (Miocidaris sp.), scattered crinoid debris, isolated fish skeletal
elements, including a tooth plate from the palaeonisciform fish Bobasatrania sp., and several
other unidentified actinopterygian tooth plates, and abundant decapod crustacean remains
(Erymididae, new genus? and new species). The decapod remains comprise a wide
assortment of randomly oriented whole organisms, isolated claws, carapaces, and other
elements. Planolites was the only trace fossil noted within Facies E.
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Interpretation- Facies E is a transitional facies between facies D (reef mounds) and
F (middle shoreface), and shows influences of both environments. The matrix is comprised
predominantly of mud to silt sized micrite. Thin-section analysis suggests that at least the
coarser components of the matrix consist of bioclastic detritus. Modern bioclastic banks
affected by seasonal storm activity are non-symmetrical, having a steep, coarse-grained
windward side and a more gently sloping leeward side comprised of calcitic mud. The
chaotic assemblage of whole and partial decapods is also indicative of event deposition,
probably storm activity (Brett and Seilacher, 1991). Most of the echinoid and crinoid
fragments were deposited on bedding planes, likely due to natural attrition between storm
events. Thick, flat tooth plates in fish are common in molluscivores or other predation on
hard-shelled organisms. The presence of a variety of actinopterygian tooth plates, including
that of a bobosatranid, in the back reef environment may be evidence that these animals fed
on reef organisms in a manner similar to that of parrotfish on modern coral reefs.

Facies E is interpreted as a back reef (bank) or leeward (shoreward) accumulation of
bioclastic silt and siliciclastic sand.

Facies F- Cross-stratified calcareous sandstone

Description- Facies F consists of well-sorted, very-fine to fine grained quartzose
sandstone. The unit is predominantly trough cross-stratified (Figure 13a). Individual bedsets
thicken upwards from 45-90cm thick beds at the base to 80-180cm thick beds at the top of
the unit. Bedset contacts appear sharp and are occasionally erosive (Figure. 13a). Other
physical sedimentary structures include horizons of swaley cross-stratification near the base
and rare oscillation ripple lamination. Facies F gradationally overlies the bioclastic
floatstone of facies E and is abruptly overlain by the planar tabular cross-stratified
sandstone/packstone of facies G.

Body fossils consist primarily of scattered crinoid ossicles and columnals, and rare
echinoids and terebratulid brachipods. Trace fossils are rare, but include Diplocraterion
parallelum, Skolithos, Thalassinoides suevicus, Palaeophycus tubularis, and Planolites
montanus.

Interpretation- The facies is characterized by a diverse, vertical-burrow dominated
trace fossil assemblage characteristic of the Skolithos ichnofacies. The abundant scour
surfaces (Figure 13a), trough to planar cross-stratification and Skolithos trace fossil
assemblage are indicative of deposition in a moderate to high-energy setting. Facies F is
interpreted as being deposited in the upper shoreface.

Facies G- Cross-stratified calcareous bioclastic sandy packstone

Description- Facies G comprises a thick succession of cross-bedded to cross-
laminated, calcareous, bioclastic sandy packstone. It is fine- to medium-grained, and
comprised of rounded calcareous bioclasts, quartzose sand, and contains abundant, scattered
chert pebbles (Figure 13b). Sorting of the sediment is bimodal. The sand fraction is



Figure 13a. Outcrop photograph showing trough cross-stratification (TCS) and tangential
foreset laminae (arrow) of a migrating sandwave, lithofacies F, parasequence 3 (55.0m),
Glacier Spur. Figure 13b. Outcrop photograph showing planar cross-stratification (PCS)
and chert pebble (C) in calcareous, bioclastic, sandy packstone of lithofacies G, parasequence
3 (60.0m), Brown Hill.
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moderately well-sorted, while the calcareous bioclasts are highly fragmented and poorly
sorted. Physical sedimentary structures consist of trough to planar cross-bedding near the
base, and planar tabular cross-lamination towards the top.

The bioclastic material consists primarily of highly abraded, well-rounded bivalve
fragments. Spiriferid brachiopods (Spiriferina sp.), rare, scattered lingulid brachiopods
(Lingula sp.), and very rare terebratulid brachiopods (4ulacothyroides liardensis) are also
present. Isolated, highly eroded reptile (ichthyosaur?) bone fragments were observed near
the top of the unit. Trace fossils were not observed within facies G.

Interpretation- The sand fraction and chert pebbles of Facies G comprises the
coarsest sediment observed within the study area. Moderately well-sorted quartz sand, the
absence of trace fossils and the highly abraded nature of the bioclasts, are indicative of
deposition in a high-energy setting. The trough to planar cross-stratified beds of the basal
part of facies G were deposited within the proximal upper shoreface (surf zone). The planar
cross-laminated bioclastic deposits in the upper part of facies G are charactersitic of swash
zone or foreshore deposition.

Facies H- Calcareous bioclastic sandstone

Description- Facies H is comprised of fine-grained, well-sorted sandstone, containing
scattered bioclasts and chert pebbles. Bedsets range from 5-25cm in thickness. Bounding
surfaces between individual bedsets are usually sharp, but not erosional. Physical
sedimentary structures, although generally obscured by weathering and bioturbation consist
of horizontal to subhorizontal laminations. Facies H gradationally overlies the sandy
bioclastic packstone of Facies G, and is abruptly overlain by the cryptalgal laminated
carbonate mudstone of Facies I.

Facies H is characterized by a moderately diverse Psilonichnus trace fossil
assemblage (Frey and Pemberton, 1987), consisting of Skolithos, Palaeophycus,
Isopodichnus, and an as yet undescribed type of bivalve resting trace (Figure 14a). Body
fossils consist of rare scattered bioclastic debris and rare Lingula sp. valves.

Interpretation- The trace fossil assemblage and physical sedimentary structures
within facies H are consistent with deposition in a more quiescent setting than underlying
units, particularly facies F and G. Facies H is interpreted as a backshore/lagoonal deposit.
Individual sharp-based sandstone beds may be a product of storm washover events.

Facies I- Cryptalgal laminite

Description- Facies I (Figure 14b) consists of algal laminated, sandy, calcareous to
dolomitic, mudstone to siltstone characterized by microscopic wavy or 'wrinkly' laminations.
In many cases, the laminae are separated into repetitive sets of siltstone and mudstone
laminasets, with periodic but regularly spaced sandstone laminae, composed primarily of
very-fine to fine-grained, frosted quartz grains. The facies usually occurs as thin 20 to 40cm
thick beds or lenses interbedded within the dolomitic mudstone/wackestone of Facies J
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(intertidal mud flats), however a thick (1.5m) bed occurs on top of facies H
(backshore/lagoonal) in parasequence 3 (Figure 3), and is eroded by transgressive shoreface
sandstones of lithofacies J (Figure 14b).

Interpretation- Algal flats are common constituents of modern arid-climate intertidal
settings (Watren, 1989). The mudstone-siltstone algal lamination is interpreted as deposition
of sediment during periodic (neap-spring?) tidal flooding. Thicker sandier laminae may be
attributed to severe, semi-annual dust storms. Simlar dust storms have been observed to
deposit layers of very fine sand and silt on algal mats in the Persian Gulf (Shinn, 1983).

Facies J- Planar cross-stratified sandstone

Description- Facies J consists of an overall coarsening upwards succession of well-
sorted, very-fine to fine-grained sandstone. The unit is predominantly low angle planar
cross-stratified, and possibly low-angle trough cross-stratified, but also contains oscillation
ripple laminated layers throughout. The basal contact of Facies J incises into lithofacies I
(cryptalgal laminite) and is characterized by a lag of angular, imbricated rip-up clasts (Figure
14b). The upper contact is also erosional, and is overlain by the dolomitic mudstone of
Facies K (intertidal/supratidal mudflats).

The unit contains scattered spiriferid and lingulid brachiopods. The basal metre of
lithofacies J contained no trace fossils. The upper 2 metres of lithofacies J contains an
ichnofossil assemblage similar to that observed in lithofacies H, consisting of Skolithos,
Palaeophycus, Isopodichnus, and an as yet undescribed type of bivalve resting trace.

Interpretation- The rip-up clasts are identical in composition to lithofacies I.
Although the lithologies of lithofacies H (washover/lagoonal) and J are quite different, their
trace-fossil assemblages are identical, and as mentioned above, are assigned to the
Psilonichnus ichnofacies.

Facies J is interpreted as an amalgamation of shoreface, foreshore, and washover fan
deposits. The upper surface contains abundant steep-walled pits or furrows, possibly
evidence of burial, compaction, and subsequent re-exhumation. This surface has been
observed at Middle Triassic (upper Ladinian) sites approximately 15km away, and is
interpreted as a sequence boundary. Lithofacies J is strikingly similar to the basal beds of
transgressive barrier island deposits within the Halfway Formation at Wembley Field,
Alberta (Willis and Moslow, 1994b).

Facies K- Dolomitic mudstone-wackestone.

Description- Facies K is predominantly dolomitic sandy/silty mudstone to
wackestone. Many of the mudstone laminae have large mudstone intraclasts. The unit is
thoroughly interbedded with algal mounds (Figure 15a), cryptalgal layers (facies I), and
minor calcareous (channel) sandstone (facies M). Physical sedimentary structures include
planar laminations, current and symmetrical oscillation ripples (Figure 16a & b), and



Figure 15a. Outcrop photograph
showing intertidal algal pods (ap) and
laminated dolomitic mudstone
(LAM) in lithofacies K, parasequence
4 (86.5m), Brown Hill. Figure 15b.
Outcrop photograph of bedding plane
surface showing large dessication
cracks in lithofacies K (dolomitic
mudstone-wackestone),
parasequence 4 (72.0m)., Brown Hill.
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abundant polygonal dessication cracks (Figure 15b). Body fossils include isolated Lingula
valves, bivalve fragments and gastropods. Trace fossils include Diplocraterion parallelum,
Skolithos, Laevicyclus, Palaeophycus, Planolites, and a single specimen of Rhizocorallium
(Figure 16a & b).

Interpretation- The laminated layers are interpreted as seasonal or storm-influenced
tidal deposits (Schinn, 1983). The presence of symmetrical, oscillatory ripples is suggestive
of wave-generated transport during periodic submergence. All trace fossils observed
originated from, or occured within, units with rippled bedding plane surfaces and are
consistent with intertidal deposition (Figure 16a & b). Extensive periods of exposure and
fluctuating salinity levels in an arid, hypersaline, supratidal setting severely constrain the
presence of burrowing organisms. The presence of abundant minor channel sands and
current ripples in the mudflat facies indicates ebb-dominated flow in an intertidal setting and
possibly the presence of back-barrier tidal creeks. Algal mats are most extensive and best
preserved in intertidal zones (Hagan and Logan, 1975), although in this setting they are also
more susceptible to destruction by aquatic grazers.

Mudcracks are suggestive of deposition within the supratidal zone. Although
mudcracks can form in the intertidal zone, they are rarely preserved in that setting. Non-
channel related mudstone intraclasts are characteristic of supratidal flats and are indicative
of event deposition. Scattered bivalve fragments and Lingula valves within these layers were
likely removed from the intertidal zone and deposited in the supratidal zone by storm activity
(Hagan and Logan, 1975). Overall, the sedimentological and paleontological evidence is
suggestive of an environment oscillating between supratidal and intertidal settings.

Facies L- Solution Collapse Breccia

Description- Facies L consists primarily of a mix of silty dolomitic and calcareous
mudstone and cryptalgal laminite clasts ranging in size from 1-15cm in length, within a
calcareous mud matrix. Although clast orientation is difficult to assess, due to the highly
weathered nature of the outcrop, most of the clasts appear to be emplaced parallel to bedding.

Interpretation- Facies L was deposited in an arid supratidal setting similar in
environment to the modern Trucial Coast in the Persian Gulf (Butler et al., 1982; Warren,
1989). This facies is interpreted as a solution collapse breccia resulting from post-
depositional dissolution of evaporite minerals and the subsequent collapse of interlaminated
and overlying tidal flat mudstones and algal laminites. Although evaporites are deposited
in both the supratidal and intertidal zones in modern arid settings, thick and extensive
evaporite deposition predominates in lower supratidal settings (Warren, 1989). The
abundance of thin algal laminites, and dessication cracked dolomitic mudstone laminae
within the solution collapse breccia are characteristic of the lower to middle supratidal zone
(Butler et al. 1982).
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Facies M- Calcareous sandstone with mud clasts

Description- The sandstone of Facies M is predominantly medium- to fine-grained,
with abundant angular to rounded mudclasts at the bases of individual bedsets (Figure 17a
& b). The bedsets are predominantly trough cross-stratified at the base, grading into subtle
current ripple cross-lamination towards the top. Upper bounding surfaces are gradational,
lower are erosional (Figure 17a & b), often incising deeply into the underlying sandstones
of Facies C. The unit contains localized concentrations of bivalve shell fragments. Trace
and body fossils were not observed within this unit.

Interpretation- The deeply incised lower bounding surfaces, basal mudclast lags and
fining upward grain size within sandstone beds and upwards gradation from trough cross-
bedding to current ripple lamination are inferred to be a product of unidirectional currents
prone to a waning of flow. This facies is interpreted as a backbarrier, likely tidally
influenced, channel. The mudclasts (Figure 17b) are predominantly comprised of dolomitic
mudstone/wackestone (lithofacies K) and rarely, cryptalgal laminated mudstone (lithofacies

I).
FACIES ASSOCIATIONS AND STRATIGRAPHIC RELATIONSHIPS

Association A- Progradational Clastic Offshore/Shoreface
Lithofacies association A (lithofacies A, B, C, and L) is comprised of a coarsening
upwards, offshore to lower shoreface succession of facies (Figure 18), locally incised by tidal
channels (Figure 19), that forms a distinct progradional parasequence. All lithofacies
comprising facies association A show indications of storm-influenced deposition.

Facies association A was deposited on a storm-dominated, prograding barrier island
shoreline. In a typical facies association A parasequence, thin distal tempestites grade
upwards into thick, amalgamated storm deposited beds, that reflect the reworking of
essentially all non-storm deposition. The overall fine-grained and well-sorted nature of these
sediments reflects both storm winnowing and a texturally mature, perhaps impoverished
sediment supply. Lower shoreface sands in parasequence 10 at Glacier Spur are incised by
tidal channels (Figures 4 & 19). These tidal channels are comprised predominantly of fine-
to medium-grained sand, with basal lags of dolomitic mud-clasts. The lack of coarser
allochthonous material and the textural maturity of the sands again reflects the lack of
proximity to a point-source of clastic sediment. Tidal inlet deposits were not noted within
laterally equivalent units at Brown Hill (Figures 18) or in any lower parasequences at Glacier
Spur (Figure 4) or Brown Hill (Figure 3), thus inferring their restricted temporal and
geographic distribution.

Association B- Progradational Mixed Siliciclastic-Carbonate Shoreface

Facies association B (lithofacies A through I), a coarsening upwards, mixed
siliciclastic-carbonate, shoreface succession (Figure 20), is relatively heterolithic in
comparison to facies association A. The terebratulid-echinoid reefs within facies association



Figure 17a. Outcrop photograph showing tidal channel incision (arrows) and basal mud-
clastlag (LAG), lithofacies M, parasequence 10 (156.0m), Glacier Spur. Figure 17b. Outcrop
photograph showing detail of basal mud-clast lag (LAG) and tidal channel incision surface
(arrows), lithofacies M, parasequence 10 (156.0m), Glacier Spur.
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Figure 19. Detailed stratigraphic section showing the vertical arrangement of lithofacies in
facies association A (parasequence 10,) at Glacier Spur. Lithofacies symbols and acronyms are
the same as those utilized in Figure 3 and 18.
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Bl remain relatively consistent in thickness and composition between Brown Hill and
Glacier Spur (Figures 3 & 4), a distance of approximately 2km. Similar deposits have been
observed at Beattie Ledge and Aylard Creek, approximately 20km east (updip) of the two
outcrops described here. The reefs were deposited within the distal lower shoreface to
proximal offshore transition, near mean fairweather wave base (Figure 20) decreasing the
risk of burial by suspended sediment in any but the most severe storms.

Association C- Mixed Siliciclastic-Carbonate Marginal Marine

Facies association C (lithofacies F and I through M) constitutes an intertidal-
supratidal succession of mudflats, evaporites, and minor tidal channels (Figure 21). The
intertidal-supratidal mudflat succession that constitutes facies association C represents the
shallowest deposition within the study interval. The abundance of cryptalgal laminites, algal
pods, dolomitic intertidal muds and supratidal evaporites are characteristic of deposition in
an environmental setting similar to the modern marginal marine environments of the Persian
Gulf. The applicability of the Persian Gulf as a modern analogue for deposition along the
west coast of Pangea during the Middle Triassic is however limited and potentially
misleading, and is simply used here as a modern setting with potentially similar depositional
mechanisms.

DISCUSSION

Depositional models for Middle Triassic bioclastic accumulations

Bioclastic accumulations are a product of a number of different processes. Coquinas
and bioclastic sandstones within the subsurface Halfway and Doig Formations have been
largely attributed to tidal inlet channel deposition (Barclay and Leckie, 1986; Campbell and
Horne, 1986; Caplan, 1992; Willis and Moslow, 1994a). Other examples include
transgressive shoreface deposits (Wittenberg, 1992; Caplan, 1992; Willis and Moslow,
1994b; Evoy and Moslow, 1995), and sediment gravity flows (Wittenberg, 1992; 1993).
Thick bioclastic accumulations in the Upper Triassic Ludington Formation have been
interpreted as pelecypod shell banks (Gibson and Hedinger, 1989) or alternately as submarine
channel complexes (Gibson, 1993). The following is a brief summation of the characteristics
of the pertinent types of Triassic bioclastic accumulations, and a discussion of how they
differ from the Liard terebratulid-echinoid reef mounds.

Bioclastic tidal channel deposits

Tidal inlet channel deposits in the Halfway Formation within western Alberta and
northeastern British Columbia are characterized by a basal lag comprised of black shale and
dolomitic mudclasts, crudely imbricated bioclasts and a normally graded profile (Barclay and
Leckie, 1986; Caplan, 1993; Willis and Moslow, 1994a). Bioclastic material in both
subsurface and outcrop tidal inlet channels is highly abraded, decreases in size and
abundance upwards, is crudely imbricated, and is comprised predominantly of bivalve
fragments (Caplan, 1992).
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Detailed stratigraphic section showing the vertical arrangement of
lithofacies in facies association C (parasequence 4), at Brown Hill. Lithofacies symbols
and acronyms are the same as those utilized in figure 3 and 18.






