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Abstract

Terminal Neoproterozoic (Ediacaran, ca. 600–543 Ma) strata of the upper part of the Windermere Supergroup are well-exposed
in the Mackenzie Mountains and the Wernecke Mountains of northwestern Canada. Windermere strata in the Mackenzie Moun-
tains contain an exceptional Ediacaran biostratigraphic and isotopic (C and Sr) record, while the sequence stratigraphic record is
subtle throughout this predominantly deep-water succession. Coeval strata in the Wernecke Mountains can be correlated with the
succession in the Mackenzie Mountains on a formational level. In contrast to the deep-water setting of the Mackenzies succes-
sion, the Werneckes succession preserves a predominantly shallow-water succession amenable to detailed sequence stratigraphy.
Integrated lithostratigraphy, chemostratigraphy, biostratigraphy and sedimentology partitions the Wernecke Mountains succes-
sion into five depositional sequences and constrains correlation with strata in the Mackenzie Mountains. The siliciclastic and
carbonate sediments, deposited along the margin of the proto-Pacific Ocean, record accumulation in continental slope, neritic,
and terrestrial paleoenvironments. Distinctive temporal chemostratigraphic and biostratigraphic attributes allow these strata to
be correlated with other Ediacaran successions worldwide. Integrating sequence stratigraphy with these attributes is a robust,
yet under-utilized correlation tool and is a step toward erecting a more detailed working Neoproterozoic chronostratigraphy.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The terminal Neoproterozoic (ca. 600–543 Ma)
represents a critical time in earth history, marked
by the end of the Proterozoic “snowball” glaciations
(Hoffman et al., 1998), appearance of the oldest (Edi-
acaran) metazoans (Glaessner, 1984; Narbonne, 1998;
Narbonne and Gehling, 2003) and profound changes
in the isotopic composition of seawater (Kaufman and
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Knoll, 1995). Paleontological data complemented by
isotopic chemostratigraphy, has become a dependable
tool for correlating late Neoproterozoic successions
at an intra- and inter-basinal level (e.g.,Knoll and
Walter, 1992; Grotzinger et al., 1995), and sequence
stratigraphy adds further resolution in approaching an
integrated chronostratigraphy (Christie-Blick et al.,
1995). The well-preserved predominantly deep-water
succession in the Mackenzie Mountains in north-
western Canada is critical in understanding Neopro-
terozoic events (Narbonne et al., 1994; James et al.,
2001). The coeval, shallower-water succession in the
Wernecke Mountains, a nearby but somewhat less

0301-9268/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.precamres.2004.01.004



2 L.J. Pyle et al. / Precambrian Research 132 (2004) 1–27

Kilometres
3025201510505

133 00'W 132 30'133 30' 132 00'

65 00'N

64 45'N

64 30'N

NORTHWEST 
TERRITORIES

YUKON 
TERRITORY

Snake R
iver

Goz Lake

Goz CreekBonnet Plume River

Pinguicula
Lake

Corn
 C

re
ek

D1
D2

A

B

C

130
140

150  W

120  W

NORTHWEST
TERRITORIES

YUKON
TERRITORY

ALASKA
U.S.A.

WERNECKE
MOUNTAINS

MACKENZIE
MOUNTAINS

Norman
    Wells

M
ackenzie

 River

500 km

72  N

ArcticCircle

Study
Area

Mayo

BRITISH COLUMBIA (A) (B)

Fig. 1. (A) Location of study area and distribution of Neoproterozoic strata (gray shading) in the Yukon Territory and Northwest Territories.
(B) Detail of study area showing locations of sections studied.

accessible region in the northern Cordillera, has not
previously been studied in the same detail as the
Mackenzie Mountains.

The late Neoproterozoic succession of northwest-
ern Canada, the Windermere Supergroup, was de-
posited during the breakup of Rodinia and the opening
of the proto-Pacific (Ross, 1991; Ross et al., 1995;
Dalrymple and Narbonne, 1996). Rifting likely oc-
curred in several phases, with events at 780 Ma
(Harlan et al., 2003), 740 and 723 Ma (geochronolog-
ical constraints for deposition of basal Windermere
strata reviewed byRoss et al., 1995), and 570 Ma
(Colpron et al., 2002). The top of the supergroup is
the sub-Cambrian unconformity (Fig. 2). The Win-
dermere Supergroup is up to 7 km thick and is ex-
ceptionally exposed in the Mackenzie Mountains and
Wernecke Mountains, northwestern Canada (Fig. 1),
where strata are uncleaved and only slightly meta-
morphosed. The basal Windermere Supergroup strata
(Fig. 2) represent rift-related deposits overlain by
two broad intervals of glaciogenic deposits: the Rapi-
tan Group, which correlates with the Sturtian tillites
in Australia (Eisbacher, 1981; Young, 1992) and
the Ice Brook Formation, which correlates with the
Marinoan glaciation in Australia (Aitken, 1991a,b;

Sohl et al., 1999; James et al., 2001). The upper,
post-rift succession of the Windermere Supergroup
is siliciclastic-dominated, but contains cyclic alterna-
tions of carbonates with terrigenous clastics, referred
to as Grand Cycles (Aitken, 1989). The dominantly
deep-water succession of the Windermere Supergroup
is well known in the Mackenzie Mountains (Aitken,
1989; Narbonne and Aitken, 1995) where it contains
a superb record of Ediacaran megafossils of three dis-
tinct assemblages and an excellent chemostratigraphic
record (Narbonne et al., 1994; Kaufman et al., 1997;
James et al., 2001). The sedimentology and sequence
stratigraphy is well understood for the Mackenzie
Mountains succession (Dalrymple and Narbonne,
1996; MacNaughton et al., 2000) but the develop-
ment of sequence boundaries in the deeper-water
setting is muted and this hinders development of a
sequence–stratigraphic framework for this succession.

Coeval, dominantly shallow-water strata in the
Wernecke Mountains to the west (Fig. 1) corre-
spond to the succession in the Mackenzie Mountains
on a formation by formation basis. The Wernecke
Mountains succession contains Ediacaran fossils
(Narbonne and Hofmann, 1987), and carbonates
that are amenable to isotope chemostratigraphy. The
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Fig. 2. Generalized stratigraphic succession in the Windermere
Supergroup, Mackenzie Mountains, Northwest Territories (after
Aitken, 1989; Narbonne and Aitken, 1995; Fig. 4). GC: Grand
Cycle.

dominantly shallow-water setting of the Windermere
Supergroup in the Wernecke Mountains provides an
opportunity for a detailed stratigraphic analysis of
this succession that complements the well known
biostratigraphic and chemostratigraphic framework
of the deeper-water Mackenzie Mountains succes-
sion. The purpose of this paper is to (1) establish
the lithostratigraphic framework of the upper Win-
dermere Supergroup in the Wernecke Mountains, (2)
interpret this succession in a sequence stratigraphic
context, (3) integrate the sequence stratigraphy with
reconnaissance carbon isotopic data and biostrati-
graphic constraints for intrabasinal correlation with
the Mackenzie Mountains, and (4) correlate the

integrated Ediacaran chronostratigraphic record of
northwestern Canada with equivalent strata globally.

2. Windermere Supergroup

The Windermere Supergroup extends from north-
western Canada to northern Mexico and preserves the
late Precambrian rift–drift history of the Cordilleran
margin of Laurentia (Ross, 1991; Ross et al., 1995).
It consists of a continental-margin wedge succession
that accumulated during late Neoproterozoic time on
the northwestern and western margin of Laurentia and
crops out along an arcuate part of the Foreland Fold
and Thrust Belt of the northern Canadian Cordillera
(Fig. 1A). The Windermere Supergroup in the south-
ern Canadian Cordillera is a predominantly deep-water
slope and basinal succession. The well exposed, con-
tinuous Windermere successions in the northwestern
segments of the Cordillera (Mackenzie and Wernecke
Mountains,Fig. 1A) are mostly shelf, shelf-edge and
slope deposits and are less tectonically deformed com-
pared to their counterparts in the south.

2.1. Mackenzie Mountains

The Windermere Supergroup consists of the
Coates Lake Group, the Rapitan Group, and six
post-Rapitan Formations (Fig. 2) that record pas-
sive continental-margin sedimentation and incep-
tion of the proto-Pacific Ocean (Dalrymple and
Narbonne, 1996). The rift–drift transition is inter-
preted to be at the base of the siliciclastic Twitya
Formation, which is the first of three, km-scale sili-
ciclastic to carbonate Grand Cycles of the following
formation pairs: Twitya–Keele, Sheepbed–Gametrail,
Blueflower–Risky (Aitken, 1989, 1991a; Narbonne
and Aitken, 1990, 1995) (Fig. 2). Deposition of the
Twitya–Keele Grand Cycle was interrupted by a sec-
ond Neoproterozoic glaciation, recorded as the Ice
Brook Formation (Aitken, 1991a,b). Glacial deposits
of the Ice Brook Formation and prograding cyclic
shallow-water clastic–carbonate units of the underly-
ing Keele Formation are interpreted to represent the
global Marinoan glaciation and associated postglacial
melting (James et al., 2001). The stratigraphic frame-
work and depositional history of the post-Ice Brook
Formation succession (Sheepbed to Risky Formations)
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is well established (Aitken, 1989, 1991a; Narbonne
and Aitken, 1995; Dalrymple and Narbonne, 1996;
MacNaughton et al., 2000). The top of the Winder-
mere Supergroup is marked by a prominent unconfor-
mity and the Precambrian–Cambrian boundary occurs
within the strata of the overlying Ingta Formation
(Aitken, 1989; MacNaughton and Narbonne, 1999).
During most of the late Neoproterozoic, the shelf
trended from northwest to southeast and the shelf edge
prograded southwestward from neritic environments
in the eastern Mackenzies to continental slope set-
tings in the western Mackenzies (Fig. 2 of Narbonne
and Aitken, 1995; Dalrymple and Narbonne, 1996).

2.2. Wernecke Mountains

The upper Windermere succession is known only
from preliminary lithostratigraphic studies (Aitken,
1984; Fritz et al., 1983, 1984; Narbonne et al., 1985;
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Fig. 3. Stratigraphic nomenclature and correlation of lithostratigraphic units, Wernecke Mountains and Mackenzie Mountains (unit thickness
not to scale). (1)Fritz et al. (1983)based their interpretation on earlier observations at Sections B and C. (2) The interpretation byAitken
(1984) of Section A, shows an erroneous correlation of the “Sheepbed carbonate” to the unnamed dolostone; however,Aitken (1989)
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Formations of the Mackenzie Mountains. (3)Narbonne et al. (1985)interpreted Section D1, where the correlation of units was complicated
by significant facies and thickness changes. (4) The interpretation byAitken (1989)extended formal names from the Mackenzie Mountains.

Osborne et al., 1986) and a few detailed paleonto-
logical reports focused on global correlation of the
Precambrian–Cambrian boundary (Hofmann, 1984;
Narbonne et al., 1985; Nowlan et al., 1985). Mis-
correlation by previous workers occurred because
of the similarity between siliciclastic–carbonate cy-
cles of the Sheepbed–Gametrail, Blueflower–Risky
Grand Cycles and presence of additional higher-order
shale–carbonate cycles. The present independent
correlation based on paleontology, carbon isotope
stratigraphy, sedimentology, and sequence stratigra-
phy establishes the lithostratigraphic framework and
clarifies previous conflicting interpretations (Fig. 3).
The Sheepbed, Gametrail, Blueflower and Risky For-
mations overlie the cap carbonate of the Ravensthroat
Formation, as defined in the Mackenzie Mountains
by James et al. (2001). The Blueflower Formation
contains globally recognized Ediacaran megafossils
(Narbonne and Hofmann, 1987). Lithostratigraphy
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and coarse biostratigraphic resolution indicates the
succession represents post-glacial events of the ter-
minal Proterozoic system (Ediacaran). Compared to
coeval deeper water strata of the Mackenzie Moun-
tains and southern Cordillera, the Wernecke Moun-
tains succession differs in preserving a segment of
the northwestern Laurentian passive margin domi-
nated by a shallow-water strata with well-developed
sequences.

3. Methods

The present research is based on fieldwork car-
ried out at five ridge sections (A, B, C, D1 and D2;
Fig. 1B), measured and described in detail across
a shelf-slope transect that spans 42 km. Sections lie
within two structural panels (Nadaleen map-area, Na-
tional Topographic System 106C). Sections A, B and
C (proximal) occur within the same structural panel
over a depositional length of 26 km, which transect
regional variations in facies and facies thicknesses.
The southern Sections D1 and D2 (distal) record a
thickening of all observed units and abrupt lateral fa-
cies changes. To determine the carbon isotopic record
for the succession, reconnaissance scale sampling at
Sections A and D was carried out in 1994. Carbon
isotopic variations based on the reconnaissance sam-
ples are used to correlate the carbonate units across
the transect and establish intrabasinal correlation to
the isotopic profile of the Mackenzie Mountains suc-
cession (Narbonne et al., 1994; Kaufman et al., 1997).

4. Geological framework

Stratigraphic nomenclature of Ediacaran deeper-
water strata in the Mackenzie Mountains is here
extended to the Wernecke Mountains. The youngest
pairs of formations (Sheepbed–Gametrail and
Blueflower–Risky) are described in detail. Brief de-
scriptions of the underlying Keele and Ravensthroat
Formations and overlying post-Windermere Forma-
tions are included.

Fifteen facies associations (FA) (Fig. 4), nine of
which are siliciclastic-dominated and six of which
are carbonate-dominated, are identified based on the
nature of vertical stratal relationships, unit composi-

tion, grain characteristics, bedding and sedimentary
structures (Table 1). Interpreted environments range
from basinal to terrestrial.Eisbacher (1981, Fig. 29)
proposed that the paleoslope in the Wernecke Moun-
tains was south to southeasterly facing, a view sup-
ported by facies thickening and deepening from
north to south–southeast (Fig. 4). The predominantly
deep-water facies of the coeval Mackenzie Mountains
succession thicken and deepen to the west and south-
west. The change of structural grain and probable
related change in the strike of the margin between the
Mackenzie and Wernecke Mountains, approximately
north–south and east–west, respectively, suggest an
arcuate margin (Eisbacher, 1985).

4.1. Keele and Ravensthroat Formations

The Keele and Ravensthroat Formations were not
examined in detail but both are prominent marker
beds. The Keele Formation, up to 600 m thick in
the Mackenzie Mountains (Gabrielse et al., 1973),
is a complex of platform carbonate and overlying
orange-red-weathering pebbly quartzite (= “Keele
Clastic Wedge”;Narbonne and Aitken, 1995). In the
Wernecke Mountains, the Keele Formation is only up
to 40 m thick and is composed of shallow shelf to
fluvial siliciclastics probably equivalent to the Keele
Clastic Wedge. Yellow-weathering, finely crystalline
dolostone and rare limestone (23 m thick;Figs. 4 and
5A) overlie the Keele Formation (Eisbacher, 1981,
1985) and are referred to the Ravensthroat Formatioan
(= Ice Brook cap carbonate) described byJames et al.
(2001) in equivalent strata of the Mackenzie Moun-
tains. The Ice Brook cap carbonate has attributes
similar to coeval Marinoan caps globally including
laminated peloidal sediments, corrugated stromato-
lites, and synsedimentary tepee-like structures (James
et al., 2001). The cap carbonate is overlain abruptly
and conformably by black shale of the Sheepbed
Formation (Figs. 4 and 5A).

4.2. Sheepbed Formation

In the Mackenzie Mountains, the Sheepbed For-
mation (Gabrielse et al., 1973) represents deposition
on a passive-margin continental slope (Dalrymple and
Narbonne, 1996). A slope setting is also interpreted for
the lithologically similar Sheepbed Formation in the
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Fig. 4. Measured Sections A, B, C, D1 and D2 showing the lithostratigraphic correlation across the transect. Datum is the unconformity at
the top of the Risky Formation that approximates the Precambrian–Cambrian boundary in the absence of the overlying Ingta Formation.
Stratigraphic levels of fossil occurrences based on the present study and reported occurrences fromHofmann et al. (1983) Nowlan et al.
(1985) and Narbonne and Hofmann (1987).
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Summary of facies and facies associations

FA Unit description Grain size, bedding
and structures

Interpretation

Clastic dominated
1 Laminated siltstone

and mudstone, shale
Uniform shale and mudstone
with laminated siltstone
beds; units up to 60 m thick

Turbidites: medium to
coarse silt and mud

Continental slope; deposition
by turbidity currents,
slumping, and hemipelagic
settling

Background: mud
Bedding indeterminate to
thin
T(D)E: finely laminated
silt and mud; rare slumps
in resistant siltstone beds

2 Massive sandstone
and conglomerate

Channel deposits; massive
units with mudstone and
siltstone interbeds (20 cm to
3 m thick); units 20–30 cm
to 100 m thick, thin to 0 m
laterally

Coarse sand to
pebble-granule; fine silt

Continental slope near
shelfbreak; rapid
sedimentation, submarine
channel fill; background
sedimentation contour
currents and/or suspension

Thin bedded to massive
Rare cross-beds of
granules with rare
sandstone
In siltstone and
mudstone: truncations
and slump scars and
folds; shale rip-up clasts;
fine lamination; lack of
wave or current
structures; no grading

3 Black shale Wavy laminated, drapes
sandstone beds and
comprises interbeds of FA 5,
pyritic; units 1–10 m thick

Mud to fine silt Deep subtidal shelf; muddy,
low energy, below storm
wave base

mm-scale laminae to
2 cm beds
Forms mud drapes,
fissile, pyritic, absence of
wave structures

4 Heterolithic Sandstone, siltstone and
shale beds, fining upward;
interbedded with FA 3; units
1–10 m thick

Fine to coarse sand, fine
to medium silt

Clastic shelf; high energy,
below fair-weather wave
base, above storm wave base

Thin to thick bedded,
scoured bed bases
HCS, gutter casts,
cross-lamination and
tabular cross-bedding;
soft-sedimentary
deformation; shale clasts;
wave ripples and mud
drapes, syneresis cracks
Ediacaran fossils, trace
fossils

5 HCS sandstone Quartz sandstone and
dolomitic quartz sandstone,
weather white and orange;
interbedded with FA 13;
units 2–24 m thick

Fine to medium sand;
microcrystalline
quartzose dolostone; rare
stromatolitic clasts

Shallow mixed
carbonate–clastic shelf and
shoreface; deposition by
storm waves



8 L.J. Pyle et al. / Precambrian Research 132 (2004) 1–27

Table 1 (Continued)

FA Unit description Grain size, bedding
and structures

Interpretation

Thin to thick bedded
HCS, SCS and dcm-scale
planar cross-bedding; some
planar lamination; load
structures; convolute
bedding; wavy microbial
lamination

6 Pebble lag or
reworked deposit

Beds of variable lithologies,
commonly containing
phosphatic pebbles or rip-up
clasts; units 1–7 m thick

Dolostone or phosphate
pebbles 5 cm long; mud
chip rip-up clasts; clasts
angular to round

Shallow shelf to shoreface;
high energy, mechanical
concentration and/or
reworkingThin to thick bedded

Sharp, scoured bed bases

7 Red and green
mudstone/siltstone

Red, yellow-green
weathering, brown staining,
friable, non-fissile, brecciated
mudstone, siltstone, shale
horizons; nodular or
subangular blocky; cyclically
interbedded with FA 14;
units <0.5–23 m thick

Mud to fine silt, minor sand Terrestrial floodplain;
pedogenic development
during subaerial exposure
and wetting/drying phases

Thin bedded, nodules
2–10 cm long with clay
“skin”; irregular bedding
surfaces; brecciated, rare
intervals of remnant
cross-beds sets, desiccation
cracks; dolomitic
concretions; finely, planar
to irregularly laminated;
possible rain-drop imprints

8 Cross-bedded
sandstone and
conglomerate

Red weathering, fining
upwards from conglomeratic
base, variegated shale
interbeds; discontinous beds
in units 0.5–20 m thick

Coarse sand to pebbles,
polymictic clasts

Fluvial; channel deposits

Beds thin and laterally
discontinuous
Cross-bedded,
paleocurrents diverse
between packages; medium
sandstone caps of clean,
white quartzite (FA 5)

9 Sandstone/siltstone Red-brown weathering
sandstone and laminated,
gray siltstone interbeds with
sandstone lenses, drapes and
interbeds of pyritic black
shale; units 1–20 m thick

Medium to coarse sand,
well rounded and sorted;
fine silt

Coastal to estuarine/lagoonal;
clastic dominated with
episodic tidal flow

Thin to thick bedded; sand
lenses within finely
laminated, pyritic, siltstone
beds, shale partings
Starved ripples and
microbial laminae; flat
laminae, rare cross-bedding
(diverse paleocurrents);
loaded bed bases, mud
flasers drape ripples; fining
upwards successions,
syneresis cracks
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FA Unit description Grain size, bedding
and structures

Interpretation

Carbonate dominated
10 Ribbon-bedded

limestone
Interbedded lime mudstone,
mudstone and clastic shale
(FA 2), parted to ribbon
bedded and/or nodular; units
7–18 m thick

Lime mudstone to
wackestone, calcareous
shale; mudstone: mud to silt

Continental slope;
deposition by turbidity
currents and hemipelagic
settlingBeds thin to medium,

lenses 8–10 cm thick;
mudstone:<1–10 cm
Soft sedimentary
deformation; bed bases
sharp and erosive; some
normal grading; vague
lamination; small slump
folds

11 Carbonate breccia Intraformational dolomitized
breccia and slope carbonate;
units 2–37 m thick, with cm
to dcm scale downcutting

Pebbles to boulders (some
several m in size) of
laminated shelf dolostone

Carbonate slope; deposition
by shelf-derived debris
flows

Thick bedded to massive
Matrix supported,
asymmetric slump folds
with 0.5–3 m amplitude,
bed bases scoured, sharp
and erosive; truncated
beds; slumped, microbially
laminated interbeds

12 Biohermal Complex of stromatolitic,
thrombolitic and microbially
laminated dolostone; upper
dome with 12 m relief; unit
20 m thick

Fine crystalline,
dolomudstone to
framestone

Shallow subtidal shelf

Thin bedded to massive
Broad and open oblate
domal stromatolites,
dcm-scale, laterally-linked
hemispheric style, cm-scale
columns; clotted textures
and laminated microbial
fabrics; finely laminated
dolomudstone

13 Dolostone Dolostone, sandy dolostone
and oolite; peach to gray
weathering; units 1–45 m
thick

Fine to medium crystalline,
sucrosic; medium sand
sized to granule ooids;
oncoids; coarse quartz sand

Shallow carbonate to mixed
clastic–carbonate shelf and
shoal; high energy with
storm wave influence

Thin to thick bedded,
locally erosional bed bases
Low angle planar
cross-bedding in 0.1–0.2 m
thick sets; minor
herringbone cross-bedding;
grading from ooids to
pisoids in sets 2 m thick;
HCS, SCS
Few original fabrics, cryptic
to vaguely or microbially
laminated; locally vuggy
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Table 1 (Continued)

FA Unit description Grain size, bedding
and structures

Interpretation

14 Microbial/fenestral
dolostone, rudstone

Complex of intraclastic
and stromaclastic
rudstone, dolograinstone,
stromatolitic dolostone,
microbially laminated
dolostone; units 20 cm to
20 m thick

Microcrystalline
dolomite, packstone,
grainstone, rudstone;
tabular clasts 1–2 cm

Shallow subtidal to
supratidal; influence
of storm waves

Thin bedded;
stromatolites with
10–50 cm relief
Cross-bedded in
10–20 cm sets,
herringbone imbrication
of clasts, small tepees,
oncoid–pisoid sized
vugs, several stages of
dolomite cement;
desiccation cracks,
small fenestrae, highly
stylolized

15 Well-bedded
limestone

Limestone, locally
dolomitized; unit 9 m
thick

Lime mudstone,
wackestone, grainstone
to rudstone (rip-up
clasts and stromatolites
2–6 cm long)

Mid-outer shelf;
penecontemporaneous
storm reworking

Thin bedded, bed bases
scoured, tops sharp;
soft-sedimentary
deformation;
dolomitized with
compaction rotation in
basal 4 m; complex
diagenesis and
phosphatization in
upper 1 m
Rosettes and tepees in
upper 1 m; current
ripples

Wernecke Mountains (Table 2). The most continuous
section of Sheepbed Formation is present at Section
A (446 m thick,Figs. 4 and 5A).

4.3. Gametrail Formation

In the Mackenzie Mountains, the Gametrail For-
mation (320 m thick) is represented by coarse-grained
platformal carbonates in the northeast and ribbon-
bedded limestones and carbonate debrites in the slope
facies to the southwest. It has an interbedded and

gradational contact with the underlying Sheepbed
Formation. In the Wernecke Mountains, the Game-
trail Formation is a light gray-weathering, resistant,
cliff-forming carbonate unit (124–186.7 m thick) that
overlies the Sheepbed Formation (Fig. 5A and B).
The dominant lithology of the formation is carbonate
debrites (Table 2). The chaotic nature of the units,
presence of asymmetric slump folds (Fig. 6B), and
bed truncation are consistent with deposition by de-
bris flows on a carbonate slope (Coniglio and Dix,
1992).
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Fig. 5. Field photographs of the upper Windermere Supergroup. (A) View of Section A to the northeast, ca. 1 km thick from Ravensthroat
Formation to the top of the Risky Formation. (B) View of Section C to the west, showing thickening of members of the Blueflower
Formation compared to Section A (basal, pcm= peritidal carbonate, yuletide and disc members). (C) View of the same ridge as (B) but
to the east, showing continuation of the section up to the Cambrian strata. (D) View of Section D2 to the southwest, showing the great
thickening of the Blueflower Formation and remarkable facies changes. Camp (at yellow arrow) sits on 100 m thick submarine channel
conglomerate, overlain by shelf sands and a spectacular bioherm (outlined) comprising the basal member. The peritidal carbonate member
is overlain by the red-weathering yuletide member that consists of several paleosol horizons. (E) View of the upper part of Section D1 to the
southwest, consisting of the upper Blueflower Formation (disc member) that contains a carbonate subunit of oolite and shoreface sandstone
overlain by recessive shallow shelf deposits. The Risky Formation forms the upper part of the cliff and is overlain by Cambrian strata.
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Table 2
Summary of formations (FA fromTable 1)

Formation/member FA Description and depositional environment

Wernecke Mountains Mackenzie Mountains

Ingta 15 Thin bedded limestone, minor dolostone
partings; rudstone, grainstone rip-up clasts,
phosphatization in upper 1 m

Ingta Formation (shale, sandstone,
limestone) lies between Risky and
Backbone Ranges formations

Up to 14 m thick Variable thickness, up to 256 m
Mid- to outer-shelf Siliciclastic and carbonate shelf

Risky 13 Dolostone with few preserved textures
(oolite, microbial lamination, cross-bedding)

Oolite, oncoid wackestone/floatstone,
stromatolites, dolomitic sandstone, sandy
dolomite

Thickens from 26 to 136.5 m southward Up to 167 m thick
Carbonate, mixed siliciclastic–carbonate
shelf

Carbonate, mixed siliciclastic–carbonate
shelf

Blueflower
Disc member 3, 4, 5, 6 and 13 Recessive, homogeneous unit of black

shale, HCS sandstone, white quartzite,
minor dolostone; carbonate-dominated
(oolite) interval distally

Upper part: siliciclastic dominated
turbidites, carbonate olistoliths, shoreface
sandstone at the top of the unit Up to 290
m thick Continental slope (carbonate and
siliciclastic) and shoreface

Thickens southward from 114 to 305 m
Shallow shelf and carbonate shoal

Yuletide member 3, 4, 7, 8 and 9 Thin bedded and nodular, non-fissile red
and green siltstone and mudstone, calcitic
nodules, paleosols; upper part dominated
by shale and sandstone; distally contains
coastal sandstone and shale
Thickens southward from 40 to 180 m
Terrestrial, coastal and shallow marine

Peritidal carbonate
member

14 Microbial/fenestral dolostone, rudstone,
dolograinstone, stromatolitic dolostone,
sandy dolostone

Lower part: parted slope limestone, sandy
limestone

Thickens southward from 45 to 117 m Up to 280 m thick
Subtidal (muddy carbonate tidal flat) to
supratidal

Basal member 2, 3, 4, 5, 6, 12
and 13

Distally: coarse submarine channel fills, fine
siliciclastics (muddy shelf to transitional
facies), microbial pinnacle bioherms up to
12 m thick; Proximally: sandstone, lag
deposits and rare dolostone beds

Contact with Gametrail Formation
gradational Continental slope
(carbonate-dominated)
Lower part: parted slope limestone,
sandy limestone

Thickens southward from 50 to 200 m Up to 280 m thick
Slope to shallow shelf Contact with Gametrail Formation

gradational
Continental slope (carbonate-dominated)

Gametrail 11 Polymict, pebble-sized, matrix-supported,
carbonate debrites; shelf-derived clasts of
laminated dolostone in debrites; interbeds
of cryptic, structureless dolostone and
laminated, slumped dolostone

Platformal carbonates in northeast and
slope carbonates in southwest

At least 187 m thick Up to 320 m thick
Carbonate slope Carbonate platform to slope
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Table 2 (Continued)

Formation/member FA Description and depositional environment

Wernecke Mountains Mackenzie Mountains

Sheepbed 1 and 10 Silt-dominated, finely laminated distal
turbidites with rare slump folding and
ribbon-bedded limestone

Fine-grained siliciclastics, shale-dominated

At least 446 m thick Up to 1.5 km thick
Siliciclastic-dominated to carbonate slope Siliciclastic-dominated passive-margin slope

4.4. Blueflower Formation

In the Mackenzie Mountains, the Blueflower For-
mation (1000 m thick) consists of submarine channel
fills and slumps and debrites consistent with a slope
setting (Aitken, 1989). MacNaughton et al. (2000)
divided the Blueflower into a lower part consisting of
deep-water carbonates and an upper part consisting
of deep-water turbidites and carbonate olistoliths that
pass upward into shoreface sandstones (MacNaughton
et al., 2000). In the Wernecke Mountains, the Blue-
flower Formation is a mixed siliciclastic and carbonate
succession that likewise lies between the Gametrail
and Risky Formations, although the shallow-water
facies are quite different from their deeper water
equivalents in the Mackenzie Mountains (Table 2).
Correlation is supported by the concentration of
carbonates in the lower part and dominance of sili-
ciclastics in the upper part as well as correlation of
sequence boundaries (as discussed below). The Blue-
flower Formation is more than 600 m thick at southern
sections and thins northward to 266 m. It is herein
subdivided into four informal members that represent
distinct, mappable units (Table 2; Figs. 3, 4 and 5B–E).

The basal member (50–200 m thick) consists
of coarse submarine channel fills, fine siliciclas-
tics (Fig. 6C), and microbial pinnacle reef mounds
(Fig. 5D) that mark the transition from deep-water
slope to shallow shelf conditions (Fig. 4, Table 2).
The peritidal carbonate member(45–117 m thick) is
lithologically variable, dominated by a complex of
peritidal facies (Table 1) with interbeds of marine and
terrestrial siliciclastics (Figs. 5D and 6D). The yule-
tide member(40–180 m thick) is a prominent marker
unit named for its characteristic friable, red-maroon
and bright apple green-weathering interpreted ter-
restrial deposits (Fig. 6F) and fluvial sandstone and
conglomerate (Fig. 6E). The uppermost member of

the Blueflower Formation is called thedisc member
(114–305 m thick) because it contains disc-shaped
fossils of the Ediacaran biota along with carbona-
ceous discs of uncertain affinities. It contains black
shale interbedded with orange-weathering HCS sand-
stone beds and an increasing number of thicker, well
cemented, white-weathering quartzite units in the
upper part of the unit (Fig. 4, Table 2). Near the
middle of the disc member in the most distal section,
a carbonate-dominated unit containing granule-sized
giant ooids occurs (Fig. 6G).

4.5. Risky Formation

In the Mackenzie Mountains, the Risky Formation
(Aitken, 1989) is a resistant unit (up to 167 m thick)
of rose- to peach-weathering, cliff-forming, platform
carbonate interbedded with dolomitic sandstone and
sandy dolomite. The base of the formation is grada-
tional with the underlying Blueflower Formation, and
the top is a karstic unconformity below uppermost
Neoproterozoic to basal Cambrian shallow-marine
to nonmarine deposits (MacNaughton et al., 1997,
2000).

In the Wernecke Mountains, the Risky Formation
is a distinctive, cliff-forming, blocky weathering,
locally quartzose, orange to rose weathering dolo-
stone (Fig. 5A, C and E). Dolomitization was
fabric-destructive but there are a few preserved
textures such as oolite, microbial lamination and
cross-bedding (FA 13). The Risky Formation thins,
or more likely is truncated, from 136.5 m in the south
to 26 m in the north (Fig. 4). The upper boundary is
cavernous with Mississippi Valley type zinc and lead
mineralization (Osborne et al., 1986) and with the
uppermost 1.5 m containing an extensive fracture sys-
tem lined with phosphate and filled with phosphatic
clasts. This discontinuity is regional in extent and is
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referred to as the “sub-Cambrian” unconformity (e.g.,
Narbonne and Aitken, 1995).

4.6. Post-Windermere Formations

In the Mackenzie Mountains, the Ingta (Table 2)
and Vampire Formations are siliciclastic-dominated
strata regarded as post-Windermere in age because
of the regional karstic unconformity at the top of the
Risky Formation and the occurrence of Cambrian
small shelly fossils and trace fossils high in the Ingta
Formation (MacNaughton and Narbonne, 1999). In
the Wernecke Mountains, a limestone and dolostone
unit (FA 15,Table 1), 9–14 m thick, is here question-
ably assigned to the Ingta Formation (Fig. 5C and
E). It is present above the Risky Formation at Sec-
tions C and D1 is overlain by black shale assigned
to the Backbone Ranges-Vampire Formation (Fig. 3).
Within the upper part of the unit, extensive phospha-
tization occurs in the form of hardgrounds, intraclasts
and cement between carbonate clasts (Fig. 6H) and
abundant quartz sand implies a siliciclastic shoreface
landward.Osborne et al. (1986)and Nowlan et al.
(1985)referred to this phosphatic limestone unit as a
basal unit of the Vampire Formation before the Ingta
Formation was named formally.

5. Biostratigraphy

5.1. Mackenzie Mountains

There are no radiometric dates available for the
upper part of the Windermere Supergroup in the
northwestern Cordillera. Simple discs of Ediacaran
aspect occur in the Twitya Formation (Hofmann et al.,
1990). More complex Ediacaran fossils occur in the

Fig. 6. Field photographs of some facies associations and bounding surfaces that illustrate the range of depositional environments. (A)
Ribbon-bedded argillaceous limestone and shale (FA 10) of the upper Sheepbed Formation (measuring staff at lower right is 1.5 m long).
(B) Slope breccia (FA 11) of the Gametrail Formation, showing meter-scale slump fold (measuring staff for scale). (C) Heterolithic facies
(FA 4) containing sandstone event beds with shale clasts (at arrows) and black shale interbeds, Blueflower Formation. Scale bar is 10 cm.
(D) Peritidal dolostone (FA 14) interbedded at three levels with pedogenic deposits, peritidal carbonate member, Blueflower Formation:
lower arrow at rock hammer for scale where the head of the hammer is at the top of nodular, columnar, fine crystalline dolostone, middle
arrow at level of red shale, upper arrow at black and green-weathering, nodular paleosols. (E) Erosional contact of red-weathering, laterally
discontinuous fluvial conglomerate (FA 8) overlying shelf dolostone (FA 13), Blueflower Formation. Scale bar is 10 cm. (F) Maroon and
apple green-weathering, nodular pedogenic deposits (FA 7) of the yuletide member, Blueflower Formation (divisions on measuring staff are
10 cm). (G) Karstic fill (paleokarst surface at arrow) of sandstone and phosphatic pebbles, overlying dolostone (FA 13) containing giant ooids
(10 cm scale bar), dolostone subunit of disc member at Section D. (H) Well bedded limestone beds (FA 15) deposited on mid to outer ramp
(shelf), containing levels of phosphate (at finger) and oriented clasts of grainstone (at arrow), deposited by storm events, Ingta Formation.

Sheepbed and Blueflower Formations, and simple
trace fossils occur in the Gametrail, Blueflower, and
Risky Formations (Hofmann, 1981; Aitken, 1989;
Narbonne and Aitken, 1990, 1995; Narbonne et al.,
1994; MacNaughton et al., 2000). The base of the
Cambrian lies high in the Ingta Formation at the base
of theTreptichnus pedumbiozone (MacNaughton and
Narbonne, 1999) and near the first appearance of the
small shelly fossilProtohertzina(Conway Morris and
Fritz, 1980).

5.2. Wernecke Mountains

A terminal Proterozoic age is indicated by: (1)
the occurrence of Ediacaran fossils and simple trace
fossils in the Blueflower Formation (Hofmann et al.,
1983; Narbonne and Hofmann, 1987); (2) the assem-
blage of small shelly fossils of Early Cambrian age
in the Ingta Formation (Nowlan et al., 1985); and
(3) the association of complex trace fossils reported
from the overlying Vampire Formation (Fritz et al.,
1983) (Fig. 4). This assignment is strengthened by
the presence of well preservedAspidella, described
previously under a number of names (seeGehling
et al., 2000), and Beltanelliformis in the disc mem-
ber (Fig. 7A and B). Aspidellaand Beltanelliformis
are known from Ediacaran strata worldwide. Associ-
ated simple trace fossils includePlanolites(Fig. 7C)
and Helminthoidichnites, which are among the most
commonly reported trace fossils of Ediacaran age
(Narbonne and Aitken, 1990; Jenkins, 1995).

Abundant small shelly fossils, includingAnabarites
trisulcatus and Protohertzina anabarica, that define
the base of the Cambrian in the Ingta Formation were
documented byNowlan et al. (1985). Complex trace
fossils, includingTreptichnus pedum, Rusophycusand
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Fig. 7. Representative Ediacaran megafossils and trace fossils of the Blueflower Formation, disc member. Scale bar in each photo represents
1 cm. (A) Aspidella terrinovica, GSC 10754, preservation on sole of bed, “masked” by black laminae, and showing elephant skin texture;
(B) Beltanelliformis brunsae, GSC 10755, exceptional preservation of specimens, showing peripheral wrinkles or folds; (C)Planolites
montanus, GSC 10756.

Cruziana, indicative of a sub-trilobite Cambrian age,
are also present at the base of the Vampire Forma-
tion (Fritz et al., 1983). Uppermost Vampire strata, as
well as basal beds of the overlying Sekwi Formation,
contain trilobites of theFallotopsisZone, the lowest
trilobite zone of the Cambrian of the Laurentia (Fritz,
1980).

6. Reconnaissance geochemistry

The carbon isotopic record within Neoproterozoic
carbonate successions serves as a proxy for secular
variation in seawater (Kaufman and Knoll, 1995).
Wernecke Mountains data can be compared to a
global curve for interbasinal correlation (Knoll et al.,
1986) and improved resolution of climatic oscilla-
tions (Kaufman et al., 1997; Hoffman et al., 1998). In
contrast with the relatively detailed isotope curve doc-
umented from the Mackenzie Mountains (Narbonne
et al., 1994; Kaufman et al., 1997; James et al., 2001),
sampling of the coeval succession in the Wernecke
Mountains has been at a reconnaissance level. The
following trends are apparent: (1) a strong negative
excursion in post-glacial Ravensthroat and lower
Sheepbed Formations; (2) a variable positive interval
through the Sheepbed and Gametrail Formations; (3)
an invariant interval through the Blueflower and Risky
Formations; and (4) a sub-Cambrian negative excur-

sion in the Ingta Formation. Theδ13C profile for the
Ravensthroat Formation and lower Sheepbed Forma-
tion (values from−4.1 to−6.6‰) is similar to that of
the Ravensthroat Formation in the Mackenzie Moun-
tains (James et al., 2001) and to Marinoan cap carbon-
ates worldwide (Kaufman and Knoll, 1995; Kaufman
et al., 1997). Values from the uppermost Sheepbed
and Gametrail Formations have positive values (to
+8‰) similar to the positive interval in the coeval
units within the Mackenzie Mountains (Narbonne
et al., 1994; Kaufman et al., 1997). Values within the
Blueflower and Risky Formations are invariant (−1.4
and 0.0‰) which is a similar pattern, although slightly
more negative, than the correlative interval in the
Mackenzie Mountains (Narbonne et al., 1994; Kauf-
man et al., 1997). Finally, carbon isotopic values show
a pronounced negative (−3.4‰) excursion within the
Ingta Formation carbonate, which is interpreted to
correlate to distinctly negative values from the basal
Ingta in the Mackenzies (Narbonne et al., 1994), and
may correlate to the depleted interval in sub-Cambrian
successions globally (Knoll and Carroll, 1999).

7. Depositional systems and sequence
stratigraphy

The depositional history and stratigraphic archi-
tecture of the Wernecke Mountains succession are
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interpreted in a sequence stratigraphic framework.
Shallow water deposits of the Blueflower Formation
are sensitive recorders of relative sea level oscillations
and contain more recognizable sequence boundaries
than the deeper water record of the Mackenzie Moun-
tains. The Wernecke Mountains succession is parti-
tioned into five depositional sequences based on the
position of unconformable surfaces, abrupt changes
in facies, and transitions in facies stacking patterns
(Fig. 8). The placement of sequence boundaries in
Fig. 8 presents the most parsimonious interpretation
of the succession; attempts to recognize additional or
alternative sequence boundaries result in interpreta-
tions that are less logical and/or considerably more
complex. The sequences, based on concepts refined
by Handford and Loucks (1993), Posamentier and
Allen (1999), andPlint and Nummedal (2000), con-
sist of lowstand (LST), transgressive (TST), highstand
(HST) and falling stage (FSST) systems tracts.

7.1. Sequence 1

Sequence 1, present completely only at Section A,
is a thick, unconformity-bounded succession of the
Ravensthroat, Sheepbed and Gametrail Formations
(Fig. 8). Sequence boundary (SB) 1 is located at the
base of the Ravensthroat Formation and is a major un-
conformity because glacial deposits of the Ice Brook
Formation present in coeval strata in the Mackenzie
Mountains are missing at this locality. The absence of
glacial deposits may be attributable to non-deposition,
however, the top of the Keele Formation exhibits
erosion in additional to an abrupt facies change from
coarse, fluvial siliciclastics of the uppermost Keele
Formation (= Keele Clastic Wedge of the Macken-
zie Mountains) to the cap carbonate. The subsequent
post-glacial sea level rise persisted through a TST
consisting of Ravensthroat carbonate overlain by the
Sheepbed Formation, composed of deep-water slope
facies (FA 2 and 10). A maximum flooding surface is
placed high in the Sheepbed Formation near the base
of the Gametrail Formation. The HST consists of FA
11 (carbonate breccia) that represents mass wasting
on the slope, or highstand shedding, as sediment is
exported from the interpreted prograding platform.
There is little siliciclastic material within the HST,
except for one unit of black shale within the Game-
trail Formation. The top of Sequence 1 is SB 2, a

regionally extensive paleokarst unconformity at the
top of the Gametrail Formation.

7.2. Sequence 2

Sequence 2 is represented by the basal and periti-
dal carbonate members of the Blueflower Formation
overlying the paleokarst unconformity. The paleokarst
surface has up to 20 m of downward fissures and cav-
ities filled with coarse-grained sandstone. SB 2 is best
expressed at Sections A and C. It probably extends
to distal sections where strata are not exposed under
the interpreted LST deposits (submarine channel con-
glomerates, FA 1) (Fig. 8). The TST at Section D2
is formed by three retrogradational parasequences of
black shale (FA 3) and heterolithic facies (FA 4). The
TST also contains microbial bioherms (FA 12) with
a pinnacle shape (Fig. 5D) suggestive of aggradation
during a rapid sea level rise. In proximal sections, the
TST contains alternations of more proximal shelf to
shoreface sandstone (FA 5) and subtidal shelf dolo-
stone and sandy dolostone (FA 13). The HST is ev-
erywhere marked by a change to peritidal carbonates
(FA 14).

The FSST preserved only in distal sections (D1
and D2) is interpreted to lie at the shelf edge, where
sediments of the descending shoreface are preserved
(Fig. 8). The indications of falling sea level prior to
the formation of SB 3 occur at the base of the FSST,
where interbeds of terrestrial and fluvial deposits (FA
7 and 8) predominate and reappear within the LST of
Sequence 3.

7.3. Sequence 3

Sequence 3 contains the greatest vertical facies
changes within the Blueflower Formation and was de-
posited during a basinward shift of the shoreline and
shut-down of the carbonate factory. The sequence also
thickens distally (Fig. 8). SB 3 is a prominent uncon-
formity where fluvial deposits cut down into peritidal
carbonates (Section A), or terrestrial deposits abruptly
overlie carbonates (Sections B and C) or shelf clas-
tics (Sections D1 and D2). The LST is dominated by
terrestrial (FA 7) and fluvial (FA 8) deposits of the
yuletide member. The TST contains coastal deposits
(FA 9) distally, preserved at the shelf margin during a
relative sea level rise. Within the TST and early HST,
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Fig. 8. Sequence stratigraphic interpretation across the transect.
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heterolithic facies (FA 4) host the Ediacaran megafos-
sils and simple trace fossils. A maximum flooding
surface is interpreted to lie within the basal part of the
disc member (FA 3 and 4). Part of the early HST (FA
5 and 13) is interpreted as a carbonate-dominated,
high-energy, shallow shelf and shoal environment in-
fluenced by storm waves and tidal currents. A karstic
erosion surface midway through the HST in Section
D1 (Figs. 6G and 8) cannot be recognized proximally.
The late HST is indicated by greater proximality,
evidenced by a transition from brown-weathering
sandstone (FA 4) to white-weathering, cleaner quartz
sandstone (FA 5), decrease in shale interbeds, and
increase in SCS in addition to HCS.

7.4. Sequence 4

SB 4 is represented by the erosional base of a phos-
phatic and quartz granule conglomerate (FA 6) capped
by a phosphatic hardground which indicates a rapid
rise in relative sea level. SB 4 occurs in a recessive
interval just below the base of the Risky Formation
(Fig. 8). The transgressive lag is overlain by two or
three parasequences of black shale (FA 3) with het-
erolithic facies (FA 4) or thin bedded dolostone (FA
13). The HST consists of the Risky Formation (FA 13),
which is difficult to partition further. The sequence
thins from 148 to 48 m northward (Fig. 8).

7.5. Sequence 5

SB 5 is a marked regional unconformity at the top of
the Risky Formation expressed as an irregular, karstic
surface extending downward at least 1.5 m. It is over-
lain by well-bedded limestone (FA 15) of the Ingta
Formation distally and by siliciclastic of the Backbone
Ranges-Vampire Formation proximally (Fig. 8).

7.6. Interpretation

The five depositional sequences interpreted for the
upper Windermere Supergroup suggest a landward di-
rection or high to the north based on the truncation
of sequences northward and greater accommodation
space to the south evident in the southward increase
of thickness of sequences in the Blueflower Forma-
tion distally. Stacking patterns and truncations of fa-
cies through the succession record the progradation of

the passive margin from the Ediacaran to Cambrian
through the upward transition of slope deposition in
the Sheepbed and Gametrail Formations to shallow
marine and terrestrial deposition in the Blueflower and
Risky Formations (Fig. 9).

SB 1 truncates fluvial deposits of the Keele Clas-
tic Wedge interpreted to incise or lie on the slope
(Fig. 9A). These Keele siliciclastics represent an ex-
treme lowering of sea level that interrupts slope de-
position represented by the Twitya to Sheepbed For-
mations. Ice Brook glacials are absent at Section A,
possibly due to non-deposition, but are known to over-
lie the Keele at one locality in the Wernecke Moun-
tains (Thorkelson, 2000). SB 1 is interpreted as eu-
static or glacio-eustatic in origin. Sequence 1, con-
sisting of the Ravensthroat, Sheepbed and Gametrail
Formations, records the most marked rise in relative
sea level and is attributed to post-glacial transgression
during continued subsidence of the margin. A correla-
tive conformity may lie within this sequence, near the
change from shale to carbonates high in the Sheepbed
(Fig. 4).

A distinct depositional change (SB2) at the onset
of the Blueflower Formation (Fig. 9B) records a shift
of the shoreline basinward and initial dominance by
siliciclastic deposition. Lowstand submarine channel
deposits are preserved outboard. The HST of Sequence
2 records the aggradation and progradation of peritidal
carbonates across the transect. The FSST of Sequence
2, preserved only distally, is suggested to have formed
at the shelf margin based on the interpreted coastal
facies association.

SB 3 is preceded in the distal sections by indica-
tors of falling sea level (terrestrial facies of the FSST
of Sequence 2) that culminate in a great drop in base
level (Fig. 9C). This drop is indicated by cratonward
thinning of Sequence 3, the low depositional gradi-
ent of the LST across the transect, aggradation of ter-
restrial sediments, and lack of carbonate deposition.
SB 3 represents the greatest depositional change from
fully marine to dominantly terrestrial deposition and
may be associated with erosion related to local tec-
tonic controls. The terrestrial facies preserved across
the transect are best interpreted as aggradational LST
deposits. Deposition of coarse siliciclastics of the ini-
tial TST of Sequence 3 indicate a rapid rise in rel-
ative sea level, followed by a slowing of sea level
rise indicated by the progradation of thicker units of
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Fig. 9. Interpretation of the architecture of Sequences 1 through 5. Accompanying sea level curve is based on the sequence preserved at
Section D for Sequences 2 through 5. For the economy of space, Sequence 1 is abbreviated in C. See text for discussion.
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cleaner sandstone forming the HST. In both Sequences
2 and 3, a higher-frequency cyclicity is indicated by
the alternation of siliciclastic–carbonate subunits and
well-developed higher-order unconformities (Figs. 4,
6E and G).

SB 4 is a prominent break in deposition below the
Blueflower–Risky Formation contact (Fig. 9E). The
coarse sediment of the lag deposit (FA 6) indicates
exposure and erosion. The Risky Formation repre-
sents the rebirth of extensive carbonate sedimentation
and progradation of the platform margin. SB 5 is
the sub-Cambrian unconformity. It extends across
the shelf and corresponds with a major unconformity
worldwide (Narbonne et al., 1994; Christie-Blick
et al., 1995; Saylor et al., 1995; Pelechaty et al., 1996;
Calver and Lindsay, 1998; Jiang et al., 2002; Saylor,
2003) which supports the interpretation of a eustatic
origin for this boundary.

The sea-level curve (Fig. 9) is based on the thickest
strata preserved distally and illustrates that the Edi-
acaran system in the Wernecke Mountains is bound by
two significant sequence boundaries that may be use-
ful for global correlation. Interpreted third-order and
second-order patterns show the greatest rise in rela-
tive sea level occurred during Sequence 1. The great-
est sea-level fall during Sequence 3 is marked by a
change to a more spatially uniform stacking architec-
ture across the transect.

7.7. Intrabasinal sequence stratigraphic
correlation

An integrated, intrabasinal correlation of the excep-
tional stratigraphic record of the upper Windermere
Supergroup in northwestern Canada is established.
Six sequence stratigraphic tie-points can be extended
from the Wernecke Mountains to the Mackenzie
Mountains and are supported by a biostratigraphic and
chemostratigraphic framework (Fig. 10). To facilitate
discussion of both regional and global chronostrati-
graphic correlation, intervals of a synthesized carbon
isotopic profile, based on the schemes ofPelechaty
et al. (1996), Pelechaty (1998)andSaylor et al. (1998),
are used as a framework. This profile is divided into
anomalies, in ascending stratigraphic order from the
Marinoan cap carbonates to Precambrian–Cambrian
boundary: negative post-glacial (Npg), positive, in-
variant, and negative sub-Cambrian (NsC) (Fig. 10).

The succession of northwestern Canada corre-
sponds to the proposed Ediacaran System, the base
of which is proposed at the base of the Nuccalena
Formation cap carbonate in the Adelaide Geosyncline
(Terminal Proterozoic System 16th Circular, 2003).
Regionally, at a second-order level, a tie-point is
drawn from the base of the Ravensthroat Formation
(SB1) to the base of the Ravensthroat Formation in
the Mackenzies, described as sharp when overlying
the Keele Clastic Wedge, or irregular when overlying
Ice Brook glacials (James et al., 2001). This level
is also the base of a prominent negative carbon iso-
topic excursion (Npg, Fig. 10). The upper boundary,
at the Precambrian–Cambrian transition, is a marked
regional unconformity at the top of the Risky For-
mation (SB 5) at most localities. Where the stratig-
raphy is more complete, the boundary is defined
biostratigraphically at the level at which Cambrian
trace fossils and small shelly fossils occur in both
the Wernecke and Mackenzie Mountains (Fig. 10),
and carbonates indicate the NsC excursion. Subse-
quent positive isotopic values in the Cambrian are
not known from northwestern Canada because this
interval is siliciclastic-dominated.

Four third-order sequence boundaries interpreted
as tie-points occur between the two second-order
bounding surfaces in both the Wernecke and Macken-
zie Mountains (Fig. 10). A correlative conformity
was postulated to lie high in the Sheepbed Forma-
tion (Dalrymple and Narbonne, 1996) and a tenta-
tive correlation is extended to a similar level in the
deep-water succession in the Wernecke Mountains,
within the positive interval. SB 2, 3, and 4 lie in the
invariant interval. The apparent regional unconfor-
mity at the base of the Blueflower Formation (SB 2)
is correlated with a similar level in the lower Blue-
flower Formation in the Mackenzie Mountains, a
level designated as a simple sequence boundary (con-
taining no higher-order boundaries) byMacNaughton
et al. (2000)who perhaps underestimated the signifi-
cance of this surface in the deeper-water succession.
Tie-points are extended from SB 3 and 4 to points in
the Blueflower Formation in the Mackenzie Moun-
tains, both of which are interpreted as prominent bas-
inward shifts of a siliciclastic source. SB 4 correlates
to a sub-Risky Formation unconformity recognized
by MacNaughton et al. (2000)and indicates a fall
in relative sea level even more pronounced than SB
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Fig. 10. Global correlation of terminal Neoproterozoic mixed siliciclastic–carbonate successions within a chemostratigraphic framework
of carbon-isotopic intervals based on a synthesized profile (afterPelechaty et al., 1996; Pelechaty, 1998; Saylor et al., 1998). Synthesized
curve is based on the Mackenzie Mountains (afterKaufman et al., 1997; James et al., 2001). The fossil zonation of E1 representing
simple discs, E2 representing larger, radially symmetrical discs and fronds and E3 representing complex discs, fronds, dickinsoniids, and
abundant trace fossils is afterNarbonne et al. (1994). Lithologies of sections are greatly simplified and no thicknesses are implied. Sections:
Siberia: absolute date fromBowring et al. (1993), stratigraphy afterKnoll et al. (1995), Pelechaty et al. (1996), and Pelechaty (1998);
Namibia: absolute dates fromGrotzinger et al. (1995), stratigraphy afterSaylor et al. (1998)and Saylor (2003)and references therein;
India: stratigraphy and preliminary isotopic data fromJiang et al. (2002); Southeast USA: Nd= Noonday Dolomite, sequence stratigraphy
after Fedo and Cooper (2001), stratigraphy and chemostratigraphic data afterCorsetti and Hagadorn (2000)and Prave (1999); Mackenzie
Mountains: Rt= Ravensthroat cap carbonate, BBR= Backbone Ranges Formation, stratigraphy and sequence boundaries afterNarbonne
and Aitken (1995), MacNaughton et al. (2000)and Dalrymple and Narbonne (1996); isotopic trends afterNarbonne et al. (1994)and
Kaufman et al. (1997); Wernecke Mountains based on this present study, BBR-V= Backbone Ranges-Vampire Formation.

5 at the top of the Risky Formation.MacNaughton
et al. (2000)further suggested that the concentration
of unconformities through the Blueflower Formation
may be consistent with a period of thermal uplift
coeval to extensional tectonism in the southern Cana-
dian Cordillera that accounts for renewed subsidence

in the Cambrian (Bond and Kominz, 1984; Bond
et al., 1985). Although these repeated sea level falls
through the late Ediacaran may be eustatic in nature,
the intrabasinal correlation of prominent basinward
shifts indicated by SB 3, 4, and 5 may support the
hypothesis of a regional tectonic event such as uplift.



L.J. Pyle et al. / Precambrian Research 132 (2004) 1–27 23

8. Global correlations

The integrated stratigraphy of northwestern Canada
has several trends of possible global importance
(Fig. 10). The base of the Ediacaran System is in-
terpreted to lie directly beneath Marinoan cap car-
bonates, which appear to be high-resolution global
markers (Knoll et al., 1986; Narbonne et al., 1994;
Narbonne and Aitken, 1995; Kaufman et al., 1997;
Hoffman et al., 1998; Kennedy et al., 1998;
Walter et al., 2000). The Ediacaran is bounded at the
top by the Precambrian–Cambrian boundary, a ma-
jor unconformity at most sections worldwide which
suggests a eustatic origin. The age of this boundary
(ca. 543 Ma) is based on U–Pb zircon dates from
Namibia (Grotzinger et al., 1995), Siberia (Bowring
et al., 1993) and Oman (Amthor et al., 2003). Testing
the timing of multiple, globally synchronous glacial
events by radiometric dating has not been possible
(Evans, 2000). Thus, the best possible chronostrati-
graphic resolution comes from integrated stratigraphic
approaches.

In northwestern Canada, the Ediacaran is con-
strained within the four well-resolved carbon-isotopic
intervals and provides an independent test of utiliz-
ing integrated stratigraphy, particularly the linkage
of third-order sequence boundaries beyond regional
correlation. Comparison is drawn with mixed
siliciclastic–carbonate successions that have similarly
integrated chronostratigraphies. These include differ-
ing tectonic regimes such as the intracratonic-basin
setting of Siberia (Pelechaty, 1998), foreland basin
of Namibia (Saylor et al., 1998), and passive margin
settings of India (Jiang et al., 2002), the southern
Cordillera (Corsetti and Hagadorn, 2000) and north-
western Canada (Fig. 10).

SB 5, the sub-Cambrian unconformity, is readily
recognizable in all of the sections. Its duration and
magnitude vary between sections, but the age ap-
pears to be the same within the precision afforded
by biostratigraphic and chemostratigraphic correla-
tion. In North America, SB 5 correlates to the base
of the Sauk Sequence (ofSloss, 1963) at or near
the base of the Cambrian. The sharp NsC excur-
sion that is immediately below or approximates the
Precambrian–Cambrian transition (Siberia, south-
western United States, northwestern Canada) is not
present due to erosion or non-deposition as in Namibia

and possibly India. The NsC excursion is defined by a
U–Pb zircon age of 542.0±0.3 Ma in Oman (Amthor
et al., 2003). Globally, the calcified metazoansCloud-
ina andNamacalathusoccur only below this interval
while small shelly fossils and complex trace fossils
first appear with or above the negative excursion (Fig.
10). In the southern Great Basin, United States, the
Precambrian–Cambrian boundary is defined by the
first appearance ofT. pedumand other complex trace
fossils within the NsC interval (Corsetti and Hagadorn,
2000, 2003). Correlation of the sub-Cambrian un-
conformity is extended to the regional disconformity
that defines the middle member of the Wood Canyon
Formation (Fedo and Cooper, 2001) (Fig. 10). Other
carbonate dominated, Precambrian–Cambrian bound-
ary successions that contain the NsC isotopic event
include Oman (Amthor et al., 2003), China (Lambert
et al., 1987), Mongolia (Brasier et al., 1996), and
Morocco (Tucker, 1986).

SB 4 is easily correlated into the Mackenzie Moun-
tains. Sequence boundaries occur at or near the same
level as SB4 (high in the invariant interval) in Death
Valley, Namibia, and India (Fig. 10), but the absence of
unique features at this boundary or independent means
of correlation do not presently permit precise corre-
lation between boundaries. There does not appear to
be a sequence boundary at this level on the Siberian
Platform (Knoll et al., 1995; Pelechaty et al., 1996;
Pelechaty, 1998).

SB 3 also has demonstrable correlation with the
Mackenzie Mountains, but cannot be correlated with
confidence outside the Canadian Cordillera. It is just
above this level in the Wernecke Mountains where the
most diverse E3 megafossils and simple trace fossils
occur, which provides a coarse correlation to levels in
Siberia and Namibia (Fig. 10). Dates from Namibia
suggests the duration of the invariant and NsC intervals
may be 5–6 million years (Saylor et al., 1998). There
are a varying number of sequence boundaries at this
level in Namibia (Saylor et al., 1998) and India (Jiang
et al., 2002), of both interpreted tectonic and eustatic
nature, which hinders the linkage of these surfaces.

SB 2 and its correlative surface in the Mackenzie
Mountains lie in a position immediately above the pos-
itive interval. Sequence boundaries are reported at or
near this level in Siberia, Namibia, and India (Krol
B/C level) (Fig. 10) and further research should be car-
ried out in other areas to determine if this represents
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a global eustatic signal. Below the level of SB 2 in
northwestern Canada, sequence boundaries are not as
obvious in the deep-water strata except for one level
high in the Sheepbed Formation which is questionably
extended to a level high in the Johnnie Formation. In
the other successions, a variable number of boundaries
are identified.

At the level of the positive interval in the Macken-
zie Mountains, the E2 biota (Ediacaran megafossils,
restricted to discs and fronds) occurs in the Sheepbed
Formation and the first occurrence of simple trace fos-
sils and the E3 biota occur just below the surface cor-
relative with SB2. Another biostratigraphic constraint
that may characterize this interval is the range of cal-
cified metazoans such asCloudinaandNamacalathus
that begins within the positive interval in the Nama
Group (Grotzinger et al., 2000) and possibly in the
Stirling Quartzite of the southeastern United States
(Grant, 1990). These fossils extend through the in-
variant and NsC interval where their last appearance
coincides with the Precambrian–Cambrian boundary
(Amthor et al., 2003).

SB 1 lies at the base of the Ediacaran and coincides
with the base of the Npg interval in northwestern
Canada (base of the Ravensthroat Formation). This
level correlates with the base of the Nuccalena For-
mation in Australia which is interpreted as a discon-
formity (Christie-Blick et al., 1995) and the unit has
distinctive negative carbon isotopic values (Calver,
2000; Walter et al., 2000). A correlation is extended to
the base of the Noonday Dolomite cap carbonate that
unconformably overlies the Wildrose Diamictite (up-
per Kingston Peak Formation), interpreted as coeval
to the Marinoan event (Prave, 1999). A similar corre-
lation can be extended to the cap carbonate overlying
diamictite of the Blaini Formation in India (Fig. 10).

Based on our integrated correlation within the
exceptional succession of northwestern Canada, it
appears that sequence stratigraphy provides a ro-
bust and presently under-utilized tool for regional
correlation in the terminal Neoproterozoic. Global
sequence–stratigraphic correlations seem tantalizingly
possible, but at present are hampered by differences
in tectonic settings of depositional basins and hence
thicknesses of sequences, absence of unique features
that might characterize a particular sequence bound-
ary, and a scarcity of independent means of correlation
of sequence boundaries. The presence of sequence

boundaries at the base and top of the Ediacaran sys-
tem in many sections enhances the definition and
correlation of this newly named system. Sequence
boundaries lie at the base of both the NsC and Npg
intervals which refines correlations. The sequence
boundaries that coincide with the top of the positive
interval in several localities and at a level within the
positive interval may be tested as global boundaries.
Linkages of third-order sequence boundaries are not
straightforward, but when integrated with biostratig-
raphy and chemostratigraphy, a more comprehensive
chronostratigraphy is coming into focus to constrain
events of the terminal Neoproterozoic.

9. Summary and conclusions

1. The lithostratigraphy of the upper Windermere
Supergroup (Ravensthroat to Risky Formations)
is established in the Wernecke Mountains. The
succession spans the Ediacaran System. The
Sheepbed, Gametrail and Risky Formations are
correlated to their lithological equivalents in the
Mackenzie Mountains. Strata herein referred to
the Blueflower Formation represent shallow-water
equivalents to slope deposits of the Mackenzies
succession.

2. Biostratigraphic correlation between the Wernecke
and Mackenzie Mountains is based on Ediacaran
megafossils and simple trace fossils from the Blue-
flower Formation, and occurrence of Cambrian
small shelly fossils and complex trace fossils in
post-Windermere strata.

3. Reconnaissance carbon isotopic values from the
Wernecke Mountains correlate to four intervals
of a synthesizedδ13C profile from the Mackenzie
Mountains. In ascending stratigraphic order these
include: (1) a negative post-glacial (Npg) interval
in the Ravensthroat Formation and lower Sheepbed
Formation; (2) a variable positive interval through
the Sheepbed and Gametrail Formations; (3) an
invariant interval though the Blueflower and Risky
Formations; and (4) a negative sub-Cambrian
(NsC) excursion in post-Windermere carbonate.

4. The Wernecke Mountains succession is parti-
tioned into 5 depositional sequences. Second- and
third-order sequence boundary tie points are cor-
related with the overall deeper-water succession of



L.J. Pyle et al. / Precambrian Research 132 (2004) 1–27 25

the Mackenzie Mountains. Correlation is corrobo-
rated within an integrated framework, using fossils
and isotopic variations to establish a coherent, Edi-
acaran chronostratigraphy in northwestern Canada.

5. The chronostratigraphy for northwestern Canada
can be correlated to mixed siliciclastic–carbonate
successions worldwide. The correlation of the
Ediacaran System may be enhanced by sequence
boundaries at the base and top of the system, while
linkages of third-order sequence boundaries are
hindered between basins of differing tectonic set-
tings. In constructing a global Ediacaran chronos-
tratigraphy, sequence stratigraphy improves the
resolution of correlation when integrated with
biostratigraphic and chemostratigraphic data.
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