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Neoproterozoic glacial record in the Mackenzie Mountains, northern Canadian Cordillera
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Abstract: In the Mackenzie Mountains, an arcuate foreland thrust-fold belt of Late Cretaceous –Paleocene age in the northern Canadian
Cordillera, two discrete glacial– periglacial sequences of Cryogenian age (the Rapitan Group and the Stelfox Member of the Ice Brook
Fm.) are separated by c. 1.0 km of non-glacial strata. The older Rapitan diamictite occurs in an amagmatic rift basin; the younger Stelfox
diamictite occurs on a passive-margin continental slope.
The Rapitan Group consists of three formations. The lower Mount Berg Fm. is a complex of diamictites and conglomerates of limited
extent. The middle Sayunei Fm. is a thick sequence of maroon-coloured mudrocks hosting innumerable graded layers of silt- and finegrained sandstone. It lacks wave- or traction current-generated bedforms, and is lightly sprinkled with granule aggregates (‘till pellets’)
and lonestones of dolostone and rare extrabasinal granitoids. It is capped by a hematitic Fe-formation that was reworked into the disconformably overlying Shezal diamictite. The Shezal Fm. is a complex of olive-green coloured boulder diamictites with subordinate, darkgrey shales, siltstones and parallel-sided sandstones. Some of the boulders are faceted and striated, and include dolostone, quartzite, siltstone and gabbro in declining order of abundance. Diamictite terminates abruptly at the top of the Shezal Fm., which is sharply overlain
by dark shales or by ,52 m of fetid, dark-grey, 13C-depleted limestone with graded bedding.
The Stelfox Member is dominated by non-stratified, carbonate-clast diamictite with faceted and striated clasts, locally associated with subordinate, well-laminated shales containing till pellets and ice-rafted dropstones. It is thin or absent on the palaeocontinental shelf, but thickens
seaward (southwestward) on the palaeocontinental slope. A thin clay drape separates it from a laterally continuous post-glacial ‘cap’ dolostone, which is a very pale coloured, micro- to macropeloidal dolostone with low-angle cross-laminae, giant wave ripples and local bioherms
of corrugated stomatolites. In the NW, the dolostone is followed by reddish and greenish marls, followed by black shale of the Sheepbed Fm.
In the SE, the dolostone is overlain by pink or grey limestones with well-developed sea-floor cements pseudomorphic after aragonite. In this
area, the top of the dolostone is ferruginous and contains digitate rosettes of sea-floor barite cement, variably calcitized. The dolostone–
limestone contact is perfectly conformable, and synclinal structures previously intepreted as karst features are tectonic in origin.
The grand mean palaeomagnetic pole for the well-studied Franklin Large Igneous Province (c. 718 Ma) of Arctic Laurentia, coeval with
the basal Rapitan Group in the Mount Harper area, Yukon Territory, places the Mackenzie Mountains firmly in the tropics, at 18 + 38N
palaeolatitude, at the onset of the Rapitan glaciation.
Carbon (d13C), oxygen (d18O) and strontium (87Sr/86Sr) isotopes have been measured in carbonates bracketing the Rapitan and Stelfox
diamictites. Sulphur isotope data (d34S) have been obtained from carbonate-associated sulphate and barite above the younger diamictite, and
calcium isotope data (d44Ca) from the younger carbonate itself. The results are broadly consistent with data from other areas. Iron isotope
(d57Fe) and cerium anomaly (Ce/Ce*) values increase systematically upwards through the Sayunei Fe-formation, supporting an interpretation that deposition occurred within a redox chemocline through which the basin floor descended as a consequence of isostatic loading by the
advancing Shezal ice sheet.
Supplementary material: Data are available at http://www.geolsoc.org.uk/SUP18470.

Glacial marine diamictites (‘tillites’) were recognized in the
northwestern Mackenzie Mountains (Fig. 36.1) and to the west
in the Yukon Territory by Shell Oil Company geologists in
1958 (Ziegler 1959), during the course of economic assessment
of associated Fe-formations. At the time, they were thought to
be early Palaeozoic in age (Ziegler 1959). They were referred to
as the Rapitan Group by Green & Godwin (1963). Correlative
strata were studied in the Hayhook Lake area (Fig. 36.1), 300 km
to the SE, by Upitis (1966), Gabrielse et al. (1973), Young
(1976) and Eisbacher (1978), where they were recognized as
being of Neoproterozoic (Hadrynian) age. Gabrielse et al. (1973)
erected a type section for the Rapitan Group near Hayhook
Lake at 63834’03”N, 127802’41”W. It includes the Sayunei,
Shezal and Twitya formations (Fig. 36.2). Eisbacher (1978)
enlarged the Rapitan Group to include the Keele Fm. because
of its gradational relationship with the Twitya Fm. However,
Yeo (1981) and most subsequent workers follow the original
definition (Green & Godwin 1963) and limit the Rapitan
Group to glaciogenic strata beneath the Twitya Fm. Additional
stratigraphic and sedimentological studies of the Rapitan
Group along the 400 km arc of the Mackenzie Mountains were
carried out by Eisbacher (1981a, b, 1985) and Yeo (1981, 1984,
1986).

A second, thinner, glaciogenic unit was discovered .1000 m
stratigraphically above the Rapitan Group by Aitken (1991a, b).
He defined it as the Stelfox Member (,272 m) of the Ice Brook
Fm., the type section of which is located in the Sayunei Range at
648080 0700 N, 1298000 3800 W (Aitken 1991b). It is overlain by a distinctive carbonate unit, the ‘Tepee dolostone’ of Eisbacher (1978,
1981a) and Aitken (1991b), subdivided into the Ravensthroat and
Hayhook formations by James et al. (2001). The dolomite features
unusual sedimentary structures, including sheet-crack cements,
reverse-graded peloids, giant wave ripples, corrugated stromatolites and sea-floor cements (crystal fans) originally composed of
aragonite and barite (Eisbacher 1981a; Aitken 1991b; James
et al. 2001; Hoffman & Schrag 2002; Allen & Hoffman 2005;
Hoffman & Macdonald 2010). It has many similarities with postglacial cap dolostones on other palaeocontinents (Hoffman et al.
2011), which allow the base of the Ediacaran Period to be recognized globally (Knoll et al. 2006).
Correlatives of the Mackenzie Mountains and Windermere supergroups, including both glacial horizons, are discontinuously exposed
in Wernecke and Ogilvie in central Yukon Territory (Macdonald &
Roots 2009; Macdonald et al. 2010b), and in the Tatonduk inlier
of east-central Alaska (Young 1982; Macdonald et al. 2010a;
Macdonald & Cohen 2011).

From: Arnaud, E., Halverson, G. P. & Shields-Zhou, G. (eds) The Geological Record of Neoproterozoic Glaciations. Geological Society, London,
Memoirs, 36, 397– 411. 0435-4052/11/$15.00 # The Geological Society of London 2011. DOI: 10.1144/M36.36
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This chapter is a synopsis of previous work, augmented by
seven new sections of the Rapitan Group, measured by P.F.H.
in the Iron Creek (658030 1500 N, 1338070 3100 W: .775 m), Gayna
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Fig. 36.1. Outcrop distribution of the
Rapitan Group and the Windermere
Supergroup in the Mackenzie Mountains,
showing locations of measured sections
forming the basis of this report.

River (648490 2300 N, 1308270 1100 W: 22 m), Stone Knife River
(648410 5300 N, 1298530 1900 W: 114 m), Shale Lake (648320 4100 N,
1298220 3700 W: 995 m), Boomerang Lake (638460 4600 N, 1278280 0500 :
.236 m), Hayhook Lake (638340 3800 N, 1278050 3400 W: 997 m)
and Ravensthroat River (638130 5700 N, 1278030 1800 W: 230 m)
areas; and 13 sections of the Stelfox diamictite (all ,35 m)
and its post-glacial carbonate sequence at Cranswick River
(658050 5400 N, 1328260 1700 W), Arctic Red River (648560 0500 N,
1318030 3000 W), Gayna River (648490 2200 N, 1308280 2700 W), Stoneknife River (648400 3600 N, 1298530 4800 W), Shale Lake (648310 1200 N,
1298290 0900 W), Twitya River (648130 0700 N, 1288380 1100 W),
Moose Horn River (638570 1300 N, 1278300 3900 W), Hayhook
Lake (638340 1700 N, 1278110 4400 W), Stelfox Mountain (638360 0100 N,
1278500 4700 W;
638350 4600 N,
1278530 0400 W;
638350 6000 N,
1278530 5700 W; 638350 3700 N, 1278550 1100 W) and Ravensthroat
River (638170 0500 N, 1278080 4000 W). The named locations are
indicated in Figure 36.1. The coordinates refer to the base of the
section.
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Fig. 36.2. Stratigraphic nomenclature and defining references for units
associated with Cryogenian glaciogenic strata (black with inverted triangles) in
the Mackenzie Mountains.

The Mackenzie Mountains are the physiographic expression of an
arcuate, NE-vergent, foreland thrust –fold belt of Late Cretaceous –Paleocene age in the northern Canadian Cordillera (Aitken
& Long 1978; Aitken 1982; Narbonne & Aitken 1995). Late
Neoproterozoic strata of the Windermere Supergroup (Fig. 36.3)
are principally exposed in the hanging wall of the Plateau Thrust
system (Fig. 36.1). Their subhorizontal (Redstone Plateau) or
SW-dipping attitude depends on their position above a flat or
ramp in the thrust plane. Outcrop-scale strain is heterogeneous;
structurally intact, low-strain sections can be located by
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Fig. 36.3. (a) Composite columnar section of Neoproterozoic strata in the Mackenzie Mountains (modified after Narbonne & Aitken 1995). (b) Type section of the
Rapitan Group (Gabrielse et al. 1973) in the Hayhook Lake area (see Fig. 36.1 for location) as remeasured by P.F.H. (c) Detailed section of the upper Sayunei and Shezal
formations 1.6 km NW of the Rapitan Group type section. Note Fe-formation (‘BIF’) at the top of the Sayunei Formation, representing ‘basin-facies’ Fe-formation
(Eisbacher 1985). (d) Section of the lower Rapitan Group near Iron Creek, representative of ‘transitional-facies’ Fe-formation (Eisbacher 1985).

mapping. Long slopes are unattractive because of scree. Published
1:250 000-scale map coverage is incomplete and stratigraphically
inconsistent.

An unconformity at the base of the Backbone Ranges Fm. (Early
Cambrian) cuts progressively down-section from SW to NE, with
the result that the Windermere Supergroup is missing to the NE of

400

P. F. HOFFMAN & G. P. HALVERSON

the Plateau Thrust system. To the SW, the glaciogenic units are
buried by younger strata. Although the outcrop belt of Windermere
strata is less than 30 km wide, it fortuitously preserves the outer
shelf-edge and upper slope of a continental terrace developed in
late Cryogenian (Keele Fm.) to early Ediacaran (Sheepbed Fm.)
time (Ross 1991; Narbonne & Aitken 1995; Dalrymple & Narbonne 1996; Day et al. 2004). Continental rifting, leading to the
formation of the continental terrace, controlled sedimentation
during the Coates Lake and Rapitan groups (Eisbacher 1981a,
1985; Jefferson 1983), as well as during the preceding Mackenzie
Mountains Supergroup (Turner & Long 2008). The Coates Lake
and Rapitan basins are interpreted by Jefferson & Ruelle (1986)
and Yeo (1981), respectively, as rhombochasms (‘pull-apart’
basins) associated with hypothetical strike –slip systems, systems
that are not mutually compatible in orientation.

Stratigraphy
Mackenzie Mountains Supergroup
The Mackenzie Mountains Supergroup is a broadly conformable
succession composed of sandstone, siltstone, carbonate and evaporite of mostly shallow-marine origin (Fig. 36.3a). Its upper
part, the Little Dal Group, is 2 km thick in its type section (Gabrielse et al. 1973; Aitken 1981; Halverson 2006) and is dominated
by carbonate with a recessive interval of gypsiferous siltstone. The
carbonates are platformal in the SE and basinal in the NW, with
reefal build-ups in the lower part (Aitken 1981; Turner et al.
1997). The carbonate is conformably overlain by and locally interstratified with pillow basalt, the Little Dal lavas of Aitken (1982).
These are possibly the extrusive equivalents of the Tsezotene
dykes and sills (Aitken 1982), which belong to the 780 Ma Gunbarrel large igneous province (Harlan et al. 2003).

Coates Lake and Rapitan groups
The Coates Lake Group is an assemblage of sandstone, carbonateclast conglomerate, gypsiferous siltstone and carbonate, including
fetid basinal limestone with turbidites and ‘debrites’ (i.e. coarsegrained mass-flow deposits) (Ruelle 1982; Jefferson & Ruelle
1986). The Rapitan Group (Eisbacher 1978, 1981a) includes the
Sayunei (sigh-YOU-knee) Fm., composed of maroon coloured,
subaqueously deposited, fine-grained clastics with subordinate
debrites and lonestones, and the overlying Shezal (shiz-ALL)
Fm., a stack of mostly olive-coloured, polymictic ‘diamictites’
(i.e. massive, foliated or bedded wackestone with randomly dispersed, matrix-supported pebbles and boulders, characteristically
faceted and striated) with thin interbeds of dark shale and sandstone. Locally, an older diamictite complex (Mount Berg Fm.)
occurs below the Sayunei Fm. (Yeo 1981). The Rapitan Group
onlaps tilted Coates Lake and Little Dal group strata unconformably (Eisbacher 1978, 1981a, 1985). Basinal facies of the Coates
Lake Group are black, pyritic and organic-rich; those of the
Rapitan Group are maroon, hematitic and organic-poor.

Twitya, Keele and Ice Brook formations
A major marine transgression followed the Rapitan glaciation, providing accommodation for 330–765 m of dark grey shale, siltstone
and fine-grained sandstone of the Twitya Fm. (Eisbacher 1978,
1981a; Aitken 1982). Resting sharply upon boulder diamictite of
the upper Shezal Fm., at the base of the Twitya Fm., are 0– 52 m
of dark-grey, thin-bedded limestone (Eisbacher 1978, 1981a;
Aitken 1982), which are absent in the Rapitan Group type
section (Hayhook Lake) and thickest at Shale Lake (Fig. 36.1).
Above the Twitya Fm. lie 220 –600 m of cyclic, shallow-marine
sandstone, siltstone, limestone and dolomitized limestone of the

Keele Fm. (Day et al. 2004). A thin, jasper-pebble conglomerate
occurs widely near its base. Glendonites, interpreted as pseudomorphs after ikaite (CaCO3.6H2O), occur close to the same
horizon (James et al. 2005).
The outer edge of the Keele platform is exposed near Shale Lake
and on Stelfox Mountain (Fig. 36.1), where a SW-dipping ‘breakaway scarp’ (Aitken 1991b, p. 26) separates shallow-marine Keele
strata on the footwall from hotel-size megaclast breccia (Durkan
Member), turbiditic siltstone (Delthore Member) and glaciogenic
diamictite (Stelfox Member) of the Ice Brook Fm. on the
hanging wall (Aitken 1991b; Shen et al. 2008). The Stelfox diamictite is buttressed against the palaeoscarp and its feather-edge
steps across the trace of the palaeoscarp on Stelfox Mountain (at
638350 5800 N, 1278520 0200 W) onto the Keele Formation of the footwall (Fig. 36.4b). The Ravensthroat Fm. passes across the fault line
without displacement, proving that movement on the palaeoscarp
ended before the glacial termination. Eisbacher (1981a) inferred
that the Durkan megabreccia was triggered by glacioeustatic fall,
but this interpretation was rejected by Aitken (1991b), who
argued that pore-fluid overpressures would not develop in unconsolidated sediments unless the base-level fall was catastrophically
rapid. He (Aitken 1991b) insisted that only the Stelfox Member
was glacial in origin. P.F.H. therefore prefers the name Stelfox glaciation over Ice Brook glaciation, despite the latter’s priority in the
literature (Kaufman et al. 1997).

Ravensthroat, Hayhook and Sheepbed formations
As with the Rapitan glaciation, major marine flooding followed by
Stelfox diamictite deposition, providing accommodation on the
Keele platform for the formation of a transgressive, post-glacial
carbonate (Raventhroat/Hayhook formations) and 446 –562 m of
black shale and minor siltstone of the Sheepbed Fm. (Pyle et al.
2004; Shen et al. 2008). On the continental slope SW of the
Keele platform, the Sheepbed Fm. reaches 1050 m in thickness
at Sekwi Brook (Fig. 36.1) and includes significantly more siltstone, deposited by both turbidity flows and unidirectional
(NW-directed) contour currents (Dalrymple & Narbonne 1996).
The contourites are estimated to have formed in water depths of
1.0– 1.5 km and imply that the slope was open to the world
ocean in a gulf .100 km wide (Dalrymple & Narbonne 1996).

Glaciogenic and associated strata
Rapitan Group
The remeasured type section of the Rapitan Group (Gabrielse
et al. 1973) is shown in Figure 36.3b. The Sayunei Fm.
(487 m) consists of maroon-coloured mudstone with innumerable
graded beds of siltstone and/or fine-grained sandstone, some
with outsized clasts of dolostone. Granule- to small pebble-sized
lonestones are sprinkled throughout the mudstone. The clasts are
commonly rimmed by chlorite, formed by reaction between the
dolostone and the host mudstone. Some clasts are aggregates of
sand or granules, interpreted as ‘till pellets’ (Ovenshine 1970) by
Young (1976) and Eisbacher (1981a). Bedforms attributable to
wave action are absent, as is evidence of bottom traction currents. Greenish mudstone beds occur, but none are dark grey
or black, in stark contrast to the basinal facies of the underlying
Coates Lake Group.
In the Hayhook Lake area (Fig. 36.1), the top of the Sayunei
Fm. is marked by 10–16 m of brick-red, hematitic mudstone and
hematite jaspilite (Fig. 36.3c). This interval is parallel-laminated
and lacks evidence for bottom traction currents. Within the
Fe-rich formation are lonestones and thin dolostone-clast debrites
(Young 1976). The former include rounded cobbles and small
boulders of porphyritic quartz monzonite (i.e. two-feldspar
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granitoid with 5–15% quartz). The Fe-formation is overlain disconformably by maroon-coloured diamictite (basal Shezal Fm.),
which contains rounded and angular clasts from the lower unit.
In some sections, the Fe-formation is missing and was probably
removed by erosion at the base of the Shezal Fm.

Moose Horn R.
63o57’13”N,
127o30’39”W

Hayhook Lake
63o34’17”N,
127o11’44”W

Fig. 36.4. Stratigraphic relations based on
columnar sections spanning the Stelfox
Member and its post-glacial carbonate
sequence (Raventhroat and Hayhook
formations) in lines oriented parallel (a) and
transverse (b) to the depositional strike of the
Neoproterozoic passive margin. The
‘breakaway scarp’ (Aitken 1991b) marks the
outer edge of the Keele Formation shelf.
Megaclast breccia of the Durkan Member
(not shown) conformably underlies the
Delthore Member and both abut the
‘breakaway scarp’ at a buttress unconformity.

In the Iron Creek area (Fig. 36.3d), an aggregate thickness of 100–
120 m of hematite jaspilite with pea-sized jasper nodules (miniconcretions) is sandwiched between units of poorly stratified,
boulder diamictite with subordinate beds and lenses of tabular crossbedded, medium-grained, well-rounded, monocrystalline, quartz
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sandstone (Yeo 1981, 1986; Klein & Beukes 1993). Outsized clasts
and debrites occur within the jaspilite intervals, as do thin seams and
lenses of Fe-carbonate (siderite). The Hayhook Lake area and Iron
Creek sections represent respectively the ‘basinal’ and ‘transitional’
(more proximal) facies of Fe-formation distinguished in the Rapitan
Group by Eisbacher (1985).
The Shezal Fm. diamictite is mostly olive-green or grey in
colour, except for the basal part, which is maroon and clearly
derived from the underlying Sayunei Fm. (Fig. 36.3c). The clasts
consist of dolomite (Little Dal Group), commonly stromatolitic,
quartzite (Katherine Group), siltstone (Coates Lake Group and
Tsezotene Fm.), basalt and gabbro. Extrabasinal clasts are rare.
Faceted and striated clasts, particularly siltstone, are abundant
and unequivocally glacial in origin (Young 1976; Eisbacher
1981a). Diamictite occurs in crudely tabular, poorly stratified,
matrix-supported bodies up to 90 m thick. The matrix consists
variably of wackestone, structureless mudstone, or mudstone
with anastomosing (‘scaly‘) foliation (Fig. 36.3c) that is subparallel to bedding but unrelated to the axis of maximum tectonic compression. The Shezal Fm. (320 m thick) is unusually well-exposed
in a river canyon 1.6 km NW of the type area (Fig. 36.3c), where
diamictite units are separated by subordinate, recessive intervals of
well-stratified siltstone, graded sandstone and dark-grey shale. A
6-m-thick duplex structure with thrusting directed toward the NE
occurs in the reference section between –320 and –330 m
(Fig. 36.3c). In this section, the tops of the diamictite bodies
tend to be more sharply defined than their bases.
No post-glacial carbonate is present in the type section of the
Rapitan Group (Fig. 36.3b), but elsewhere the basal Twitya Fm.
consists of thin graded beds of dark-grey, allodapic limestone (Eisbacher 1978, 1981a; Aitken 1982). The carbonate reaches a thickness of 52.5 m at Shale Lake. At Stone Knife River (Fig. 36.1),
where 40 m of limestone is exposed, its lower part is hummocky
cross-stratified. Near Corn Creek (Fig. 36.1), bordering the Wernecke Mountains, up to 300 m of massive dolomite (Mount
Profeit Fm.) is laterally equivalent to the lower Twitya post-glacial
limestone (Eisbacher 1981a).

Stelfox Member (Ice Brook Fm.)
Whereas the Rapitan Group is up to 1500 m thick (Yeo 1981), the
Stelfox Member is less than 40 m thick in most sections (Fig. 36.4)
and the thickest, 308 m (Atiken 1991a), is also the deepest-water
section of Stelfox diamictite in the Mackenzie Mountains. Basinward thickening could account for the modest thickness of the
Stelfox diamictites, which are only preserved in shelf and upperslope settings, in contrast to the deep rift-basin setting of the
Rapitan Group.
At Shale Lake (Fig. 36.4a), the Stelfox diamictite is directly
underlain by 5–9 m of well-sorted, well-rounded, mediumgrained, quartz sandstone of possible aeolian origin. Large-scale
tabular cross-bedding indicates transport to the SSW (c. 2058
azimuth, n ¼ 2), consistent with easterly palaeowinds (see
below). The presence of aeolianite beneath the diamictite would
suggest that glacioeustasy preceded or outranked glacioisostasy.
The Stelfox Member is typically recessive and masked by scree
from the overlying Ravensthroat Fm., which along with its modest
thickness accounts for its delayed recognition. The dominant
lithology is massive to weakly stratified diamictite, in which
rounded clasts of tan dolostone and grey limestone are supported
by a matrix of brownish-tan carbonate-rich mudrock with dispersed grains of quartz sand and granules. The clasts are derived
from the underlying Keele Fm. and the absence of quartzite
clasts suggests that carbonates were the only components of the
Keele Fm. that were strongly lithified at the time of glaciation.
Beds and lenses of quartz-chert sandstone, micaceous wacke and
polymictic debrite are subordinate components of the Stelfox
Member. At Cranswick River section (Fig. 36.4a), the diamictite

has a terrigenous matrix and the carbonate clasts, freed in float,
are visibly faceted and striated. Ice-rafted dropstones and ‘till
pellets’ (Ovenshine 1970) are well-developed in laminated facies
(Aitken 1991a, b).

Ravensthroat– Hayhook post-glacial carbonate couplet
The Stelfox diamictite or its equivalent erosion surface is everywhere sharply overlain by a transgressive, 10–15-m-thick, cap
dolostone (Fig. 36.4), previously known informally as the ‘Tepee
dolostone’ (Eisbacher 1981a, 1985; Aitken 1991b). The pale, incandescent, yellowish-grey scree profusely generated by the informally
defined Ravensthroat Fm. (James et al. 2001) could not be more
unlike the jet-black feathers of its avian namesake. East of 1308W
longitude, the dolostone is overlain by up to 15 m of ledge-forming
grey or pink limestone (Fig. 36.4), informally defined as the
Hayhook Fm. (James et al. 2001). West of 1308W longitude, it is
overlain by an ascending sequence of red, green and grey shales
with thin beds of current-rippled limestone (Fig. 36.4). This tricoloured sequence is remarkably similar to that overlying the
homologous postglacial cap dolostones (Hambrey & Spencer
1987; Halverson et al. 2004) in East Greenland (e.g. Kap Weber,
Andrée Land) and East Svalbard (e.g. Ditlovtoppen, Ny Friesland).
The Ravensthroat Fm. consists of micro- and macropeloidal
dolostone with ubiquitous, low-angle, cross-lamination defined
by normal and reverse-graded laminae (James et al. 2001). The
peloids are structureless, sub-spherical aggregates of dolomicrite
up to 3 mm in diameter. They commonly rest on abraded facets.
Giant wave ripples (cf. Allen & Hoffman 2005) are well developed
in many sections (Fig. 36.4). They are trochoidal in profile, with
sharp crests and lobate troughs, and individual ripple trains
aggrade for up to 1.4 m through bidirectional accretion of peloidal
laminae. Their synoptic relief, crest to trough, is up to 40 cm. The
structures are different in form and origin from peritidal ‘tepees’
(Assereto & Kendall 1977; Kendall & Warren 1987); they are
not brecciated, lack syndepositional cements, and their crestlines
are linear and parallel, not polygonal, in plan view (Eisbacher
1981a; Aitken 1991b; James et al. 2001). Their crestlines generally
trend NE, at a high angle to the Keele shelf edge (Fig. 36.5).
Decametric bioherms composed of corrugated stromatolites
(James et al. 2001) oriented subparallel to the crests of giant
wave ripples occur in some sections (Fig. 36.4). The corrugated
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Fig. 36.5. Mean orientations of crestlines (double bars) of giant wave ripples in
the Ravensthroat Fm. at different locations. Numerals are the numbers of
independent ripple trains measured at each location.
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stromatolites are closely similar to those that are intergradational
with ‘tubestone’ stromatolites in the homologous Keilberg cap
dolostone in northern Namibia. Evidence of subaerial exposure
is absent, but there can be no doubt that the Ravensthroat Fm.
was deposited above wave-base and within the euphotic zone.
In virtually all sections from Shale Lake to Ravensthroat River
(Fig. 36.1), a distance of nearly 200 km, the uppermost 4– 10 cm of
the Ravensthroat Fm. contains a remarkable digitate crust composed of sea-floor barite (BaSO4) cement, variably pseudomorphosed by calcite. At Shale Lake, the barite crust is developed
directly on a train of giant wave ripples. Because of pseudomorphic replacement in some sections, the barite cement was formerly misinterpreted as an aragonite cement (Aitken 1991b, fig. 8)
or as microdigitate stromatolites (James et al. 2001, fig. 10). The
digits consist of rosettes or bundles of bladed crystals whose morphology is quite distinct from the prismatic (pseudohexagonal)
habit of the former aragonite cements in the overlying Hayhook
Fm. (James et al. 2001). The digits preserve growth lamellae, 1–
2 mm thick, and typically tilt to the SW due to preferential
growth in the seaward direction. The spaces between the digits
are filled by laminated, peloidal, ferroan dolomite, the dark
brown colour of which contrasts with the pale colouration of the
rest of the Ravensthroat Fm. The borders of the barite digits are
ragged due to the growth of vertically standing barite crystals
that lap out onto the upper surfaces of individual laminae of infilling peloidal dolomite. This provides textural proof that the barite
digits formed simultaneously with the peloidal infills. This
interpretation agrees with that of barite cements at the homologous
post-glacial dolostone – limestone transition in central Australia
(Kennedy 1996).
The tips of the barite digits, marking the Ravensthroat –
Hayhook transition, are typically ‘colonized’ by slender prismatic
fans of pseudomorphosed aragonite, while at the same level the
peloidal ferroan dolostone changes to calcimicrite, initially with
some reworked dolostone. Locally, the barite crust was dissolved
away instead of pseudomorphically replaced, and the barite
cement layer is represented by a collapse microbreccia of
ferroan dolostone clasts, overlain by calcimicrite of the basal
Hayhook Fm.. The local occurrence of this microbreccia contributed to the misinterpretation of the contact as a karstic unconformity
(James et al. 2001, fig. 9B).
Numerous mesoscopic folds at the Ravensthroat –Hayhook
contact, previously interpreted as karst channels (James et al.
2001, fig. 9A), are consistently oriented parallel to tectonic cleavage and regional folds. They are not karst channels because the
primary stratification in both units is everywhere parallel to the
contact. We interpret them as lobate-cuspate folds (Ramsay &
Huber 1987) of tectonic origin and Late Cretaceous –Paleocene
age, related to bedding-parallel shortening at the rheological interface between the stiff Ravensthroat dolostone and the weak
Hayhook limestone. Contrary to James et al. (2001), we find no
evidence of karstic unconformity, subaerial exposure or isostatic
adjustment at the Ravensthroat –Hayhook contact.
The Hayhook Fm. is 0 –15 m thick (Fig. 36.4) and consists of
flaggy micrite with pseudomorphosed crystal fans of aragonite
cement (James et al. 2001). The cement fraction generally
increases upward and reaches nearly 100% in some sections,
notably Shale Lake (Fig. 36.1). The detailed interplay between
cement growth, burial by micrite and renewed cement development indicates precipitation at a free-face on the sea-floor.

Boundary relations with overlying and underlying
non-glacial units
Rapitan Group
A low-angle unconformity separates the glaciogenic Rapitan
Group from various units of the underlying Coates Lake and
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Little Dal groups (Gabrielse et al. 1973; Eisbacher 1978, 1981a,
1985; Aitken 1982; Jefferson & Ruelle 1986). In the Hayhook
Lake area (Fig. 36.1), the Coates Lake Group is onlapped by the
Sayunei Fm. along the unconformity (Eisbacher 1978, 1981a).
The presence of submarine carbonate-clast talus breccias in the
lower Rapitan Group (beneath and within the lower Sayunei
Fm.) on the northeastern margin of the outcrop belt near Shale
Lake (648320 4100 N, 1298220 3700 W) suggests a master normal fault
on that side of the basin. It may have been structurally inverted
during orogenic contraction to form a part of the Plateau Thrust
system. The maroon colour of the Sayunei stems in part from its
derivation from the Coates Lake Group, which is dominated by
reddish siltstones of the Redstone River Fm. Similarly, the olivegreen colouration of the overlying Shezal diamictites reflects its
derivation from the grey carbonates and greenish basalts of the
Little Dal Group.
A knife-sharp, marine, flooding surface separates the Shezal Fm.
from fetid, dark-grey, flaggy limestone and shale of the lower
Twitya Fm. (Eisbacher 1978, 1981a). Where the Rapitan Group
is absent, the Twitya transgresses older units disconformably (Narbonne & Aitken 1995).

Stelfox Member
A low-angle unconformity (Fig. 36.4a) separates the Stelfox diamictite from shelf carbonates and clastics of the underlying
Keele Fm. (Day et al. 2004). West of the palaeoscarp at Stelfox
Mountain (Fig. 36.4b), a sharp disconformity separates the
Stelfox diamictite from parallel-laminated, greenish-grey siltstone
of the underlying Delthore Member (Aitken 1991b). As the
Delthore Member was deposited below storm wave-base, glacial
erosion may be required to account for the sharp disconformity.
A major marine flooding surface separates the Stelfox Member,
or the Keele Fm. where the Stelfox is absent, from the overlying
Ravensthroat Fm. Where the basal contact of the dolostone is
not covered by its own scree (e.g. Cranswick River, Arctic Red
River, Stoneknife River), 10–20 cm of clay separate it from the
underlying diamictite.
The top of the Hayhook limestone is a conformable marine
flooding surface overlain by organic-rich black shale of the
Sheepbed Fm. (Pyle et al. 2004; Shen et al. 2008).

Chemostratigraphy
Carbon isotopes
Carbon-isotopic records have been published for the Little Dal and
Coates Lake groups (Halverson 2006), the Twitya post-glacial
limestone and Keele Fm. (Narbonne et al. 1994; Kaufman et al.
1997; Hoffman & Schrag 2002), and the Ravensthroat –Hayhook
post-glacial carbonate (James et al. 2001). The Little Dal Group
is enriched in 13C relative to the PDB standard, except for a
depleted interval in the Upper Carbonate Fm. The overlying
Coates Lake Group begins with a deep negative excursion to
–8‰ in d13C, followed by a positive excursion to þ8‰ before
settling back to modestly enriched values.
Values of d13C in the Twitya post-glacial limestone increase
up-section from – 2.5‰ at the base. Carbonates of the Keele Fm.
are strongly enriched,  þ 8‰, but plunge to – 8‰ in the last
30 m of section beneath the Stelfox diamictite.
The Ravensthroat Fm. is also depleted in 13C (Fig. 36.6) and values
decline up-section. The Ravensthroat–Hayhook contact coincides
with a –2‰ step function. This is broadly consistent with lowtemperature equilibrium fractionation between dolomite and calcite
(Friedman & O’Neil 1977). Within the Hayhook Fm., d13C rises
by c. 1‰ up-section, with no systematic difference in values
between micro-drilled micrite and sea-floor cement (Fig. 36.6).
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An alternative, less consequential, interpretation of the d18O
data is that the micrite was preferentially altered by diagenetic
fluids on account of its finer grain size compared with the
cements, and therefore its greater surface-to-volume ratio. The
d18O data are more depleted in 18O and display more scatter in
the second section (Fig. 36.6b), at Ravensthroat River. This
section illustrates the ease with which d18O, but not d13C, was
diagenetically altered.
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Fig. 36.6. C- and O-isotope data from dolomite of the Ravensthroat Fm.
and from coexisting micrite and sea-floor cement of the Hayhook formation
at (a) Shale Lake and (b) Ravensthroat River.

Oxygen isotopes
In order to test the possibility of low-temperature dolomite – calcite
equilibrium fractionation, which would imply a sea-floor origin
for the Ravensthroat dolomite, and also for the possibility that
the Hayhook sea-floor cements and associated micrites might
retain a record of bottom and surface waters, respectively, we
plot unpublished O-isotope data for two sections that we
sampled in detail (Fig. 36.6). Exceptional petrographic preservation of the sea-floor cements motivated this effort. At Shale
Lake, the Ravensthroat-Hayhook contact coincides with a –6‰
step function in d18O, taking the micritic component to be representative of the surface waters, from which the Ravensthroat was
also derived (Fig. 36.6a). The magnitude of the step function in
d18O, roughly 3 that in d13C, is compatible with a lowtemperature equilibrium fractionation between dolomite and
calcite (Friedman & O’Neil 1977).
The sea-floor cements are consistently more enriched in 18O
than the micritic component of the Hayhook (Fig. 36.6a), consistent with lower temperatures and/or higher salinities of the bottom
waters, from which the cements were precipitated, relative to the
surface waters. The cements become more enriched in 18O
up-section (Fig. 36.6a), which could indicate an increase in the
temperature and/or salinity gradient, or alternatively an increase
in water depth, with time. The cements exhibit considerably
more scatter in d18O than does the micrite, which could reflect
the difficulty in micro-drilling cement without contamination
from the micrite that fills in between the slender prisms of
former aragonite and even their originally hollow interiors.
Accordingly, the reduction in scatter towards the top of the
Hayhook reflects the more massive and continuous nature of the
uppermost cements.

New and previously published (Kaufman et al. 1993, 1997)
87
Sr/86Sr data from Sr-rich (300 –3000 ppm), low-Mn (Mn/
Sr , 0.1) limestones bracketing the Rapitan and Stelfox glaciations in the Mackenzie Mountains are given in Halverson et al.
(2007). Non-radiogenic values of 0.70550 –0.70622 (n ¼ 10) are
observed in the Little Dal Group, compared with 0.70644–
0.70669 (n ¼ 5) in the Coates Lake Group. No data are currently
available for the post-Rapitan limestone (basal Twitya Fm.), but
limestones directly beneath the Stelfox diamictite (uppermost
Keele Fm.) have ratios of 0.70718–0.70720 (n ¼ 3). Sea-floor
cements from the Hayhook post-glacial limestone are marginally
less radiogenic at 0.70714– 0.70716 (n ¼ 4) than the Coates Lake
Group, whereas the coexisting micrites are more radiogenic, with
minimum values of 0.70751–0.70792 (n ¼ 5), which is consistent
with preferential alteration. All reported Hayhook values are from
samples with Sr concentrations .600 ppm and Mn/Sr , 0.1.

Sulphur isotopes and iron speciation
Sulphur isotopes have been measured from carbonate-associated
sulphate in the Ravensthroat and Hayhook formations, as well as
from the barite sea-floor cement at the top of the Ravensthroat
Fm. (M.T. Hurtgen, pers. comm. 2008). The d34SCAS and
d34Sbarite values are mutually consistent and agree with values
from correlative strata in Namibia (Hurtgen et al. 2006), but the
data have yet to be published.
Sulphide S isotopes and Fe-speciation (ratio of highly reactive
Fe to total Fe) have been studied in organic-rich black shales of
the Sheepbed Fm. (Fig. 36.3) in order to infer changes in the oxygenation of the atmosphere and the deep ocean, respectively, in
the aftermath of the Stelfox glaciation (Shen et al. 2008). Large
variability (.35‰) in d34Ssulphide is observed from bottom to
top, indicating that sulphate was not limiting (i.e. .2 mM). This
implies higher rates of oxidative weathering (the major source
of marine sulphate) than before the glaciation (Hurtgen et al.
2002). There is a dramatic shift in the Fe-speciation ratio
(FeHR/FeT), however, between 140 and 160 m above the base
of the lithologically homogeneous black shale sequence that is
420 m thick in total. The average value below 140 m is 0.43
(n ¼ 32), indicating bottom water anoxia, whereas above 160 m
it is 0.11 (n ¼ 27), which is consistent with oxygenated bottom
waters (Raiswell & Canfield 1998; Lyons & Severmann 2006;
Canfield et al. 2007).

Calcium isotopes
Calcium isotopes (d44Ca) were measured in limestone of the lower
Twitya Fm., and in dolostone and limestone of the Ravensthroat
and Hayhook formations, respectively (Silva-Tamayo et al. 2010).
The data from the first are consistent with mid-Cryogenian postglacial carbonates in Brazil, and the latter with basal Ediacaran
post-glacial sequences in Brazil and Namibia (Silva-Tamayo
et al. 2010). Compared with the younger sequences, the older
d44Ca profiles appear basally truncated, similar to their sequence
stratigraphies and d13C profiles (Hoffman & Schrag 2002). The
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younger sequences exhibit paired negative and positive d44Ca
excursions that span twice the entire Phanerozoic range of variability (Farkas et al. 2007). The paired anomaly in the lower Hayhook
limestone is preceeded (Ravensthroat Fm.) and followed (upper
Hayhook Fm.) by relatively stable values lying well within the
Phanerozoic range (Silva-Tamayo et al. 2010).
Equilibrium isotope fractionation during carbonate precipitation
maintains seawater roughly 1.0‰ heavier than the sources and
sinks of Ca in the ocean. Thus, imbalance between Ca input and
output will cause deviations in the d44Ca of seawater, and therefore
in marine carbonate. The magnitude of the equilibrium fractionation is expected to vary with temperature and carbonate precipitation rate, but relatively modest variability in d44Ca (n ¼ 10)
within the Ravensthroat Fm. (Silva-Tamayo et al. 2010), deposited
during global deglaciation when changes in temperature and precipitation rate may have been large, implies that those dependencies were either small or counteracting at that time. The paired
negative and positive excursions of 1.0‰ apiece in the lower
Hayhook limestone and correlatives (n ¼ 31) represents first, a
large excess of Ca input over output, followed by the reverse, a
large excess of Ca output over input (Silva-Tamayo et al. 2010).

Synglacial hematite jaspilite (Fe-formation), Rapitan Group
REE geochemistry of the Sayunei jaspilite (Klein & Buekes, 1993)
is described in Hoffman et al. (2011). Planavsky et al. (2010)
present elemental data (P, Fe, Mn and Al) for jaspilite samples
from the Sayunei Fm. (n ¼ 41) and correlative strata (Upper
Tindir Group) in the Tatonduk inlier. In common with other
Cryogenian glaciogenic jaspilites, the samples have much higher
phosphate contents (average P/Fe ¼ 1.44%, n ¼ 44) than Palaeoproterozoic or Archaean Fe-formations (Planavsky et al. 2010).
Iron isotopes (d57Fe) and accompanying rare-earth elements
(REE), including redox-sensitive cerium anomalies (Ce/Ce*),
have been measured through the 16.4-m-thick interval of hematitic
mudstone and hematite-jaspilite (banded Fe-formation) at the top
of the Sayunei Fm. in the Hayhook Lake area (Fig. 36.7). The
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d57Fe values increase systematically upsection from – 0.7‰ to
1.2‰. The largest rise coincides with the transition from hematitic
mudstone to hematite-jaspilite, which also corresponds to the
highest Fe concentration (c. 58 wt% Fe2O3). The increase in
d57Fe is accompanied by a rise in Ce/Ce* (Fig. 36.7).

Palaeontology
Neoproterozoic palaeontology of the Mackenzie Mountains is
summarized in Narbonne & Aitken (1995). When combined
with contemporary work in the Wernecke Mountains (Narbonne
& Hofmann 1987) and ongoing stratigraphic and palaeontological
studies in correlative strata of the Tatonduk inlier, a pattern of
change over time emerges that is broadly consistent with other
areas (Macdonald et al. 2010a, b; Macdonald & Cohen 2011). A
number of eukaryotic crown groups, both algal and protistan,
had evolved and diversified before the Rapitan glaciation. The
record of these groups is cryptic from shortly before the Rapitan
glaciation until long after the Stelfox glaciation.
Soft-bodied, Ediacara-type macrofossils, representing benthic
polypoid and frond-like organisms, occur in the upper Ediacaran
Blueflower Fm. (Fig. 36.1), where they coexist with infaunal
burrows (simple, meandering and subordinate patterned) that
extend into the overlying Risky Fm. (Narbonne & Aitken 1990;
Narbonne 1994). In the same area, near Sekwi Brook (Fig. 36.1),
simple radially symmetric body fossils and rare trace fossils
occur in the middle Sheepbed Fm. (Narbonne & Aitken 1990;
Narbonne 1994). The Stelfox glaciation is not recognized at
Sekwi Brook, but at Shale Lake (Fig. 36.1), Fe-speciation data
indicate that bottom waters became oxygenated just below the
middle Sheepbed Fm. (Shen et al. 2008).
An assemblage of simple, centimetric annuli and discs, thought
to be biogenic, occur in the upper Twitya Fm. (Fig. 36.3a) of the
Sayunei Range (Hofmann et al. 1990), south of Twitya River
(Fig. 36.1). As possible sponge-grade metazoan fossils pre-dating
the terminal Cryogenian glaciation, the ‘Twitya-discs’ have
recently been joined by calcareous structures at different horizons

Fig. 36.7. Fe isotopes (d57Fe), wt% Fe2O3
and Ce anomaly data (Ce/Ce*) from the
Sayunei Fe-formation in the Hayhook Lake
reference section. Data tabulated in
Halverson et al. (2011).
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in South Australia (Wallace & Woon 2008; Maloof et al. 2010),
and a sponge biomarker in the Oman Salt Basin (Love et al. 2009).

Other characteristics
The Crest deposit at Iron Creek (Fig. 36.3d), near Snake River, is a
hematite –jaspilite interval 120 m thick within glaciogenic diamictites of the Rapitan Group (Yeo 1986; Klein & Beukes
1993). The deposit contains 5.6 billion tonnes of ‘ore’ averaging
47.2% Fe and regional reserves are estimated to exceed 18.6
billion tonnes (Yeo 1986). Because of remoteness and difficult
terrain, the deposit has never been economic.

Palaeolatitude and palaeogeography
Palaeomagnetic data from the Mackenzie Mountains relating to
the Rapitan and Stelfox glaciations have been reviewed (Evans
2000; Evans & Raub 2011). Morris (1977) recognized three
natural remanent magnetic components in the Rapitan Group, of
which the one inferred to be the youngest (Cretaceous?) gives a
high palaeolatitude and the other two give low palaeolatitudes. A
larger data set obtained by Park (1997) gives broadly similar
results, but only after anomalous declinations are corrected for
large vertical-axis rotations of presumed structural origin. The
high-inclination poles were acquired during tectonic folding and
the low-inclination poles before that time, although Morris
(1977) and Park (1997) disagreed on which of the two clusters
of low-inclination poles was older. The palaeolatitudes of their
inferred oldest components are 08 + 28 (Morris 1977) and
06 + 78 (Park 1997). Neither result is definitively syndepositional,
but the near-equatorial palaeolatitudes agree with more recent
palaeomagnetic results from mid-Neoproterozoic (800 –740 Ma)
sedimentary rocks in western Laurentia (Weil et al. 2004, 2006).
Shallow mafic igneous rocks provide more reliable palaeomagnetic results than sedimentary rocks because they are strongly
magnetized, resist low-temperature remagnetization, have not
been compacted (no flattening of palaeomagnetic inclination),
and provide baked-contact tests of the primary age of remanent
magnetization, which can be directly dated as the crystallization
age of the rock. The Franklin Large Igneous Province (LIP) comprises comagmatic mafic dykes, sills and lavas extending collectively for 2500 km across Arctic Laurentia. The grand mean
palaeopole (8.48N, 163.88E, A95 ¼ 2.88, n ¼ 78 sites) for the
Franklin LIP (Denyszyn et al. 2009) places the Mount Harper
area and the Mackenzie Mountains, respectively, at 21+3 and
18 + 38N palaeolatitude at the time of magmatism, which
spanned the onset of the Rapitan glaciation (see below). These
results for the Rapitan glaciation are more reliable than those
from the Rapitan Group itself.
There are no direct palaeomagnetic constraints on the Stelfox
glaciation. McMechan (2000b) cites Park (1994) as giving a
palaeolatitude of c. 358 for the Stelfox glaciation, but this was
based on palaeopoles from the Risky Fm., which is c. 2 km stratigraphically above the Stelfox Member (Fig. 36.3a). Park (1994)
estimated the Risky Fm. to be younger than the 615 Ma Long
Range Dykes of Newfoundland and Labrador (Kamo et al. 1989;
Kamo & Gower 1994). Although more results are needed for
better statistics, the preliminary palaeopole for the Long Range
Dykes (19.08N, 355.38E, A95 ¼ 17.48, n ¼ 5 dykes) places the
Mackenzie Mountains near the palaeoequator at 615 Ma (McCausland et al. 2007).

Geochronological constraints
In the Mount Harper area of the Ogilvie Mountains, 310 km west
of Corn Creek (Fig. 36.1), up to 120 m of massive and bedded

diamictite, correlative with the lower Rapitan Group, was deposited during the waning stages of bimodal volcanism in an active
rift basin (Mustard & Roots 1997; Macdonald et al. 2010b). The
presence of faceted and striated clasts, bed-penetrating
dropstones, common outsized and exotic clasts, and glacial push
structures (Hart River inlier) within a marine succession support
a glacial marine origin for the diamictite at an ice-sheet groundingline. A quartz-phyric rhyolite within the volcanic pile, stratigraphically beneath the diamictite, and a felsic tuff within diamictite,
c. 60 m above the base of the glacial –periglacial sequence, give
U –Pb zircon dates of 717.43 + 0.14 and 716.47 + 0.24 Ma
(2s), respectively (Macdonald et al. 2010b). These dates are indistinguishable in age from mafic dykes and sills of the Franklin
Large Igneous Province (Heaman et al. 1992; Denyszyn et al.
2009; Macdonald et al. 2010b), which straddled the palaeoequator
at the time of their emplacement. The beginning of glacial marine
sedimentation in the Mount Harper rift basin at 717 Ma is the best
indicator of the onset of Rapitan glaciation in the northern
Canadian Cordillera (Macdonald et al. 2010b). These data are
consistent with maximum age constraints obtained from the
Mackenzie Mountains and Windermere Supergroup, including
a weighted mean 207Pb/206Pb date of 779 + 2.3 Ma (Harlan
et al. 2003) obtained for two baddeleyite analyses from a
gabbro sill (Carcajou Canyon Gabbro) intruding the Tsezotene
Fm. (Fig. 36.3), and a weighted average 207Pb/206Pb date of
755 + 18 Ma obtained for two concordant but low-Pb zircon
grains from a single leucogranite ‘dropstone’ within turbidites
close to the base of the Sayunei Fm. near Shale Lake (Ross &
Villeneuve 1997).
The Stelfox glaciation has no independent radiometric age constraint. Mafic tuffs in the upper Keele Fm. (Fig. 36.3a) contain only
xenocrystic zircons. The Stelfox glaciation is assumed, largely on
the basis of its post-glacial carbonate sequence, to be correlative
with the terminal Cryogenian glaciation (Knoll et al. 2006),
which terminated in 635 Ma.

Discussion
Palaeoenvironmental interpretation of the Rapitan Group
The Rapitan Group is widely interpreted as a glacial marine succession because of the occurrence of faceted and striated clasts,
sand aggregates (‘till pellets‘), erratic dropstones with impactrelated structures, and soft-sediment deformation horizons (e.g.
push structures, scaly matrix in particular diamictite sheets) of
apparent glacitectonic origin (Young 1976; Eisbacher 1981a,
1985; Yeo 1981; Aitken 1982; Macdonald et al. 2010b). Eisbacher
(1985) presents a comprehensive facies model ranging from fluctuating grounding-line diamictites (Shezal Fm.) through transitional facies to distal proglacial turbidites and fine-grained
suspension fallout accumulated in structurally controlled, deepwater basins (Sayunei Fm.). The distal nature of the Sayunei turbidites, characterized by Bouma C-D sequences, is emphasized (Yeo
1981; Eisbacher 1985) and the source of suspended sediment is
inferred to be turbid meltwater plumes emanating from discharge
sites at ice grounding-lines at the basin margin (Young 1976; Yeo
1981; Klein & Beukes 1993). Eisbacher (1985, p. 242, fig. 8)
suggests that the paucity of dropstones and diamictite, respectively, in the Sayunei Fm. reflect a suppression of icebergs and a
buttressing of ice grounding-lines by a ‘stable sea-ice cover’
(Dowdeswell et al. 2000). Such a permanent ice cover would
account for the low organic content and deep maroon colour of
the Sayunei mudrocks, in contrast to the basinal shale and limestone of the underlying non-glacial Copper Cap Fm., which are
mostly fetid and black in colour. Removal of the permanent ice
cover by climate warming would have allowed icebergs and ice
grounding-lines to advance basinward at the time of the
Sayunei-Shezal transition (Eisbacher 1985).
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Palaeomagnetic data place the Rapitan rift basins in palaeolatitudes comparable to the present southern Red Sea Rift basin
(Evans & Raub 2011). At the Last Glacial Maximum (LGM,
c. 20 ka), arguably as severe a glaciation as any in the Phanerozoic
eon, the lowest nearby glacial moraines, in the Ethiopian Highlands,
are 3750 m above sea level (Umer et al. 2004). Air temperatures at
that altitude are on average 26 8C colder than the same latitude at sea
level, reached by Rapitan glaciers. This gives some sense of the contrast between the Rapitan glaciation and the LGM.

Origin of ‘transitional-facies’ Fe-formation
A local hydrothermal source of Fe for transitional-facies
Fe-formation (Fig. 36.3d) was favoured by Yeo (1981) and
Young (1988, 2002). However, when compared with Neoarchaean
and Palaeoproterozoic Fe-formations, the rare-earth element
(REE) chemistry of the Rapitan Fe-formation is ‘much less distinctly influenced by hydrothermal input’, suggesting that such
input was ‘highly diluted by ocean waters at Rapitan time’
(Klein & Beukes 1993). Moreover, where submarine volcanism
was demonstratively active during the Rapitan glaciation (Mount
Harper area), Fe-formation is absent. Where Fe-formation is
present, in the Tatonduk inlier (Macdonald & Cohen 2011) and
the Mackenzie Mountains, interbedded volcanic rocks are nonexistent (Macdonald et al. 2010b).
Global Fe-speciation data suggest that Cryogenian and Ediacaran deep waters were ferruginous, rather than euxinic (Canfield
et al. 2008). This raises the question why Fe-formation (hematite
jaspilite) was only deposited during glacial times, and possibly
only during the ‘Sturtian’ glaciation (Hoffman et al. 2011). If the
Rapitan rift-basins were covered by thick permanent marine ice
during fine-grained sedimentation of the Sayunei Fm. (Eisbacher
1985), primary productivity would have crashed, limiting bacterial
sulphate reduction and allowing high concentrations of Fe in acidic
waters in the absence of hydrothermal sources (Mikucki et al.
2009). The Crest Fe deposit at Iron Creek (Fig. 36.3d) is situated
within a sequence of transitional-facies diamictites (Eisbacher
1985), where local oxidizing power capable of titrating dissolved
Fe would have been provided by subglacial meltwater discharges
at basin-margin ice grounding-lines, assuming air bubbles in the
meteoric ice (compressed snow) contained oxygen.
Low primary productivity related to the permanent ice cover as
well as low seawater pH would account for elevated P/Fe ratios in
the Fe-formation at Iron Creek and perhaps other synglacial Cryogenian Fe-formations (Planavsky et al. 2010). The explanation for
the high P/Fe ratio favoured by Planavsky et al. (2010) involves
‘unprecedented continental P fluxes during postglacial and interglacial time periods, given the extraordinary extent and duration
of Cryogenian ice cover and the high levels of P delivery expected
from glaciated catchments’. The problem with their explanation is
that six of the seven Cryogenian Fe-formations in their database
were deposited before the termination of the first major
Cryogenian glaciation.

Origin and stratigraphic localization of ‘basin-facies’
Fe-formation
Why does Fe-formation in the basin facies (Eisbacher 1985) occur
at the top of the Sayunei Fm., disconformably beneath the Shezal
diamictite (Fig. 36.3b,c)? If we accept Eisbacher’s (1985) explanation that the advance of the Shezal grounding-line was triggered
by the removal of permanent sea ice over the basin, two factors
would have contributed to the deposition of Fe-formation. First,
as the ice cover thinned and finally disappeared, anoxic and oxygenic photosynthesis could have precipitated Fe2O3-precursor
from anoxic Fe(II)-rich basin waters. Second, after the ice cover
was removed, air –sea gas exchange and wind-driven mixing
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would have quickly oxygenated the surface waters, leading to
abiotic Fe(III) precipitation.
After the Sayunei basin became ice-free, the water vapour
content of air blowing across the basin would have increased due
to evaporation. This would likely have caused a positive change
in the mass-balance of downwind ice sheets, due to increased precipitation and decreased melting on account of fog and clouds. On
a ‘modern Snowball Earth’ (i.e. present geography with complete
sea-ice cover, Voigt & Marotzke 2009), the Red Sea Rift would be
isolated from the Indian Ocean because of the roughly 1.0 km fall
in global mean sea level (glacioeustasy). As tropical sea-surface
temperatures rose to melting point, sea ice on the Red Sea basin
would disappear, while the Indian Ocean would remain ice-bound
because of sea – glacial flow from the south (Warren et al. 2002;
Goodman & Pierrehumbert 2003). Accordingly, the Shezal diamictite would represent the time interval between the opening of
the Sayunei basin ‘oasis’ and overall glacial termination. Once
illuminated, primary productivity in the basin, now crowded
with icebergs, would be stimulated.
Fe-isotope and Ce-anomaly data (Fig. 36.7) shed additional light
on the basin-facies Fe-formation near Hayhook Lake (Fig. 36.3c).
Controls on Fe-isotope variation in natural systems are not well
known, and data from ancient rocks are still quite limited. Laboratory experiments indicate that broadly similar equilibrium and
kinetic isotope fractionations are associated with both abiotic
and biological Fe-oxidation pathways (Johnson & Beard 2006).
Consider the d57Fe trend in the Fe-formation (Fig. 36.7) not in
terms of a secular change in seawater Fe-isotope composition,
but as a change in net Fe-isotope fractionation (D57Fehem-Fe2þ)
between hematite (or ferric-oxyhydroxide precursor) and dissolved Fe(II) across a redox chemocline in the water column
(Halverson et al. 2011). This could come about either because
the Fe-isotope fractionation varied as a function of the Fe(II)
concentration, assumed to increase with depth across the chemocline, or because of progressive oxidation of Fe(II) as it upwelled
across the chemocline. Progressive oxidation would drive the isotopic composition of the dissolved Fe(II) to more 57Fe-depleted
values, lowering the d57Fe of the hematite produced. In either
case, the d57Fe of hematite should decrease from the base of the
chemocline to the top. Accordingly, the upward increase in
d57Fe observed within the Fe-formation (Fig. 36.7) suggests an
increase in water depth with time, which is consistent with more
reducing conditions up-section inferred from the Ce/Ce* data
and with transgression inferred on sedimentological grounds
over the same stratigraphic interval (Klein & Beukes 1993). As
the Sayunei Fe-formation is directly overlain by the Shezal diamictite (Fig. 36.3), the rise in relative sea level is logically attributed to
lithospheric downwarping under the load of the advancing Shezal
ice sheet (Halverson et al. 2011).

Palaeoenvironmental interpretation of the Stelfox (Ice Brook)
glaciation
The Stelfox Member of the Ice Brook Fm. is a subaqueous unit
interpreted as glaciomarine because of the presence of faceted
and striated clasts in diamictite, sand and granule aggregates
(‘till pellets’), dropstones with impact-related structures in finely
laminated mudrocks, extremely angular quartz grains derived
from well-rounded quartz arenites of the Keele Fm., and diamictite
in a shallow-shelf setting where large-scale mass-flows are less
likely to occur (Aitken 1991a, b).
In discussing the Stelfox-equivalent Vreeland Diamictites in
northeastern British Columbia, McMechan (2000a, b) described
mud-rich diamictites and related fine-grained terrigenous facies
as resembling deposits associated with temperate, wet-based glaciers in southern Alaska, in contrast to those of cold-based glaciers
in Antarctica. She argued that they are inconsistent with the
existence of a Cryogenian ‘Snowball’ Earth, assuming that its
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mean-annual tropical surface temperature was close to that of
present-day Antarctica. She noted the prevalence of biogenic
facies (e.g. diatomaceous ooze) beneath Antarctic ice shelves, on
the Antarctic continental shelf and adjacent to the outlets of
fast-flowing ice streams, implying a near-absence of fine-grained
terrigenous input from meltwater plumes (Domack 1988; Anderson et al. 1991). Citing the same authors, she posited that significant meltwater flow requires surface melting and therefore
summer air temperatures above 0 8C, which do not occur on Antarctica or on a ‘Snowball’ Earth (McMechan 2000b).
Much has been learned about the Antarctic glacial regime since
the studies cited by McMechan (2000a, b). More than 150 subglacial lakes have been found, some at the origins of fast-flowing ice
streams, and they are not stagnant but are subject to active hydrodynamic exchange (Siegert et al. 2005; Wingham et al. 2006; Bell
et al. 2007). Modelling suggests that basal melting occurs under
most of the interior of the East Antarctic Ice Sheet and all of its
outlet ice streams (Pattyn 2010). Recent collapse of the Larsen B
ice shelf revealed the former existence of both terrigenous and biogenic sedimentation beneath the ice shelf (Domack et al. 2005;
Damiani & Giorgetti 2008). Springtime diatom blooms on the
East Antarctic margin may be triggered, not inhibited, by Fe-rich
sub-glacial meltwater disharges, from which terrigenous mud subsequently settles (Leventer et al. 2006). There is no doubt that
accumulation rates for muds are lower in polar than in temperate
settings, but sedimentation rates in the Cryogenian are as yet
unknown in the absence of biogenic facies, varve chronologies,
or data on meteoritic dust content. We agree that ‘any model for
Neoproterozoic glaciation should include a significant period of
more moderate glacial conditions prior to the end of glaciation’
(McMechan 2000b), but we maintain that even the most extreme
glaciation must experience more moderate conditions at its termination, especially in tropical marine environments, and that this is
fully consistent with the hysteresis loop predicted by the Snowball
Earth hypothesis (Hoffman 2009).

Calcium isotope record of the Stelfox glaciation and
its aftermath
The Snowball Earth hypothesis (Hoffman & Schrag 2002) provides a potential explanation for the paired negative and positive
d44Ca excursions and for their stratigraphic location in the lower
Hayhook Fm. (Silva-Tamayo et al. 2010). During a snowball glaciation, a steady rise in CO2 drives carbonate dissolution in the
ocean (a source of Ca) and precludes carbonate deposition
(Hoffman & Schrag 2002, fig. 10). This is consistent with the
absence of primary carbonate in the relevant synglacial strata.
The d44Ca of dissolved Ca in snowball brine should therefore
fall towards the value of the Ca input. The first carbonate that precipitates from the brine will be depleted in 44Ca by c. 1.0‰ compared with normal carbonates. In the snowball aftermath, Ca input
to the ocean from erosion is high, but rapid ocean warming and the
more leisurely drawdown of CO2, through silicate weathering,
drive excess Ca output (carbonate deposition) over input, raising
d44Ca. During deglaciation, however, ocean surface waters are
flooded by glacial meltwater, marine and terrestrial, and are thus
isolated from the deep brine by an exceptionally stable density
stratification (Shields 2005). Consequently, the 44Ca-depleted
snowball signature is not observed in the Ravensthroat Fm.,
which was deposited in surface waters during the snowball meltdown (James et al. 2001). As melting neared completion, the
flux of meltwater waned and ocean mixing by winds and tides
resumed. The negative d44Ca excursion in the lower Hayhook Fm.
(Silva-Tamayo et al. 2010) records the mixing of 44Ca-depleted
snowball brine and the meltwater lid. It does not record the generation of the isotope anomaly in dissolved Ca of the brine, but
rather its delayed expression as precipitated carbonate when the
brine was mixed into the meltwater lid, which was saturated with

carbonate from dissolution of carbonate rock ‘flour’, exposed by
deglaciation (Fairchild 1993). Once the ocean was mixed, the postglacial excess of Ca output over input drove the positive d44Ca excursion. Silva-Tamayo et al. (2010), who assume that the stratigraphic
expression of the negative d44Ca excursion corresponds to its time
of formation, attribute the negative excursion to Ca influx from
weathering immediately after deglaciation. Their model requires
that Ca input greatly exceeded output, which appears unlikely at a
time of ocean warming (raising saturation) and mixing (facilitating
degassing), when the surface ocean is known to have been critically
oversaturated from the widespread occurrence of syndeglacial cap
dolostones (Hoffman et al. 2007).

Correlation and palaeogeography
The post-glacial carbonate sequences following the older and
younger Cryogenian glaciations are stratigraphically, lithologically and isotopically distinct (Kennedy et al. 1998; Hoffman &
Schrag 2002). They provide a surprisingly successful basis for distinguishing the glaciations globally (Knoll et al. 2006; Hoffman
et al. 2011). As cosmopolitans, however, they are less well
suited for palaeogeographic reconstruction. In a wide orogen like
the North American Cordillera, the distinction between Neoproterozoic successions that are indigenous to Laurentia and those originating elsewhere is fundamental (Johnston 2008; Hildebrand
2009). All exposed Neoproterozoic rocks in the Mackenzie Mountains (Fig. 36.1) were thrust northeastward relative to cratonic
Laurentia in the Upper Cretaceous –Paleocene. Sequence and
chemostratigraphic comparison of successions deposited before,
between and after the Cryogenian glaciations implies that the
Tatonduk, Coal Creek, Hart River and Wernecke inliers of the
Yukon Territory expose a Neoproterozoic succession continuous
with that of the Mackenzie Mountains (Macdonald & Roots
2009; Macdonald et al. 2010a, b; Macdonald & Cohen 2011).
The co-occurrence of 718– 716 Ma mafic magmatism in the
Mount Harper area (Coal Creek inlier) and on cratonic Laurentia
(Franklin LIP) therefore implies that the Neoproterozoic succession of the Ogilvie and Mackenzie Mountains formed on the
margin of Laurentia.
In contrast, the lithostratigraphically alien Katakturuk Dolomite
(Ediacaran) in the northeastern Brooks Range, Arctic Alaska, is
unlikely to have had a Laurentian affinity before Siluro-Devonian
time, at the earliest (Macdonald et al. 2009). Accordingly, the stratigraphically underlying Hula Hula diamictite represents a Cryogenian glaciation of Chukotka-Arctic Alaska, not Laurentia, and
the Mount Copleston volcanics within and beneath the diamictite
are predicted to be asynchronous with the Franklin LIP.
What about Neoproterozoic successions in the rest of the North
American Cordillera? They host named glacial horizons in British
Columbia (Toby and Vreeland), Idaho (Scout Mountain), Utah
(Dutch Peak and Mineral Fork), California (Surprise and Wildrose) and Sonora (Mina el Mezquite). Conventionally, all have
been assumed to originate at the rifted margin of Laurentia
(Stewart 1972). In the Cordilleran collisional model (Johnston
2008; Hildebrand 2009), all except possibly the Mineral Fork originated elsewhere. In that model, they collided with the Laurentian
margin in the Late Cretaceous as part of a composite ribbon continent named ‘Rubia’ (Hildebrand 2009) or ‘Saybia’ (Johnston
2008). Targeted detrital zircon dating of the various glacial horizons, and their host successions, should be an effective means
of testing the Rubia/Saybia hypothesis. From the perspective of
the Mackenzie Mountains, the sequence stratigraphy and lithology
of Neoproterozoic successions assigned to the Windermere Supergroup in British Columbia (Ross et al. 1989) and to the South are
not similar. The differences may reflect facies changes, as conventionally assumed, but it seems fair to conclude that Neoproterozoic
strata of the North American Cordillera provide no grounds at
present for rejecting the Rubia/Saybia hypothesis. To date, all
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that we do know is that palaeomagnetic data from the Franklin LIP
place the then northward-facing rifted margin of Laurentia in the
Mackenzie Mountains at 18 + 38N latitude at the onset of the
Rapitan glaciation, and possibly closer to the palaeo-equator
during the Stelfox glaciation.
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