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ABSTRACT

The Neoproterozoic is widely considered to have experienced some of the most severe climatic
perturbations recorded in Earth history, with extensive glaciations often referred to as ‘Snowball
Earth’ events. The Snowball Earth and competing hypotheses seek to explain a wide range of geo-
logical data on Neoproterozoic pre-, syn- and post-glacial successions including glacial sedimentology,
chemostratigraphy, palaeoceanography, geochronology, palaecomagnetism and palaeogeography,
geodynamics, tectonics, palaeontology and palaeobiogeochemistry. However, our understanding
of the Phanerozoic and particularly the Cenozoic and contemporary glacial geological record is
often relatively neglected when evaluating the evidence for apparent severe and prolonged periods
of globally synchronous glaciation. This paper presents a review of the available geological data for
Neoproterozoic glacial successions in the light of what we know about the Cenozoic and recent
glacial record. Most Neoproterozoic successions are shown to exhibit spatial and temporal vari-
ability, with sediment stacking patterns and facies associations indicative of dynamic ice masses.
These characteristics are typical of sedimentary sequences deposited along glaciated continental
margins throughout Earth history, without the need for global synchroneity or necessarily severe
climatic excursions. Although recurrent very widespread glaciation is envisaged in the Neopro-
terozoic, the presence of analogous glacigenic and interglacial successions in the Neoproterozoic
and Cenozoic suggest the operation of a similar set of processes across a similar range of deposi-
tional environments. Consequently, an unambiguous sedimentary record of hydrological shutdown
during a prolonged global glaciation appears to be lacking. This indicates either a preservational
bias in Neoproterozoic successions of the advance and recessional stages of glacial epochs, or the
occurrence of dynamic, non-global glaciations during the Neoproterozoic.
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INTRODUCTION

Earth’s Neoproterozoic glacial record retains a
number of features that are apparently contradict-
ory to our understanding of Phanerozoic glacia-
tion, the foremost of which are palaeomagnetic
data suggesting marine-terminating glaciers at
low latitudes and the association of “C-depleted
carbonates above and locally below glacigenic
successions across the globe (Sumner et al., 1987;

Schmidt et al., 1991; Schmidt & Williams, 1995;
Williams, 1996; Hoffman et al., 1998a, b; Sohl
et al., 1999; Schrag et al., 2002; Halverson et al.,
2004; Fig. 1a). Several radical models have been
proposed in order to explain these observations,
including long-lived, but rapidly terminated (10*
to 10° years) global glaciations (the Snowball
Earth hypothesis; Kirschvink, 1992; Hoffman et al.,
1998a, b; Hoffman & Schrag, 2002), high obliquity
(Williams & Schmidt, 2004) and progressive rifting
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Fig. 1 Glacially influenced Neoproterozoic deposits: (a) contact between Fiq diamictite and Hadash cap carbonate,
Wadi Bhani Kharus, Jabal Akhdar, (b) stratified diamictite lithofacies, Ayn Fm. (formerly Mirbat Sandstone Fm., Lower
member), Dhofar; (c) glacially striated clast in diamictite lithofacies of the Blaini Fm. near Dadahu; (d) dropstone in
glaciolacustrine deposits, Ayn Fm., Dhofar; (e) wave-rippled deposits in the Fiq member, Ghadir Manqil Fm., Wadi
Sahtan, Jabal Akhdar; (f) Gilbert-type delta foresets in the Ayn Fm. in Wadi Anushar, Dhofar. All photographs Sultanate
of Oman, except (c) from the Lesser Himalaya, northern India. Hammer for scale in (a) and (b) is 30 cm in length.

Lens cap in (c) 3.5 cm diameter; lens cap in (d) to (f), 5 cm diameter.

during the breakup of the Rodinia super-continent
(the “Zipper Rift’ model of Eyles and Januszczak,
2004). The high obliquity theory suffers since a
mechanism is required in order to reduce obliquity
(Williams & Schmidt, 2004), while the Snowball
Earth and Zipper Rift models argue the genetic
nature of diamictite facies and their palaeo-

climatic significance. Although the Zipper Rift
model concedes that low solar luminosity may
have allowed glaciation at lower latitudes than
during the Phanerozoic, the quality of the palaeo-
magnetic evidence for tropical or equatorial glacia-
tion at low altitudes is seriously questioned
(Eyles & Januszczak, 2004). Despite their differences,
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Fig. 2 Modern distribution of Sturtian (~710 Ma),
Marinoan (~635 Ma) and Gaskiers (~580 Ma) successions.
Crossed circles indicate association of Banded Iron
Formations (BIF). Reproduced from Hoffman (2005) with
permission of the Geological Society of South Africa.
Copyright (2005) Geological Society of South Africa.

all models agree on at least local glacial activity,
typically subdivided temporally into the Sturtian
(c. 700 Ma), Marinoan (c. 635 Ma) and Gaskiers
(c. 580 Ma) glacial epochs (Fig. 2). Historical reviews
on the development of Proterozoic climate models
can be found in Hoffman and Schrag (2002) and
Eyles and Januszczak (2004).

While advances have been made in geochrono-
logy and the chemostratigraphic characteristics
of overlying ‘cap’ carbonate sequences, relatively
little detailed work has been undertaken on the
glacial facies assemblages in the context of the
Snowball Earth hypothesis (with notable excep-
tions; Arnaud & Eyles, 2002a, b; Allen et al,
2004; Benn & Prave, 2006; Dobrzinski & Bahlburg,

In Press; Rieu et al., unpublished data). Since the
style of Neoproterozoic glaciation remains to
be rigorously tested, our understanding of the
Phanerozoic, and particularly the Cenozoic glacial
record, provides the most appropriate means by
which to test depositional models and identify the
dominant glaciological processes which operated
in Neoproterozoic basins. This paper aims to review
sedimentological data that provide insights into
the palaeoglaciological characteristics of Neo-
proterozoic glaciation. A better understanding of
climatic variability during this time is highly desir-
able, since it is here that the first fossil evidence for
metazoan life is recorded (Narbonne ef al., 1994),
and because the Snowball hypothesis challenges
our knowledge of the boundary conditions of
Earth climate.

The Palaeomagnetic Record

While most Neoproterozoic glacial successions
lack reliable palaeomagnetic constraints, the pre-
dominance of low-latitude palaeopoles is notable
(Evans, 2000) and is atypical by Phanerozoic
standards (Evans, 2003). However, relatively few
samples have conclusively passed syn-sedimentary
fold tests to demonstrate natural remanent mag-
netization (NRM), and the age of magnetization
acquisition is often open to debate. The issue is com-
plicated further given the evidence for a signific-
ant (~30%) octopole component in the Proterozoic
Earth’s magnetic field (e.g. Kent & Smethurst,
1998), although Williams and Schmidt (2004) argue
that this would be insufficient to make moderate
latitude palaeopoles appear equatorial. Our under-
standing of Neoproterozoic palaeogeography is
limited for the time between 720 Ma and 600 Ma
(Meert & Powell, 2001), and competing high and
low latitude models for Laurentia have different
implications for testing both the high obliquity
and Snowball Earth hypotheses (Meert & Torsvik,
2004). Nevertheless, good palaeogeographical
models have been developed for 750 Ma and
580 Ma which may provide palaeolatitudinal con-
straints on some of the older Neoproterozoic basins,
and those that are equivalent to the Gaskiers epoch
(Fig. 3). Given the problems in resolving the tim-
ing of ‘Sturtian’ glacial events (Halverson, 2005;
see below), a detailed palaeogeographical model
for the end of the Marinoan glacial epoch at



GSP_4 C19.gxd

9/18/07 17:10 Page 346

o

346 J.L. Etienne et al.

60N

S Cadomian A
"\ adomian Arc =
Amazon
> N/

Sao Fracisco
Congo

Arabian-

Antarctica

Fig. 3 Palaeogeographical reconstructions for 750 Ma and 580 Ma. Reproduced from Meert and Torsvik (2003) with

permission of Elsevier.

635 Ma (Hoffmann ef al., 2004; Condon et al., 2005)
is now much required. A comprehensive review
of Neoproterozoic palaeomagnetic data may be
found in Evans (2000).

Chemostratigraphy

One of the key characteristics of Proterozoic
glacial successions is their association with "“C
depleted carbonates. However, the exact nature of
the relationship between “C depleted carbonates
and glaciation is a subject of debate. Negative
8"C anomalies occur in preglacial stratigraphic
units in Svalbard (Halverson et al., 2004), Namibia
(Halverson et al., 2002), Ethiopia (Miller et al.,
2003), Canada (Hoffman & Schrag, 2002), Australia
(McKirdy et al., 2001) and Scotland (Brasier &
Shields, 2000). Schrag et al. (2002) proposed that the
low-latitude position of continental landmasses
during this time would have led to more efficient
burial of organic carbon and the development of
large methane reservoirs, the slow release of which
resulted in the negative 3"°C anomalies observed
in preglacial carbonates. Negative §“C values
observed in postglacial cap carbonates are inter-

preted differently, and are considered to be a result
of low organic productivity during long-lived global
glaciations (4-30 Myrs; Hoffman et al., 1998a) and
an alkalinity flux driven by post-glacial weather-
ing. High partial pressures of atmospheric carbon
dioxide are required to initiate deglaciation in the
Snowbeall Earth model, and are achieved by volcanic
outgassing of CO, (Hoffman et al., 1998a; Hoffman
& Schrag, 2002). Some geochemical evidence in sup-
port of elevated pCO, has been presented for the
Marinoan glacial succession in Namibia, although
the associated 8"”C excursion may not be fully
accounted for (Kasemann ef al., 2005).

Overall the linkage between Proterozoic glacia-
tion and carbon cycling remains unclear. For
example, geochemical analysis of the Ediacaran
Shuram Formation of the Nafun Group in Oman
shows a pronounced negative (-12% 8“C,y)
excursion which persists through hundreds of
metres of stratigraphy (Le Guerroué et al., 2006;
Fig. 4). This perturbation is greater in magnitude
and more long lived than those recorded in cap
carbonate sequences, and highlights that large
negative 8§”C shifts do not require glaciation as
a precursory condition. However, it is interesting
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to note that as with cap carbonates, the Shuram
excursion is associated with a transgressive cycle.
Although local extreme (—41%. 8“C.y,) isotope
values occur within some cap carbonate sequences,
such values have been interpreted as a result of
methane clathrate release (e.g. Jiang et al., 2003;
see also Kennedy et al., 2001). Studies of geologic-
ally recent submarine continental slope failures
(past 45 ka) are co-incident with ice-core records
of elevated atmospheric methane, and highlight
the linkage between submarine mass movement
processes and release of methane hydrates over
glacial-interglacial transitions (Maslin et al., 2004).
Since the Phanerozoic record illustrates a relation-
ship between deglaciation and gas hydrate release,
similar mechanisms are likely to have caused local,
short-lived perturbations of the carbon cycle in
the Neoproterozoic.

PALAEOENVIRONMENTAL DISCRIMINATION OF
DIAMICTITE FACIES

In order to critically evaluate and interpret sedi-
ments of glacigenic origin in the geological record,
an understanding of contemporary processes of
glacial and glacially influenced sedimentation is
required. Knowledge of the range and distinctive-
ness of depositional systems, processes, resulting

lithofacies assemblages and sediment-landform
associations is essential for accurate palaeoenviron-
mental reconstruction. However, glacial deposys-
tems tend to be complex and in some cases, even
basic tasks such as distinguishing marine from
terrestrial glacigenic sediments can be challenging
(e.g. Lowe et al., 2001, and references therein). This
is particularly the case in the absence of palaeo-
climatologically significant faunal assemblages.
Perhaps one of the key issues in many Neopro-
terozoic successions is determining to what degree
the evidence favours a glacial origin. Eyles and
Januszczak (2004) argued that many ‘tillites” of
former workers are in fact tectonically induced
mass flow deposits, many of which do not con-
tain a demonstrable glaciclastic debris content
(but see Table 1). Similar arguments have been
provoked over many Neoproterozoic diamictite-
bearing formations (e.g. Schermerhorn, 1974; Bhatia
& Kanwar, 1975; Eyles, 1992; Eyles & Januszczak,
2004, and references therein), which is unsurpris-
ing since sediment gravity flows are a common
component of glacimarine environments (e.g. Benn
& Evans, 1998; Eyles et al., 2001; Laberg & Vorren,
2000; Elverhei et al., 2002; Taylor et al., 2002;
Nygard et al., 2002; O Cofaigh et al., 2004). Indeed,
stacked debris flows are thought to be the prin-
cipal building blocks of large glacial fan systems
in the polar North Atlantic (Dowdeswell et al.,
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Fig. 5 Submarine glacial fan systems in the polar North Atlantic. (A) Geoseismic section across the North Sea Fan.

P1 to P10 are Late Plio-Pleistocene seismic sequences. GDFs: Glacigenic debris flows. Reprinted from Sejrup et al. (2004)
with permission from Elsevier. (B) GLORIA side-scar sonar imagery of the Bear Island Fan, Barents Sea, and (C) location
of subsurface (light grey), surface (black) and undifferentiated (dark grey) glacigenic debris flows. Reproduced from
Taylor et al. (2002) with permission of the Geological Society, London.

1996; Fig. 5). Examples include the Storfjorden
and Isfjorden fans on the continental margin of
the Barents Sea and to the west of Svalbard, the
Scoresby Sund Fan off the east coast of Greenland
and the massive (~350,000 km®) Bear Island Fan,
which covers much of the western part of the
Barents Sea (Dowdeswell et al., 1996). Redistribu-
tion of glacigenic sediment is also a characteristic
feature of grounding-line fan assemblages developed
on continental shelves (e.g. Lonne, 1995; Powell &
Cooper, 2002; Figs 6, 7). In order to derive some
palaeoglaciological data for Neoproterozoic suc-
cessions, it is relevant therefore to examine some
basic characteristics of glacial debris entrainment,

transport and sedimentation processes as a means
for palaeoenvironmental discrimination.

Subglacial debris entrainment

The entrainment of subglacial debris is dependent
on a number of factors, principally the nature of
the geological substrate and glacier thermal regime
(Kirkbride, 1995; Table 2). Polythermal glaciers
(for example on Breggerhalveya, Svalbard) tend
to be effective erosional agents (e.g. Boulton, 1970;
Sugden, 1978), as these ice masses have consider-
able areas where basal melting and re-freezing of
meltwater occurs. Such areas are dependent on the
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Fig. 6 Stratigraphic logs from the mid-upper part of an ice-contact submarine fan system at Storsand, Oslofjorden,
southern Norway. (A) Cohesionless debrites interbedded with turbidites and debris-fall gravel; (B) debrites containing
blocks of ice-rafted diamicton; (C) cohesive debrites. Vertical scale bars are metres. Reprinted from Lenne (1995) with
permission from Elsevier.
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Table 19.2 Glacier characteristics under different thermal regimes

Glacier thermal regime Characteristics

Modern distribution

Warm/wet-based
(Temperate glaciers)

Polythermal
(Subpolar glaciers)

Cold-based
(Polar glaciers)

Ice is at or above the pressure melting point. Melting and
re-freezing of basal ice keeps subglacial debris loads close
to the glacier bed. Meltwater at the bed allows basal sliding
processes, thus temperate glaciers typically have greater
flow velocities than cold-based glaciers.

Variable distribution of cold ice (below pressure melting
point) and warm basal ice (at or above the pressure
melting point). Polythermal glaciers are typically frozen in
their terminal zones with temperate interiors. Both ice
temperatures and water content vary throughout
polythermal glaciers. Net adfreezing of subglacial debris
often leads to thick basal debris loads. The presence of
subglacial meltwater and deformable bed means that
polythermal glaciers can attain greater flow velocities than
polar glaciers which are frozen at the bed.

Ice is below the pressure melting point. Although cold-
based glaciers can entrain, transport and deposit sediment
debris, basal debris loads are typically very low, unless the
debris was entrained during a different thermal stage in
glacier evolution. Polar glaciers typically move by internal
deformation and have relatively low flow velocities with
respect to temperate and polythermal glaciers.

Mid-latitudes, Alpine
environments, e.g.
European Alps, Iceland.

Widespread in Arctic and
high Alpine environments,
e.g. Broggerhalvaya in
Svalbard; Kebnekaise massif,
northern Sweden.

Polar environments e.g. Dry
Valleys, Antarctica.

subglacial bed topography and local ice thickness;
where the ice is thin, it is typically cold-based and
promotes entrainment by downstream re-freezing
and regelation of sediment into basal ice (Boulton,
1979; Hutter & Olunloyo, 1981; Menzies, 1981; see
below). Polythermal and temperate glacial masses
are generally considered the most powerful erosive
agents, whilst the lack of basal meltwater asso-
ciated with cold-based glaciers (being frozen to
the substrate; Boulton, 1972) inhibits basal slid-
ing, erosion, deformation and debris entrainment.
Cold-based glaciers thus move principally as a
result of slow internal deformation of glacier ice
(Paterson, 1994). Nevertheless, a growing number
of research papers have illustrated that cold-based
ice masses are capable of entraining, transport-
ing, deforming and depositing sediment debris
(e.g. Holdsworth, 1974; Koerner & Fisher, 1979;
Chinn & Dillon, 1987; Echelmeyer & Wang, 1987;
Fitzsimons et al., 1999; Cuffey et al., 2000; Atkins

et al., 2002). Mechanisms involving entrainment
by basal ice include re-freezing of subglacial melt-
water (Weertman regelation), regelation into the
bed, and net adfreezing which includes processes
of freeze-on by conductive cooling and glacio-
hydraulic supercooling of subglacial meltwater.
Regelation involves pressure-related melting of
basal ice around obstacles at the bed (Weertman,
1957, 1964). Melting occurs on the stoss face,
where the pressure is highest, while pressure
shadows in the lee allow re-freezing of subglacial
meltwater. This mechanism effectively allows ice
to ‘pluck” sediment and rock from the bed, but
is thought to be capable of producing only thin
(<0.1 m) basal debris layers, with low sediment
concentrations (Alley et al., 1997). Repetitive re-
gelation, typical under temperate glacier thermal
regimes, limits the thickness of basal debris layers
(Kirkbride, 1995). Regelation can also occur down-
wards into pore spaces in subglacial sediment, and
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is considered a much more effective entrainment
mechanism, capable of generating thick basal
debris layers (e.g. Alley et al., 1997; Iverson, 2000).
Debris contents vary depending on the substrate,
but can be very high (Boulton, 1970; Harris &
Bothamley, 1984). This mechanism is similar to
the basal freeze-on model of Christoffersen and
Tulaczyk (2003), which involves the formation of
a segregated ice layer as pore water accretes to
the glacier sole. The freezing front then migrates
downwards into the substrate, allowing effect-
ive entrainment of large volumes of debris
(Christoffersen, 2003).

Net adfreezing occurs where freezing dominates
over melting at the bed, allowing considerable
volumes of debris-rich basal ice to form. This is
particularly effective when meltwater flows into
areas of the bed that are cold-based (Weertman,
1961; Hubbard & Sharp, 1989; Hubbard, 1991),
and thus explains why polythermal glaciers are
important transporters of large volumes of sediment
debris (Elverhoi et al., 1998). Freeze-on by con-
ductive cooling occurs as a result of changing
basal thermal conditions (Alley et al., 1997). The
thick ice-sheets envisaged in Snowball Earth
models are likely to have been effective at insulating
the bed, and thus resisted cold-based glacial con-
ditions; however, where ice was thin over highs
in the subglacial topography (typical of dispersal
centres) cold-based conditions probably existed
(cf. Kleman et al., 1997, Kleman & Hittestrand,
1999). Changes in basal thermal conditions may be
initiated over time by surface cooling, or increased
accumulation leading to downward advection of
cold surface ice (Alley et al., 1997). This mechan-
ism is likely to be very important in the long-term
evolution of ice sheets, because of the resulting
changes in dynamics. Indeed, Christoffersen (2003)
has suggested that basal freeze-on is a viable mech-
anism for the shutdown of ice streams observed in
West Antarctica. Changes in basal thermal condi-
tions over time can therefore radically affect the
overall flow dynamics of ice masses. Dependent on
the duration of glaciation, surface temperature
conditions and degree of precipitation, it is likely
that these processes would operate in a Snowball
Earth glaciation. Given the important role played
by sea ice dynamics in numerical climate models
that simulate Snowball Earth conditions (e.g.
Warren et al., 2002; Goodman & Pierrehumbert, 2003;

Lewis et al., 2003), a consideration of terrestrial
ice sheet dynamics is also required.

Net freeze-on by glaciohydraulic supercooling
occurs when subglacial meltwater is supercooled
as it rises from overdeepenings at the bed. Thick
debris-rich layers can be accreted on to the glacier
sole (e.g. Lawson et al., 1996; Strasser et al., 1996).
This mechanism of entrainment is likely to be
important over a range of spatial scales, for tem-
perate glaciers and ice sheets that have complex
basal topography, and particularly in Snowball
Earth scenarios.

Particle roundness and other shape parameters

Numerous different processes operate in the trans-
fer of sediment debris through the glacier system,
and, in some cases involve large-scale reorganisa-
tion of debris between supraglacial, englacial and
subglacial transport zones. Active versus passive
transport (Boulton, 1978) relates to the relative
histories of material in subglacial transport com-
pared with supraglacial and englacially transported
debris. Supraglacial material is considered to be
passively transported, with little modification to
particle shape by physical processes other than
local reworking by surface meltwater, freeze-
fracturing, and, in some instances, aeolian ventifact
formation. Since the majority of supraglacial debris
is derived from rockfall and talus, the debris is
often very angular or angular in clast roundness.
Glaciers with considerable supraglacial debris
loads are most common in areas of high relief (e.g.
in the Himalaya; Benn et al., 2001; Benn & Owen,
2002; the Southern Alps, New Zealand; Hambrey
& Ehrmann, 2004), particularly where there is
a strong coupling between mountain slope and
glacier transport systems (Kirkbride, 1995), although
supraglacial debris can also accumulate on ice
shelves which fringe mountainous terrain (Evans
& O Cofaigh, 2003). By contrast, debris incorpor-
ated in subglacial transport displays a wide variety
of particle sizes and shapes, with surface features
resulting from abrasive wear. This material is
said to be actively transported and is significantly
modified during subglacial transport.

Actively and passively transported debris are
often analysed in terms of their constituent particle
roundness (following Powers, 1953) and other
aspects of particle shape. One of the more recent
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approaches employed involves the use of the RA/C,
index (the percentage of angular and very angular
clasts plotted against the percentage of clasts with a
¢/a axial ratio <0.4), following the methods outlined
by Benn and Ballantyne (1993, 1994). This technique
can provide good discrimination between differ-
ent glacigenic lithofacies in Arctic environments
(Bennett et al., 1997), and is particularly effective
in separating supraglacial (passively transported)
from subglacial (actively transported) debris. Other
techniques for evaluating clast shape such as the
use of maximum projection sphericity and oblate-
prolate indices formerly used to distinguish beach
and fluvial gravels (e.g. Dobkins & Folk, 1970;
Stratten, 1974; Gale, 1990) have limited applicability
since modern glaciofluvial gravels have similar
values to beach sediments (Etienne, 2004).

From a palaeoenvironmental perspective, the
presence or absence of supraglacially derived
angular debris is significant, as it provides a means
to evaluate whether or not nunataks existed,
although supraglacial debris buried by primary
stratification may remain in englacial transport
for a considerable length of time. Supraglacial
debris is most likely to be deposited during
glacier recession, since surface ablation leads to
melt-out of sediment buried in primary stratifica-
tion (e.g. Glasser & Hambrey, 2001), and mechan-
ical weathering of freshly exposed rock is likely
to increase the flux of supraglacial debris. The
dominance of subangular to subrounded clasts
(typical of many subglacial tills) in the Neopro-
terozoic Wilsonbreen and Petrovbreen diamictites
(Svalbard; Fig. 8) indicates that nunataks were
not important debris sources, although angular
debris has been reported locally from the former
(e.g. Hambrey, 1983; Fairchild & Hambrey, 1984).
Diamictites containing angular gravel-sized clasts
are also known from many other Neoproterozoic
successions (Hambrey & Harland, 1981 and refer-
ences therein), including those in Oman (Ayn
Formation), North India (Blaini Formation), Brazil
(Puga Formation; Gaucher et al., 2003) and Africa
(Kundelungu Basin; Cahen, 1963).

Subglacial facies

Subglacial deposits (tills) are typically poorly
sorted (often diamicton lithofacies), with poly-
modal particle-size distributions (Boulton, 1978)

and include a wide variety of particle sizes and
shapes. Diamicton, and its equivalent term for
lithified rocks ‘diamictite’ are non-genetic terms
introduced by Flint et al. (1960a, b) for poorly
sorted deposits comprising sand and/or larger
(gravel-sized) particles in a muddy matrix. Since
this time, the terminology for poorly sorted sedi-
ments has moved towards quantitative classifica-
tions for diamicts which provide more specific
textural information (e.g. Moncrieff 1989; Hambrey,
1994; Table 3). The Udden-Wentworth particle-
size scale has also been expanded allowing better
description of very coarse grained deposits (Blair
& McPherson, 1999). Gravel clast lithologies and
heavy mineral fractions reflect the geology of the
glacierised catchment (e.g. Dewez & Geurts, 1996;
Lee et al., 2002), and clasts which are faceted or
bear striations, crescentic gouges or chattermarks
are characteristic of subglacial transportation
(e.g. Agassiz, 1838; Chamberlin, 1888; Hambrey,
1994; Miller, 1996; Benn & Evans, 1998; Fig. 1c).
Glacial striae are easily distinguished from tectonic
features such as slickenlines which tend to be more
regular and are often associated with mineral-
ization. Fine-grained calcareous precipitates may
occur on large clasts as a result of solute precipita-
tion from subglacial water films in response to
localised variations in basal ice-contact pressures
(Weertman, 1957; Hallet, 1979; Hubbard & Sharp
1993), although such features may be difficult to
distinguish in carbonate-cemented diamictites
typical of many Neoproterozoic successions (e.g. in
Namibia, Scotland). It is worth noting that some
studies have indicated that modern subglacially
precipitated carbonates are isotopically depleted in
3BC (Souchez & Lemmens, 1985; Aharon, 1988).
Alignment of gravel clast a-axes in tills can reflect
glacier palaeoflow; and, as such, three-dimensional
clast macrofabrics are commonly used for palaeo-
environmental reconstruction. Well developed a-
axial clast macrofabrics are often supportive of till
deposition by either lodgement or meltout processes
(Boulton, 1970; Dreimanis, 1988; Hambrey, 1994;
Ham & Mickelson, 1994; Menzies & Shilts, 1996);
however, fast-flowing debris, flow- or ‘deformation’
tills can produce similar fabrics. Clast orientation
data may be analysed using principal direction
analysis, or in terms of overall fabric shape, based
on ratios between eigenvalues for the measured
population (Dowdeswell et al., 1985). Fabrics which
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Percent gravel (<2mm) in whole sediment
Mud Trace (<0.01) <1% 1-5% 5-50% 50-95% >95%
<0.06mm 0
MUD(STONE) with Muddy GRAVEL/BRECCIA/
011 MUD(STONE) dispersed clasts CONGLOMERATE B
' clast-poor muddy | clast-poor muddy
X E Sandy DIAMICT(ON/ITE) | DIAMICT(ON/ITE) - 20 é
g 1 Sandy MUD(STONE) £
5 MUD(STONE) with dispersed 33 c
2 clasts , GRAVEL/ -40 2
s clast-poor clast-rich &
3 50 intermediate intermediate BRECCIA/ - =
3 [9]
% DIAMICT(ON/TE)| DIAMICT(ON/TE) CONGLOMERATE s
< 1 Muddy r60 &
< i Muddy SAND(STONE) 66 i
SAND(STONE) with dispersed clast-poor clast-poor
i clasts sandy sandy - 80
DIAMICT(ON/TE) | DIAMICT(ON/TE)
9 - -
SAND(STONE) with Sandy GRAVEL/BRECCIA/
SAND(STONE) dispersed clasts Gravelly SAND(STONE) CONGLOMERATE
Sand " 100
2.0-0.06 mm 50%

gravel

Table 19.3 Classification for poorly sorted sediments, based on Moncrieff (1989) and modified by Hambrey and Glasser

(2003)

have low isotropy and moderate to high elongation
values are thought to be characteristic of lodgement
till (Dowdeswell et al., 1985; Benn & Evans, 1998),
and shallow upglacier clast imbrications develop
in some lodgement tills (Dowdeswell & Sharp,
1986; Kriiger, 1994). However, genetic discrimina-
tion between massive till facies is often difficult
and interpretations based solely on macrofabric
analyses are considered tenuous (e.g. Bennett et al.,
1999). Doubts have also been raised regarding
the reliability of fabric strength in determining
depositional process, with problems attributed to
sampling effects (Benn & Ringrose, 2001). In the
Neoproterozoic record, additional factors have to
be considered in clast fabric and shape analyses
including post-depositional compaction, growth of
diagenetic cements and, in tectonically deformed
terrain (particularly orogenic belts), metamorphism,
flattening, stretching or clast re-orientation result-
ing from shearing and pressure solution. These
factors inhibit the use of clast fabric analyses in
many successions, including (but not limited to)
the Blaini Formation in North India, the Tambien
Group in NE Africa (Beyth et al., 2003), the Toby
and Edwardsburg Formations in Idaho, U.S.A.
(Aalto, 1981; Lund et al., 2003) and parts of the Port

Askaig Formation in the U.K. This technique has
been applied to the little-deformed Petrovbreen
diamictites in Svalbard, East Greenland and those
of the Jbéliat Formation in Mauritania where clast
fabrics are similar to waterlain and lodgement tills
(Deynoux, 1985; Harland et al., 1993).

Given complications in clast fabric analyses, other
factors need to be taken into account. Association
with other lithofacies, particularly with regard to
their structural deformation features, is important.
For example, tills deposited as a result of lodge-
ment or meltout often overlie deformed sediments,
as large shear stresses can be generated by the
overriding ice mass (Boulton, 1996). Conversely,
deformation concentrated within subglacial till may
act as a buffer, reducing the intensity of substrate
deformation. Layered or stratified deformation tills
may develop (as described from Breidamerkurjokull
in Iceland; Boulton, 1979; Boulton & Hindmarsh,
1987; Benn & Evans, 1996), which overlie non-
deformed soft-sediment. The character of these sub-
glacial deposits reflects variations in incremental
strain (Boulton, 1996), and is inherently related
to subglacial porewater pressure (e.g. Hiemstra &
van der Meer, 1997). The gross-scale architecture of
basal till sheets, particularly thickness and spatial



GSP_4 C19.gxd 9/18/07 17:10 Page 365

o

Neoproterozoic glaciated basins: a critical review of the Snowball Earth hypothesis by comparison with Phanerozoic glaciations ~ 365

distribution, is also considered to be closely linked
to subglacial drainage conditions, and is partly
dependent on the character of pre-existing sub-
strate (e.g. Kjaer et al., 2003). However, it is likely
that mechanisms such as deformation and melt-
out are part of a continuum of basal processes that
vary over spatial and temporal scales. Features
traditionally thought to be diagnostic of deforma-
tion at the bed, such as clast pavements and high
porosity, are also thought to develop during pass-
ive melt-out (e.g. Mickelson et al., 1992; Ronnert &
Mickelson, 1992), although examples of pavements
with planed-off tops are unlikely to develop by this
process. Discrimination between deformation and
melt-out till is considerable importance, since they
imply different subglacial conditions at the time of
sedimentation and the resultant dynamics of the
ice mass in question (Benn, 1995).

Gross-scale stratigraphic architecture, associated
lithofacies or subglacial erosional features such as
striated pavements, meltwater channels (including
Nye channels and p-forms) and glacial lineations
including flutes, drumlins and roches moutonnées
all provide additional information on the likely
depositional setting of diamictite facies. For example,
striated pavements are known beneath numer-
ous successions in Australia (e.g. Egan, Landrigan
and Moonlight Valley tillites; Coats & Preiss,
1980), Greenland (beneath the Storeelv Formation;
Hambrey & Spencer, 1987), Mauritania (Jbéliat
Formation; Deynoux & Trompette, 1981), Norway
(Smalfjord Formation; Arnaud & Eyles, 2002a),
Brazil (Macaubas Megasequence; Isotta et al., 1969)
and India (Blaini Formation; this study) where they
provide solid evidence for grounded ice. Roches
moutonnées and other whaleback forms are also
known from the Jbéliat (Deynoux & Trompette,
1981) and Mineral Fork Formations (Ojakangas &
Matsch, 1980), and may indicate relatively thin ice,
since subglacial quarrying tends to be enhanced by
cavities at the bed (Benn & Evans, 1998).

Glacitectonic structures

Much recent research on modern and Pleistocene
glacigenic sediments has highlighted the importance
of using soft sediment (glacitectonic) or thermal
contraction deformation structures to provide
additional information for determining sediment
transport mode and deposition (Fig. 9). These

studies have improved our understanding of pro-
cesses of moraine formation (Bennett ef al., 1996a,
b, 1998; Hambrey et al., 1997), sediment stacking
patterns in proglacial environments (Hambrey &
Huddart, 1995; Hart & Boulton, 1991) and palaeo-
environmental interpretations of diamicton and
diamictite lithofacies (e.g. Menzies & Maltman,
1992; Rijsdijk et al., 1999, 2001; Maltman et al., 2000;
Menzies, 2000; van der Wateren et al., 2000; Khatwa
& Tulaczyk, 2001; Lachniet ef al., 2001; van der Meer
et al., 2003). Such structures are only occasionally
recognized or utilized for palaeoenvironmental
reconstruction in older geological terrains (e.g. Le
Heron et al., 2005), where they are often over-
printed by diagenetic, metamorphic or regional
tectonic events. Those working on microstructures
in diamicton lithofacies have been primarily con-
cerned with the identification of features which act
as clues towards sediment genesis, and the ability
to differentiate deposits resulting from primary
subglacial deposition, re-distribution of sediment
by subaerial debris flows or accumulation of peri-
glacial slope deposits (e.g. Harris, 1998; Lachniet
et al., 2001). However, few diagnostic criteria can
be presented since terrestrial debris flow deposits
commonly display similar microstructural features
to subglacially deformed till (Khatwa & Tulaczyk,
2001). The presence of fractured grains (observed
in thin-sections) is considered by some as evid-
ence of glacitectonism (Hiemstra & van der Meer,
1997), although terrestrially deposited tills can
be reworked by paraglacial slope processes with
little or no modification of gravel clast shapes,
imbrication, texture, consolidation or granulometry
(Curry & Ballantyne, 1999). Thus structurally
similar deposits can form as a result of different
depositional processes. Differentiating subglacial
deposits from other poorly sorted facies types
is problematic, particularly with regard to mass
flow deposits such as debris flows, or massive
sediments containing ‘outsized” gravel lonestones,
such as glacimarine or glacilacustrine sediments.
Overcompaction or stratification are not considered
sufficiently critical for discounting a subglacial
origin, and Kluiving et al., (1999) advocate sorting
and the presence of dropstones as key criteria.
Dropstones are defined as outsized clasts in finely
stratified or laminated sediment, which deform
and truncate underlying laminae (Hambrey &
Harland, 1981). Isolated clasts are probably the best
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Code | Description Strain elipse Examples

P Pure shear

PDH | Horizontal dilation (psa Fo . . - ﬂ\b_r
vertical) ,.--,_l_g._.. T = e Y NV

P R IR = A

PDI Inclined dilation (psa not i N _-__O_ -] —_1%_\\_—@?_1,‘ = AN iy
vertical) 3 1 3 . - £ 1‘\ -

PCC Crushed clasts = Matrix reatignment Brittle comprassional fractures

PMC | Matrix and clast re-alignment
PCF Compressional fractures

S Simple shear &= Ice flow direction = (ca flow direction 4 Sedimant flow
SHZ | Shear zone comprising sheared recion
{inclined, isoclinal) folds,
boudins, tectonic laminae
SSP | Simple shear profiles

homogenisad . sadimant
omogen hamoganised [aY
diamict: il & 2| Gamict i £ o ___

boudins k kkkkkkk f flow folds
tectonic laminag ::N ductile gﬁ
NN 7

STW | Shear thrust wedges o imbricatad falds ] deformation
SFD | Shear thrust fractures and dykes ) . open folds &‘b‘;@g - dapositional
“““““ deformation tgor
SHY | Shear lfydrofracu‘xrcs non-daformed conugate
SEC | Extensional clastic dykes laminae frseatcstl.?:asshear
SPB | Sheared and plucked Subglaciat Subglacial Sediment flow
. . Simple shaar profile Simple shear profile Simple shear profile
pre-glacial breccia Fully ductile deformation with ductite and brittle ductile deformation
SPR | Sheared and plucked bedrock deformation
C Compressional
CNA Nap_pe.s _ . ' _-.--x -~ cpen joids
CAS | Anticlinal and synclinal folding L o

T /4 ~ = ‘_JCB wedge

{longitudinal compression} —°{—>\ /<-§-—c

CFR__| Compressional fractures AN

. B - laciar forefield hydrofract
CDK | Compressional dykes gl ' décollemont yerwTace
CHY | Compressional hydrefractures
A\ Vertical open fold ‘(flexure

VDS | Descending clast stringers
VLO | Loadcasts

VDI | Diapirs --
VFL | Flexures '
VCO | Collapse structures

VEX | Extensional fractures

VPO | Pods, rafts and pseudonodules

30 Density driven

A \
T A % m  deformation

gravels

diamict
Jas

VCS | Cone-shaped clast clusters F Coliapse of
" - g depositional floor,
VSY | Synforms (no longitudinal as in a kettle hole

compression)
VHF | High-angle unimodal fabrics

U Undeformed

UHS | Horizontal bedding CgEeTeas d

ULA | Lamination (graded) Ny M T ra s nd undeformed
bedded sand

_UCR | Cross bedding ; scale” sands

| UON | Onlaps and drapes | Undetomed cortact

UGR | Gradational contacts ereath sediment flow

Dejormation styles Subglacial Ice marginal Proglacial (terrestrial) Glaciclacustrine  Glaciomarine

Pure shear deformation Very common Common Absent Absent Absent

Simple shear deformation Dominant Common (geometry Rare—common (geometry Absent Absent
relates to ice flow) relates to slope)

Compressional deformation Rare Dominant Rare Absent Absent

Vertical deformation Absent Rare Common Very commaon Rare

No deformation Absent Rare Common Dominant Dominant

Iceberg dump and deformation Absent Absent Absent Common Common

Fig. 9 Soft sediment deformation structures and codes for description of macroscopic glaciotectonic structures.
Strain ellipses indicate deformation style under different stress regimes; forces Fp, Fs, Fc and Fg refer to pure shear,
simple shear, compressional and gravitational, respectively. From McCarroll and Rijsdijk (2003). Copyright (2003)
John Wiley & Sons, Limited. Reproduced with permission.
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indicators, since debrites clasts can also deform and
truncate underlying laminae. For Proterozoic sedi-
ments, it is worth noting that perennial sea and lake
ice would also have been capable of entraining and
rafting gravel-sized material (see Smith, 2000).
Pebble-sized clasts are generally considered the best
proxy for ice-rafted debris (Grobe, 1987; Andrews
et al., 1997, Smith & Andrews, 2000).

Other features that are important for palaeo-
environmental discrimination include macroscopic
deformation structures, which are often associated
with ice-marginal sediment assemblages. These
include faults (normal, reverse, low-angle thrust
faults and shear zones; Croot, 1988), folds (Hart &
Boulton, 1991) and more chaotic structures resulting
from subglacial deformation of poorly consolid-
ated deformable substrate (Benn & Evans, 1996;
Boulton, 1996), drumlinisation (Hart, 1995a, b), den-
sity inversion in saturated depositional sequences
(e.g. Rijsdijk, 2001) and injection of clastic dykes (Le
Heron & Etienne, 2005). McCarroll and Rijsdijk
(2003) have provided a detailed account of macro-
scopic glacitectonic structures and their relative
dominance in different glacially influenced envir-
onments (Fig. 9). These features complement glaci-
clastic debris such as dropstones, striated clasts and
till pellets highlighted by Eyles and Januszczak
(2004) as key criteria for identifying glacial influ-
ences on sedimentation in Neoproterozoic succes-
sions, and may provide a means to distinguish
primary subglacial facies from sediment redis-
tributed by subaqueous debris flow processes.

THICKNESSES OF GLACIALLY INFLUENCED
MARINE SUCCESSIONS

Eyles and Januszczak (2004) argued that less than
100 m of stratigraphic section is deposited over a
typical ‘glacial cycle,” emphasizing the much thicker
preserved successions of Neoproterozoic glacially
influenced strata. While this statement may be true
for terrestrial successions, or those deposited over
short-term glacial/interglacial cycles, sediment
yields in basins for glacial epochs spanning tens of
millions of years far exceed this.

With the exception of DSDP/ODP (Deep Sea
Drilling Programme/Ocean Drilling Programme),
CIROS (Cenozoic Investigations of the Ross Sea)
and CRP (Cape Roberts Project) recovery, much of
what we know about glacimarine sedimentation

is limited to short gravity core and geophysical
investigations. Nonetheless, AMS (Accelerated Mass
Spectrometry) “C dates provide important con-
straints on Pleistocene and Holocene sedimenta-
tion rates in glacially influenced basins. Predictably,
sediment accumulation rates vary both spatially
and temporally. For example, sedimentation rates
across the North Atlantic region over the past 3 Myrs
varied from 0.02 to 0.1 m ka™, and 0.12 m ka™ on the
Norwegian continental margin (Heinrich et al., 2002
and references therein). Similar figures have been
presented for shallow, distal areas of the Barents
Sea (0.03 m ka™'; Elverhei et al., 1989). Spatial and
temporal variability is exhibited by Quaternary sedi-
mentation rates for the Reykjanes Ridge between
Heinrich events 1 and 2 (0.09 to 0.15m ka™) and
events 3 and 4 (0.12 to 0.22 m ka™!; Moros et al.,
2002) and from Pleistocene and Holocene data on
Kejser Franz Joseph Fjord (Greenland) and the
adjacent continental margin (Evans et al., 2002).
Here Evans et al., (2002) reported sedimentation
rates of 0.3 mka™ on the upper continental slope
and 0.16 m ka™' on the mid-lower slope during the
glacial maxima, with deglacial fluxes in the order of
0.51-0.79 m ka™ (mid-lower slope), and 1.11 m ka™
(in the fjord and inner slope). High sedimentation
rates are also known from other fjords in Greenland
including Nansen fjord where proximal sedimenta-
tion rates are calculated at 1.8 mka™ and 1.3 m
kyr‘1 in distal areas, and accumulation rates of 0.1
to 0.3 m kyr™ in Scoresby Sund (Dowdeswell et al.,
2000). However, these examples are relatively low
by comparison with Kongsfjorden in Svalbard,
where present-day annual sedimentation rates are
~70 mm yr' (Elverhei et al., 1998).

Based on the above examples, if we assume a
modest average sedimentation rate of 0.05 m/kyr
over a 30 million year period (the upper predicted
limit for the duration of a Snowball Earth event;
Hoffman et al., 1998a), it is possible to generate
~1.5 km of non-compacted stratigraphy. Given the
higher sedimentation rates recorded in ice-proximal
regions, and the vast volumes of sediment deposited
in grounding zone wedges (cf. Shipp et al., 2002),
considerably thicker sequences may be preserved
in glacially influenced marine basins, particularly
those associated with temperate or polythermal ice
masses (see Elverhei ef al., 1998). However, it should
be noted that in the long-term, the thickness of
sedimentary successions is ultimately controlled by
tectonically generated accommodation space.
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Glacial and non-glacially influenced strata
deposited over the past 800,000 years on the south-
western part of the Barents Sea Shelf are known
to approach 150 m in thickness (Rafaelsen et al.,
2002), Miocene to Quaternary strata in the Polar
North Atlantic exceed 1 km in thickness (Thiede
et al., 1998), Miocene and Pliocene deposits of the
Pagodroma Group in Antarctica are ~300 m thick
(Hambrey & McKelvey, 2000) and Miocene to
Pleistocene deposits of the Yakataga Formation
along the southern continental margin of Alaska are
~7 km thick (Zellers & Lagoe, 1992). In the lower
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part, the Yakataga Formation consists primarily
of debrites and turbidites, passing up into glaci-
marine diamictites, sandstones and mudstones
(Eyles & Lagoe, 1990; Zellers & Lagoe, 1992), and
in this respect bears similarity to many Neopro-
terozoic glacially influenced facies associations.
For example, 1.5 km of glacially influenced Eocene-
Pleistocene strata including mudstones, sandstones,
diamictites and conglomerates have been proven
in core from the Victoria Land basin in the East
Antarctic rift system (Taviani & Beu, 2003; Figs 10,
11b). Cyclical controls on basin sedimentation are

DIP OF STRATA
RANGE

?o 20° 490 ﬁoo

Fig. 10 Lithostratigraphy of the
CIROS 1 drillcore, McMurdo Sound,
Antarctica. Reproduced with

P
0% 20° 40° 60°  permission from Hambrey et al.

(1989b).
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clear from IRD (ice rafted debris) proxy data and
sedimentary facies, while spatial variability in
thickness and stratigraphic preservation are evident
from condensed sequences preserved over base-
ment highs and extensive disconformities across
the basin-fill (Hambrey et al., 2002). These Cenozoic
successions show that marine glacially influenced
strata can achieve thicknesses comparable to the
Neoproterozoic in similar depositional settings over
similar timescales. The Victoria Land basin preserves
both rift-related volcanics and huge volumes of
glacially influenced strata, and in this respect is
an excellent analogue for the Neoproterozoic Abu
Mabhara rift basin in North Oman which contains
pillowed basalts of the Saqlah Formation, beneath
the c. 1.5 km thick glacially influenced Fiq Member
of the Ghadir Manqil Formation (Leather ef al., 2002;
Allen et al., 2004; Fig. 11a). Some characteristic
features regarding the preservation potential of
glaciomarine successions across different basin
settings (craton, shelf, slope and deep basin envir-
onments) are dealt with in Brookfield (1994). For
example, the most complete sequences tend to be
found in actively subsiding basins in basin slope
settings as illustrated in Figure 12.

SEDIMENTARY SEQUENCES

Glacimarine facies assemblages comprise a wide
spectrum of stacking patterns, including prograda-
tional, aggradational and retrogradational packages
(Powell & Cooper, 2002; Fig. 7). Distinct processes
associated with advance, maxima and recessional
glacial stages permit the construction of sequence
stratigraphic models for glacially influenced marine
basins which may be applied to Neoproterozoic
basin-fill successions (Powell & Cooper, 2002).
Although grounding line fan systems can be strati-
graphically complex (Powell et al., 2000), sediment
accumulations on continental margins are remark-
ably consistent, with a stratigraphic architecture
dominated by prograding clinoforms overlain
by well-defined topsets (Eyles et al., 2001). This
seismic architecture has been recognised from
glaciated continental margins around Antarctica
(Fig. 13; Hambrey et al., 1991; Eyles et al., 2001;
Escutia et al., 2005), Greenland (Vanneste et al.,
1995; Solheim et al., 1998), Norway (Vorren et al.,
1984; Saettem et al., 1992), Canada (Hiscott &

Aksu, 1994) and Alaska (Powell & Cooper, 2002).
Analogous sediment-stacking patterns also charac-
terize many Neoproterozoic successions, including
the Chang’an-Nantuo sequence in south China
(Jiang et al., 2003), the Umberatana Group in the
Adelaide Rift basin in Australia (Young & Gostin,
1991; McKirdy et al., 2001), parts of the Windermere
Supergroup in Canada (Eisbacher, 1985) and the
Smalfjord Formation in Norway (Fig. 14; Arnaud
& Eyles 2002a; but see also Edwards and Feyn,
1981). In the Antarctica Peninsular, upper Miocene
to Quaternary strata are dominated by turbidites,
diamictites interbedded with lonestone-bearing
muds and subglacially cannibalized marine sedi-
ments (Eyles et al., 2001). This lithofacies association
is characteristic of many Neoproterozoic successions,
particularly those where sediment gravity flows
comprise a significant component (e.g. Fiq Forma-
tion, Oman, Allen et al., 2004; Smalfjord Forma-
tion, Arnaud & Eyles, 2002a; Port Askaig Formation,
Arnaud & Eyles, 2002b; Mineral Fork Formation,
Young, 2002; Table 1).

DURATION AND CYCLICITY OF GLACIAL
EPOCHS

It is widely accepted that Cenozoic glacial-
interglacial climatic transitions were driven largely
as a result of orbital forcing (Milankovitch cycles),
although several other factors are known to be
important, including changes in atmospheric levels
of radiative gases, creation of topography result-
ing from rift flank uplift or continental collision
and changes in oceanic circulation (e.g. Broecker
et al., 1988; Haug et al., 2001; Hiscott et al., 2001;
Smith & Pickering, 2003; Piotrowski et al., 2005).
Yet, the exact nature of the relationship between
insolation, ice volume, carbon cycling and thermo-
haline circulation remains to be firmly established,
particularly since some millennial scale climatic
oscillations may have been triggered by changes
in oceanic circulation (Piotrowski et al., 2005),
glaciation may have been initiated by global
warming (Kukla & Gavin, 2005), and significant
ice volume may actually be required to amplify
weak insolation in order for deglaciation to occur
(Parrenin & Paillard, 2003). On a simple level,
we know that these short-term glacial /interglacial
transitions are superimposed on higher order cycles
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Re-drawn from Brookfield (1994).
Reproduced with permission from
Elsevier.
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of glaciation, represented in the Cenozoic by the
onset of southern hemisphere glaciation at least as
far back as the latest Eocene (Hambrey et al., 2002;
Taviani & Beu, 2003), in high latitude settings dur-
ing the Miocene and Pliocene, and mid-latitudes
during the Quaternary (Ehlers & Gibbard, 2003).
It is worth noting the recognition of orbital cycles
in glacimarine sediments around the Oligocene-
Miocene boundary (Naish et al., 2001). Climate
models suggest that ice sheets were also sensitive
to orbital changes during the Late Ordovician
glaciation of Gondwana (Poussart et al., 1999), but
longer term glacial cycles (5-7 Myr) identified from
Permo-Carboniferous glacial deposits in the Karoo
Basin do not coincide with known orbital cycles,
and Scheffler et al. (2003) suggested that changes
in global temperature gradients or atmospheric-
oceanic circulation were important factors.

In contrast to the Phanerozoic glacial record,
which is relatively well constrained by radio-
metric and biostratigraphic markers, the timing
of Neoproterozoic glaciations remains poorly
understood. Independent attempts to distinguish
the number of Neoproterozoic glaciations have
involved lithostratigraphic correlation (Zhenjia &
Jianxin, 1985), calibration of carbon and strontium
isotope curves (Kaufman et al., 1997; Halverson,
2005) and cladistic analysis (Kennedy et al., 1998),
with estimations ranging between 2, 3, 4 or possi-
bly 5 glacial episodes. Over the past decade, and
particularly in the last five years, a number of
new radiometric ages have been published that
provide firmer controls on the timing and dura-
tion of Neoproterozoic glacial epochs. New U-Pb

= 1
vvvvvvvv

and Re-Os ages from sections in Africa, the United
States and Australia challenge the conventional
Sturtian-Marinoan subdivision typically applied
to Neoproterozoic glacial successions; however,
undisputed evidence for glacial influences on
sedimentation is yet to be demonstrated for some
of these successions (Tables 1, 4). At the present time,
the best constrained diamictite-bearing succes-
sions include the Gaskiers Formation (~580 Ma;
Bowring et al., 2003), the Squantum Tillite (570—
589 Ma; Thompson & Bowring, 2000; Thompson
et al., 2000), the Nantuo Formation (635-667 Ma;
Condon et al., 2005), the Scout Mountain Member
(662-714 Ma; Fanning & Link 2004), the Kaigas
Formation (735-777 Ma; Frimmel et al., 1996, 2002)
and the Grand Conglomerat of the Kundelungu
Basin (730-770 Ma; Key et al., 2001). Syn-
depositional ages further constrain sedimentation
between 730-735 Ma (Key et al., 2001), 739-713 Ma
(Brasier et al., 2000), 702-705 Ma (Tollo & Hutson,
1996), 678—692 Ma (Lund et al., 2003) and 634.3—
636.7 Ma (Hoffman et al., 2004). Some details of the
sedimentology of these sections can be found in
Table 1. Table 4 provides some published radio-
metric age constraints for different Neoproterozoic
diamictite-bearing successions, variably interpreted
as glacial in origin. Many of the ages should be
approached with caution, particularly where there
are conflicts dependent on different dissolution
techniques (e.g. the Olympic Formation is con-
strained by competing "¥Re-'"¥Os maximum ages
of 592 +14 Ma; Schaefer & Burgess (2003) and
658 £ 5.5 Ma; Kendall & Creaser, 2004) or the full
details of the isotopic data remain to be published.
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Fig. 13 Acoustic stratigraphy of glacially influenced marine deposits on the Antarctic peninsula; (A) ODP leg 178 site
1097; (B) ODP leg 178 site 1103; (C) location of drill sites. (A) and (B) after Bart and Anderson (1995) and Barker et al.
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Estimations of glacial epoch durations have been
derived from palaecomagnetic reversal studies
(Sohl et al., 1999), thermal subsidence modeling
(Hoffman et al., 1998a) and accumulation rates of
inter-planetary dust particles (Bodiselitsch et al.,
2005), all of which indicate long-lived glacial
activity. While many successions lie within the
predicted range of Snowball Earth timescales,
none are unusual in their longevity. It is accepted,
for example, that the Permo-Carboniferous glacial
epoch lasted ~90 Myrs from the Tournaisian (Early
Carboniferous) until the Roadian (Mid-Permian;
Crowell, 1978), and the Pleistocene (2.6 Ma; Jansen
& Sjoholm, 1991; Larsen et al., 1994; Ehlers &
Gibbard, 2003) is merely the latest expression of
Cenozoic glaciation initiated at least as far back
as the late-Eocene (~35Ma) in Antarctica (e.g.
Hambrey et al., 2002; Escutia et al., 2005), and
the Miocene in Alaska, the Polar North Atlantic,

southern South America and New Zealand
(Thiede et al., 1998; Ehlers & Gibbard, 2003). At the
present time, geochronological constraints are
too poor to constrain any shorter-term cyclicity
that may be represented in Precambrian succes-
sions. However, depositional cyclicity may be
used to infer palaeoclimatic conditions. This
approach has been adopted by Leather (2000),
Leather et al. (2002) and Allen et al. (2004), for
the Fiqg Member of the Ghadir Mangil Formation
in North Oman. Seven gross depositional cycles
are recognised which are interpreted to reflect
glacial-interglacial transitions (Allen et al., 2004).
These cycles are also characterized by variations
in CIA (Chemical Index of Alteration) values,
which are thought to be indicative of climatic
changes from cold/arid to warm/wet conditions
(Rieu et al., unpublished data). CIA may thus be
used as a proxy tool for evaluating Neoproterozoic
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climate change (c¢f. Young, 2002), as it has for
the Permo-Carboniferous glaciation of Gondwana
(Scheffler et al., 2003), although care is required
in order to evaluate the effects of diagenesis on
pre-burial geochemical composition, sorting effects
and changes in sediment provenance over time.

NEOPROTEROZOIC PALAEOGLACIOLOGY

Relatively few detailed sedimentological studies
have been undertaken on Neoproterozoic diamictite-
bearing successions in the context of Snowball
Earth theory, although a wealth of existing litera-
ture is available (e.g. Edwards, 1975; Hambrey &
Harland, 1981 and references therein; Fairchild &
Hambrey, 1984; Spencer, 1985; Hambrey & Spencer,
1987; Moncrieff, 1988; Eyles, 1990; Harland et al.,
1993; Arnaud & Eyles, 2002a, b; Allen et al., 2004).
Recent investigations have been undertaken on
successions in the British Isles (Port Askaig
Formation) and in Norway (Smalfjord Formation)
which highlight the importance of sediment grav-
ity flow deposits with minor glaciclastic debris
components (Arnaud & Eyles, 2002a, b; alternative
interpretations of these successions can be found
in Edwards (1975), Edwards & Feyn (1981) and
Spencer (1985)). Eyles and Januszczak (2004) argued
that sediment gravity flow deposits preserved
in many Neoproterozoic basins reflect tectonic
instability associated with rift-related break-up of
the Rodinia supercontinent. However, since sedi-
ment gravity flows are a common (if not dominant)
process in the accumulation of Quaternary shelf-
break fan systems (e.g. Dowdeswell et al., 1996;
Powell & Cooper, 2002), distinguishing mass
flow diamictites deposited purely as a function
of tectonics versus glacially transported debris is
complicated. Subaqueous mass flow deposits con-
taining a glaciclastic debris component on passive
margins are likely to result directly from continental
glaciation, but where glaciers were nucleated on
uplifted rift basin margins, the picture is less clear,
and a combination of both tectonic and climatic
controls is likely (cf. Allen et al., 2004; Eyles &
Januszczak, 2004). Many Neoproterozoic glacial
successions fall into the latter category, where a
rift to post-rift transition is considered likely,
including the Blaini Formation in India (Kumar
& Brookfield, 1987), the Chang’an and Nantuo

Formations in south China (Jiang et al., 2003), the
Fiq in Oman (Allen et al., 2004) and the Rapitan
Group in the North American Cordillera (Young,
1995). Sediment redistribution during postglacial
eustatic recovery is also problematic, since succes-
sions may be significantly reworked during large-
scale submarine failures (e.g. Maslin et al., 2004).
However, not all glacially influenced successions
are dominated by sediment gravity flows. The
Ayn Formation (formerly the Lower Member of
the Mirbat Sandstone Formation), in Dhofar, south
Oman records a terrestrial to marginal marine
succession characterized by Gilbert-type glacio-
fluvial delta systems, which are laterally associated
with more distal stratified glacimarine diamictites,
containing abundant dropstones and ubiquitous
glacially polished and striated clasts, indicative
of temperate or polythermal glacial conditions
(Figs 1, 15).

Generally speaking, the huge volumes of debris
preserved in Neoproterozoic basins comprising
a significant glaciclastic debris component in
passive margin settings points towards extensive
continental ice sheets with either temperate or
polythermal basal characteristics. Temperate or
polythermal conditions are also indicated from
striated and polished clasts, subglacial pavements
and plucked bedrock surfaces including roches
moutonnées and whaleback forms (Coats & Preiss,
1980; Ojakangas & Matsch, 1980; Deynoux &
Trompette, 1981) and welded subglacial breccia
deposits which have been used to infer stick-slip
basal behaviour (Bestmann et al., 2006). However,
the degree of synchroneity between the accumula-
tion of these successions is limited given the cur-
rent radiometric age constraints (Table 4), and the
long-term thermal response of these ice masses
to Neoproterozoic climate change is difficult to
evaluate. Thus although a demonstrable record of
polythermal or temperate glacial systems exists,
cold-based ice sheets may also have persisted
for considerable periods of time. Suggestions that
Ulveso (Greenland) and Petrovbreen diamictites of
Svalbard reflect cold-based glaciation because
of ineffective bedrock quarrying (Halverson et al.,
2004) are at odds with the volumes of debris
associated with these successions (notably the
Ulveso Formation). In the Quaternary record, sub-
glacial debris loads are commonly dominated by
local basin lithologies, and the absence of basement
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clasts does not necessarily negate temperate or
polythermal glaciation.

HYDROLOGICAL SHUTDOWN

One of the central tenets of Snowball Earth theory
is that decoupling of the ocean and atmosphere, in
combination with plummeting surface temperatures
would lead to shutdown of the hydrological cycle
at the Earth’s surface (Hoffman et al., 1998a). Sedi-
mentological investigations have been important
in contesting this facet of the Snowball model,
with widespread evidence for open marine or even
terrestrial conditions, including the occurrence of
dropstone horizons (Condon et al., 2002; Fig. 1d),
wave-rippled sandstones (Williams, 1996; Allen
et al., 2004; Fig. 1le), and periglacial involutions
(Hambrey & Spencer, 1987; Moncrieff & Hambrey,
1990). These features are easily explained as a result
of Cenozoic-style climate variability over glacial-
interglacial transitions, although they could equally
be applied to the growth or recessional phases
of a Snowball Earth-type glaciation. Nevertheless,
the Snowball Earth model has evolved towards
one which involves open marine conditions in
‘oases’ resulting from the early demise of sikussak
ice (shorefast multi-annual sea ice; Halverson
et al., 2004). In this model, the Arena Formation
(Greenland) and MacDonaldryggen Member of
the Elbobreen Formation in Svalbard are inter-
preted by Halverson et al., (2004) to represent the
Snowball maxima, when continental ice sheets were
effectively landlocked by shorefast sikussak ice
and laminites were deposited by density currents
resulting from heavy brine formation. This is
difficult to defend for the basal part of the Arena
Formation where wave-rippled sandstones occur
(Hambrey & Spencer, 1987), and is inconsistent
with our understanding of laminite sedimentation
during the Pleistocene which, as Halverson et al.,
(2004) acknowledged, occurs predominantly in
interglacial periods (Orheim & Elverhei, 1981;
Dowdeswell et al., 1998; but see also Dowdeswell
et al., 2000; O’'Grady & Syvitski, 2002). Since
laminites may be deposited from a range of glaci-
ally and non-glacially influenced processes (e.g. as
tidal rhythmites, suspension fallout from buoyant
plumes and turbidity currents; Stow & Piper, 1984;
Pickering et al., 1986, Powell & Molnia, 1989;

Cowan & Powell, 1990; Cowan ef al., 1997, 1998), and
dense brines form a natural component of modern
oceanographic circulation, proving the former
existence of extensive sea ice may be extremely
difficult. In summary, although the Greenland and
Svalbard sequences can be interpreted in terms
of a Snowball-compatible succession, Phanerozoic
analogues are considered more appropriate.

CONCLUSIONS

Neoproterozoic glacigenic and glacially influenced
facies associations occur widely throughout the
period 780-580 Ma, in passive margin settings
and across a range of depositional palaeoenviron-
ments. Definitive sedimentological evidence for a
direct glacial influence on sedimentation remains
to be presented for many successions. However,
for those with a demonstrable glaciclastic debris
component, sedimentological data are compatible
with Phanerozoic analogues in terms of succession
thickness, facies, sedimentological architecture and
cyclicity. Widespread evidence for open marine
or terrestrial periglacial conditions testifies to a
strongly functioning hydrological cycle. Although
these features could be attributed to pulsed growth
and recessional stages of continental ice sheets
during a Snowball-type glaciation, the recently
proposed ‘oases’ model limits the use of sedi-
mentological evidence for testing the hydrological
shutdown facet of Snowball Earth theory. Given
the current limitations of available radiometric
and palaeogeographic databases, it is difficult to
demonstrate globally synchronous glaciation, or the
extent to which glaciation occurred. On a simple
level, the vast volumes of sediment preserved
in Neoproterozoic glacially influenced basins are
consistent with temperate or polythermal glacia-
tion. Glaciation was nucleated on locally uplifted
rift flanks, but passive margin deposits testify to
the existence of continental ice sheets which were
probably similar in character to those of the
Phanerozoic. The relative roles of glaciation and
tectonic activity may be inseparable as causes
for the accumulation of debrites which are a key
component of the glacimarine sedimentary record.
Although repeated widespread Neoproterozoic
glaciations are envisaged, the evaluation of climate
change during this time, particularly in terms of
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Snowball Earth theory, requires further enhance-
ment of the existing sedimentological, geochrono-
logical and palaeomagnetic datasets.
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