










Abstract 

The Cryogenian icehouse has long attracted significant attention because of the exceptionally widespread 

distribution of glaciogenic sediments, and the paradoxical accumulation of these sediments at tropical to sub

tropical palaeolatitudes. As a result, extreme models of global glaciation have been invoked to freeze the 

tropical latitudes through runaway climate and ice-albedo feedbacks, the eponymous 'Snowball Earth'. 

However, these predictions conflict with the evidence from the geological record, and cannot be readily 

replicated by available palaeoclimatological reconstructions. This thesis examines three exceptionally well

exposed older Cryogenian ('Sturtian') successions in northern Namibia, South Australia and the Death Valley 

region of western USA to improve understanding of the scale, mobility and thermal regime of Cryogenian ice 

masses. Detailed sedimentology, palaeocurrent analyses and thin section micromorphology are utilised to 

unravel sedimentological processes active under the Sturtian icehouse. In northern Namibia, these data reveal 

the first recorded example of subglacial glaciotectonic deformation in the Otavi Mountainland, pre- to syn

glacial ironstone facies which support photosynthetic microbial communities, and evidence of interglacial 

conditions interrupting a thick glaciogenic palaeovalley fill. In South Australia, the first known 

Neoproterozoic trough mouth fan is recorded, alongside evidence of dynamic advance-retreat cyclicity 

recognised within a glacial sequence stratigraphic framework. Meanwhile, in the Death Valley region, 

extremely heterolithic, predominantly coarse-grained facies support high debris loads and strong meltwater 

influence in the glacial depositional environment, clear variation in direct glacial influence across the 

depositional basin, and a distinct retrogradational retreat and progradational advance sedimentary 

architecture. Cumulatively, these data support the presence of grounded, marine-terminating temperate to 

polythermal ice masses subject to multiple episodes of advance and retreat, including periods of ice minima to 

open water conditions. These characteristics are more akin to Phanerozoic icehouse intervals than models of 

extreme global glaciation, and thus militate against the 'hard' snowball Earth hypothesis. In the absence of 

reliable geochronological data, diachronous glaciation cannot be inferred, although strong evidence is 

presented for disparate, dynamic ice masses operating under an active hydrological regime. 
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This thesis targets three study areas which allow the breadth and heterogeneity of N eoproterozoic 

glaciomarine sequences to be explored in detail, encompassing the birthplace of the controversial Snowball 

Earth hypothesis (northern Namibia), the type area of the older 'Sturtian' glaciation (South Australia), and 

some of the most lithologically diverse glaciomarine sedimentary sequences in the Neoproterozoic record 

(Dea.th Valley region). These sites enable glacial environments to be characterised and compared across 

discrete sedimentary basins and ice catchments, and therefore offer a comprehensive review of an array of 

glacial depositional processes and ice mass dynamics active under the Neoproterozoic icehouse. Previous 

studies have a tradition of discussing these glacial intervals in reference to global scale phenomena, see below, 

whereas this work aims to generate higher resolution sedimentary and stratigraphical frameworks to provide 

more detailed insight into local and regional scale trends and variations, with the view to facilitating future 

broader scale correlation as more refined chronostratigraphic techniques become available. 

1.2. Global glaciation and the Snowball Earth 

1.2.1. Early ideas 

The first Neoproterozoic formation recognised to contain glacially transported material, based on the presence 

of extrabasinal erratic clasts, was the Port Askaig Tillite on the Isle ofislay, western Scotland (Thomson, 1871). 

Comparable deposits were soon recognised in Australia (Woodward, 1884), Norway (Reusch, 1891) and 

Svalbard (Garwood & Gregory, 1898), where the occurrence of striated and faceted clasts, glacial pavements, 

and lithological similarities to Quaternary tills were cited as evidence of their glacial origin. The beginning of 

the 20Lh century saw the incidence of reported occurrences multiply rapidly throughout Oceania (Howchin 

1901, 1903), Asia (Willis, 1904; Holland, 1908), North America. (Hintze, I9I3), Africa (Rogers, 1915; Beetz, 

1929), Europe (Nikolaev, 1930) and South America (Mora.es Rego, 1930), so that by the 1930s Neoproterozoic 

glacial deposits were recognised on every modern continent except for Antarctica (Hoffinan, 2011). It should 

be noted that several of these earlier studies mistakenly correlated the deposits with the lower Cambrian or 

'Eocambrian', and therefore direct references to a Precambrian glaciation slowly and sporadically appear later 

in the literature (e.g. Coleman, 1916; Yokoyama, 1911; Rogers, 1927; David, 1932). In South Australia, the 

presence of two distinct Neoproterozoic glacial horizons was interpreted as early as 1913, and the term 

'Sturtian', now synonymous with the older interval, introduced a.t the end of that decade (Jack, 1913; 

Howchin, 1920). 
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Name 
Φ 

(phi) 
Description Origin 

Non-genetic classification 

Mud(stone) 
Fine-grained argillaceous sediment/rock containing 
a mixture of clay (<4 μm) and silt (>4 μm) sized 
particles Stow (1981), 

Allaby & Allaby 
(2003), Middleton 
(2003) 

Clay(stone) 8 
Fine-grained argillaceous sediment/rock containing 
predominantly (>67%) clay sized particles (<4 μm) 

Silt(stone) 
7 
6 
5 

Fine-grained argillaceous sediment/rock containing 
predominantly (>67%) silt sized particles (>4 μm) 

S
a

n
d

(s
to

n
e
) Fine sand 

4 
3 

Siliciclastic sediment/sedimentary rock consisting 
of grains 63 to 2000 μm in size 

Allaby & Allaby 
(2003), Middleton 
(2003), Nicholls 
(2009) 

Medium 2 

Coarse 1 

Very 
coarse 

0 

Granule(stone) 
-1
-2

Siliciclastic sediment/sedimentary rock consisting 
of grains 2 to 4 mm in size 

C
o

n
g

lo
m

e
ra

te
 

Pebble 
-3
-4

Siliciclastic sediment/sedimentary rock with 
rounded clasts 4 to 64 mm in size 

Cobble 
-5
-6
-7

Siliciclastic sediment/sedimentary rock with 
rounded clasts 64 to 256 mm in size 

Boulder -8
Siliciclastic sediment/sedimentary rock with 
rounded clasts >256 mm in size 

Breccia 
Siliciclastic sediment/sedimentary with angular 
clasts >4mm in size (pebble, cobble or boulder) 

Diamict(on/ite) 

Non-sorted or poorly sorted terrigenous or marine 
sediment that contains a wide range of particle 
sizes and between 1-50% gravel content (particles 
>2 mm in size)

Modified after Flint 
(1960), Moncrieff 
(1989), Hambrey 
& Glasser (2003) 

Ironstone Sedimentary rock containing >15 wt.% Fe2O3 James (1954) 

Limestone 
Calcareous sedimentary rock composed
predominantly of calcium carbonate

Allaby & Allaby 
(2003), Nicholls 
(2009) Dolomite/stone 

Calcareous sedimentary rock composed
predominantly of calcium magnesium carbonate

Genetic classification 

Turbidite 
Sedimentary deposit of a turbidity current (i.e. a 
turbulent sediment gravity flow) 

Allaby & Allaby 
(2003), Nicholls 
(2009) Debrite 

Sedimentary deposit of a debris flow (i.e. a laminar 
sediment gravity flow) 

Glaciotectonite 
Body of sediment deformed by glacial stresses 
when in an unlithified or semi-lithified state 

Modified after van 
der Wateren 
(2002) and Benn 
& Evans (2010) 

T
ill

(i
te

) Primary 
Unsorted deposit with a wide range of grain sizes 
deposited by direct glacial processes i.e. melt-out, 
lodgement, sublimation or deformation by the ice Dreimanis (1989), 

Hambrey (1994) 

Secondary 
Remobilised sediment which was initially deposited 
by direct glacial processes, and now contains re-
worked glacially transported material 
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(<0.01) 

MUD(STONE) 

 
 

Sandy MUD(STONE) 
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clasts 
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Name Description Origin 

Birefringence 

The double refraction of light under crossed 
polarisers where one ray of light is retarded relative 
to the other. Enables interference colours to be 
visualised by turning the stage of the microscope 

Brewer (1976), 
Menzies (2000a), 
Allaby & Allaby 
(2003) 

Cutan 
Material, typically clay, accumulated on or against 
surfaces or structural elements e.g. skeleton 
grains, walls of pores 

Allaby & Allaby 
(2003), Zaniewski 
& van der Meer 
(2005) 

Dispersion tail 
Concentration of smaller grains or plasma in the lee 
of a larger grain 

Brewer (1976), 
Busfield & Le 
Heron (2013b) 

Domain(s) 
Small zones where similarly orientated clay 
particles behave (optically) like a single crystal 

Menzies (2000a), 
van der Meer et al. 
(2012) 

Intraclast(s) 
Fragment of sediment re-worked in soft sediment 
(unlithified) state, typically clay or silt grade 

Modified after van 
der Meer et al. 
(2012) 

Matrix 
Interstitial material between larger particles, 
fragments or crystals. See also plasma 

Menzies (2000a), 
Allaby & Allaby 
(2003) 

Necking structure 
Variety of turbate structure. Alignment of smaller 
grains occurs between adjacent larger grains 

Lachniet et al. 
(1999) 

Plasma 
Clay sized (<4 μm) particles occupying interstitial 
space between larger particles. May exhibit 
birefringence. See also matrix 

Menzies (2000), 
Zaniewski & van 
der Meer (2005) 

Plasmic Fabric 
Orientation of plasma domains based on the optical 
properties (birefringence) of aligned plasma 
particles. Common varieties include: 

Brewer (1976), 
Menzies (2000a), 
Zaniewski & van 
der Meer (2005), 
Busfield & Le 
Heron (2013) 

Asepic 
Anisotropic plasma domains, little to no preferred 
orientation. Argillasepic = dominantly clay-sized 
particles. Silasepic = dominantly silt-sized particles 

Masepic Short domains with a single preferred orientation 

Bimasepic 
Two dominant preferred orientations. Termed 
Lattisepic where these directions are perpendicular 

Insepic 
Small clusters of orientated plasma particles where 
clusters show no preferred orientation 

Multisepic Multiple (>2) preferred orientations 

Skelsepic 
Fabric preferentially orientated around skeleton 
grains 

Omnisepic Random orientation of various plasma domains 

Unistrial Elongate, discrete bands of birefringent plasma 

Pressure shadow 
Typically massive domain of lower strain adjacent 
to a clast. Synonymous with strain shadow 

Phillips et al. 
(2011) 

Turbate structure 

Circular arrangement of grains around a core stone 
or rigid matrix. Long axes of orientated grains 
exhibit a parallel or radial orientation relative to the 
margins of the core 

Hiemstra & 
Rijsdijk (2003) 

Skeleton grain(s) 
Single grains larger than clay particles (>4 μm) 
which can thus be studied individually. 
Synonymous with clast(s) 

Modified after van 
der Meer et al. 
(2012) 
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Term Definition Origin 

Sequence 
stratigraphy 

Chronostratigraphic framework for the analysis of genetically 
related sediment packages, and their relation to sea-level 
changes. 

Modified after 
Allaby & Allaby 
(2003), Nichols 
(2009) 

Stacking/ 
Grading pattern 

The overall vertical grading pattern of sedimentary bedsets 
i.e. normal (retrogradational), reverse (progradational) or
ungraded (aggradational).

Le Heron et al. 
(2013b), Busfield 
& Le Heron (in 
press) 

Glacial 
sequence 
stratigraphy 

Sequence stratigraphic model driven by glacier dynamics, 
and independent of other external forces e.g. eustacy, 
isostacy. 

Powell & Cooper 
(2002), Busfield & 
Le Heron (2014) 

Individual systems tracts and sequence boundaries are recognised as: 

Acronym Definition Characteristic features 

GAST 
Glacial Advance 
Systems Tract 

Basal erosion surface(s) 

Coarse-grained, coarsening upwards sediment 
packages 

Thin/absent outcrop exposure 

Direct glacial influence e.g. rain-out, 
glaciotectonism 

GRST 
Glacial Retreat 
Systems Tract 

Planar/onlapping basal surfaces 

Fine-grained, fining upwards sediment packages 

Thick, well preserved outcrop exposures 

Little direct glacial influence, re-worked or rafted 
glacial debris 

GMaST 
Glacial Maximum 

Systems Tract 

Most ice-proximal sediments within sequence 

Aggradational to progradational stacking pattern 

Direct glacial influence e.g. rain-out, 
glaciotectonism, subglacial deposition 

Often associated with GES 

GMiST 
Glacial Minimum 
Systems Tract 

Least ice-proximal sediments within sequence 

Retrogradational or aggradational stacking pattern 

Little direct glacial influence and/or evidence of 
ice-free conditions 

Often associated with ITS 

GAS 
Glacial Advance 

Surface 

First (re)appearance of IRD (offshore) 

Progradational wedge (onshore) 

Sharp contact, may show abrupt facies dislocation 

Onset of advance systems tracts; overlain by 
GAST 

GES 
Glacial Erosion 

Surface 
Regional scale unconformity 

Significant sequence boundary 

ITS 
Iceberg Rafting 

Termination Surface 
Last stratigraphic appearance of IRD 

Onset of retreat systems tracts; overlain by GRST 
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The precipitation of Cryogenian ironstones has beenattributed to a spectrumofmechanisms ranging fromvirtually
instantaneous “rusting of the seas” in response to post-snowball Earth ice meltback, to localised hydrothermal
activity during fragmentation of Rodinia. The former model presupposes that ironstone deposition took place fol-
lowing peak glaciation. In the Chuos Formation of the Otavi Mountain Land, northern Namibia, ironstone facies
precede, and are vertically gradational into, diamictites. Evidence for glaciation in the diamictites includes
1) dropstone textures, 2) subglacially deformed and attenuated, thinly stratified diamictites, supported by 3) the
co-occurrence of soft-sediment striations. The underlying ironstones contain evidence for tractional processes
(large-scale cross bedding) and biogenic growth (stromatolites) in strata rich in magnetite and hematite. Using
the analogy of acidophile biomats in modern acid mine drainage environments, where photosynthetic bacteria
construct stromatolites, fixing CO2 and Fe intracellularly, it is suggested that Cryogenian acidophile biomats did
likewise, triggering ironstone precipitation and local CO2 drawdown, thereby facilitating concomitant glaciation.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Yeo (1981) first proposed that Neoproterozoic ironstones resulted
from hydrothermal activity in small, Red Sea-type rift basins, during
the breakup of Rodinia. Conversely, their unusual recurrence in the
Cryogenian, following a 1.1.billion year stratigraphic hiatus, led many
studies to invoke a direct association with concomitant snowball-type
global glaciations (Hoffman and Schrag, 2002). Martin (1965) proposed
that Namibian ironstones in the Chuos Formationwere deposited due to
stagnation under an ice cover. In a global context, this concept was ex-
panded by Kirschvink (1992) who suggested that toward the end of
snowball event, where weathering and oxidation of the oceans was
inhibited under a carapace of global ice cover, “rusting of the seas” led
to deposition of a ferruginous blanket of marine sediment. This hypoth-
esis, however, inadequately accounts for the intra-glacial stratigraphic
occurrence of ironstones, particularly in older Cryogenian glacial succes-
sions (e.g. Eyles and Januszcak, 2004; Eyles, 2008; Le Heron et al., 2011).

In their recent review of Neoproterozoic chemical sediments,
Hoffman et al. (2011) identified three alternative mechanisms of
ironstone precipitation under a snowball Earth pretext: 1) ferrous
versus euxinic anoxia under a cover of sea ice, 2) subglacial,
sulphate-rich ferrous waters, and 3) localization of oxidative titration.
This latter mechanism follows from Hoffman and Halverson (2008)
who envisaged oxic meltwater plumes, discharged into ferrous basin
waters at ice-shelf grounding-lines. These mechanisms require ocean
e Heron).

rights reserved.
anoxia induced by overlying ice, and do not consider the possibility of
non-glacially-induced anoxia, nor fault-related fluids as a source of sol-
uble iron.

Namibia (Fig. 1a) is an excellent natural laboratory in which to test
hypotheses of Cryogenian ironstone deposition. The Chuos Formation
is a diamictite-rich sedimentary unit of Cryogenian age associated
with iron formations whose correlatives are widely distributed across
Namibia. The objectives of the present paper are twofold: 1), to present
sedimentological evidence for biologically mediated ironstone precipi-
tation in the Chuos Formation and 2) to demonstrate that this ironstone
precipitation preceded deposition of observed glaciogenic deposits,
based on field observations. Konhauser et al. (2002) argued that
chemolithotrophs or photoferrotrophs (bacteria) had the potential to
generate most, if not all the ferric iron in Archaean banded iron forma-
tions. Those authors did not infer an intracellular iron fixing mecha-
nism, and bacterial precipitation of iron is rarely entertained as a
depositional mechanism in younger (Neoproterozoic) strata. Addition-
ally, the implications of this evidence for Cryogenian glacial cycles are
discussed, suggesting that in the Chuos, at least, ironstone deposition
heralded ice sheet growth.

2. Study area and stratigraphy

The Otavi Mountain Land, in northern Namibia, is an area of
extensive outcrop of Neoproterozoic strata at the southern margin of
the Owambo Basin (Fig. 1b). The strata comprise two laterally extensive
glacial successions, belonging to the Chuos Formation (older
Cryogenian) and Ghaub Formation (younger Cryogenian) (Hoffmann

http://dx.doi.org/10.1016/j.palaeo.2012.09.026
mailto:le_herondaniel@hotmail.com
http://dx.doi.org/10.1016/j.palaeo.2012.09.026
http://www.sciencedirect.com/science/journal/00310182
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and Prave, 1996) (Fig. 2). The Ghaub Formation has been subject to
extensive scrutiny with a spectrum of arguments as to its genesis
through purely gravitational instability (Eyles and Januszczak, 2007),
and as to its glaciogenic signature (e.g. Bechstadt et al., 2009; Domack
and Hoffman, 2011). The Chuos Formation, meanwhile, has been
neglected by comparison to younger mineral rich carbonate strata
above (e.g. Kamona and Günzel, 2007). Earlier analyses of the Chuos
Formation concentrated on meta-sediments in the vicinity of its type
section south of Windhoek and in the Damara Belt (Gevers, 1931; de
Kock and Gevers, 1933; Martin et al., 1985; Henry et al., 1986;
Badenhorst, 1988). More modern stratigraphic analyses several hun-
dred kilometres to the west of the Otavi Mountain Land demonstrate
that the Chuos Formation is cradled in a rift-related, fault bounded
palaeotopography (Hoffman and Halverson, 2008), and hence its sub-
strate also changes along strike, across the southern flank of the
Owambo Basin. In the area of Ghaub and Varianto farms, the study
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interval comprises the Nabis Sandstone Formation of the Nosib Group,
overlain by the Chuos Formation and succeeded by the Berg Aukas For-
mation (Fig. 2). This particular area has been mapped at the 1:250,000
scale (Geological Survey of Namibia, 2008). Age constraints include
747±2 Ma from the Naauwport volcanics, locally beneath the Chuos
Formation (Hoffman et al., 1996) and 635±1 Ma from ash beds in
the younger Ghaub Formation (Hoffmann et al., 2004). Owing A com-
posite stratigraphy, assembled from observations from closely spaced
localities over 12 field days (Fig. 1B), is included in this paper (Fig. 3)
as the basis for our descriptions and interpretations.

3. Description of strata

The Chuos Formation rests on a ~1 km thick succession of
conglomerates and sandstones of the Nabis Formation which crops
out as part of the E–W striking Nosib Anticline (Fig. 1). Thickly
bedded clast- and matrix-supported conglomerates bear rounded
clasts of meta-sedimentary quartzite, vein quartz, red-weathering
quartz-porphyry, brown-weathering metavolcanics with quartz
amygdales, and dark grey-weathering quartz-feldspar agglomerate:
these conglomerates fine up to parallel-laminated sandstones.

An angular unconformity can be demonstrated between the Nabis
and Chuos formations, expressed as differences in dip of beds above
and below the contact (Fig. 3). In the Ghaub and Varianto farm areas,
the Chuos Formation is divisible into 1) an ironstone member at the
base and 2) a diamictite member above (Fig. 3). Ferruginous phases in
the ironstone include (1) isolated magnetite crystals, (2) magnetite
crystal clusters, (3) magnetite stringers along cross-bed foresets and
(4) botryoidal hematite (Fig. 4).

Ironstone facies include cross-bedded, coarse-grained sandstones,
texturally comparable to the uppermost Nabis sandstones, intercalated
with bedding-orthogonal dome structures of 5–10 cm amplitude
(Fig. 5a–d) spaced up to 1 m apart. The dome structures often contain
crinkly laminaewhich at theflanks dip at 75°with respect to underlying
and overlying bed boundaries (Fig. 3: 8 m, 16–18 m, 22–24 m, and
29–31 m). Internally, the dome structures are composed of sand- to
granule-grade laminae intercalated with hematite-rich microcrystalline
laminae (Fig. 5e–f). Intercalation of these lithologies occurs on a
millimetre scale. Thickening of the sand- to granule-grade laminae into
interdome areas is demonstrable; these truncate underlying laminations
at the dome flanks (Fig. 5f). Between the domes, the intercalation is also
preserved in bedding parallel, crinkly centimetric bands (Fig. 3: 4–7 m).
These are compositionally identical to the laminations in the domes, and
are incorporated as clasts in the overlying diamictitemember (Fig. 6a). In
our study area, Hedberg (1979) observed “ferruginous concretions and
Liesegang rings … in the lower part of the unit” (p. 55). These are re-
stricted to the ironstone member, forming triangular-shaped nodules
(Fig. 6b) as well as globule-shaped concretions (Fig. 6c). The Liesegang
laminae can be demonstrated to crosscut both the dome structures and
the inter-dome crinkly laminae. They can be clearly distinguished from
sedimentary laminations as no grain size changes are apparent between
the rings.

The contact with the overlying diamictite member is highly grada-
tional and concordant (Fig. 3, 34 m). The diamictites, which retain
magnetite content throughout, are often poorly bedded, but locally
well stratified (Fig. 3). Clasts are randomly oriented, and occur in
several population sets. The first, in the b5 cm diameter range,
comprises sub-rounded to angular meta-sandstone clasts. The sec-
ond, in a 5–25 cm diameter category, comprises very well rounded
meta-sandstones and quartzites, identical to those in the Nabis For-
mation. A third population of clasts is restricted to the topmost beds
of the diamictite, where a zone of comparatively more exotic clasts
occurs. These include granite gneiss, mica schist, hornblende schist,
mudstone and andesite. Finally, scattered clasts of ironstone are
scattered throughout (Fig. 6a).

Near the top of the Chuos Formation (Fig. 3), well stratified
diamictites are common (Fig. 6d). Clast-rich and clast-poor domains
are intercalated on the centimetre-scale (Fig. 3). Clasts show evidence
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for attenuation parallel to stratification; some are fractured and intrud-
ed by the diamictite matrix (Fig. 6e). Asymmetric folds, and pervasive
lineations trending 162°, deform the deposit. These decimetre to
metre-thick intensively sheared intervals intercalate with relatively
undeformed diamictite (Fig. 3: 46 m, 48 m, and 52 m) that contains
large lonestones with unequivocal impact structures beneath them
(Fig. 6f). Soft-sediment striated surfaces, implying transmission of
shear in unconsolidated sediments akin to a sliding deck of cards
(Sutcliffe et al., 2000; Le Heron et al., 2005) also occur at intervals
(Fig. 3, 48 m; Fig. 6g).
y ilt e m ee

C
h

u
o

s 
F

o
rm

at
io

n

10

20

30

40

Nabis Formation

Legend

Laminated lime mudstone

Silty diamictite

Sandy diamictite

Sandstone

Subglacial shear zone

Dropstones

Magnetite crystals

Dome stromatolites

Inter-dome biomats

Ir
on

st
on

e 
m

em
be

r
D

ia
m

ic
tit

e 
m

em
be

r

Fig.
5 g, h

Fig.
6 a

Fig.
6 b

Fig.
5 a-f

Fig. 4

Fig.
6 c

Fig.
6 d, e

Fig.
6 f

26

10
4. Interpretation of strata

The Nabis Formation is interpreted as an alluvial fanglomerate
succession (Miller, 2008). The angular unconformity between the
Nabis and Chuos formations can be seen in the wider context of
regional-scale studies in northernNamibia thought to reflect progressive
downcutting beneath the latter formation in a rift-related scenario (Eyles
and Januszczak, 2007). Elsewhere in northern Namibia, in the Khowarib
Fold Belt, a stratigraphic unit known as the Ombombo Subgroup is
sandwiched between the Nabis and the Chuos formations (Hoffman
and Halverson, 2008). This may suggest either non-deposition of the
Ombombo Subgroup in the Ghaub/Varianto farm areas, or deeper ero-
sion beneath the Chuos Formation in this area.

In the basal ironstonemember, the cross-beds are interpreted to re-
cord the migration of clastic bar systems building out both to the north
and to the south. Evidence for classic tidal indicators (e.g. de Vries Klein,
1970) are absent, and bidirectionality may point to subtle switching in
gradient, e.g. in response to rift-related slope changes.Whilst the occur-
rence of magnetite crystals along cross-bed foresets might imply that
the crystals were reworked before the succession was lithified, a
post-diagenetic origin cannot be discounted.

The dome structures with crinkly laminae are interpreted as stro-
matolites. In this interpretation, stromatolites are considered “macro-
scopically layered authigenic microbial sediments with or without
abiogenic precipitates” (Riding, 2011, p. 31). Whilst a conservative
view is that the biogenic role in the development of stromatolites can
only be demonstrated with fossil examples of the dome-building mi-
crobes (Buick et al., 1981), emphasis is normally placed on interpreta-
tion of the overall stromatolite morphology to infer a microbial
control on dome construction (e.g. Awramik et al., 2005). The high dip
angle at the domeflanks (>75°)with respect to the bed bases is beyond
the angle of repose expected in mechanically or chemically deposited
sediments (Hofmann et al., 1999). The dome structures bear no resem-
blance to soft-sediment deformation structures in other iron formations
where delicateflame structures are common in underflowdeposits (e.g.
Le Heron et al., 2011), or convolute beds/liquefaction structures formed
in subglacial settings (Le Heron et al., 2005). However, the high dip
angle at the flanks of the dome structures can be explained by the depo-
sition of a sticky, microbially-deposited precipitate to bind the interca-
lated sand- to granule-sized laminae at a steep angle. In this context,
the sand to granule-grade laminae at the dome flanks, and bound in
crinkly laminae in the inter-dome areas, is interpreted as mechanically
deposited, abiotic sediment (Hofmann et al., 1999). This interpretation
accounts for both lateral pinch-out of such laminae against dome flanks
and thickening into the inter-dome areas (Fig. 5e, f), because abiotic
laminae would be expected to accumulate in local depocentres. Local
scour by weak currents in the inter-dome areas explains truncation of
the hematite laminations (Fig. 5e, f).
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On the basis of the above, given their ferruginous composition, the
stromatolites are interpreted as acidophilemicrobialites, locally reworked
by current activity. Acidic conditions play a key role in the activity of
iron-fixing bacteria (Brake et al., 2002). These organisms harness energy
through oxidation of dissolved Fe (II), which remains stable under
low-O2 and low pH conditions (Konhauser et al., 2005, 2011; Bekker et
al., 2010). Bacteria therefore adapt either to water column anoxia
(microaerophiles) or more acidic conditions (acidophiles), analogous to
the pH values of ~2 surrounding modern acid mine drainage (España et
al., 2007). The acidophile tendencies of these framework-building organ-
isms stand in contrast to the cynanobacterial stromatolites' characteristic
of many Neoproterozoic strata (Tewari and Seckbach, 2011), yet they fix
CO2 throughphotosynthesis (Brake et al., 2002).Whilstmagnetite cande-
velop during diagenesis or epigenetically (McCabe et al., 1983), it is also
possible that this phase may also represent biogenic sedimentation by
analogy to magnetotactic stromatolites both modern and ancient else-
where (Chang et al., 1989; Stolz et al., 1989): this interpretation is tenta-
tive because it is noted that crystal forms in those examples are usually
microscopic. Regardless, an abiotic diffusional origin of the hematite
Liesegang rings must be assumed, thus implying some limited epigenetic
dissolution and re-precipitation of iron oxide phases. Based on the above,
it is highlighted that stromatolites in the Chuos Formation were probably
constructed by a different type ofmicrobial community to themuchmore
common carbonate stromatolites (Tewari and Seckbach, 2011).

The inclusion of meta-sandstone clasts within the diamictite implies
extensive reworking of the Nabis Formation at Ghaub and Varianto
farms, but the occurrence of schists and meta-granites toward the top
of the succession may suggest erosion down to deeper crystalline
basement levels; ironstone clasts in the diamictite member reflect
cannibalisation of the underlying ironstone member. The stepwise
increase in clast size up section in the overlying diamictites, coupled
with poorly developed stratification, could be cited as evidence for
non-glaciogenic debris flow sedimentation (Eyles and Januszczak,
Fig. 5. Examples of dome stromatolites in the ironstonemember of theChuos Formation. a and b
to bedding surfaces. Note the steep angle of the flanks of the dome structures, and relatively fla
sketch of area outlined in b. Note that the interior/core of thedome structure in gently convexw
in d. Note the interlamination of sand- to granule-grade laminae (light coloured) and microcry
inter-dome area, pinch out onto the domeflanks, and truncate underlying laminae. These prope
h: Photograph and sketch of further examples of dome stromatolites and associated laminites. N
Stratigraphic position of all photographs shown in Fig. 3.
2007), but evidence for glaciation in the Chuos diamictites is compelling.
Attenuated, lozenge-shaped to lenticular clasts in those diamictites are
strongly indicative of subglacial shear (van der Wateren et al., 2000).
Fractured clasts, injected with diamictite matrix, are interpreted to re-
cord reduction of clast strength and brittle failure under high hydrostatic
stresses beneath a confining sediment/ice load. The impact structures
beneath pebble to boulder-sized lonestones represent ice-rafted debris
(IRD). The commonly cited mechanism of rafting by sediment gravity
flows (e.g. Eyles and Januszczak, 2007) is rejected due to the absence
of imbrication in the outsized fraction, and the lack of correlation be-
tween bed thickness and maximum clast size. Finally, the occurrence of
soft-sediment striations within sand-prone levels of the stratified
diamictite is interpreted as intra-diamictite slip-planes, akin to a sliding
deck of cards (Sutcliffe et al., 2000; Le Heron et al., 2005) (Fig. 6h) in-
duced by an overlying icemass. The co-occurrence of dropstone textures
in the diamictites and sub-glacial shear zones allowus to tentatively pro-
pose that these strata represent sub-ice sedimentation, in a similar
model to that of the younger Ghaub glaciation of northern Namibia
(Domack and Hoffman, 2011). In the model, sub-ice marginal wasting
(explaining the dropstones) and subglacial shear structures record oscil-
lation of a dynamic grounding line.

5. Discussion: global context of ironstone and diamictites in the
Chuos Formation

The concordant and gradational nature of the boundary between
the ironstone and diamictite members is important as it allows a tem-
poral connection between them to be inferred, and for a cryptic un-
conformity or disconformity to be rejected. In the Otavi Mountain
Land, the succession initially lacks evidence for glacial processes
(ironstone member), with glaciogenic strata becoming more evident
upward (the diamictite member). Cannibalisation of shelf successions
during subsequent glacial advances commonly destroys the record of
: General outcropphotograph and sketch of dome structures growing almost orthogonally
t inter-dome area with incipient, small-scale domes in between. c and d: Photograph and
ith the angle of dip increasing up-structure. e and f: Photograph and sketch of area outlined
stalline hematite laminae (dark coloured). Note that the former show thickening into the
rties indicate amechanical (i.e. abiotic) origin for the sand- to granule-grade laminae. g and
ote in these examples the lower profile of the domes and gentler dips at the dome flanks.
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early glacial advances in a basin. For example, in the Pleistocene re-
cord, nine phases of deeply incised, subglacial tunnel valleys have
been recognised in the North Sea based on crosscutting relationships
(Stewart and Lonergan, 2011). Therefore, in Ghaub/Varianto, the gra-
dational and concordant nature of the contact may indicate that
pre-glacial ironstone deposition led directly into the Chuos glaciation.
Alternatively, if the diamictite member of the Chuos Formation is as-
sumed to represent a final glacial cycle, the ironstone member repre-
sents an interglacial succession.

Beyond our study area, some 500 km to the northwest, domed
stromatolite structures have also been observed in the Chuos Forma-
tion of the Opuwo region (Figs. 1b; 7). Here, as in the Otavi Mountain
Land, stromatolite structures occur beneath diamictites but are also
intercalated with them on the metre-scale. The extent of microbialite
facies in other Cryogenian ironstones is unclear, and potentially
awaits recognition, because ferruginous facies in Neoproterozoic stra-
ta are globally extensive (e.g. Kirschvink, 1992; Hoffman and Schrag,
2002). Both Macdonald et al. (2010) and Hoffman et al. (2011) argue
that ironstones in Cryogenian strata are uniquely associated with the
Sturtian glacial event at about 715 Ma, although evidence is emerging
of Ediacaran-aged ironstones from Uruguay (Pecoits et al., in press).

The Rapitan Group (Cryogenian) of western Canada is similar to the
Chuos Formation in both lithofacies and basin context, representing
deposition in a paraglacial rift basin (Young, 1976; Eisbacher, 1985). An
iron-rich, dropstone-bearing unit (the Sayunei Formation) is capped by
a diamictite unit (the Shezal Formation) (Hoffman and Halverson,
2011). Measured sections (Fig. 3 of Eisbacher, 1985) illustrate that the
most complete successions have a basal ferruginous shale sequence
bearing occasional dropstones. These deposits pass gradationally up-
ward, via 5–40 m jaspillite-hematite ironstone at the top of the Sayunei
Formation, into diamictites. The ironstone is laterally persistent in
depocentres (Eisbacher, 1985). Sea-ice removal may have triggered
local grounding line advance, resulting in deposition of the Shezal Forma-
tion (Eisbacher, 1985): Hoffman andHalverson (2011) recognised this as
a possible catalyst for ironstone precipitation. In addition to an abiotic
“rusting of the seas” model, a biologically-mediated mechanism was
also considered. Once “the ice cover thinned and finally disappeared, an-
oxic and oxygenic photosynthesis could have precipitated Fe2O3-
precursor from anoxic Fe(II)-rich basin waters” (Hoffman et al., 2011).
The biogenic mechanism was dismissed by those authors in favour of
an abiotic explanation, although the reasons for such preference are
unclear. Such a biogenic mechanism for ironstone precipitation, via for
example photosynthetic stromatolites, would be in agreement with our
observations in Namibia.

In Death Valley (California), a ferruginous rift basin succession
(Petterson et al., 2011), again highly comparable to the Chuos Forma-
tion, was deposited. The Kingston Peak Formation (Cryogenian) com-
prises several kilometres of ferruginous glaci-turbidites, diamictites of
mass flow affinity and boulder-sized lonestones (Troxel, 1982; Prave,
1999) interpreted as dropstones (Abolins et al., 2000; Corsetti and
Kaufman, 2003), deposited beyond the ice grounding line (Mrofka
and Kennedy, 2011). Thus, deep-water, iron-rich facies are considered
to represent deposition without direct ice sheet influence, in contrast
to very similar deposits in the Mackenzie Mountains.

In SouthAmerica, stratified Fe andMnores occur in the Corumbá rift
graben of Brazil and in neighbouring Bolivia, are considered to be of hy-
drothermal origin, and are intercalated with diamictites (Trompette et
al., 1998). Urban et al. (1992) attributed the ores to oxidation of Fe
and Mn rich rock flour during retreat of mountain glaciers. On the
Fig. 6. a: Clast of the ironstonemember incorporated in the diamictite member: microcrystallin
fusional re-precipitation of iron oxides. c: Globular concretions of hematite overprinting stroma
of clast-rich and clast-poor zones, with evidence of augen structures and stratification-parall
shattered and intruded by diamictite matrix, in the same subglacial shear zone. f: Large quar
ice-rafted dropstone. g: Soft sediment striated surface in the diamictite member. h: Soft-sedime
sion of Late Ordovician age from Libya (Le Heron et al., 2005). The development of soft sedim
sliding deck of cards (Sutcliffe et al., 2000; Le Heron et al., 2005).
Yangtze Platform (south China), banded ironstones in the Fulu Forma-
tion are sandwiched between Cryogenian diamictites of the Chang 'an
and Silikou formations (Zhang et al., 2011). Tang et al. (1987)
interpreted the ironstones as “interglacial”whereas in a subtly different
interpretation Zhang et al. (2011, p. 358) view them as the “waning
stage of the Jiangkou glaciation”. This latter interpretation stands in
contrast to our interpretation of the Chuos succession,where ironstones
in Ghaub/Varianto farms were deposited during the waxing stage of
glaciation.

In Australia, likely temporal equivalents to the Chuos Formation in-
clude the Holowilena and Braemar ironstones of South Australia (Le
Heron, 2012). These ironstones occur at slightly different levels along
strike, and are fault-bounded, allowing, like their counterparts in the
Mackenzie Mountains, in Death Valley, and in Brazil/Bolivia, a connec-
tion to fault-transmitted fluids to be inferred (Link and Gostin, 1981).
Bekker et al. (2010) envisaged the same mechanism for ironstone pre-
cipitation in the Otjosondu region of the central Damara Belt in Namib-
ia, citing associated volcanogenic massive sulphide (VMS) deposits
(Buhn et al., 1992) and REE values in support. By direct comparison
with the Chuos deposits described herein, the Holowilena ironstone
lies beneath a succession of diamictites and ice-rafted debris in the
overlying Wilyerpa Formation, interpreted as the deposits of glacial
(re)advance (Le Heron et al., 2011). Thus, in a similar way, deposition
during glacial waxing is envisaged. Our evidence from Ghaub/Varianto
farms does not exclude extensional fault systems during breakup of
Rodinia (Eyles and Januszcak, 2004) as providing a source of ferrous
iron in solution for acidophile biomats. The stratigraphic context of the
ironstones does, however, exclude themodel of global ice cover inhibiting
iron precipitation (Kirschvink, 1992; Hoffman and Schrag, 2002) during a
phase of ice wasting because evidence for glacial waxing, and indeed
subglacial processes, is apparent in overlying diamictite deposits.

From the global analogues discussed above, it emerges that
diamictites generally occur above iron formations in Canada (Mackenzie
Mountains), in the USA (Death Valley), in China (Yangtze Platform) and
in South Australia; they are intercalated with them in Brazil and in
Bolivia. In our study area, note that there is no direct evidence for glacial
processes in the ironstones, thereby challenging the long-held view of
anoxia induced by an overlying ice sheet. Furthermore, the need to in-
voke meltwater plumes to oxidise iron as envisaged by Hoffman and
Halverson (2008) and Hoffman et al. (2011) is unnecessary, because
stromatolite colonies provide an alternative mechanism of seawater
oxidation.

Our field observations of stromatolites in the Chuos Formation and
their interpretation should also be seen in the context of recent work
by Tziperman et al. (2011). These authors suggest that enhanced flux
of organic material from the upper ocean to submarine sediments and
porewaters, when subject to remineralization under anoxic conditions
by sulphate or iron-reducing bacteria, may have changed the alkalinity
of ocean waters sufficiently to precipitate siderite and draw down CO2

to initiate a snowball Earth. However, this proposed mechanism is dis-
tinct from the process highlighted herein, because it is inferred that
photosynthetic (and hence sea-floor surface) biomats played a role in
drawing down CO2, at least locally. The occurrence of stromatolites
within the ironstones suggests a close analogue to themodern day acid-
ophile biomats that photosynthesise, draw down CO2, and oxidise fer-
rous iron (Brake et al., 2002; Brake and Hasiotis, 2008).

The above comparison requires the Chuos biomats to have devel-
oped in the photic zone. Therefore, it is suggested that rift-sourced
iron fed acidophile biomatswhich in turn fixed iron in a shallowmarine
e hematite laminae are clearly visible. b: Liesegang laminae, recording limited abiotic dif-
tolitic domes in the ironstonemember. d:Well stratified diamictite, showing intercalation
el attenuation of clasts. This is interpreted as a subglacial shear zone. e: Quartzite clast,
tzite lonestone with an unequivocal impact structure, enabling it to be interpreted as an
nt striated surface for comparison in a similar, subglacially deformed sedimentary succes-
ent striated surfaces implies transmission of shear in unconsolidated sediments akin to a
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Fig. 7. Domed stromatolites, some 500 km west of Ghaub and Varianto farms, in the
Chuos Formation of the remote Opuwo area (see Fig. 1B for location). Identical interca-
lated microcrystalline hematite and sand- to granule-grade laminations appear to con-
firm that ironstone microbialites are of significant lateral extent in Namibia. Grid
reference: 18°43. 828′S 13°43.749′E.
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or possibly lacustrine rift basin. Ferrous iron in solution can stimulate
photosynthesis by an estimated 500 to 600% (Pierson et al., 1999),
and thus the drawdown of CO2 during the formation of these structures
may also allow us to tentatively postulate that acidophile biomats
played a role in cooling. This, however, presents a paradox. Iron forma-
tions typically have extremely low organic carbon contents (Hoffman et
al., 2011): Fe3+ is also an eager electron acceptor supporting microbial
respiration on the seafloor or during shallow burial diagenesis (Walker,
1987). Regardless, ironstones in northern Namibia occur concordantly
beneath, and are hence temporally transitional into, glacial diamictites.
They were deposited either at the onset of the Sturtian glaciation, or
during an interglacial within this snowball Earth episode. In either sce-
nario, they record entry into, rather than exit from, extreme glaciation
as more commonly suggested (Kirschvink, 1992; Hoffman and Schrag,
2002).

6. Conclusions

• New sedimentological data on the Chuos Formation of northern
Namibia reveal that in the Otavi Mountain Land, these Sturtian-
age deposits of suspected glaciogenic origin can be divided into
two informal members. These are a lower ironstone member, and
an upper diamictite member.

• The basal ironstonemember, rich in hematite and magnetite, contains
1) evidence for tractional sedimentation (metre-scale cross bedding)
and 2) dome structures of 10–15 cm amplitude. These latter structures
are characterised by crinkly internal lamination, and at the millimetre
scale contain intercalated microcrystalline hematite/magnetite and
sand to granule-grade sediment. The dome structures are interpreted
as stromatolites probably built from aerotactic and phototactic bacte-
ria. Preliminary mapping suggests that stromatolite intervals extend
over at least 500 km of northern Namibia.

• The basal ironstone member shows a gradational contact with
the upper diamictite member. This latter unit contains evidence
for lonestones with impact structures (interpreted as ice-rafted
dropstones), soft-sediment striated surfaces (scratching of an uncon-
solidated sediment surface beneath a grounded ice mass) and in-
tensely sheared intervals (deformation of a volume of sediment
beneath a grounded ice mass). Thus, a strong glacial influence on de-
position can be demonstrated.

• By analogy to microbialites in modern acid mine drainage environ-
ments, ironstone member stromatolites are likely to have been
sustained by photosynthesis, and thus iron fixation and CO2 draw-
down may have occurred in tandem. Growth of stromatolites, and
precipitation of ironstones, may thus potentially have promoted
local cooling. This mechanism, whilst distinct from the burial model
of Tziperman et al. (2011), adds credence to the idea of biologically
mediated cooling.
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A B S T R A C T

The Chuos Formation is a diamictite-dominated succession of Cryogenian age, variously interpreted as

the product of glaciomarine deposition, glacially related mass movement, or rift-related sediment

remobilisation in a non-glacial environment. These interpretations have wide ranging implications for

the extent of ice cover during the supposedly pan-global Neoproterozoic icehouse. In the Otavi

Mountainland, northern Namibia, detailed analysis of soft-sediment deformation structures on the

macro- and micro-scale support glacitectonic derivation in response to overriding ice from the south/

south-east. Overall, the upward increase in strain intensity, predominance of ductile deformation

features (e.g. asymmetric folds, rotational turbates and necking structures, clast boudinage, unistrial

plasmic fabrics) and pervasive glacitectonic lamination support subglacial deformation under high and

sustained porewater pressures. In contrast, soft-sediment structures indicative of mass movements,

including flow noses, tile structures, and basal shear zones, are not present. The close association of

subglacial deformation, abundant ice-rafted debris and ice-contact fan deposits indicate subaqueous

deposition in an ice-proximal setting, subject to secondary subglacial deformation during oscillation of

the ice margin. These structures thus reveal evidence of dynamic grounded ice sheets in the

Neoproterozoic, demonstrating their key palaeoclimatic significance within ancient sedimentary

successions.
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1. Introduction

The concept of a Neoproterozoic icehouse has remained
contentious since its inception in the early 19th century (‘die

Eiszeit’ of Agassiz, 1837; cf. Allen and Etienne, 2008), with renewed
deliberation in recent years following proposal of the ‘snowball
Earth’ hypothesis (Kirschvink, 1992; Hoffman et al., 1998; Hoffman
and Schrag, 2002). This hypothesis has centred on the recognition
of broadly age-equivalent diamictite-dominated successions on
each continent, which are argued to be glaciogenic in origin
(Hoffman et al., 1998; Hoffman and Schrag, 2002). Many
diamictites are sharply overlain by dolomotized carbonates,
interpreted as the record of rapid post-glacial climatic recovery
(Shields, 2005). Compared to younger icehouse intervals, diagnos-
tic glacial indicators, including striated and faceted clasts,
subglacially striated pavements and extrabasinal clast assem-
blages, are notably scarce in the Neoproterozoic (Etienne et al.,
2007), and rarely occur together in any one glacial succession.
Consequently, Neoproterozoic diamictites have been argued to
represent non-glacial, syn-tectonic sediment gravity flows (e.g.
* Corresponding author. Tel.: +44 7756819341.
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Eyles and Januszczak, 2004, 2007), associated with widespread rift
activity during break-up of the Rodinia supercontinent.

In Quaternary studies, detailed analysis of soft-sediment
deformation structures has received significant credence in
discriminating between glacial and non-glacial successions (e.g.
Lachniet et al., 2001; Menzies and Zaniewski, 2003; van der Meer
and Menzies, 2011). However, with a few notable exceptions (e.g.
Benn and Prave, 2006; Arnaud, 2008, 2012), such analyses are
scarcely applied to Neoproterozoic deposits. To redress this, we
present a new macro- and micro-scale structural analysis of the
Chuos Formation of Cryogenian age in the Otavi Mountainland,
northern Namibia (Fig. 1a). The study will utilise standard
sedimentological and structural analysis of the diamictite succes-
sion in order to determine the genetic origin of the Chuos
Formation, and assess the significance of soft-sediment deforma-
tion structures as palaeoclimate proxies during Neoproterozoic
glaciation.

1.1. Geological background

The Otavi Group is a carbonate-dominated succession of
Neoproterozoic age housing two diamictite horizons, the older
Chuos and younger Ghaub formations (Fig. 1b), each sharply
overlain by fine-grained carbonate deposits (Hoffmann and Prave,
vier Ltd. All rights reserved.
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Fig. 1. (a) Map outlines stratigraphic framework of Namibia, and the location of the study sites in the Otavi Mountainland, along the south-eastern flank of the Owambo Basin,

after Miller (2008). (b) Stratigraphy of the Cryogenian succession exposed in the study area, after Hoffmann and Prave (1996).
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1996; Hoffman and Halverson, 2008; Miller, 2008). These horizons
have been dated in turn to <746 � 2 Ma (Hoffman et al., 1996) and
635.5 � 1.2 Ma (Hoffmann et al., 2004), through U–Pb zircon ages of
underlying and interbedded volcanic ash beds, leading to correlation
with the purportedly global Sturtian and Marinoan glaciations,
respectively (Kennedy et al., 1998). In light of the argued syn-rift
derivation of the diamictite assemblages (e.g. Eyles and Januszczak,
2004, 2007), proponents of the glacial hypothesis have focussed
largely on the younger Ghaub Formation, considered to have
accumulated during the ‘drift’ stage of post-rift subsidence (Hoffman
and Halverson, 2008). The older Chuos Formation, by comparison, has
received less attention.

The glacial origin of the Chuos Formation was first proposed by
Gevers (1931) due to its lithological similarity to the Late
Palaeozoic Dwyka Tillite (cf. Henry et al., 1986), and its abundance
of faceted and extrabasinal clasts. The stratigraphic position of the
Chuos between carbonate successions was used to support a
glaciomarine origin (Martin, 1965a,b; Hedberg, 1979), in-keeping
with the regional absence of subglacial striated pavements (Kroner
and Rankama, 1973). Alternative studies conversely describe the
textural immaturity of the diamictites, abundance of locally
derived erratic lithologies and their spatial and temporal associa-
tion with faults as evidence of high energy, rift-related submarine
gravity flow deposition (e.g. Hedberg, 1979; Miller, 1983; Porada,
1983; Porada and Wittig, 1983a,b; Martin et al., 1985). Under this
scenario, the abundant outsized clasts, frequently cited as evidence
of ice-rafting (e.g. Hoffman et al., 1998), are interpreted as the
product of local mass flow ‘rafting’, or gravitational settling from
overlying diamictites (Martin et al., 1985; Eyles and Januszczak,
2007). Further models propose a compromise between these two
hypotheses, wherein both glacigenic deposition and gravitational-
ly driven mass flows interact within an ice marginal, glaciomarine
environment (Hoffmann, 1983; Henry et al., 1986).

Three interpretations of the diamictites are thus possible: (1)
those generated directly by glacial processes; (2) those of primary
glacial origin but re-worked by gravitational mass transport; and
(3) those generated by mass flow or slope failure without glacial
influence. Consequently, criteria to correctly distinguish these
environments remain pivotal to the debate surrounding the origin
of the Chuos Formation. These criteria, in turn, have wide
implications for interpretations of Neoproterozoic diamictites
from a global perspective.

1.2. Study area and stratigraphy

The Otavi Mountainland in northern Namibia exposes a thick
succession of Neoproterozoic strata flanking the southern margin
of the Owambo Basin (Fig. 1). The Chuos Formation exhibits
considerable lateral thickness variations across the region, reach-
ing up to 130 m in the central and western sectors, and pinching
out towards the south-east (Hoffmann and Prave, 1996). In the
study area, on Ghaub and Varianto farms (Fig. 2), it rests with
angular unconformity on sandstones and conglomerates of the
Nosib Group (here the Nabis Formation; Miller, 2008), and is
sharply overlain by fine-grained carbonate mudstone of the Berg
Aukas Formation. The study area is ideally situated in the least
deformed northern margin of the Damara Orogenic Belt, char-
acterised by a low shear, fold-thrust zone and sub-greenschist
facies metamorphism (Gray et al., 2008; Miller, 2008). These
characteristics permit detailed sedimentological and structural
analysis of the diamictite horizons as they have suffered minimal
tectonic and metamorphic overprint.

2. Methodology

Sedimentary logging of the Chuos Formation was undertaken at
several exposures across the Ghaub and Varianto Farms at a metre-
scale resolution. This process determined upper and lower
boundary relationships, enabling thickness changes to be docu-
mented across the area, and the internal architecture of the



Fig. 2. Logged sections of the Chuos Formation, located on inset geological map of Ghaub and Varianto Farm study areas. Note the overall lateral transition from massive to

stratified diamictites towards the west/north-west. The stratigraphic location of images shown in Figs. 3–5 are indicated by their corresponding numbers adjacent to the logs.

Map modified after Geological Survey of Namibia (2008).
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Fig. 3. Macro-scale sedimentary and deformation structures. Coin and lens cap for scale measure 2 cm and 5 cm, respectively. (a) Outsized clast with impact-related

deformation structure, indicated by white arrows. (b) Fractured clast infilled by diamictite. (c) North–south trending linear grooves and ridges interpreted as soft-sediment

striated surfaces. (d) Fractured outsized clast within the comparatively undeformed base of Log 3 (Fig. 2). (e) Asymmetric fold demonstrating top-to-the-NW vergence. Note

clast attenuation parallel to deformed laminae. (f) Laminated siltstone lens, interpreted as ice-bed separation feature, restricted to the south-eastern margin of the exposed

section (Log 3; Fig. 2). (g) Rotational turbate structure showing preferential alignment of smaller clasts around the margins of the central obstacle clast (picked out by white

dashed lines). Note top-to-the-SE shearing and abrasion of core stone. (h) Pervasive tectonic lamination. Asymmetric clast boudinage and S-C structures define a top-to-the-

NW shear sense. (i) Carbonate dyke cross-cuts sheared diamictite (g). Note brecciated fragments of deformed diamictite within the dyke.
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formation to be characterised in detail. Lithofacies were described
on the macro-scale, including clast fabrics, bedding relationships,
and the presence and orientation of deformation structures.

For the purpose of this study, micro-scale analysis is restricted
to an exposure of highly deformed diamictite, where vertical
changes in deformation style could be documented in detail.
Oriented samples were collected at appropriate intervals for thin
section analysis, determined where macro-scale changes in
sedimentary or structural features were apparent. Thin section
analysis was undertaken using a petrographic microscope at low
magnification (1� and 2�), under plane and cross-polarized light,
as well as examining high resolution photographs and digital
scans. Micro-scale features were described using standard
structural terminology and micromorphological techniques (sensu

van der Meer, 1987, 1993; Menzies, 2000; Carr, 2004).

3. Sedimentology

3.1. Description

Three principal facies can be recognised comprising: (1)
stratified diamictite facies, (2) sheared and laminated diamictite,
and (3) massive diamictite facies. In the south-east of the study
area the latter facies dominates (Fig. 2), with intercalated and
overlying units of stratified and sheared diamictite becoming more
abundant northwards. At outcrop scale, diamictite units typically
coarsen upwards, although grading is rarely observed within
individual beds. Clast lithologies consist predominantly of well
rounded quartzite, with minor sub-angular to rounded mudstone,
mica schist, granite gneiss and andesite. Striated and faceted clasts
were not observed. Evidence of impact-related deformation
beneath some of the larger outsized clasts is typically restricted
to the stratified units, expressed through puncturing and down-
warping of the underlying laminae (Fig. 3a). This facies also
preserves large-scale (1–2 m) eastward-dipping foreset structures
(Log 2; Fig. 2), overlain by a sheared diamictite horizon (Fig. 3b),
which is in turn succeeded by a series of soft-sediment striated
surfaces, comprising centimetre-scale linear grooves and ridges
which trend approximately north–south along exposed bedding
planes (Fig. 3c). Detailed description of deformation structures
within the sheared and laminated facies will be discussed in
Section 4 below.

4. Deformation structures

A spectacularly well exposed vertical section of the Chuos
Formation containing approximately 30 m of highly deformed and
attenuated diamictite crops out on Varianto Farm (19824.4150S,
17842.4430E; Fig. 2), in the central portion of the Otavi Mountain-
land. The sequence overlies coarse sandstone of the Nabis



Fig. 4. Paired thin section photograph and interpretation of Chuos Formation microstructures. Lower ductile zone: (a) well developed sub-horizontal fabric and abundant rotational deformation structures (turbate structures,

asymmetric boudins, clast dispersion tails and asymmetric pressure shadows). Microstructures support top-to-the-NW shear sense. Middle brittle zone: (b) section characterised by fractured and crushed quartz grains (white) and

magnetite crystals (black). Fractured surfaces can be traced between adjacent clasts, akin to a ‘jig-saw’ pattern, indicating in situ clast breakage. Sense of deformation cannot be ascertained. Upper ductile zone: (c) microstructures are

highly attenuated, defined by the predominance of sheared clast boudins. These features, alongside asymmetrical pressure shadows and rare rotational turbates support top-to-the-NW deformation. Note sub-horizontal clay layers

cutting oblique to tectonic lamination, with flame-like structures on their upper boundary.
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Formation, which exhibit well developed convolute bedding and
soft-sediment fold structures approximately 6 m below the
boundary with the Chuos, passing upwards into undeformed,
well-bedded sediments (Log 3; Fig. 2). Likewise, finely laminated
carbonate mudstone of the Berg Aukas Formation, sharply
overlying the Chuos Formation, is undeformed.

Lateral exposure of the Chuos Formation at this locality is
limited, and thus descriptions of the macro- and micro-scale
structures below will focus on upsection evolution of the
deformation regime. For ease of description, the section has been
divided into three structural zones, shown on Fig. 2. The lower and
upper zones are dominated by ductile deformation structures (e.g.
rotational features, dispersion tails, clast boudinage). The inter-
mediate zone, meanwhile, is dominated by brittle deformation
styles (e.g. fractured and crushed grains). Micromorphological
terminology follows the style of Brewer (1976), as adapted by
Menzies (2000), Zaniewski and van der Meer (2005) and Phillips
et al. (2011) (see Glossary).

4.1. Lower ductile zone (0–21 m)

4.1.1. Macroscale description

The basal 3 m of the Chuos Formation in Log 3 (Fig. 2) is
characterised by massive to crudely laminated, poorly sorted
diamictite. Evidence of deformation in this horizon is restricted to
fractures traversing the larger outsized clasts (Fig. 3d). These
sediments pass gradually upwards through moderately to well-
laminated diamictites. Approximately 14 m above the base of the
section, these well-laminated units exhibit asymmetric folds
(Fig. 3e), clast attenuation and development of asymmetric
pressure shadows. These features collectively record top-to-the-
NW sense of shear.

At the south-eastern margin of the outcrop, these shear
structures are overlain by a finely laminated siltstone (Fig. 3f),
which coarsens upwards with the input of granule to small pebble
sized clasts. The siltstone exhibits a concave-upward basal surface
and planar upper surface, and pinches out laterally (to the NW),
where no disconformity in the diamictite is visible. Above, the
diamictite remains well-laminated with deformation features
including rotational turbate structures (Fig. 3g), clast dispersion
tails and pervasive lineations on the clast surfaces, trending NNW
(3448).

4.1.2. Microscale description

Micro-scale observations support a crudely developed lami-
nation in the basal 3 m of the logged section, passing gradually
upwards into more delicately laminated intervals (Fig. 4a).
Rounded to sub-angular grains consist predominantly of quartz-
ite, with minor feldspar, siltstone and clay intraclasts. Clast long
axis orientations are variable, although a high proportion of
grains exhibit a sub-horizontal microfabric (oriented N/NW to
S/SE).

Planar features (e.g. linear grain alignments, symmetrical
pressure shadows) are restricted to the base of this zone, whereas
rotational deformation structures (e.g. turbate structures, disper-
sion tails, asymmetric pressure shadows and clast boudinage) are
dominant throughout (Figs. 4a, 5a and b), and become progres-
sively more abundant upsection. This is reflected in the develop-
ment of necking structures between adjacent turbates (Fig. 5a).
Bands of birefringent clay material (plasmic fabric) also become
more distinct and pervasive upsection, varying from skel-masepic
to skelsepic and unistrial. In places, this clay birefringence also
outlines distinct S-C fabrics (Fig. 5e). These features, alongside the
rotational structures, support a top-to-the N/NW shear sense.
Towards the top of this zone, these structures and plasmic fabrics
are cross-cut by sub-horizontal, non-birefringent clays, which in
places demonstrate vertical, flame-like structures along their
upper boundary.

4.2. Middle brittle zone

4.2.1. Macroscale description

At 21 m, poor exposure precludes detailed observation. At this
interval, a metre thick unit of massive diamictite crops out,
without evidence of macro-scale deformation.

4.2.2. Microscale description

The thin section is composed of poorly sorted, angular to sub-
rounded quartz and feldspar grains which demonstrate no
preferred orientation (Fig. 4b). Brittle deformation features,
including crushed quartz and fractured clasts (Fig. 5c), are common
throughout, whereas ductile features were not observed. The
abundant fracture surfaces can be correlated between adjacent
grains across most of the section, resembling a ‘jig-saw fit’ pattern
(Figs. 4b and 5c). A distinct birefringent fabric between the grains
cannot be discerned.

4.3. Upper ductile zone

4.3.1. Macroscale description

Well-laminated diamictite returns at 28 m, wherein a high
proportion of clast long axes parallel the sub-horizontal lamina-
tion, and are in places attenuated along this fabric. Deformation is
again dominated by rotational features including asymmetric
boudins, S-C fabrics and turbate structures (Fig. 3g and h). This
interval is cross-cut by a carbonate sedimentary dyke, consisting of
brecciated fragments of the surrounding laminated diamictite, set
in a carbonate mudstone matrix (Fig. 3i).

4.3.2. Microscale description

This zone is characterised by a much smaller clast population
than the underlying lower ductile and middle brittle zones, and
becomes progressively more matrix-rich upsection accompanied
by more distinct horizontal lamination (Fig. 4c). As in the lower
ductile zone, rotational deformation features dominate, although
conversely no planar features are present (e.g. linear grain
alignments, symmetrical pressure shadows). Turbate structures
and dispersion tails are abundant at the base of this zone (Fig. 5d),
but diminish upsection where asymmetric pressure shadows and
clast boudins are more prevalent (Fig. 5f–h). These features
support a top-to-the NW sense of shear. Unistrial and skelsepic
plasmic fabrics are highly developed throughout. In places, these
fabrics are cross cut by sub-horizontal clay-rich layers (Fig. 5f–h),
which exhibit flame structures along their upper boundary, as seen
in the lower ductile zone.

5. Discussion

5.1. Syn-sedimentary evolution of the Chuos Formation

Within the stratified diamictite facies, the widespread occur-
rence of outsized clasts with impact-related deformation struc-
tures (Fig. 3a) is interpreted as evidence of ice-rafted debris (IRD)
(Thomas and Connell, 1985; Bennett et al., 1996; Condon et al.,
2002), whereby derivation via sediment gravity flow rafting is
rejected owing to the absence of characteristic clast imbrication, or
correlation between bed thickness and maximum clast size (e.g.
Martin et al., 1985; Postma et al., 1988). Water depths were
sufficient to accumulate IRD at repeated stratigraphic intervals
throughout deposition, but in the absence of diagnostic indicators,
accumulation within a glaciomarine or glaciolacustrine basin
cannot be ascertained. Large-scale cross-bed foresets within this



Fig. 5. Micro-scale deformation structures. Photos a–d: plane polarized light, photos e–h: cross-polarized light. White bar = 1 mm. Lower ductile zone: (a) necking structure

developed between adjacent turbate structures. (b) Central rotational deformation structure with associated ‘tails’ of silt-grade sediment and small sand clasts. Top-to-the-

NW shear sense also supported by asymmetric pressure shadow in the uppermost portion of the image. Middle brittle zone: (c) dashed lines highlight ‘jig-saw fit’ fractured

grain surfaces. Upper ductile zone: (d) rotational structure with fabric-parallel ‘tails’ of clay-grade sediment and small sand grains. Abrasion and fracturing of core stone

interpreted as product of pervasive shearing. (e) Birefringent clay particles outline S-C fabrics, supporting top-to-the-N shear sense. (f) Asymmetric pressure shadow outlined

by skelsepic-unistrial plasmic fabric. Note discontinuous clay layers trending both parallel and oblique to the plasmic fabric (black arrow). (g and h) Well developed unistrial

to skelsepic plasmic fabric surrounding boudinaged skeleton grains. Note discontinuous clay layers cutting oblique to the plasmic fabric (black arrow).
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facies (Log 2; Fig. 2) record tractive deposition and development of
a simple barform, prograding towards the east. In view of the
evidence favouring ice-rafting, these features are interpreted as
ice-proximal subaqueous fan deposits (e.g. Powell and Domack,
1995; Powell, 2003; Hornung et al., 2007). The overlying soft-
sediment striated surfaces (Fig. 3c), identical in morphology to
those of the Hirnantian glacial record of North Africa (Sutcliffe
et al., 2000; Le Heron et al., 2005), support the intrastratal
transmission of shear stresses and subglacial deformation follow-
ing subaqueous fan progradation. The absence of slickencrysts and
polish on these surfaces discounts a later tectonic origin (Petit and
Laville, 1987; Eyles and Boyce, 1998).

In the massive diamictite facies, glacial indicators are typically
absent (Fig. 2). This is considered to reflect glaciogenic debris flow
remobilisation, consistent with the proposed ice-proximal envi-
ronment. In this setting, dynamic grounding-line oscillations
would contribute to high rates of sediment supply, supported by
the presence of subaqueous fan deposits and common coarsening
upward profile of the diamictites (e.g. Benn, 1996; Evans et al.,
2012), leading to rapid accumulation and oversteepening of the
sediment pile. Clast abrasion and erosion during resultant re-
working of the glaciogenic sediments could therefore account, at
least in part, for the unusual absence of striated and faceted clasts
within the Chuos Formation.

In light of the location of the study area at the northern margin
of an intracratonic fold belt (Miller, 2008), distinguishing the
effects of soft-sediment or tectonogenetic deformation within the
sheared and laminated diamictite facies remains paramount.
Overall, the lack of bedding-discordant fabric development or
metamorphic mineral overprint, and largely undeformed nature of
the underlying and overlying formations indicate a soft-sediment
genesis. In support, towards the top of Log 3 (Fig. 2) a carbonate
dyke intrudes and brecciates the sheared diamictite (Fig. 3i), with
evidence of liquefaction of clay and silt grade material along the
intrusive contact. This is used to support a porewater-induced
origin for the dyke, representing hydrofracturing of the sediment
pile (e.g. van der Meer et al., 2009), and thus acts to support
continued syn-sedimentary deformation after pervasive shearing
and attenuation of the diamictite. Moreover, kinematic indicators
throughout the section, all demonstrate top-to-the N/NW sense of
shear (Figs. 3–5), consistent with the N-S strike of the grooves on
the soft-sediment striated surfaces. Conversely, the dominant
structural grain produced during Damaran orogenesis generated
ENE-trending structures (Miller, 1983; Gray et al., 2008), cutting
oblique to the trend of the sedimentary structures within the
Chuos Formation.

5.2. Glacial vs. non-glacial deformation history

A striking feature of the described section, both on macro- and
micro-scale, is the upsection increase in deformation intensity,
reflected in the increased abundance and lateral attenuation of
individual deformation structures (Figs. 3–5). This incremental
strain profile is a common feature within subglacial regimes
(Boulton and Hindmarsh, 1987; Hart and Boulton, 1991; Benn and
Evans, 1996; Evans et al., 2006; Hart, 2007), where the highest
stress conditions are encountered at the ice-bed interface and
diminish downwards. In contrast, deformation structures in a mass
flow deposit exhibit the highest stress characteristics at base (see
Fig. 6), where friction between the flow and the underlying
substrate is greatest, thereby resulting in development of a basal
shear zone accompanied by an upward decrease in strain intensity
(Nardin et al., 1979; Nemec, 1990; Hart and Roberts, 1994; Mulder
and Alexander, 2001).

Features considered diagnostic of sediment remobilisation,
including flow noses and tile structures (Hart and Roberts, 1994;
Bertran and Texier, 1999; Lachniet et al., 2001; Menzies and
Zaniewski, 2003), are conspicuously absent from the Chuos
Formation (Fig. 6). The former are indicative of low shear,
downslope slumping, and are hence rarely preserved under the
relatively higher stress conditions encountered during subglacial
deformation (Lowe, 1982; Hart and Roberts, 1994). Meanwhile, the
latter appear to be a unique feature associated with deceleration
and dewatering of sediment gravity flows (Menzies and Zaniewski,
2003; van der Meer and Menzies, 2011). Similarly, clasts with
coatings of diamictite on the macro-scale, or concentrically
laminated grain coatings on the micro-scale, though not diagnos-
tic, would support sediment re-working if present (Phillips, 2006;
Kilfeather et al., 2009). Furthermore, the absence of load structures
and rare evidence of vertical to sub-vertical water escape
structures may be considered atypical of mass flow deposition
(Lowe, 1982; Visser et al., 1984; Hart and Roberts, 1994; Menzies
and Zaniewski, 2003).

Rotational deformation structures are ubiquitous in the Chuos
Formation, particularly on the micro-scale (Figs. 4 and 5), and are
encountered in both subglacial settings and sediment gravity flows
(Fig. 6; Lachniet et al., 2001; Menzies and Zaniewski, 2003; Phillips,
2006). In the former, these features are interpreted as the product
of shearing within the deforming bed (van der Meer, 1993, 1997),
whereby stress is accommodated around a rotating nucleus
(consisting of a core stone or stiff matrix), leading to preferential
alignment of smaller clasts at the nucleus periphery. Similar
mechanisms are envisaged in sediment gravity flows, although
rotation acts as a product of transient turbulent cells within the
depositing flow (Phillips, 2006). Although the latter mechanism
cannot be excluded, the absence of other features indicative of
turbulence (e.g. normally graded beds), as compared to abundant
evidence of pervasive shearing, is compatible with a glacitectonic
origin for the turbates. This is also supported by their association
with planar shear fabrics and structures throughout (cf. Hiemstra
and Rijsdijk, 2003).

Additional deformation structures frequently cited as evidence
of subglacial processes are prevalent throughout (see Fig. 6),
including pervasive tectonic lamination, unidirectional folding,
pressure shadows and clast dispersion tails (e.g. van der Meer,
1993; Hart and Roberts, 1994; Benn and Evans, 1996; Menzies
et al., 1997; Lachniet et al., 2001; Carr et al., 2006; Menzies et al.,
2006). These features are characteristic of relatively high strain
ductile deformation, facilitated by elevated porewater pressures,
which succeed in lowering the effective stress of the sediment
(Menzies, 2000; Phillips et al., 2007; Lee and Phillips, 2008). These
conditions are commonly encountered in subglacial settings
under the high overburden pressure of ice and abundant basal
meltwater supply (see Section 5.3). This is also supported by the
presence of fractured and crushed grains, which frequently
develop in zones of high hydrostatic pressure near the ice-bed
interface (Hiemstra and van der Meer, 1997; Menzies, 2000; Carr
et al., 2006).

5.3. Hydrology of the subglacial bed

In view of the sedimentological evidence of primary deposition
as a subaqueous diamictite, it would be plausible to consider the
sediments as water-saturated, and thus with elevated porewater
contents, prior to subglacial deformation. Nonetheless, the
observed upsection increase in strain intensity, alongside attenu-
ation and lateral isolation of individual microstructures, reflects
sustained and increasing high porewater pressures throughout
deformation.

In a subglacial environment, the effect of overriding ice on
porewater state will be three-fold: (1) overburden pressure will
increase confining pressure on the deforming bed, (2) the ice will



Fig. 6. Schematic diagram highlights dominant style and association of deformation structures typically encountered within a sediment gravity flow as compared to the

assemblage identified in the Chuos Formation. Length of black arrow corresponds to strain intensity, wherein the former would be expected to demonstrate a basal shear zone

with upward decreasing strain intensity, vertical water-escape structures and abundant evidence of re-working (e.g. diamictite intraclasts, laminated clast coatings, slump

folds). In contrast, the observed upsection increase in strain intensity, abundance of ductile deformation features, pervasive tectonic lamination, and sub-horizontal water-

escape features act to support subglacial deformation under high cumulative stress and elevated porewater pressures.

Adapted after Evans et al. (2012) and Phillips (2006).
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act as an impermeable seal inhibiting vertical water escape, and (3)
friction at the ice-bed interface will generate abundant basal
meltwater, thereby increasing porewater content (Evans and
Hiemstra, 2005; Phillips et al., 2007; Lee and Phillips, 2008, 2011).
A common process in this scenario will be the development of
lateral water escape features (Roberts and Hart, 2005; Lee and
Phillips, 2008), in this succession generating abundant sub-
horizontal clay-filled conduits. These features, in conjunction with
well developed plasmic fabrics throughout (Fig. 5), support high
concentrations of impermeable clay minerals within the sediment,
which act to further retard water escape from the deforming bed
(Denis et al., 2009; Lesemann et al., 2010). These factors will thus
enable increased dilation of the sediment, whereby the zone of
subglacial shearing can extend deeper within the deforming
sediment pile (Lee and Phillips, 2008).

If porewater pressures continue to rise, stress at the ice-bed
interface will reach critical levels enabling the ice to decouple from
its substrate (Evans et al., 2006), especially in contact with
underlying bed irregularities. This will typically result in infill of
fine grained sediments within the subglacial cavity, preserved as
discontinuous lens-shaped beds (Evans and Benn, 2004; Lesemann
et al., 2010). This interpretation is favoured for the finely laminated
siltstone (Fig. 3f) recorded at the south-eastern margin of Log 3
(Fig. 2). In contrast, when porewater pressures are reduced, e.g. in
response to enhanced water escape or freezing of the subglacial
bed, porewater influenced deformation will be inhibited, poten-
tially leading to ‘locking-up’ of the deforming material (Evans et al.,
2006; Lee and Phillips, 2008). As a result, the previously water-
saturated sediment may undergo brittle brecciation, as recorded in
the middle brittle zone (Fig. 4b). The jig-saw fit pattern of adjacent
fractured surfaces (Fig. 5c) supports in situ brecciation of this unit,
consistent with rapid de-watering and deceleration of the mobile
deforming bed.

5.4. Ice marginal model for the deposition and deformation of the

Chuos Formation

Recent studies of stratified glacigenic diamictites within ice
marginal environments have advocated accumulation of thick,
variably deformed sediment piles through the combined effects of
high sediment supply and glaciotectonic thrusting (e.g. Evans and
Hiemstra, 2005; Ó Cofaigh et al., 2011; Evans et al., 2012). In these
settings, pre-existing stratification within the sediment, common-
ly produced in response to the heterogeneous sediment inputs
encountered at the ice margin, encourages deformation partition-
ing along bed surfaces. Repeated oscillations of the ice margin will
therefore exploit these pre-existing structural weaknesses, leading
to glaciotectonic thrusting and stacking, and hence incremental
thickening of the succession. Depending on the extent of ice
advance, these oscillations can also lead to overriding of the
sediment pile (Ó Cofaigh et al., 2011), resulting in subglacial as well
as ice marginal deformation.

A similar setting is envisaged to account for the sedimentologi-
cal and structural features preserved within the Chuos Formation



Fig. 7. Ice marginal model for the deposition and subsequent deformation of the Chuos Formation. Ice-proximal subaqueous deposition occurs through the combined input of

ice-rafted, englacial, supraglacial and subglacial debris, building out as ice-contact subaqueous fans. During grounding-line oscillations, these sediments undergo subglacial

deformation processes behind the ice front, periodic mass wasting in advance of the ice front, as well as proglacial to ice marginal intrastratal shear.

Modified after Ó Cofaigh et al. (2011) and Evans et al. (2012).
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(see Fig. 7). The development of sub-horizontal lamination at the
relatively less deformed base of Log 3 (Fig. 2), alongside the
widespread occurrence of stratified diamictites throughout the
Chuos Formation, support the generation of a syn-depositional, or
‘pre-existing’ stratification. Subsequent deformation of the sedi-
ment pile clearly resulted in deformation partitioning along bed/
lamina contacts since tectonic lamination, shear structures and
plasmic fabrics are bed-parallel throughout. These layer-parallel
detachments would therefore encourage lateral attenuation and
‘smearing’ of the deforming sediment, in contrast to the thrust-
related aggradation recorded in previous studies (e.g. Evans and
Hiemstra, 2005; Ó Cofaigh et al., 2011; Evans et al., 2012). This may
also reflect the subglacial position of the sediment throughout
deformation, where it would have been sheltered from proglacial
and ice marginal tectonics (Fig. 7).

6. Conclusions

The Chuos Formation in the Otavi Mountainland, northern
Nambia, accumulated in an ice-proximal subaqueous environment
prior to secondary subglacial deformation. Detailed analysis of
soft-sediment deformation structures was critical in determining
the presence and influence of grounded ice at this time. These
features, in conjunction with the deposition of ice-proximal
subaqueous fan deposits, and abundant ice-rafted debris at
recurrent stratigraphic intervals throughout the Chuos diamictites
act to support dynamic oscillations of the ice grounding-line.
Therefore, the unusual paucity of ‘classic’ glacial indicators (i.e.
striated and facteted clasts, striated pavements) does not preclude
Neoproterozoic glaciation, as frequently argued under sediment
gravity follow hypotheses. Soft-sediment deformation structures
are thus considered as key, and largely under-considered,
palaeoclimate proxies, with significant implications for determin-
ing the glacigenic origin of pan-global diamictite successions, as
well as the nature of subglacial bed conditions during the
Neoproterozoic icehouse.

Acknowledgments

The authors wish to thank Paulus N. Mungandjera and Ralph
J.C.M. Muyamba, UNAM, for their invaluable field assistance, and
the owners of Ghaub and Varianto Farms for granting permission
to examine these sections on their land. Many thanks also to John
Menzies, Bob Thomas and Emrys Phillips for very constructive
comments on an earlier draft of this manuscript.

References

Allen, P.A., Etienne, J.L., 2008. Sedimentary challenge to Snowball Earth. Nature
Geoscience 1, 817–825.

Arnaud, E., 2008. Deformation in the Neoproterozoic Smalfjord Formation, northern
Norway: an indicator of glacial depositional conditions? Sedimentology 55,
335–356.

Arnaud, E., 2012. The paleoclimatic significance of deformation structures in
Neoproterozoic successions. Sedimentary Geology 243–244, 33–56.

Benn, D.I., 1996. Subglacial and subaqueous processes near a glacier grounding line:
sedimentological evidence from a former ice-dammed lake, Achnasheen Scot-
land. Boreas 25, 23–36.

Benn, D.I., Evans, D.J.A., 1996. The interpretation and classification of subglacially
deformed materials. Quaternary Science Reviews 15, 23–52.

Benn, D.I., Prave, A.R., 2006. Subglacial and proglacial glacitectonic deformation
in the Neoproterozoic Port Askaig Formation, Scotland. Geomorphology 75,
266–280.

Bennett, M.R., Doyle, P., Mather, A.E., 1996. Dropstones: their origin and signifi-
cance. Palaeogeography, Palaeoclimatology, Palaeoecology 121, 331–339.

Bertran, P., Texier, J.-P., 1999. Facies and microfacies of slope deposits. Catena 35,
99–121.

Boulton, G.S., Hindmarsh, R.C.A., 1987. Sediment deformation beneath glaciers:
rheology and geological consequences. Journal of Geophysical Research 92,
9059–9082.

Brewer, R., 1976. Fabric and Mineral Analysis of Soils. Krieger, Huntington, 482 pp.
Carr, S.J., 2004. Micro-scale features and structures. In: Evans, D.J.A., Benn, D.I.

(Eds.), A Practical Guide to the Study of Glacial Sediments. Arnold, New York,
pp. 115–144.

Carr, S.J., Holmes, R., van der Meer, J.J.M., Rose, J., 2006. The last glacial maximum in
the North Sea Basin: micromorphological evidence of extensive glaciation.
Journal of Quaternary Science 21, 131–153.

Condon, D.J., Prave, A.R., Benn, D.I., 2002. Neoproterozoic glacial-rainout intervals:
observations and implications. Geology 30, 35–38.
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der Meer (2005) unless otherwise stated.
Dispersion tail: concentration of smaller grains or plasma in the lee of a larger grain.
Necking structure (Lachniet et al., 1999): variety of turbate structure. Alignment of
smaller grains occurs between adjacent larger grains.
Plasma: particles of colloidal size (<20 mm), including mineral and organic
material, within which individual grains cannot be discerned.
Plasmic fabric: orientation of plasma domains based on the optical properties
(birefringence) of aligned plasma particles. Common varieties include:

Asepic: anisotropic plasma domains with little to no preferred orientation. Sub-
varieties include Argillasepic (dominantly clay-sized particles) and Silasepic
(dominantly silt-sized particles).
Masepic: short plasmic fabric domains with a single preferred orientation.
Bimasepic: plasma particles exhibit two dominant preferred orientations.
Termed Lattisepic where these directions are perpendicular.
Insepic: small clusters of oriented plasma particles where clusters show no
preferred orientation.
Multisepic: multiple (>2) preferred plasmic fabric orientations.
Skelsepic: plasmic particles preferentially oriented around skeleton grains.
Omnisepic: random orientation of various plasmic fabric domains.
Unistrial: elongate, discrete bands of birefringent clay plasma.

Pressure shadow (Phillips et al., 2011): Typically massive domain of lower strain
adjacent to a clast. Synonymous with strain shadow.
Turbate structure (Hiemstra and Rijsdijk, 2003): circular arrangement of grains
around a core stone or stiff matrix. Long axes of oriented grains exhibit a parallel or
radial orientation relative to the margins of the core stone.
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ABSTRACT

The Sturtian is the oldest (ca 716 Ma) of three pan-global glaciations in the

Cryogenian. At Omutirapo, in northern Namibia, a 2 km wide, 400 m deep

palaeovalley is filled by glaciogenic strata of the Chuos Formation, which

represents the Sturtian glacial record. Sedimentary logging of an exceptionally

high-quality exposure permits detailed stratigraphic descriptions and

interpretations, allowing two glacial cycles to be identified. At the base of

the exposed succession, strong evidence supporting glaciation includes

diamictites, ice-rafted dropstones and intensely sheared zones of interpreted

subglacial origin. These facies collectively represent ice-proximal to ice-rafted

deposits. Upsection, dropstone-free mudstones in the middle of the

succession, and the absence of diamictites, imply sedimentation free from

glacial influence. However, the reappearance of glacial deposits above

indicates a phase of Sturtian glacial re-advance. Comparison with age-

equivalent strata in South Australia, where evidence for sea-ice free

sedimentation has been established previously, suggests that a Sturtian

interglacial may have been extensive, implying global-scale waxing and

waning of ice sheets during a Cryogenian glacial event.

Keywords Cryogenian, glacial, Namibia, Neoproterozoic, Sturtian.

INTRODUCTION

The snowball Earth hypothesis proposes a global
cover of ice at multiple times during the
Cryogenian (850 to 630 Ma) period of the
Neoproterozoic (Hoffman et al., 1998; Hoffman &
Schrag, 2002). The hypothesis has received sup-
port from climate modellers owing to the mathe-
matically attractive solution of accumulating ice
masses in the warm subtropics (Pollard & Kasting,
2005; Boyle et al., 2007). Another interpretation is
that pockets of open ocean persisted, and the term
‘slushball’ is often used to describe this scenario.
However, the ‘slushball’ models assume that there
were low evaporation rates in the tropics and
opaque tropical sea ice: two assumptions that are at
odds with contemporary understanding of climate
(Pollard & Kasting, 2005).

A wealth of sedimentological data including
ice-rafted debris (IRD; Condon et al., 2002), thick
diamictite successions recording a substantial
sediment flux from dynamic ice sheets (Leather
et al., 2002), wave-rippled surfaces intercalated
with diamictites (Allen & Etienne, 2008) and
hummocky cross-stratification (HCS) in glacio-
marine sequences (Le Heron et al., 2011a) is in
strong support of either small pockets, or large
zones, of open water as first proposed in the
‘slushball’ interpretation of Hyde et al. (2000).
Indeed, based on such empirical data, it is clear
that ice sheets were very dynamic (Allen &
Etienne, 2008). The present study presents strong
evidence for substantive wasting then re-growth
of ice sheets during the ca 715 Ma ‘Sturtian’
glaciation of Namibia. A high-quality sedimento-
logical dataset is presented from the Chuos
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Formation of northern Namibia (Fig. 1) from a
hitherto little described but spectacularly exposed
succession at Omutirapo (Fig. 2). By compar-
ing the Namibian deposits with age-equivalent
Australian counterparts, non-glacial deposits
are highlighted within Sturtian successions,
pointing to interglacial conditions. Based on
these new sedimentological data, it is inferred
here that Sturtian ice sheets waxed, waned and re-
advanced, with multiple glacial cycles potentially
recorded in this severe glacial event.

GEOLOGICAL BACKGROUND

The Neoproterozoic Otavi Group in northern
Namibia preserves two diamictite-rich succes-
sions (Fig. 3), each overlain by a deglacial cap
carbonate (Hoffmann & Prave, 1996), considered
in turn to record intense glaciation and rapid
climatic recovery (Hoffman et al., 1998). U–Pb
ages from the underlying Nauuwport volcanics
place the maximum age of the older diamictite
succession (Chuos Formation: Fig. 3) at
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Namibia and the location of the data
presented in this study, primarily
from Omutirapo at the western flank
of the Owambo Basin. Map after
Hoffman & Halverson (2008).
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747 ± 2 Ma (Hoffman et al., 1996), and the
younger Ghaub Formation (Fig. 3) diamictite is
constrained to 635Æ5 ± 1Æ2 Ma through U–Pb
dating of interbedded volcanic ash beds
(Hoffmann et al., 2004). Most recent research
has focused on this younger interval, with studies
advocating either palaeo-ice stream activity or
dynamic floating ice margin systems (Domack &
Hoffman, 2011) or, conversely, rejecting the
glacial hypothesis in favour of a mass flow origin
(Eyles & Januszczak, 2007). The older glaciogenic
succession, however, remains comparatively
neglected, as exposure quality is lower than its
younger counterpart.

Based on studies in the central zone of the
Damara orogen (Fig. 1), Gevers (1931) first con-
tended that the massive nature of diamictites in
the Chuos, their areal extent and local occurrence
of varves, supported a glacial interpretation.
Martin et al. (1985) and Porada (1983),
meanwhile, discarded this long-held view and
interpreted the central Damaran successions as
non-glacial gravity flow deposits. In support, the
latter author cited: (i) local clast derivation;
(ii) proximity to syn-sedimentary faults; and
(iii) intercalated quartzites, interpreted as turbi-
dite pulses.

Eyles & Januszczak (2007) developed similar
arguments to Martin et al. (1985) and Porada
(1983) to side against the glacial hypothesis for
the Chuos as well as the second, younger,
Cryogenian glacial succession (the Ghaub
Formation). For the Chuos, these workers note
that the Omutirapo section lies at the immediate

juncture between the Congo Craton and the
Damara Belt, which was cited to explain syn-
tectonic mass flows (the diamictites). The prob-
lem with this argument, however, is one of
timing. Separation of the Congo and Kalahari
cratons, which might conceivably produce slopes
to yield mass-flows, occurred long before Chuos
deposition, with alluvial fanglomerates of the
Nosib Group recording the rift phase (Hoffman &
Halverson, 2008; Miller, 2008). Thus, the rift to
drift transition, and accompanying passive-
margin development, is represented by Otavi
Group sedimentation (Fig. 3) (Miller, 2008).
Compressional deformation, producing slopes to
generate further mass flows and to juxtapose the
Damara Belt with the Congo Craton, occurred
much later when molasse of the Mulden Group
was deposited (Miller, 2008).

The present study presents new data, including
logged sections totalling ca 1000 m from four
traverses, which demonstrate a strong glacial
influence on sedimentation. The data permit
detailed insight into the dynamics of older
Cryogenian ice sheets (716Æ5 Ma, Sturtian:
Macdonald et al., 2010a). Furthermore, clear
evidence for non-glaciogenic sedimentation
within the middle of the succession, pointing to
intra-Sturtian ice-free conditions, is presented.

STUDY AREA

In the Khowarib Fold Belt, the Chuos Formation
wedges from ca 80 to 347 m in a north-east/south-
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west direction along a 3 km long continuous cliff
section to form a palaeovalley geometry,
exposed ca 15 km north-east of the village of
Warmquelle (Fig. 4). Evidence for a palaeovalley
at Omutirapo is three-fold: (i) progressive inci-
sion and truncation of the Ombombo Subgroup
occurs beneath the Chuos in a south-westerly
direction; (ii) dramatic thickness changes in the
Chuos are apparent from detailed sedimentary
sections; and (iii) clear onlap relationships of the
Chuos onto the Ombombo Subgroup can be
demonstrated (Figs 4 and 5). The diamictite
assemblage rests unconformably upon a mixed
succession of clastic and carbonate formations of
the Ombombo Subgroup (Fig. 3), shows signifi-
cant lateral thickness variations, and is discon-
formably overlain by stratified and stromatolitic
dolostones of the Rasthof Formation (Hoffman &
Halverson, 2008) (Fig. 4). Northward thickening
of the formations of the Ombombo Subgroup
beneath the sub-Chuos unconformity allows
approximately east/west striking growth faults
to be inferred (Hoffman & Halverson, 2008).
Furthermore, the region (Khowarib Fold Belt) is
ideally situated in the least deformed northern

margin of the Damara-Kaoko orogenic belt, sub-
ject only to sub-greenschist facies metamorphism
(Miller, 2008), and thereby permitting detailed
facies analysis with minimal tectonic overprint.
This interpretation lies in contrast to many earlier
studies of the older Cryogenian sequence (e.g.
Gevers, 1931; Martin, 1965; Henry et al., 1986;
Badenhorst, 1988), undertaken in the highly
deformed central Damara Zone to the south
(Fig. 1).

Detailed sedimentary logging enables a correla-
tion panel to be presented throughout the Chuos
Formation that illustrates the internal architec-
ture (Fig. 5). The correlation adopts the base-
Rasthof Formation disconformity as a datum,
emphasizing the degree of downcutting beneath
the Chuos Formation at the base of the
palaeovalley, and complete truncation of the
Okakuyu Formation (top Ombombo Subgroup)
to the south-west. The basal succession of the
Chuos Formation is not preserved at the north-
easternmost (thinnest) part of the exposure
(Fig. 5, Log 4), but comprises a sandy diamictite
in thicker sections of the Chuos Formation (Fig. 5,
Logs 1 to 3).

Fig. 4. Panoramic photograph, with accompanying sketch overlay/interpretation, of the Omutirapo palaeovalley.
Note the pronounced downcutting at the base of the Chuos Formation, representing the base of the palaeovalley,
onlap geometries in the palaeovalley fill and the location of measured sections presented on Fig. 5. Palaeovalley
closure is towards the south-west.
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Fig. 5. Logged sections, facies and interpreted stratal architecture of the fill to the Omutirapo palaeovalley. Note the
clear evidence for non-glacial facies (dropstone free shales, shown in green shading) in each of the measured sections.
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FACIES ANALYSIS

Within the Omutirapo palaeovalley, five facies
associations are recognized, namely: (i) massive
and graded diamictites; (ii) pebbly cross-stratified
sandstones; (iii) sheared diamictites; (iv) lone-
stone-bearing shale; and (v) clast-free shale.

Massive and graded diamictite facies
association

Description
Two distinct constituent facies comprise the
massive and graded facies association, both of
which make multiple stratigraphic appearances
in the Chuos Formation. The first of these is a
clast-rich, sandy diamictite, typically brown-
orange in colour, which is well-developed at the
very base of the Chuos Formation (Fig. 6A and B).
Clasts in this facies range from granule to boulder
size, are sub-angular to rounded, typically equant
and show no preferred orientation. Erratic
lithologies include orange-yellow dolostone
(particularly near the contact with the underlying
Ombombo Subgroup) quartzite, andesite, amyg-
daloidal basalt, vein quartz, greenschist-facies
pelites, leucogranite and sandstone. Locally,
clasts are striated (Fig. 6C): these are restricted
to the basal 10 m of the Chuos Formation. Bed
thicknesses range from 0Æ3 to 2 m. At the outcrop
scale, the massive diamictite facies association is
organized into ca 10 m deep, ca 25 m wide
channels and interchannel overspills (Fig. 6D).
The second facies comprises two end members: a
normally graded clast-poor sandy diamictite, and
better differentiated, normally graded sandstone
(Fig. 6E). These sub-facies are intercalated on
the decimetre scale: ‘floating’ 2 cm diameter
clasts are common to both. Graded intervals are
on the lamination scale (0Æ7 to 1Æ5 cm), flat-based
to slightly irregular, and repetitively stacked
(Fig. 6F). These normally graded laminations
form beds up to 0Æ75 m thick and are a compar-

atively minor component of the massive and
graded diamictite facies association.

Interpretation
The massive diamictites are interpreted as a series
of subaqueous glaciogenic debris flow (GDF)
deposits, with the graded diamictites and
sandstones interpreted as subordinate underflow
deposits. Texturally, the massive diamictites are
comparable with ‘plug flow’ deposits released from
meltwater point sources on a grounding line fan
(Powell, 1990). Flows hug the sea bed before
becoming buoyant and detached, thus transform-
ing into an underflow (Powell, 1990). In this
context, equant clasts and lack of internal structure
in bedding are expected. The organization of the
GDF deposits into channel and interchannel areas,
together with their thicknesses, is comparable with
many Quaternary examples such as those found
offshore Newfoundland (Tripsanas & Piper, 2008).

It is notable that the very substantial topogra-
phy on the Ombombo Subgroup records stepwise
incision to progressively deeper stratigraphic
levels towards the south-west (Fig. 4), through a
series of siliciclastic, and then carbonate, depos-
its (Fig. 5). The large number of non-sedimentary
clasts implies that these are not derived locally.
The stratigraphic concentration of striated clasts
in the basal 10 m of the Chuos Formation is also
noteworthy. No striated clasts were described by
Eyles & Januszczak (2007): ‘‘despite observation
of many hundreds of metres of thickness’’,
including Omutirapo. Otherwise identical occur-
rences of the massive and graded diamictite facies
association further upsection (Fig. 5) imply that
subsequent debris flows may have completely
eradicated striations on clast surfaces.

The ‘floating clasts’ in the graded diamictites
are explained adequately by the Postma et al.
(1988) model. In this model, larger clasts are
supported on a pseudo-laminar inertia flow layer
and are moved downslope in response to shear
stresses in the overlying turbulent part of the

Fig. 6. Photographs (A) to (F) show various facies in the massive and graded diamictite facies association, inter-
preted as glaciogenic debris flow deposits. (A) Stratigraphic contact between dolostones of the Devede Formation (at
Log 1, Fig. 4) and the Chuos Formation. Note 1Æ75 m tall geologist for scale. (B) Detail of the basal deposits – orange
weathering, massive, pebbly diamictites. Hammer for scale is 30 cm long. (C) Striated sandstone cobble within the
lower 10 m of the Chuos Formation. Namibian 50 c coin for scale (24 mm diameter). (D) Diamictite channel incising
older diamictites. (E) Graded diamictite bed (below coin) encased in normally graded sandstone laminae. Namibian
50 c coin for scale. (F) Detail of stacked fining upward laminae in sandstone (indicated by upward tapering arrows).
Namibian 50 c coin for scale. Photographs (G) and (H) show facies within the pebbly sandstone facies association
interpreted as jet efflux deposits. (G) Typically well-differentiated pebble conglomerates and sandstones. The first
pebbly bed above the hammer tip is planar cross-bedded, with foresets dipping at 20� towards the south-west (left in
the direction of view). Hammer is 30 cm long. (H) Well-differentiated sandstone laminae, some inversely graded,
others normally graded. Namibian 50 c coin for scale.
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flow. Thus, the large clasts in this facies associ-
ation are not interpreted as dropstones; rather, a
within-flow sorting mechanism is envisaged to
explain this texture. This interpretation is fa-
voured owing to the lack of deformation/impact
structures beneath the clasts typically associated
with dropstones. Based on evidence from the
pebbly cross-stratified sandstone facies associa-
tion (see below), it is possible to infer that the
basement clasts may have been sourced from the
east (i.e. from the Congo Craton). In the Chuos of
the central Damara Belt, Henry et al. (1986)
contended that the presence of extrabasinal
clasts, together with dropstone textures, were
two of the strongest pieces of evidence for a
glacial influence on deposition. At Omutirapo,
parallels can be drawn between the massive and
graded diamictites at the base of the palaeovalley
with ice-proximal sediments in subglacially cut
‘tunnel valley’ networks (>1 km wide meltwater
channels) where matrix-supported conglomerates
and diamictites pass laterally and vertically into
better differentiated underflow deposits or turbi-
dites (e.g. Lang et al., 2012). This possibility is
given full consideration later, in the context of
palaeovalley genesis and fill.

Pebbly cross-stratified sandstone facies
association

Description
These deposits comprise red-coloured, clast-sup-
ported pebble conglomerates and sandstones in
beds of 0Æ5 to 2 m thickness. Conglomerate beds
are normally graded. Pebbles typically are mod-
erately rounded to rounded, and a north-east
dipping imbrication fabric of discoid quartz clasts
(Fig. 6G) can be demonstrated locally. Low-angle
cross-stratification is also developed. Owing to
the poor exposure of this facies association, it was
not possible to obtain palaeoflow measurements,
although low-angle (<15�) planar foresets dip
towards the south-west (Fig. 6G). The conglo-
merate and sandstone intervals are well-differen-
tiated. At a centimetre-scale, coarse-grained and
fine-grained sandstones alternate (Fig. 6G). The
laminae exhibit both normal and reverse grading.
In a typical exposure of this facies association,
three or four stacked beds occur: these show an
overall upward diminution in clast size in the
conglomerates.

Interpretation
The pebbly cross-stratified sandstone facies asso-
ciation is interpreted as a series of jet efflux

deposits released in proximity to a subglacial
conduit. In ice-proximal settings, over a distance
of several kilometres, a zone of flow establish-
ment (characterized by debrites) typically passes
into a zone of flow transition (clast-supported,
cross-stratified gravels) and distally/downcurrent
to upper flow regime conditions (antidune-bear-
ing sands) (Hornung et al., 2007). Thus, in this
way, the clast-supported, cross-stratified, imbri-
cated pebble conglomerates are interpreted to
represent a gravelly bedform deposited in the
zone of flow establishment. The imbricate clasts,
together with the south-west dipping low-angle
planar foresets, imply sediment transport to the
south-west. Thus, in the pebbly cross-stratified
sandstone facies association, sediments are inter-
preted to have been sourced from a meltwater
conduit to the north-east.

In the interbedded sandstones, the distinction
between coarsening-upward and fining-upward
laminae within these beds may suggest that
these structures formed through the ‘burst/sweep
process’ (Cheel & Middleton, 1986). In this
process, fining upward laminae originate
through the gravitational fall out of grains that
have been carried upward into suspension by a
current ‘burst’, whereas coarsening upward lam-
inae evolve in response to dispersive pressures
operating near the base of the boundary layer
due to the passage or ‘sweep’ of high-speed fluid
near the base of the bed (Cheel & Middleton,
1986). These processes are typical of a rapid
current, upper flow regime (Ashley, 1990),
potentially the downcurrent equivalents of the
cross-stratified conglomerates (Hornung et al.,
2007). Note that the alternating fine-grained
and coarser-grained sand laminae could superfi-
cially be mistaken for varvites, a preferred
interpretation of Gevers (1931) from the Chuos
of the Damara Belt.

Sheared diamictite facies association

Description
Multiple horizons in the Chuos Formation exhibit
diamictites that are stratified, deformed and
attenuated. Continuously stratified sections of
clast-poor diamictite occur over several metres,
with clear separation of more argillaceous and
more arenaceous layers (Fig. 7A). A slaty cleavage
is observed (Fig. 7B), particularly in the finer-
grained layers, which cross-cuts the soft-sediment
deformation structures described below. By con-
trast with the massive and graded diamictite
facies association, attenuated and elongate clasts
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are common, and these are locally injected and
fractured by bedding parallel sandstone sheets
(Fig. 7C). Rotational deformation structures are
commonplace, with an abundance of galaxy
structures (Phillips, 2006; Phillips et al., 2011)
and necking structures observed at the macro-
scale (Fig. 7D and E). These structures indicate a
top to the south-west sense of rotation. Dispersion
tails are also commonly observed adjacent to
highly attenuated siltstone clasts (Fig. 7F). No
clasts were observed to protrude from an under-
lying bed into an overlying bed. Finally, perva-
sive lineations are developed in sandy diamictite
intervals where prolate/rod geometries are con-
spicuous and trend approximately north-east/
south-west. Within each stratigraphic occurrence
(Fig. 5), the intensity of deformation in each shear
zone usually increases upsection.

Interpretation
Layering in sheared diamictites is attributable to
stratification of primary sedimentary origin, and
pervasive attenuation of, for example, soft-sedi-
ment clasts and rootless folds (e.g. Roberts & Hart,
2005). At Omutirapo, clearly developed stratifi-
cation within the sheared diamictite facies asso-
ciation is interpreted as primary subaqueous in
origin. The multiple occurrences of sheared dia-
mictite throughout the succession are interpreted
to record subglacial deformation beneath an
oscillating ice margin for the following reasons.
The cross-cutting cleavage at a high angle to
bedding and deformation structures demonstrates
that the latter are soft-sediment in nature, and
hence a tectonogenetic origin for the shear zones
can be rejected. Thus, two interpretations remain:
(i) shearing within a mass flow; or (ii) subglacial
deformation. It should be emphasized that, in
most analyses of Quaternary deformation struc-
tures, microscale observations normally inform
interpretations (e.g. van der Meer, 1993; Phillips,
2006; Phillips et al., 2011), yet the following
necessarily derives from macroscopic features.

Clast fracture and injection (sedimentary dykes
and sills) are common in debrites (Menzies &
Zaniewski, 2003) but they also occur subglacially
(Le Heron & Etienne, 2005). The presence of
galaxy structures, necking structures and disper-
sion tails (Phillips, 2006) implies the attenuation
of soft (non-consolidated) clasts. Turbate/galaxy
structures can record clast rotation during simple
shear of subglacial sediment, but may also occur
in mass flows provided that turbulence can
develop (Phillips, 2006). Thus, the top to the
south-west sense of shear in the galaxy structures

could equally be interpreted as glacial advance or
downslope instability in this direction.

Fortunately, the other features permit less
equivocal interpretations. Firstly, the observed
dispersion tails are ubiquitous in subglacial shear
zones but rare in debrites (van der Meer, 1993;
Hart & Roberts, 1994; Menzies et al., 1997; Lachn-
iet et al., 2001; Evans & Benn, 2004). Secondly,
protruding clasts typically occur on the exposed
surface of debrites, which in the rock record
pierce overlying beds (Arnaud, 2012): none are
observed in this facies association. Thirdly, per-
vasive lineations, directly comparable with those
developed in Omutirapo, occur in the Late
Ordovician glacial record of Libya, where they
are capped by soft-sediment-striated surfaces of
subglacial origin (Le Heron et al., 2005). These
features have not been described in debrites.
Finally, the upward increase in deformation
intensity in each occurrence of the sheared
diamictite facies association is compatible with a
subglacial glacitectonic shear zone. An upward
increase in deformation within Quaternary glaci-
tectonites is observed in many cases because
strain is greatest near the ice–bed interface (e.g.
Hart & Roberts, 1994; McCarroll & Rijsdijk, 2003;
Arnaud, 2008, 2012; Weaver & Arnaud, 2011),
although it is recognized that, in some instances,
deformation may be partitioned at multiple levels.
By contrast, in a debris flow, deformation inten-
sity typically is greatest at the base (Nardin et al.,
1979; Lowe, 1982; Mulder & Alexander, 2001).
Overall, the intensity of deformation contrasts
vividly with the total absence of deformation in
the debris flows and subordinate underflow
deposits of the massive and graded diamictite
facies association, which also appear recurrently
throughout the Chuos Formation (Fig. 5). The
repeated occurrence of subglacial shear zones in
the stratigraphy of the Chuos Formation may
suggest, by analogy to Cenozoic glaciomarine
sequences of the south-west Ross Sea, Antarctica
(Hambrey et al., 2002), repeated grounding of a
periodically buoyant tidewater ice sheet.

Lonestone-bearing shale facies association

Description
Green, brown and grey lonestone-bearing shale,
in successions up to 70 m thick (Fig. 5, Log 3, 50
to 120 m), is represented in multiple stratigraphic
occurrences at Omutirapo. Two end-member
facies are recognized, viz. pure shale and silty
shale that are intercalated on the centimetre scale;
in both, lonestones are of granule to cobble-size,
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and include the same lithologies as the massive
and graded diamictite facies association. Clasts
are of the same range of lithologies found in the
massive and graded diamictite facies association.
These clasts range from angular to sub-rounded;
their lower contacts typically depress and punc-
tuate shale laminae to form an impact structure
(Fig. 8A and B). Laminae are deformed/deflected
to a much lesser extent above than below the
clasts (Fig. 8A and B).

Interpretation
The lonestone-bearing shale facies association is
interpreted as paraglacial hemipelagic muds inter-
rupted by IRD. The observation that the greatest
deflection (and locally puncturing) of laminae
occurs beneath clasts rather than above them
strongly implies that these are released through
iceberg meltout (Condon et al., 2002; Leather
et al., 2002; Le Heron et al., 2011b). Alternatively,
given the south-west-oriented palaeoslope clearly
recognized beneath the Chuos Formation, these
deposits could record deposits from shorefast ice
(e.g. Halverson et al., 2004). The absence of shear
textures/deformation structures in the lonestone-
bearing shale facies association allows debris-flow
rafting of large clasts to be discounted. These
interpretations are incompatible with the overall
conclusions of Eyles & Januszczak (2007), which
did not recognize dropstones, and which, in shale,
chart a very strong case for a glacial influence.

Clast-free shale facies association

Description
Light green to brown shale, devoid of clasts,
occurs in each of the logged sections, represent-
ing the medial part of the palaeovalley fill at
Omutirapo (Fig. 5). Unlike argillaceous deposits
in the lonestone-bearing shale facies association,
the clast-free shale does not include a silty-shale
end member. Owing to the recessive character of
shale, this facies is only intermittently exposed
(Fig. 8C to E).

Interpretation
Unlike each of the facies associations described
above, the clast-free shale facies is unique in
lacking evidence for glacial processes, or processes
associated with glacial activity. The homogenous
nature of these deposits makes them difficult to
interpret but the absence of siltstone discounts
sedimentation via very distal underflows. There-
fore, a hemipelagic fallout interpretation is pre-
ferred. The absence of either HCS or wave ripples
precludes water depth estimation. Thus, greatest
emphasis is placed on the wider context of these
clast-free facies, set against the stratigraphic evo-
lution of the Chuos Formation below.

STRATIGRAPHIC ARCHITECTURE AND
ICE SHEET DYNAMICS

The preceding analysis has established a strong
glacial influence on sedimentation in the Chuos
Formation of northern Namibia that can be sum-
marized as subglacial deformation (sheared dia-
mictite), glaciogenic debris flows interspersed
with underflows (massive and graded diamictite),
ice-proximal jet efflux deposits (pebbly cross-
stratified sandstone), IRD (lonestone-bearing
shale) and non-glacial, hemipelagic fallout
(clast-free shale). A schematic depositional model
showing the interpreted inter-relationships of the
facies associations during ice sheet re-advance is
shown in Fig. 9. Below, the vertical and lateral
stacking patterns of facies at Omutirapo are
considered to infer ice sheet advance and retreat
cycles. On the basis of the present data, the
1000 m thickness quoted in Eyles & Januszczak
(2007) for the Omutirapo section is clearly an
over-estimation (Fig. 4).

There are several possible interpretations of
palaeovalley genesis. Growth sequences in the
Ombombo suggest that an east/west growth fault
controlled the location of the palaeovalley
(Hoffman & Halverson, 2008). The palaeovalley
may represent: (i) a large incision of fluvial or

Fig. 7. The sheared diamictite facies association. (A) General view of the well-bedded aspect of these deposits, with
hammer for scale circled (30 cm long). (B) Fold structures in a buff coloured sandy diamictite layer encased within
dark-grey muddy diamictite. Note that the fold structures are cut by a cleavage, demonstrating that the fold structures
formed in a pre-tectonic phase, thus affecting unconsolidated sediments. (C) Sandstone sheet cross-cutting an
attenuated dolostone clast, thus interpreted as a sandstone injectite. Namibian 50 c coin for scale (24 mm diameter).
(D) Evidence of rotational deformation – a galaxy structure (Phillips, 2006; Phillips et al., 2011) identified by the
‘wings’ on the perimeter of the clast, indicating that it was unconsolidated during deformation, and a necking
structure indicated pre-boudinage extension of the clast ‘wing’. (E) Detail of the galaxy structure developed in (D). (F)
Highly attenuated green siltstone clasts with dispersion tails. Field of view is ca 10 cm wide. (G) and (H) Photograph
and sketch of pervasive lineations, with characteristic prolate geometries, in a sandy part of a sheared diamictite.
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submarine origin; (ii) an ice-carved incision (i.e.
part of a sub-ice stream, cross-shelf trough: e.g.
Andreasson et al., 2004); or (iii) a tunnel valley
(subglacial meltwater incision cut under elevated
hydrostatic pressures: O’Cofaigh, 1996). The
depth of the incision (ca 267 m) is an order of
magnitude greater than lowstand fluvial incised
valleys (e.g. Allen & Posamentier, 1993; Thomas &

Anderson, 1994), but compares closely with deep
tunnel valleys described from the Late Ordovi-
cian of Algeria (Lang et al., 2012). Although fold-
ing/deformation beneath the Ombombo-Chuos
contact is not observed (unlike many tunnel
valley incisions: O’Cofaigh, 1996), the GDF
deposits (massive and graded diamictite facies
association) imply ice-proximal sedimentation

A B

C D

E F

Fig. 8. (A) and (B) Examples of lonestones of pink quartzite punctuating, with impact structures, green shale: the
lonestone-bearing shale facies association. These deposits are interpreted as ice-rafted debris (IRD). Hammer for scale
is 30 cm long. (C) Basal outcrop of the clast-free shale facies association, showing fairly continuous exposure of grey
shale. (D) and (E) General view and close-up of the upper part of the clast-free shale facies association in the middle
part of the palaeovalley. The interval figured in (C) and (D)/(E) corresponds to the base and top of the ‘dropstone-free
interval’ in Fig. 5.
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comparable with that developed in the early
stages of tunnel valley fill (Lang et al., 2012).
Thus, the Omutirapo structure is tentatively
interpreted as a tunnel valley incision.

In accordance with sequence stratigraphic
methodologies developed for ancient glacial
sequences (e.g. Ghienne et al., 2007), coarsening
versus fining upward motifs in the Omutirapo
palaeovalley fill may allow ice sheet advance/
retreat cycles to be inferred. The basal series
shows little to no vertical grain-size variation
upward (massive and graded diamictite: an ag-
gradational stacking pattern). In the thickest
logged sections, the sheared diamictite facies
association (‘Shear Zones’: Logs 1 and 2; Fig. 5)
is well-developed. These intervals are more
numerous towards the south-west (Log 1, 10 to
40 m; Fig. 5). The aggradational, basal series is
capped by a conglomerate/sandy diamictite in
each logged section, and this passes upward into
the lonestone-bearing shale facies association that
represents the base of a generally retrogradational
medial series (Fig. 5). These latter deposits are
characterized by dramatic lateral and vertical

facies variations. These features include: (i) fin-
ing-up cycles of conglomerate through cross-
bedded sandstone (Log 1, 120 m and 130 m;
Fig. 5); (ii) diamictite channels, with evidence of
channel–channel truncation (Log 1, 140 m and
Log 2, 72 m; Fig. 5); and (iii) onlap relationships
against the basal fill (Figs 4 and 5, between Logs 2
and 3). The massive and graded diamictite facies
association is intercalated with the lonestone-
bearing shale facies association in this part of the
Chuos Formation (for example, Log 3, 90 to
100 m; Fig. 5).

Towards the top of the retrogradational, medial
series, diamictites and dropstone-bearing inter-
vals pass upward into green shales that are
devoid of lonestones (i.e. the clast-free shale
facies association) (Fig. 9). The dropstone-free
zone can be recognized in each of the logged
sections and correlated between them (Fig. 5).
Upward, above the dropstone-free interval, a
coarsening upward (thus progradational) succes-
sion is observed in each of the sections, locally
culminating in a sheared diamictite (Log 4, 73 m;
Fig. 5). The coarsening upward package consists

Fig. 9. A simple depositional model for the Chuos Formation at Omutirapo during re-advance of the ice sheet
following deposition of the clast-free shale facies association. An ice margin grounded in a subaqueous environment
is envisaged. Note that during re-advance, the basal and medial palaeovalley fill succession, deposited during the
first glacial retreat, is protected from cannibalization. For clarity, this model shows the sheared diamictite facies
association beneath the re-advancing ice in the intervalley area: it should be noted that, with continuing advance,
ice-contact fan deposits will become deformed by subglacial shear.
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of increasingly numerous dropstones in siltstone
and shale, transitional into silty sandstone and
occasionally diamictites. This latter succession is
sharply truncated by either an occurrence of the
massive and graded diamictite facies association
(Log 1, 280 m; Fig. 5) or the pebbly cross-strati-
fied sandstone facies association (Log 4, 94 m;
Fig. 5). This diamictite thus rests on an intra-
Chuos disconformity that can be correlated
between each of the logs (Fig. 5).

Above the intra-Chuos disconformity, the final,
uppermost part of the succession comprises silty
and sandy diamictites broadly organized into a
fining-up (hence retrogradational) package. The
finer-grained intervals in the uppermost part of
the Chuos are recessive and intermittently
exposed, and thus non-exposure characterizes
the transition into the Rasthof Formation in two
instances (Logs 1 and 2; Fig. 5). The overlying
Rasthof Formation, which rests in sharp contact
on the Chuos where observed, is divisible into
two main facies: (i) laminated limestones; and (ii)
stromatolitic limestones (Log 3, 220 to 238 m;
Fig. 5).

At Omutirapo, the interpretation by the present
authors of the stratigraphic evolution of the Chuos
Formation is as follows. Striated cobbles, in the
basal part of the palaeovalley, imply an ice-
contact setting. The organization of some
diamictites into channels (Fig. 6D) is consistent
with abundant meltwater availability in this set-
ting, or perhaps gravity-induced re-mobilization
of glacial sediments (Eyles & Januszczak, 2007) at
the steep palaeovalley margins. Some occurrences
of the sheared diamictite facies association are
restricted and cannot be traced along strike
(cf. Logs 1 and 2; Fig. 5), implying that they
formed during restricted re-advance across the
palaeovalley and/or local grounding of a floating
ice margin. The occurrence of this facies associ-
ation within an aggradational stacking pattern
supports the interpretation of a stable ice margin.
Together, the massive and graded diamictites and
the pebbly cross-stratified sandstone facies asso-
ciation represent ice-contact fan sedimentation at
a subaqueous ice margin (Fig. 9). In this model,
the textural differences in these facies associa-
tions relates to the position of the jet efflux
conduit, prevailing hydraulic conditions on the
sediment surface and sediment composition (e.g.
Hornung et al., 2007). The conglomerate/sandy
diamictite that caps the basal succession repre-
sents such an ice-contact fan deposit.

The upward transition into lonestone-bearing
mudrocks in the medial series of the palaeov-

alley, in tandem with onlap relationships
demonstrable on the panoramic photograph
(Fig. 4) and the retrogradational stacking pat-
tern, are interpreted as the signature of ice-front
recession. Given that the thick diamictite chan-
nels (for example, Log 1, 145 to 228 m; Fig. 5)
are immediately followed by deposits of the
lonestone-bearing shale facies association (IRD),
it is suggested that the rapid ice sheet retreat
ensued. This stacking pattern is compatible
with sequence-stratigraphic models specifically
developed for ice sheets rapidly retreating from
palaeovalleys (Ghienne et al., 2007). Given the
context of ice sheet retreat, the dropstone-free
zone potentially implies IRD-free seas, and thus
interglacial conditions. A maximum flooding
surface is thus placed within the dropstone-free
zone, which is tentatively interpreted to
record an interglacial sea-level maximum (Figs 5
and 9).

Resumption of progradation within the Omuti-
rapo palaeovalley – including the progressive
re-appearance of IRD-bearing siltstones and
shales, and increase in volume of diamictite – is
interpreted as the transition from interglacial
conditions to a glacial re-advance scenario. An
occurrence of the sheared diamictite towards the
top of this progradational package is compatible
with renewed ice sheet grounding and subglacial
deformation (Fig. 9). Thus, the unconformity that
truncates this package is tentatively interpreted as
a subglacial erosion surface (Fig. 5). This strati-
graphic motif compares with the ‘sequence
boundaries’ recognized by Fielding et al. (2000)
from the Cenozoic glaciomarine succession of the
south-west Ross Sea, Antarctica, which were
suggested by Hambrey et al. (2002) to record
periodic ice-sheet grounding at a tidewater mar-
gin. The fining-upward diamictite package above
(for example, Log 1, 278 to 357 m; Fig. 5) is
interpreted as a grounding line moraine: its lateral
extent across the palaeovalley stands in contrast
to the diamictite channels beneath. The retrogra-
dational nature of this uppermost unit is compat-
ible with ice sheet recession. Thus, although the
contact with the overlying Rasthof Formation is
sharp where observed (Logs 2 and 4; Fig. 5),
terminal ice sheet recession appears to have been
more gradual than initial retreat at the onset of the
interglacial phase. This observation can simply be
explained by an ice front retreating over a topo-
graphically subdued shelf (Ghienne et al., 2007).
This behaviour is to be expected given glacial re-
advance over a palaeovalley already largely filled
with sediment.
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DISCUSSION AND CONCLUSIONS

The above analysis has demonstrated that the
Omutirapo palaeovalley fill contains a clear gla-
cial retreat–re-advance–retreat signature (Fig. 9).
The well-developed, dropstone-free interval is
herein suggested to represent interglacial sedi-
mentation, in which a maximum flooding surface
is recognized, representing an interglacial sea-
level high. The snowball Earth hypothesis recog-
nizes three putative glacial episodes: the Sturtian,
Marinoan and Gaskiers events (Hoffman &
Schrag, 2002). If it were assumed that, on the
basis of geochemical signatures, the Sturtian
glaciation was isochronous and global (ca
716Æ5 Ma: Macdonald et al., 2010b), rather than
one of several diachronous ice house events
(Allen & Etienne, 2008), internal correlation
might be possible between diamictite-prone suc-
cessions of Sturtian age on different continents. It
should be emphasized that, in Namibia, the
outcrop quality of Omutirapo is exceptional and
that the Chuos is patchy elsewhere (Hoffman &
Halverson, 2008). The Omutirapo succession is
also exceptionally thick in comparison with
neighbouring sections (Hoffman & Halverson,
2008) implying that substantial accommodation
space during deposition protected interglacial
deposits from cannibalization by re-advancing
ice sheets. This implication is also supported by
the observation here that the interpreted subgla-
cial erosion surface at the top of the palaeovalley
is essentially a disconformity (Fig. 5) and not a
deeply channelled discontinuity. Furthermore, at
Omutirapo, onlap geometries are clearly ex-
pressed throughout (Fig. 4), clearly demonstrat-
ing excellent stratal preservation. The present
authors envisage a tidewater ice margin that, in
addition to a major retreat–re-advance cycle, was
subject to periodic oscillations. Buoyancy, per-
haps as a result of tidal effects, resulted in
repeated floating and grounding of the ice margin;
this would account for the mismatch in the
number of subglacial shear zones across the
palaeovalley (Figs 5 and 9).

Under the snowball Earth model, the Chuos
Formation correlates perfectly with the Sturt Til-
lite and its lateral equivalents in South Australia
(Hoffman & Schrag, 2002). During the Sturtian
glaciation at ca 716Æ5 Ma (Macdonald et al.,
2010b), northern Namibia and South Australia
lay at opposite ends of the Rodinia supercontinent
(Collins & Pisarevsky, 2005). Le Heron et al.
(2011a,b) provided detailed descriptions of these
strata at the Holowilena South homestead in the

central Flinders Ranges. At Holowilena, the Stur-
tian succession comprises the Pualco Tillite (gla-
ciogenic debris flows), overlain by the Holowilena
Ironstone (glacioturbidites); these pass up into
pebbly diamictite of the lowermost Wilyerpa For-
mation (glaciogenic debris flows), succeeded by
hummocky cross-stratification-bearing sandstones
and siltstones (storm deposits). These latter depos-
its are capped by a ca 2 km thick ice-rafted debris-
rich unit, deposited during ice sheet re-advance, in
which hummocky cross-stratification is lacking.
Storm waves are required to generate hummocky
cross-stratification, thus implying sea-ice free
conditions prior to glacial re-advance (Le Heron
et al., 2011a). The hummocky cross-stratification-
bearing interval appears ca 2 km below the
Tindelpina Shale member of the Tapleys Hill
Formation, which records post-glacial flooding
and non-glacial hemipelagic shale and underflow
deposition. In South Australia, a significant phase
of rifting preceded glaciation, and diamictite-rich
successions were deposited in local ‘troughs’,
grabens and palaeo-lows (Le Heron, 2012 and
references therein). On this basis, correlation
between the dropstone-free interval of the Chuos
Formation with interglacial, hummocky cross-
stratified sandstones of the Yudnamutana Sub-
group in Holowilena, South Australia (Le Heron
et al., 2011a) may be proposed.

In any glacial succession, cannibalization of
earlier glacial cycles by successive advances can
never be fully discounted. However, considering
the high accommodation space settings of Omu-
tirapo (Fig. 9) and Holowilena, and hence preser-
vation potential, it can be argued that these regions
provide an excellent opportunity to identify intra-
Sturtian global events. Considering evidence from
Omutirapo (the clast-free shale facies association)
and Australia (the hummocky cross-stratification-
bearing interval in the middle of the Wilyerpa
Formation) in tandem identifies clear non-glacial
facies in the middle of each succession. Existing
chronostratigraphic frameworks for the Cryoge-
nian glaciations (Macdonald et al., 2010b) are
permissible of a global-scale interglacial, although
the concept of major ice-free interglacials during
the supposedly global ice cover may be difficult to
reconcile with current interpretations of snowball
Earth (Hoffman & Schrag, 2002).
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ABSTRACT

The Bolla Bollana Formation is an exceptionally thick (ca 1500 m), rift-

related sedimentary succession cropping out in the northern Flinders

Ranges, South Australia, which was deposited during the Sturtian (mid

Cryogenian) glaciation. Lithofacies analysis reveals three distinct facies

associations which chart changing depositional styles on an ice-sourced

subaqueous fan system. The diamictite facies association is dominant, and

comprises both massive and stratified varieties with a range of clast compo-

sitions and textures, arranged into thick beds (1 to 20 m), representing

stacked, ice-proximal glaciogenic debris-flow deposits. A channel belt facies

association, most commonly consisting of normally graded conglomerates

and sandstones, displays scour and fill structure of ca 10 m width and 1 to

3 m depth: these strata are interpreted as channelized turbidites. Rare

mud-filled channels in this facies association bear glacially striated lone-

stones. Finally, a sheet heterolithics facies association contains a range of

conglomerates through sandstones to silty shales arranged into clear, nor-

mally graded cycles from the lamina to bed scale. These record a variety of

non-channelized turbidites, probably occupying distal and/or inter-channel

locations on the subaqueous fan. Coarsening and thickening-up cycles,

capped by dolomicrites or mudstones, are indicative of lobe build out and

abandonment, potentially as a result of ice lobe advance and stagnation.

Dropstones, recognized by downwarped and punctured laminae beneath

pebbles to boulders in shale, or in delicate climbing ripple cross-laminated

siltstones, are clearly indicative of ice rafting. The co-occurrence of ice-raf-

ted debris and striated lonestones strongly supports a glaciogenic sediment

source for the diamictites. Comparison to Pleistocene analogues enables an

interpretation as a trough mouth fan, most probably deposited leeward of a

palaeo-ice stream. Beyond emphasizing the highly dynamic nature of

Sturtian ice sheets, these interpretations testify to the oldest trough mouth

fan recorded to date.

Keywords Flinders Ranges, glaciation, ice stream, Neoproterozoic, snow-
ball Earth, Sturtian, trough mouth fan.
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INTRODUCTION

The northern Flinders Ranges of South Australia
expose an extremely thick succession of diamic-
tites that were deposited during the Sturt glacia-
tion (Young & Gostin, 1991; Preiss et al., 2011)
at ca 715 Ma (Macdonald et al., 2010). In Arkar-
oola (Fig. 1), these deposits were first described
by Mawson (1941, 1949) and interpreted as
terrestrial glacial deposits. By contrast, glacio-
marine interpretations were offered by Young &
Gostin (1991) by the recognition of dropstone
fabrics. The deposits are highly contentious and
significant to debates focused on the intensity
and extent of Cryogenian glaciations (e.g.
Etienne et al., 2007; Fairchild & Kennedy, 2007;
Allen & Etienne, 2008), particularly because
South Australia can be regarded as a type area
for the ‘Sturtian’ pan-glacial event (Hoffman &
Schrag, 2002).

For some, scepticism surrounds the interpreta-
tion of many Cryogenian diamictite-bearing suc-
cessions, such as those in the Flinders Ranges. A
mechanism of diachronous rift shoulder glacia-
tion, during the fragmentation of Rodinia, was
proposed by Eyles & Januszczak (2004). In that

model, debris flows were fluxed into rift basins.
In Namibia, for example, it was proposed
that some diamictites were deposited by non-
glacially influenced gravity flow deposits (Eyles
& Januszczak, 2007), amplifying the earlier non-
glacial interpretations by Schermerhorn (Scher-
merhorn & Stanton, 1963; Schermerhorn, 1974).
Such studies have hence stimulated questions
about the clarity of the glacial signature in
Neoproterozoic sedimentary successions. Recent
examples worldwide, however, highlight the
diverse range of reliable glaciogenic proxies pre-
served, despite tectonically active basin configu-
rations (e.g. Arnaud, 2012; Busfield & Le Heron,
2013; Le Heron et al., 2011; Le Heron, 2012; Uh-
lein et al. 2011). These studies provide substan-
tive evidence for glacial processes during the
Neoproterozoic, irrespective of the scale of inter-
preted ice sheets (cf. Allen & Etienne, 2008).

In this study, a detailed facies analysis of the
Bolla Bollana Formation in the northern Flin-
ders Ranges (Figs 1 and 2) is undertaken, pre-
senting data from three outstanding exposures.
The succession is part of a classic diamictite
succession which has not been subjected to
detailed investigation for over 20 years. The data

Fig. 1. Geological sketch map of the Arkaroola region (modified and simplified after Coats, 1973). Note the loca-
tion of the Tillite Gorge, Stubb’s Waterhole and Weetootla Gorge sections which are shown in Fig. 4.
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were collected as part of a six week field cam-
paign in August 2012.

STUDY AREA AND STRATIGRAPHY

In the Arkaroola district of the northern Flinders
Ranges, the lowermost of two Neoproterozoic
diamictite-bearing intervals is exposed. These
rocks belong to the Yudnamutana Subgroup
(Fig. 3). A three-fold subdivision of this sub-
group is recognized: the Fitton Formation occurs
at the base, the Bolla Bollana Formation in the
middle and the Lyndhurst Formation is the
uppermost unit (Fig. 3). The Bolla Bollana For-
mation was first examined in the Arkaroola dis-
trict by Mawson (1941, 1949). This pioneering
work offered a terrestrial glacial origin for the
diamictites. The formation itself was defined by
Coats (in Thomson et al., 1964) as a sub-grey-
wacke tillite of massive character with interca-
lated quartzite and siltstone. Young & Gostin
(1988, 1989, 1990, 1991) studied the Sturtian
succession within the North Flinders Basin

(NFB), a sub-basin within the Adelaide Fold
Belt that Preiss (1987, 1999) argued was proba-
bly disconnected from depocentres in the cen-
tral and southern Flinders Ranges. Each paper
presented a series of sedimentary logs and
facies descriptions, recognizing a comparable
stratigraphic subdivision across the area. The
dramatic increase in knowledge of sedimentary
processes at tidewater ice margins since the time
of Mawson motivated Young & Gostin (1989,
1991) to re-interpret the Bolla Bollana Formation
as glaciomarine. Regional mapping (Coats, 1973)
demonstrates that the Bolla Bollana Formation
is extensive in the eastern part of the Copley
Sheet, and is particularly well-exposed to the
east and south of Arkaroola (Fig. 1). When sum-
marizing the regional stratigraphy, Young &
Gostin (1991) published a map showing how
sediment dispersal, surmised from a variety of
palaeocurrent indicators, testifies to the inter-
play of extensional tectonics, forming graben-
like minibasins and palaeohighs (Fig. 2).

The Bolla Bollana Formation trends towards
massive in character in the south of the NFB,

N
o

r t h

S l o p e

C  e  n  t  r  a l     “H  i  g  h”

S  o  u  t  h 
R  i  m

1

2
0             10      20           30 km

Sturtian glacigenic strata

Palaeocurrent readings
(average 20 per site)

Fault zone

1. Yankaninna Anticline
2. Norwest Fault

Fig. 2. Northern Flinders Basin map, reproduced from Young & Gostin (1991). The palaeocurrent data, shown
here schematically, derive from a variety of sources (flute casts and ripple cross-laminae) and have been used to
infer the development of syn-glacial horst and graben topography (Young & Gostin, 1991). The outlines of various
sub-basins are shown with a solid line, with stippling marking the internal margins of these sub-basins.
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becoming stratified in the north. To explain this,
Young & Gostin (1988) suggested that ice-rafted
debris (IRD) deposition was predominant in the
south, with reworking processes more important
northward. No unequivocal glacially striated
surfaces are reported in Cryogenian successions
of Australia, with the exception of those in
Western Australia (Corkeron, 2007). However,
the “cast of striations” is reported to occur “on
the underside of basal Sturt silty mudstones
near Merinjina Well” (Young & Gostin, 1991);
these were interpreted as tectonic by Daily et al.
(1973) and glaciogenic by others (Preiss, 1987;
Young & Gostin, 1991; Preiss et al., 2011).

In the present study, detailed facies descrip-
tions and interpretations are provided from
three new sections at Stubb’s Waterhole, Tillite
Gorge and Weetootla Gorge. None of these sec-
tions were investigated by Young & Gostin
(1991), yet they yield exceptionally high-quality
exposure. The sections are situated ideally in a
region subject to only low-grade metamorphism
during the Early Palaeozoic Delamerian Orogeny

(Preiss, 1987), whereas mid-amphibolite facies
affect correlative sediments in the Adelaide
region. The objectives of this study are: (i) to
highlight a clear glaciogenic source for the Bolla
Bollana Formation; (ii) to reject a rift-only
origin for diamictites; and (iii) to present a new
depositional model for the sequence as a trough-
mouth fan (TMF) succession.

FACIES ANALYSIS

The thickness of the Yudnamutana Subgroup in
the North Flinders Basin is estimated to reach
6000 m in the Yudnamutana Trough (Young &
Gostin, 1991), ca 30 km north-west of the study
area. Herein, exceptionally well-preserved, high-
quality sections are focused on rather than
attempting a complete stratigraphic traverse.
Each of the three facies associations described
and interpreted below occurs in multiple loca-
tions in the Arkaroola district. A diamictite
facies association, a channel belt facies associa-
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tion and a sheet heterolithics facies association
are recognized. Below, data from three detailed
logged sections are presented (Fig. 4).

Diamictite facies association

Description
This facies association is highly heterogeneous
and, in terms of volume, dominates the Bolla
Bollana Formation (Fig. 5A). Uninterrupted
accumulations >90 m thick are common (for
example, Tillite Gorge: Figs 4B and 5A). Diamic-
tites are sandy throughout, including both clast-
poor and clast-rich varieties (sensu Moncrieff,
1989), with pebble to predominantly boulder-
sized clasts. Bed thickness varies considerably
between 1 m and 15 m (thus reaching megabed
dimensions, sensu Marjanac, 1996) (Fig. 5B).
With some exceptions, most bed contacts are
parallel to one another with minimal evidence
for erosive contacts.

Both massive and well-stratified diamictites
occur as end-members of a continuum; most
beds exhibit at least some diffuse stratification.
In some cases, pronounced variations in clast
content (20 to 60%) occur in successive beds
(for example, Fig. 4A, 15 to 25 m; Fig. 5C). In
thick beds, upward transitions from stratified
through to massive facies occur, accompanied
by an increase in clast size and content (Fig. 4B,
43 to 73 m). In stratified clast-poor diamictites,
isolated clasts of pebble to boulder size down-
warp and pierce underlying laminations; overly-
ing laminae are unaffected (Fig. 5D). Sand
lenses, or lens-shaped clast-free zones in the
diamictite, occur both at the bottom and top of
some beds. Throughout the facies association,
clasts are typically equant, and sub-rounded to
sub-angular. The base of the thickest observed
bed in the Tillite Gorge section (Fig. 4B, 43 m)
shows a highly undulose contact (Fig. 5E).
Clasts with polished surfaces and cross-cutting
striations occur locally (Fig. 5F).

Interpretation
The diamictite facies association is interpreted
largely as a suite of glaciogenic debris flows
(GDFs) deposited in a subaqueous setting. The
organization of the diamictites into clearly
defined beds indicates repeated emplacement of
flows. The typical absence of erosive contacts is
attributed to hydroplaning at the head of the
flow, thereby lubricating the base of the flow
and protecting the underlying bed from canni-
balization (e.g. Laberg & Vorren, 2000). The

upsection increase in clast abundance and size
is consistent with kinetic sieving within the
flow, to generate inverse grading (Talling et al.,
2012). The downwarping of laminae beneath
pebbles in the stratified clast-poor diamictites
(Fig. 5D) is interpreted as impact structures
produced by falling dropstones. Whilst clasts
sinking into water saturated sediment can
produce dropstone-like texture in a debris flow,
such clasts typically behave similarly to tectonic
augen, with concomitant shearing of adjacent
laminae as the flow evolves (Hart & Roberts,
1994). Thus, in addition to downslope mass
flow, evidence for subaqueous sedimentation
and ice-rafted debris accumulation is preserved.
Given the compositional similarity of strata both
below and above the undulose bed contacts,
(Fig. 5E) it is likely that this feature developed
through differential compaction rather than
through erosion. The presence of clasts with
cross-cutting striations (Fig. 5F) strongly sup-
ports a glacial derivation. Specifically, the cross-
cutting striations indicate rotation of the clasts,
either in basal ice, at the ice-bed interface, or
within the deforming bed beneath an ice mass
(Benn & Evans, 2010). The exceptional preserva-
tion of striations supports incorporation into the
glaciogenic debris flows (GDFs) via ice rafting,
thereby protecting clast surfaces from the ero-
sion processes anticipated during downslope re-
mobilization.

Channel belt facies association

Description
A variety of scour and fill structures, measuring
5 to 14 m wide and 2 to 3�5 m deep, are a key
feature of this facies association (Fig. 4B, 95 to
113 m; Fig. 6A and B). The scours cross-cut,
with multiple generations apparent over a few
metres (Fig. 6A and B). Lithologies include peb-
ble to granule conglomerates, sandstones and
siltstones, together with subordinate sandy dia-
mictites. Some of the scours are mud-filled and
re-incised by an overlying channel (Fig. 6C).
The base of most beds is irregular (Fig. 6D).
Normally graded bedding is typical, with transi-
tions from granule conglomerate through to pla-
nar-bedded sandstone well-expressed in Tillite
Gorge as R1 to S3 turbidite divisions of Lowe
(1982) (for example, Fig. 4B, 99 to 103 m;
Fig. 7A). Soft-sediment deformation structures
in sandstone include recumbent folds (Fig. 7B),
curvilinear grooves on the upper surfaces of
sandstone beds (Fig. 7C) and flame structures.
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Fig. 4. Detailed sedimentary logs through the Bolla Bollana Formation in the Arkaroola district (see Fig. 1 for
location of sections). Each is a partial section through the exposure at each locality rather than a complete section:
(A) Stubb’s Waterhole; (B) Tillite Gorge; (C) Weetootla Gorge. Note that in the case of the diamictites, the grain
size in each of the logs refers to grain size of the matrix: maximum clast size, where possible, was also measured.
These latter data are shown to the right of the logs.
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A B

C D

E F

Fig. 5. Representative photographs of facies within the diamictite facies association. (A) Outcrop perspective of
the Tillite Gorge locality, showing thickly bedded diamictites dipping towards the right of the photograph. Height
of the cliff is ca 50 m. (B) Base of a diamictite megabed (42 to 67 m, Fig. 4B) with geologist for scale, ca 1.8 m tall.
(C) Clast-poor diamictite overlain by clast-rich diamictite, with geological hammer for scale placed at the bound-
ary. Hammer for scale is 250 mm long. (D) Impact structure beneath gneiss pebble in well-stratified diamictite.
Rounded clasts are quite typical. Diameter of coin for scale is 20.5 mm. (E) Undulose contact at the base of a dia-
mictite megabed. Note that this undulose character probably records differential compaction. Scale bar: 1 m. (F)
Face of a polished and striated sandstone boulder, showing cross-cutting striation orientations.
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This suite of deformation structures is concen-
trated at a discrete stratigraphic interval (‘shear
zone’ at 25 m, log B, Fig. 4). Sandy diamictites
form sheet-like beds of 0�3 to 1 m, and contain
sub-rounded to rounded clasts with striated
faces (Fig. 7D). Siltstones occur both within
channel structures, and as sheet-like lithosomes
traceable for several tens of metres. In both
cases, siltstones are poorly stratified, yet bear
rare clasts of pebble to boulder size; these

pierce and downwarp underlying laminations,
with overlying laminations unaffected (Fig. 7E
and F).

Interpretation
The scour and fill structures are interpreted as
channels cut by turbidity currents and filled
with turbidites. The coarse calibre of some of
the channel fills, and the characteristic R1 to S3
turbidite motif (Lowe, 1982), implies a relatively

A

B

C D

Fig. 6. (A) and (B) Panoramic photograph and corresponding sketch of stacked channel geometries in the channel belt
facies association. Note also the downlapping strata of the diamictite facies association directly above. (C) Low-angle
channel incision cutting down towards the left of the photograph (marked by solid white line), clearly truncating reces-
sive siltstones, themselves infilling a channel scour. Hammer for scale is 250 mm long. (D) Low amplitude scour at the
base of a sandstone bed: evidence for erosionally based beds even where clear channel geometries are not observed.
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proximal location on the fan (Reading & Rich-
ards, 1994). The particularly coarse-calibre (grav-
elly) material at the base of some channels is
suggestive of a lag deposit (Alpak et al., 2013).
By comparison, the finer-grained channel fills
are interpreted to record lower energy deposi-

tion in either a slightly more distal location on
the fan or, alternatively, a finer-grained sediment
source. Specifically, silt-plugged channels
may suggest that the channels are filled by low-
density turbidites (Talling et al., 2012). These
deposits represent off-axis/channel margin facies

A B

C D

E F

Fig. 7. (A) Typical fining-upward sequence, interpreted as a turbidite bed. In this example, pebble to cobble-grade
clasts beneath the hammer pass upward over 10 cm into granular conglomerates, and finally well-differentiated,
moderately to well-sorted sandstone above the hammer handle. Hammer for scale is 250 mm long. (B) Recumbent
fold in a turbidite. Diameter of coin for scale is 20.5 mm. (C) Curvilinear grooves on a sandstone surface, interpreted
to record intrastratal shear in sandstones. The absence of asperities or quartz/calcite mineralization discounts a
tectonic origin. (D) Striated lonestone within siltstone: a putative dropstone emplaced towards the top of a Bouma
sequence. (E) and (F) Two examples of dropstones with clear impact structures in laminated siltstone intervals.
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(Camacho et al., 2002) or coarse-grained sedi-
ment bypass (Talling et al., 2012), and probably
record deposition of these turbidites more distal
to the sediment source than their coarser-
grained counterparts.

The suite of soft-sediment deformation struc-
tures is compatible with rapid subaqueous depo-
sition: recumbent folds can be indicative of
gravitational instability and downslope slump-
ing (Maltman, 1994), whereas flame structures
are probably examples of Rayleigh–Taylor insta-
bilities generated at a grain-size/bed interface
(Allen, 1984; Collinson & Thompson, 1987).
Numerical modelling of flame structures indi-
cates that their genesis is promoted when rela-
tively low viscosity, Newtonian fluids (the sand
layer) rest on underlying clays (Harrison & Malt-
man, 2003). These conditions may be satisfied
by rapid sedimentation or liquefaction. The cur-
vilinear grooves on the upper surface of beds are
interpreted as intra-bed slip planes, akin to
hydroplastic slickensides (Petit & Laville, 1987)
produced by the shearing of soft sediment in
response to downslope movement. Shanmugam
et al. (1995) described similar features from the
Cretaceous and Palaeogene of the North Sea. A
later tectonic origin can be dismissed on
account of their local occurrence, curvilinear
geometry, absence of asperities and lack of min-
eralization (cf. Petit & Laville, 1987).

The presence of ‘impact structures’ (curvature,
deflection and puncturing of underlying
laminations) beneath lonestones clearly points
to ice-rafted debris (e.g. Eyles et al., 2007).
Moreover, the presence of polished and striated
clast surfaces also indicates a clear glacial deri-
vation. Despite the absence of impact structures
in the sheet-like siltstones, the presence of lone-
stones may likewise indicate rafting from ice-
bergs, or alternatively sub-ice shelf deposition
(Benn & Evans, 2010). By analogy to comparable
facies in the diamictite facies association, the
diamictites in the channel belt facies association
are also interpreted as the product of glaciogenic
debris flows.

Sheet heterolithics facies association

Description
These deposits include a heterogeneous col-
lection of lithologies ranging from granule
conglomerates and diamictites, sandstones, silt-
stones, shales and dolostones. At outcrop, these
lithologies are well-differentiated, forming tabu-
lar beds that can be traced for tens to hundreds

of metres along strike. Decimetre to metre-scale
fining-upward cycles are typical, with
well-expressed examples in Weetootla Gorge
(Fig. 4C, 23 to 75 m; Fig. 8A). Fining-upward
cycles commence with sharp-based and locally
scoured surfaces, overlain by granule-lags or
massive sandstones (Fig. 8B), becoming parallel
laminated upsection. Supercritical climbing
ripple cross-laminated sandstones and siltstones
(Fig. 8C) are typical in the upper part of many
fining-upward cycles (for example, 56 m, 68 m,
85 m and 100 m at Weetootla Gorge; Fig. 4C).
The crests of the ripple cross-laminae show an
aggradational to weakly progradational character
(Fig. 8C). Rarely, the fining-upward intervals are
interrupted by clast-poor, sandy diamictites
which do not exceed 1 m in thickness (Fig. 8D).
Siltstone and shale occur at the top of the fin-
ing-upward cycles (Fig. 8E). Lonestones with
impact structures occur in most facies, including
the cross-laminated sandstone (for example,
102 m, Tillite Gorge: Figs 4B and 8B, arrowed
clast) and in shale beds (Fig. 8E). The metre-
scale fining-upward cycles are themselves orga-
nized into multi-metre thick coarsening and fin-
ing-upward motifs. At three intervals (25 m,
37 m and 66�5 m at Weetootla Gorge; Fig. 4C)
buff-coloured, delicately parallel laminated,
mud-grade dolostones were observed (Fig. 8F).

Interpretation
This facies association is interpreted to represent
deposition in an inter-channel part of a subaque-
ous fan system, where the well-expressed, metre-
scale fining-upward cycles are interpreted to
record repeated emplacement of turbidity flows.
A basal scour and lag, succeeded by a massive
then parallel laminated sandstone interval, suc-
ceeded by climbing ripple cross-lamination, is a
motif common to all models of turbidite genesis
(cf. Bouma, 1963; Lowe, 1982; Mutti et al., 1999;
Talling et al., 2012). Whilst the tabular geometry
of the cycles is compatible with deposition as
high-density turbidites (i.e. divisions TA, TB-2

and TB-3 in the modified Bouma nomenclature:
Talling et al., 2012). The occurrence of lone-
stones with impact structures, interpreted as
dropstones, in ripple cross-laminated siltstones is
strong evidence for glacial influence. The super-
critical styles of ripple cross-lamination testify to
high rates of sediment delivery, and tractive
velocities of <0�6 m sec�1 (e.g. Bridge & Demicco,
2008). The occurrence of large clasts within these
facies is at odds with the low velocities required
for the formation of ripple cross-lamination,
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which are thus interpreted as ice-rafted debris.
Furthermore, turbidity flows typically demon-
strate low yield strength and cannot support
clasts through buoyancy within the flow (Shan-
mugam, 2002). Although Lowe (1982) suggested

that sand-dominated traction carpets in dense
sandy turbidites were capable of periodically
bouncing clasts as suspension load, these inferred
processes have not been observed in turbidity
currents (Talling et al., 2012). The co-occurrence

A B

C D

E F

Fig. 8. Representative photographs of facies within the sheet heterolithics facies association. (A) Repetitively
stacked, decimetric Bouma cycles. Note coin for scale. (B) Lonestones to the left of the coin within fine-grained,
climbing ripple cross-laminated sandstone. (C) Detail of (B) showing the prograding crest (from right to left) of a
climbing ripple. Note that tractive velocities predicted within the field of ripple formation (e.g. Bridge & Demicco,
2008) are insufficient to transport pebble-sized clasts. Thus, a dropstone origin is deduced. Diameter of coin for
scale is 20.5 mm. (D) Lonestone with deflected laminations above the clast: possibly as a result of compaction. Field
of view 7 cm. (E) Quartzite dropstone, with impact structure (truncation and piercing of shale laminae) beneath the
lens cap (diameter is 58 mm). (F) Laminated dolostone (25 m, Fig. 4C). Hammer for scale is 250 mm long.
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of thin sandy diamictites, interpreted as the
dilute distal fronts of glaciogenic debris flows,
strengthens the interpretation of a glacial influ-
ence on sedimentation.

The organization of the Bouma cycles into
both coarsening and fining-upward motifs at the
multi-metre scale is, respectively, suggested to
record the build out and abandonment of
subaqueous fan lobes, in a similar manner to
other glacially sourced subaqueous fan systems
(Le Heron et al., 2008). The delicately laminated
dolostones at the top of some fining-upward
cycles remain cryptic; they do not occur in
finer-grained, turbidite-dominated systems of
the central Flinders Ranges (e.g. Le Heron et al.,
2011; Busfield & Le Heron, in review), which
probably indicates that the dolostones are of
local significance. These dolostones are pres-
ently suggested to record chemical or biological
precipitation during or following lobe aban-
donment, although the precise mechanisms of
precipitation require further study. Their lone-
stone-free textures merit one further consider-
ation, however. If subaqueous sedimentation
rates of IRD were similar everywhere on the fan
system at a given time, comparable deposits
should form simultaneously. Given the absence
of lonestones in the dolostones, intervals of
IRD-free conditions might be proposed, thus
suggesting that these might be associated with
lower rates of deposition and therefore no float-
ing ice.

STACKING PATTERNS

The vertical stacking motif of facies associations
is an important consideration in a glacially
sourced sedimentary system and may allow the
dynamics of former ice sheets to be elucidated.
At Stubb’s Waterhole, the diamictite facies asso-
ciation predominates but those strata are interca-
lated with ca 5 m thick developments of the
sheet heterolithics facies association. A consider-
ably thicker example of that facies association is
found interbedded with the diamictite facies
association at Weetootla Gorge (23 to 75 m,
Fig. 4C). Given the differences in thickness at
both localities, it is proposed that the Stubb’s
Waterhole occurrence may represent the margins
of a turbidite lobe system (e.g. Pr�elat et al., 2010),
whereas the Weetootla Gorge examples are more
compatible with the core of a turbidite lobe
system. Note, however, that the present data do
not represent a complete traverse through the

formation in either case. Interstratification of the
diamictite facies association and the channel belt
facies association, at the tens of metres scale at
Tillite Gorge testifies to the likely synchronous
co-development of turbidite channel belts and
glaciogenic debris flow deposits. This interstrati-
fication implies that each sub-environment, rec-
ognized in the form of the three facies
associations, co-existed during deposition of the
Bolla Bollana Formation.

In the Arkaroola area, the Bolla Bollana Forma-
tion maps as a continuous stratigraphic unit
around the north-eastern extremity of the Gam-
mon Ranges. Preiss (1993, 1999, 2000), Preiss
et al. (2011), interpret the North Flinders Basin
as a region that experienced extension synchro-
nous with glaciation by Sturtian ice sheets. Pro-
gressive thickness increases to the north are
explained by the development of an en �echelon
half graben (Preiss et al., 2011). Crustal exten-
sion, during the fragmentation of Rodinia, which
accounted for the generation of substantive
accommodation space, was also considered to be
important by Young & Gostin (1988, 1989, 1990,
1991). However, the location of many of these
faults remains unclear: the 1 : 250 000 sheet
(Copley: Coats, 1973) reveals no faults specifi-
cally causing abrupt thickness changes in the Bo-
lla Bollana Formation.

The present authors argue that the substantial
thickness and sedimentary architecture of the
Bolla Bollana Formation can be explained by
ice-sheet dynamics alone. The diamictite facies
association records glaciogenic debris flows with
secondary ice rafting in the proximal part of a
subaqueous basin (Fig. 9). The presence of facet-
ted, polished and striated clasts in the Bolla Boll-
ana Formation strongly implies direct glacial
derivation; this is because cannibalized or
reworked (second generation) debris flows tend
to erode and smooth clast surfaces (Le Heron
et al., 2013). The glaciogenic debris flows prob-
ably became diluted basinward, developing into
turbulent underflows, which built up a series of
lobes and channel belts (i.e. channel belt facies
association) on a large subaqueous fan (Fig. 9).
The sheet heterolithics facies association repre-
sents lobe deposits (e.g. Pr�elat et al., 2010) in
the inter-channel part of a subaqueous fan sys-
tem. These lobes were influenced by local ice
rafting as a secondary sediment source (Fig. 9).
Abandonment of the lobes locally resulted in
some highly unusual laminated dolostone
deposits; these superficially resemble ‘cap dolo-
stone’ deposits (e.g. Rose & Maloof, 2010). As
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noted earlier, given their probable stratigraphic
context as lobe abandonment facies, it is unli-
kely that they have any wider significance. The
lack of evidence for IRD in these specific facies,
– a texture which might be expected to appear
more prominently once sediment supply is
arrested – is also puzzling.

A NEOPROTEROZOIC TROUGH-MOUTH
FAN?

It is suggested that the Bolla Bollana Formation
is a trough-mouth fan (TMF) (Fig. 9) deposited
seaward of a comparatively small palaeo-ice
stream. This interpretation is fully consistent
with: (i) clear evidence for glacial processes in
every facies association of the Bolla Bollana For-
mation; (ii) the substantial thickness of the suc-
cession which compares closely to stacked mass
flow deposits of the Bear Island Fan (Taylor
et al., 2002; �O Cofaigh et al., 2003); and (iii) the
stratigraphic motif and nature of the facies asso-
ciations preserved.

Evidence for glaciation throughout the Bolla
Bollana Formation is pervasive and includes
dropstone textures (in turbidites, as well as hemi-
pelagic muds), together with facetted, polished
and striated clasts throughout the succession.
Boreholes sunk in the Uummannaq Fan (western
Greenland) illustrate 300 m thick successions of
diamicton that are sharply overlain by mud
(�O Cofaigh et al., 2013). These successions are
closely comparable to stacked examples of the
diamictite facies association in Tillite Gorge.
Intercalated debrites, turbidites and ice-rafted
debris commonly occur together in depositional
models of Pleistocene TMFs (�O Cofaigh et al.,
2013).

In both the northern and southern hemi-
spheres, TMFs were deposited during Pleisto-
cene glaciations and consist of thick
accumulations of glaciogenic detritus (Escutia
et al., 2000; Taylor et al., 2002). In this process,
fast-flowing ice streams excavate the subglacial
substrate and deposit diamictite at the ice front,
perched landward of the slope break. In Pleisto-
cene examples, rapid sedimentation of water sat-

Channel belt
facies association

Diamictite
facies association

Glaciogenic
debris flows

Sheet heterolithics
facies association

Ice-rafted debris

Ice stream

H
un

dr
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s 
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Fig. 9. Simple depositional model for the Bolla Bollana Formation. The interpretation here is a glaciomarine
basin, a general setting consistent with previous work (e.g. Coats, 1981; Young & Gostin, 1989, 1991). Glaciogenic
debris flows fed the basin, evolving into turbidites down depositional dip. Channel belts and inter-channel areas
recording slightly finer-grained turbidites are recognized. Phases of fan-lobe build out and abandonment are recog-
nized, with these processes probably a result of autocyclic switching of channel belts and sediment supply rather
than basin-scale ice dynamics. The scale of the sedimentary system, and clear evidence for a strong glacial influ-
ence on sedimentation in all facies associations, suggest that the Bolla Bollana deposit is a trough mouth fan
deposit, with huge volumes of glaciogenic debris supplied to a subaqueous setting. This is the first such interpre-
tation from the Neoproterozoic record.
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urated tills led to unstable slope angles and
hence intermittent failure (Dowdeswell et al.,
2002). This failure, in turn, led to the generation
of GDFs derived from collapsing tills (Taylor
et al., 2002). In the southern hemisphere, the
Wilkes Land continental margin was fed by
stacked GDFs, which evolved downslope into
turbidites, building up a multi-kilometre thick
pile of channelized proglacial detritus (Escutia
et al., 2000).

Regional mapping (Coats, 1973) shows that the
Bolla Bollana Formation crops out over at least
1800 km2. Assuming a conservative thickness of
1 km in the Arkaroola district, the Bolla Bollana
Formation represents ca 1800 km3 of glaciogenic
sediment: impressive, yet substantially less
volumetric than the modern Bear Island Fan
(ca 340 000 km3) (Dowdeswell et al., 2002; and
references therein). Part of the reason for this
comparatively small volume may lie in the parti-
tioning of the basin by syn-depositional faults
(Preiss et al., 2011). From both stratigraphic and
facies perspectives, there is good reason to view
the North Flinders Basin as a sub-basin discon-
nected from the central Flinders Ranges further to
the south (Preiss et al., 2011). Differences
between Pleistocene TMF models and the inter-
pretation herein (Fig. 9) include the absence of
bioturbation and a lower volume of mud in the
Bolla Bollana TMF deposit (cf. �O Cofaigh et al.,
2002, 2003, 2013). In subaqueous fans, an
increase in mud content improves the run-out
efficiency of turbidites and increases fan size
(Reading & Richards, 1994). Another obvious dif-
ference is the presence of dolostones in the Bolla
Bollana Formation: such dolostones are absent in
Pleistocene TMFs. They are, however, almost
ubiquitous in the Cryogenian record, typically
occurring immediately above the diamictite suc-
cessions as cap carbonates (e.g. Shields, 2005).

The gentle regional dip of the Bolla Bollana
Formation (Fig. 5A) precludes mapping of
individual debrite megabeds, yet Quaternary
analogues may allow some insight into possible
maximum lateral dimensions. Debrites on
the Bear Island Fan are elongate lobes with
individual run-out distances of >40 km (Laberg
& Vorren, 2000; �O Cofaigh et al., 2003); they
commence at ca 1 km below sea-level, extending
to ca 2�5 km depth. The up-dip termination of
the debrite lobes approximates the palaeo-ice
margin (Fig. 9). In addition to the generation of
GDFs, the accumulation of thick piles of detritus
on TMFs lends them prone to gravitational
collapse (Dowdeswell et al., 2002). Thus, many

of the extensional faults and graben structures
in the North Flinders Basin may represent sea-
ward partial collapse of the fan.

Young & Gostin (1989) provided detailed
descriptions and interpretations of comparable
successions further north, in the Yudnamutana
homestead and surrounds. There, a subaqueous
fan system, dominated by boulder-bearing
debrites with subordinate turbidites, was
envisaged (Young & Gostin, 1989). This interpre-
tation is fully compatible with that of the present
authors and underscores that an identical range
of sub-environments are recognized around the
Bolla Bollana outcrop belt (Fig. 9). It is clear that
the Bolla Bollana Formation contains excellent
evidence for glacial sedimentary processes, rein-
forcing the original work of Mawson (1941, 1949)
and making it difficult to argue for a rift-source
alone, as has been suggested for similar Neoprote-
rozoic diamictite successions (e.g. Eyles & Janu-
szczak, 2004).

The connection between the Bolla Bollana
depocentre and other sub-basins in the central
Flinders Ranges is obscure. Rifting is an attrac-
tive mechanism to account for the different
stratigraphic units preserved in the North
Flinders Basin and depocentres further south,
such as Baratta and Holowilena (Preiss, 2000). It
should be stressed, however, that not all sub-
basins in the Flinders Ranges preserve clear evi-
dence for rifting. The Holowilena succession, for
example, contains delicately interbedded silt-
stones, diamictites, sandstones and IRD-bearing
shale (Le Heron, 2012; Busfield & Le Heron, in
review). Internally, that succession contains dis-
conformities and not angular relations between
bedsets (Le Heron, 2012) which might be
expected where undeformed sediments onlap
rotated hangingwall strata. Nonetheless, correla-
tive successions at Oladdie Creek and Hillpara
Creek, in the central Flinders Ranges, reveal dra-
matic thickness changes along strike. These
changes testify to an irregular underlying palae-
otopography, which is probably attributed to the
combined influence of pre-depositional and
early syn-depositional rift activity and subglacial
downcutting (Busfield & Le Heron, in review).

The Bolla Bollana Formation provides a unique
window into the sedimentary architecture of a
TMF. The interpretation of a TMF is doubly sig-
nificant. Firstly, the authors are not aware of any
previously described TMFs of pre-Pleistocene
age, and thus the first documentation is provided
herein. Secondly, the Bolla Bollana is the only
known outcrop example thus far described of
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such a fan. It is probably the case that the gener-
ally large scale of these fans (�O Cofaigh et al.,
2013) has precluded their outcrop-scale interpre-
tation in ancient strata. Whilst volumetrically less
significant in the fan systems than GDFs, the Bo-
lla Bollana succession also reveals the common
occurrence of turbidite intervals, amplifying the
importance of turbidity currents in TMF models
(Escutia et al., 2000). The occurrence of correla-
tive turbidite and debrite-dominated successions
is also well-reported from subsurface boreholes
elsewhere in southern and central Australia (for
example, Blinman 2 borehole, central Flinders
Ranges; Nicholson 2 borehole, ca 500 km north-
west of Arkaroola; Vines 1 borehole, Officer
Basin) (Eyles et al., 2007). A clear, glacial influ-
ence is reported from those sections on account
of striated and outsized clasts in laminated facies
(Eyles et al., 2007), although it remains unclear
how these underflow-dominated successions
relate laterally to one another. In the light of the
interpretations herein, it is possible that these
deposits represent an amalgam of overlapping
TMFs, line-sourced detritus, or somewhat more
disconnected fan systems.

In the context of a Neoproterozoic snowball
Earth model, Hoffman (2005) argued that palaeo-
ice streaming – which Hoffman inferred on the
basis of irregular topography within the Ghaub
glacial succession of Namibia, and the occur-
rence of a large wedge of grainstone sediment –
was “not incompatible with a frozen ocean”.
Etienne et al. (2007) and Allen & Etienne (2008),
meanwhile, pointed out that the highly dynamic
nature of tidewater ice sheets directly challenged
this view. In particular, the issue of resupply of
snow in the accumulation zone of ablating ice
sheets – given the presumed arrested hydrologi-
cal cycle – remains problematic.

Some 120 km to the south of Arkaroola,
exceptionally exposed, age equivalent succes-
sions at Holowilena, Oladdie and Hillpara
creeks, in the central Flinders Ranges (Le Heron
et al., 2011; Busfield & Le Heron, in review)
reveal a highly comparable stratigraphic subdivi-
sion in a series of tectonically partitioned basins.
These sections identify a clear non-glacial
interval within the Wilyerpa Formation, which
yields spectacularly preserved hummocky
cross-strata, indicative of sea-ice free conditions
(Le Heron et al., 2011), followed by a glacial
re-advance. Young & Gostin (1991) likewise iden-
tified a second major re-advance in the Sturtian,
represented by accumulation of the Bolla
Bollana Formation. These considerations sug-

gest that the Bolla Bollana Formation may cor-
relate with the re-advance succession in the
central and southern Flinders Ranges and, if so,
suggest deposition of the TMF at Arkaroola in
seas which were at least periodically unfrozen.

CONCLUSIONS

The Bolla Bollana Formation is a spectacularly
exposed glaciogenic succession of Sturtian age
in the Arkaroola district. This formation was first
investigated by Mawson (1941, 1949) but, subse-
quently, little work has been undertaken at the
Tillite Gorge, Stubb’s Waterhole or Weetootla
Gorge locations. Detailed sedimentary logging at
these locations, therefore, allows a detailed sedi-
mentary model to be developed as follows:

1 Three facies associations are recognized in
the Bolla Bollana Formation. These are a diamic-
tite facies association (glaciogenic debris flows
with subordinate ice-rafted debris), a channel
belt facies association (channelized turbidites
with subordinate ice-rafted debris) and a sheet
heterolithics facies association (non-channelized
turbidites and subordinate ice-rafted debris).
A strong glacial influence on sedimentation is
inferred, reinforcing previous interpretations of
Young & Gostin (1991). A rift-related source for
the diamictites is rejected.
2 A depositional model based on detailed

observations and interpretations from all three
facies associations proposes that the Bolla
Bollana Formation was deposited as a trough-
mouth fan (TMF), seaward of the terminus of a
small ice stream. Rapid ice flux promoted high-
erosion rates and sediment delivery. At the ice
margin, glaciogenic debris flows deposited
multi-storey stacks of diamictite, many of which
were deposited as megabeds. Slope failure and/
or dilution of these flows basinward ignited
turbidites, which cut channel geometries onto
the proximal and medial parts of the fan.
Non-channelized turbidites demonstrate well-
organized multi-metre coarsening and fining-
upward motifs, interpreted to record build out
and abandonment of fan lobes. Laminated dolo-
stones are an unusual fan-lobe abandonment
facies and bear superficial resemblance to post-
glacial ‘cap dolostones’ elsewhere.
3 Previous models of tectonic compartmentali-

zation resulting from rifting post-750 Ma (e.g.
Young & Gostin, 1991; Preiss, 2000; Eyles &
Januszczak, 2004) may help in explaining dra-
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matic regional differences in facies and internal
Sturtian stratigraphy. In the Bolla Bollana For-
mation, however, it is suggested that a tectonic
mechanism is not required by reference to Ceno-
zoic trough-mouth fan systems where substan-
tive diamictite accumulations occur.
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Two Neoproterozoic icehouse intervals have long been recognized 
in South Australia (Mawson & Sprigg 1950); namely, the older 
Sturtian and younger Marinoan glaciations, so named after the 
Sturt Gorge and Marino Rocks of Adelaide’s outer suburbs (Preiss 
et al. 1998). The recognition of broadly age-equivalent deposits 
worldwide contributed to the development of the snowball Earth 
hypothesis (Hoffman et al. 1998; Hoffman & Schrag 2002), 
wherein two distinct episodes of severe pan-global glaciation 
allowed ice sheets to extend to low palaeolatitudes, resulting in a 
suppressed hydrological cycle. Recent studies, however, support a 
considerably more dynamic cryosphere, with fluctuating ice mar-
gins, open water areas, and abundant evidence of hydrological 
activity (e.g. Etienne et al. 2007; Arnaud et al. 2011, and references 
therein). Moreover, new age constraints, and their likely error bars, 
cast doubt on the pan-global synchronicity of these glacial events 
(e.g. Allen & Etienne 2008; Condon & Bowring 2011), and hence 
their two-fold subdivision as ‘Sturtian’ or ‘Marinoan’. This has a 
significant bearing on the Neoproterozoic glacial deposits of South 
Australia, widely considered as the type area of the Sturtian ice-
house period (Hoffman & Schrag 2002).

The Adelaide Fold Belt of South Australia (Figs 1 and 2) exposes 
an extremely thick succession of diamictite, sandstone and silt-
stone, thought to have accumulated during the Sturtian glaciation. 
The glacial affinity of these sediments was first proposed by 
Howchin (1901), who argued in favour of glaciomarine deposition 
(Howchin 1908), although correlative sections were subsequently 
interpreted as terrestrial glacial deposits by Mawson (1941, 1949). 
Detailed examination of sections in the northern Flinders Ranges 
and Mount Painter area by Link & Gostin (1981) and Young & 
Gostin (1988, 1989, 1990, 1991) heralded a return to the glacioma-
rine hypothesis. The latter studies identified a four-fold strati-
graphic subdivision, consisting of two principal diamictite units, 
each overlain by a succession of siltstones and sandstones, inter-
preted to record two glacial cycles within the Sturtian interval. The 
thickness of studied sections varies considerably across the region 
from a few hundred metres to a purported 6000 m in the 
Yudnamutana Trough (Fig. 2), attributed to either the development 

of subglacial palaeovalleys or active extensional tectonics, or a 
combination of these (Young & Gostin 1990, 1991; Preiss 2000).

Comparatively few detailed sedimentological studies have been 
conducted on the Sturtian deposits of the central and southern 
Flinders Ranges. Regional mapping identifies a major fault-bound 
depocentre in the Barratta Trough (Fig. 2), where Sturtian sedi-
ments attain an estimated thickness of 4000 m (Preiss 1999, and 
references therein), thinning to a few hundred metres in adjacent 
shelf areas (Preiss et al. 1993). Recent work by Le Heron et al. 
(2011a,b) and Le Heron (2012) at Holowilena Creek, in the central 
Flinders Ranges, records a thick (>800 m) succession of heteroge-
neous glacigenic strata, with abundant evidence of striated erratic 
clasts and ice-rafted debris (IRD). Significantly, the occurrence of 
dropstone-free, hummocky cross-stratified sediments punctuating 
the succession is interpreted as an interglacial sequence during the 
Sturtian interval, pointing to major ice sheet fluctuation.

This paper will build upon earlier work by Le Heron et al. 
(2011a,b) and Le Heron (2012) at Holowilena Creek, and present 
high-resolution datasets for correlative sections at Oladdie Creek 
and Hillpara Creek, approximately 60 km further south and SE (Fig. 
1), previously described only at the reconnaissance level by Binks 
(1968). These sections allow the facies variability of ice-proximal to 
more ice-distal settings to be examined, and the influence of pre-
existing topographic relief to be tested. A new sedimentary model is 
presented, which frames the development of the diamictite-bearing 
successions in a glacial sequence stratigraphic context.

Study area and stratigraphy

The studied sedimentary successions belong to the mid-Cryoge-
nian Yudnamutana Subgroup, at the base of the Umberatana Group 
(Fig. 3). In the Adelaide Fold Belt, these sediments rest with angu-
lar unconformity upon sandstones and siltstones of the underlying 
Burra Group (Coats & Preiss 1987). Stratigraphic nomenclature is 
highly variable across the region, but typically includes a basal 
diamictite-dominated unit; namely, the Bolla Bollana Formation to 
the north, the Pualco Tillite in the central regions, the Appila Tillite 
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further south, or the Sturt Tillite in the type-section of the Adelaide 
Hills. These pass upwards into more heterogeneous diamictite, 
sandstone and siltstone facies of the Wilyerpa Formation in the 
central region, or the Lyndhurst Formation to the north. These 
deposits are in turn blanketed by the post-glacial Tindelpina Shale 
Member of the Tapley Hill Formation throughout the Adelaide 
Fold Belt (Fig. 3). Re–Os dating of the Tindelpina Shale Member 
provides a minimum age constraint of 643 ± 2.4 Ma for the 
Yudnamutana Subgroup (Kendall et al. 2006), further corroborated 
by a U–Pb zircon date of 659 ± 6 Ma derived from a volcaniclastic 
horizon towards the top of the Wilyerpa Formation (Fanning & 
Link 2006).

In places, ironstone facies characterize the lower Yudnamutana 
Subgroup, ascribed to the Holowilena Ironstone Formation in the 
study area (Fig. 3), or its correlative the Braemar Ironstone 
Formation to the east (Forbes 1989). The Holowilena Ironstone is 
variously interpreted as overlying the Pualco Tillite, (and equiva-
lent Appila Tillite), or alternatively considered as laterally correla-
tive (Preiss et al. 1993, and references within). In view of this, we 
adopt the term ‘Holowilena Ironstone’ in reference to the distinctly 
ferruginous facies. The terms ‘Pualco Tillite’ and ‘Wilyerpa 
Formation’ will be adopted to describe the underlying and overly-
ing sedimentary facies, respectively.

The study areas occur within broadly NE–SW-trending outcrop 
belts that span the Parachilna and Orroroo map sheets (Fig. 1; 
Binks 1968; Preiss 1999). The orientation of these outcrops is con-
sidered to reflect widespread Willouran to early Sturtian rifting (c. 
830 Ma to <660 Ma; Preiss et al. 2011), in this region culminating 
in development of the Barratta Trough depocentre (Fig. 2). The 
studied sections to the west and SW of this trough may thus be 

considered shallower ‘shelf’ deposits (Preiss et al. 1993), accumu-
lating within neighbouring sub-basins. The sediments subsequently 
underwent intracratonic deformation during the Cambrian–
Ordovician Delamerian Orogeny, becoming incorporated in a 
series of continuous, relatively upright fold structures at the north-
ern margin of the Nackara Arc (Preiss 2000). The rocks of the study 
area are characterized by low-grade, greenschist-facies metamor-
phism (Preiss 1995). The minimal metamorphic overprint thus per-
mits detailed study of primary sedimentary facies and structures.

Facies analysis

Data are presented from three detailed logged sections at 
Holowilena Creek, Oladdie Creek and Hillpara Creek (Fig. 4). 
Exposure of the underlying Burra Group sediments permits 
regional correlation, whereas the overlying Tapley Hill Formation 
is recorded only at Oladdie Creek. Therefore, only minimum 
thicknesses are observed at Holowilena and Hillpara Creeks, 
although considerable thickness variations across the logged sec-
tions are demonstrable by correlation. Five facies associations 
are recognized: (1) diamictite and conglomerate; (2) interbedded 
heterolithic deposits; (3) hummocky cross-stratified sandstone; 
(4) lonestone-bearing siltstone; (5) ferruginous siltstone and 
sandstone.

Diamictite and conglomerate facies association

This facies association makes up almost the entire section at Hillpara 
Creek, is notably dominant at Oladdie Creek, and constitutes less than 
50% of the succession at Holowilena Creek. It is sandy throughout, 

Fig. 1. Geological sketch map of the Adelaide Fold Belt, modified after Preiss et al. (1993), showing location of studied sections. Detailed geological 
maps of study areas are shown in insets; Log A, Holowilena Creek, modified after Preiss (1999); Log B, Oladdie Creek; Log C, Hillpara Creek modified 
after Binks (1968).
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and predominantly crudely stratified, with subsidiary massive and 
well-stratified varieties. The conglomerate deposits commonly dis-
play normal grading, fining into diamictite deposits, whereas the latter 
include normal, reverse and non-graded varieties (Fig. 4). Erosive 
contacts are prevalent at the base of conglomerates and clast-rich 
diamictites (Fig. 5a). Outsized clasts range from c. 3 to 80 cm in size, 
typically 15–20 cm, and comprise limestone, dolostone, metasedi-
ments, basalt and granite. Clasts are predominantly sub-angular to 
sub-rounded in shape; striated forms locally occur.

Downwarping and puncturing of laminae beneath pebble- to boul-
der-sized clasts is common (Fig. 5b and c), particularly in the crudely 
stratified diamictites. Other outsized clasts frequently form turbate 
structures, where smaller clasts form circular alignments around a 
core stone or rigid matrix (Fig. 5d and e), and are especially common 
where downwarping structures are rare. Lenticular siltstone and 
sandstone bodies locally occur, and are typically bed-parallel. 
However, in places these lenses are highly deformed, forming tight 
to recumbent intrabed fold structures.

Interpretation. The diamictite and conglomerate facies associa-
tion is interpreted as a series of glacially influenced, subaqueous 
sediment flow deposits. The common fining-upward motif and 
internal organization of stacked conglomerate and diamictite 
deposits is typical of turbulence within the flow (Talling et al. 
2012), representing high-density and more dilute turbidites, 
respectively. This is supported by the abundance of turbate struc-
tures, attributed to the generation of transient rotational eddies 
during turbulent flow (Phillips 2006). Similar structures can be 
generated during subglacial shearing of diamictites (e.g. Busfield 
& Le Heron 2013, and references within), but this interpretation 

is deemed unlikely in the absence of other shear-related features 
(e.g. attenuated clasts, pressure shadows, galaxy structures). Mas-
sive and reverse graded diamictite deposits are interpreted as the 
product of glaciogenic debris flows (GDFs), which commonly 
generate inverse grading patterns through the combined influence 
of upward clast migration and kinetic sieving (Legros 2002; Benn 
& Evans 2010; Talling et al. 2012). Erosive contacts at the base of 
many conglomerate and clast-rich diamictite units reflect repeated 
sediment flow emplacement, and resultant cannibalization of 
underlying sediments.

The close association of GDFs and turbidites probably reflects 
flow transformation during downslope movement, whereby mixing 
of the subaqueous debris flow with the overlying water body results 
in flow dilution (Benn & Evans 2010; Talling et al. 2012), and hence 
a tendency towards more turbulent flow conditions. The generation 
of these ‘linked’ turbidity currents frequently occurs through trans-
formation of moderate strength debris flows (Talling et al. 2012), 
and is a common process within ice-proximal and ice-contact 
regimes under rates of high sedimentation (Benn & Evans 2010). 
This is consistent with the occurrence of tight to recumbent folded 
sand lenses, associated with slumping and sediment failure in 
response to rapid sediment delivery (Maltman 1994). Outsized clasts 
that downwarp and puncture underlying laminae are interpreted as 
IRD, wherein the preserved examples probably accumulated as sedi-
ment flows waned, thus restricting overprint of the structures under 
downslope remobilization. The local occurrences of striated clasts 
provide further credence to the proposed glacigenic origin.

Interbedded heterolithic facies association

This facies association comprises a series of well-stratified, domi-
nantly interbedded siltstones, fine sandstones and coarse quartz aren-
ites. It is most prominent in the Holowilena Creek section, 
constituting c. 30% of the succession, diminishing to <10% in the 
Oladdie Creek deposits and c. 2% at Hillpara Creek (Fig. 4). No 
lonestones occur within this facies association. The deposits exhibit 
minimal grading; rarely sandstone interbeds fine upward into the 
overlying siltstone. Current ripple cross-lamination is common 
within the fine sandstone–siltstone interbeds (Fig. 6a), predomi-
nantly demonstrating palaeoflow towards the north. An isolated 
example of climbing ripple cross-lamination is recorded at Oladdie 
Creek. In places, the fine sandstone interbeds are deformed into 
largely bed-parallel discontinuous fold structures (Fig. 6b); other 
beds contain highly convolute lamination as well as load and flame 
structures (Fig. 6c). Conversely, the coarser quartzite interbeds are 
planar throughout, and exhibit no sedimentary structures at 
Holowilena or Oladdie, with limited evidence of small-pebble lined 
cross-bedding in the Hillpara Creek section (at c. 75 m Log C, Fig. 4).

Interpretation. The interbedded heterolithic facies association is 
interpreted as a finer-grained series of sediment flow deposits, 
wherein the enhanced preservation of bedforms probably reflects 
reduced sediment concentrations compared with the coarser 
diamictite and conglomerate facies association. This may be a 
product of diminished sediment supply, which in tandem with the 
loss of the ice-rafting signature can be used to support periods of 
relative ice margin stability or retreat during deposition of the 
interbedded heterolithic material. Within the coarser-grained 
diamictite and conglomerate facies association, higher sediment 
concentrations and fall-out rates suppress the migration and pres-
ervation of delicate ripple structures (Sumner et al. 2008; Talling 
et al. 2012). However, as they move downslope, flows become 
more dilute through mixing with the water column, generating 
fully turbulent, low-density flows that allow the development of 

Fig. 2. Sketch map showing distribution of Sturtian sedimentary 
deposits and depositional basins throughout the Adelaide Fold Belt, 
modified after Preiss et al. (1998). (Note location of Barratta Trough 
and Yudnamutana Trough, representing the principal depocentres during 
Sturtian glaciation.)

 at Royal Holloway, University of London on April 24, 2014http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


M. E. BUSFIELD & D. P. LE HERON 446

ripple cross-lamination (Baas et al. 2011; Talling et al. 2012). 
Rare normally graded sandstone interbeds are likewise inter-
preted to record deposition from turbulent underflows, succeeded 
by settling of hemipelagic silt material as the flows waned (e.g. 
Allen et al. 2004). The preservation of convolute lamination and 
climbing ripple cross-lamination at intervals reflects periods of 
more rapid turbidite deposition (Kuenen & Humbert 1969; Allen 
1991; Baas 2000; Jobe et al. 2012; Talling et al. 2012). Similarly, 
folded sandstone and siltstone beds or lenses attest to downslope 
slumping and sediment instability induced by rapid sedimentation 
(Maltman 1994). Load and flame structures attest to Rayleigh–
Taylor instabilities initiated at a grain-size or bed interface (Allen 
1984; Collinson & Thompson 1987).

The coarser quartz arenite beds typically lack internal organiza-
tion, and are thus interpreted as non- or poorly cohesive, clean 
sand debrites (Talling et al. 2012). An alternative mechanism of 

incremental accumulation via high-density turbidity currents is 
rejected owing to the absence of vertical and lateral grading 
(Kneller & Branney 1995; Talling et al. 2012). Moreover, the 
prominent cross-bedded quartzite bed at Hillpara Creek (at c. 75 m 
Log C, Fig. 4) pinches out sharply as opposed to gradationally, 
considered a characteristic feature of debris-flow deposition 
(Johnson 1970; Major & Iverson 1999; Amy et al. 2005; Amy & 
Talling 2006). The generation of dune-scale traction bedforms is 
also incompatible with rapid deposition from a high-density tur-
bidity current (Kuenen 1966; Middleton & Hampton 1973; Talling 
et al. 2012). The prominent quartzite bed at Hillpara has been pre-
viously interpreted as a large ice-rafted erratic (Binks 1968). 
However, in light of its bed-parallel orientation, the absence of 
associated impact-related deformation and its textural similarity to 
other quartzite interbeds at Holowilena and Oladdie, we prefer 
interpretation as a laterally discontinuous debrite.

Fig. 3. Cryogenian stratigraphy and geochronology of the Adelaide Fold Belt and Stuart Shelf, after Preiss et al. (1998). Disparity in stratigraphic 
nomenclature of ‘Sturtian’ glacigenic deposits across South Australia should be noted. In this paper data are presented from the Yudnamutana Subgroup 
of the central and SW Flinders Ranges.
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Fig. 4. Logged sections of the Yudnamutana Subgroup in the central and southern Flinders Ranges: Log A, Holowilena Creek (base of log: 31°59.232'S, 
138°51.052'E); Log B, Oladdie Creek (base of log: 32°28.039'S, 138°38.285’E); Log C, Hillpara Creek (base of log: 32°33.777'S, 138°47.302'E). The 
variable thickness and lateral distribution of the five facies associations across the logged sections should be noted. Significant thickness changes from 
north to south attest to irregular palaeotopographic relief during deposition.
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Hummocky cross-stratified sandstone facies association

This facies association is restricted to the Holowilena Creek section 
(Log A, Fig. 4). Overall, the facies resemble those of the interbed-
ded heterolithic facies association in that they comprise well-strat-
ified, non-graded fine sandstone and siltstone interbeds. They are 
distinguished, however, by the occurrence of hummocky cross-
stratification (HCS) within many of the sandstone units (Fig. 6d 
and e). The bedforms are predominantly isotropic, with subsidiary 
anisotropic components. Current ripple cross-laminated and con-
volute laminated sandstones are also intercalated within this facies 
association. Lonestones were not observed.

Interpretation. The interbedded current rippled sandstones and lam-
inated siltstones are interpreted to record turbulent underflow depo-
sition and settling of hemipelagic fine material, respectively, in 
concert with the interbedded heterolithic facies association. 

However, the presence of HCS attests to the interplay of storm wave 
oscillatory flow during deposition, within a shallow shelf environ-
ment (Duke et al. 1991; Cheel & Leckie 1993; Johnson & Baldwin 
1996; Dumas & Arnott 2006). Le Heron et al. (2011a,b) argued in 
favour of sea ice-free conditions at this time, as sea ice would inhibit 
the efficacy of storm wave agitation. Certainly these features attest 
to a sea ice minimum zone, where sufficient expanses of open water 
allow storm wave agitation, although the extent of ice meltback 
remains unclear. The absence of lonestones within this facies asso-
ciation is consistent with a lack of glacial influence on deposition.

Lonestone-bearing siltstone facies association

This facies association consists predominantly of planar laminated 
siltstone, with notably fewer sandstone beds than the interbedded 
heterolithic facies association. It is restricted to the Holowilena and 

Fig. 5. Representative photographs of the diamictite and conglomerate facies association. (a) Erosive scour at base of normally graded conglomerate–sandstone 
interbeds (white triangles demonstrate grading patterns). (b) Ice-rafted dropstone, puncturing and downwarping the underlying laminae. Compaction-related 
deflection above lonestone significantly lower in amplitude than below. (c) Ice-rafted debris with impact-related deformation. (d, e) Profile view of rotational 
turbate structures (circular alignment of clasts around a core stone or rigid matrix). Coin and lens cap for scale measure 2 cm and 5 cm, respectively.
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Fig. 6. Interbedded heterolithic facies association: (a) fine-grained current ripple cross-laminated sandstone and coarse to granule erosive based sandstone interbeds; (b) soft-sediment slump folded 
sandstone interbeds; (c) trough cross-lamination, convolute laminae and load and flame structures in beds that onlap the underlying Pualco Tillite (see Fig. 8a). Hummocky cross-stratified sandstone 
facies association: (d) dominantly isotropic hummocky cross-stratified sandstone interbeds, interpretive overlay in (e); (f) amalgamated sets of isotropic cross strata, with truncation of laminae to the left 
and above coin. Lonestone-bearing siltstone facies association: (g) ice-rafted debris downwarps and punctures underlying silt. Ferruginous siltstone and sandstone facies association: (h) distinct, sharp 
banding within the Holowilena Ironstone interpreted as possible algal laminites; irregular fold structure or possible domed algal laminite, verging towards the SE, should be noted; (i) micro-scale ice-
rafted debris that punctures and downwarps underlying laminae. Coin for scale measures 2 cm.
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Oladdie Creek sections, constituting <10% and <5% of the succes-
sion, respectively (Fig. 4). Downwarping of laminae beneath the 
outsized lonestones is common, in places piercing the laminae also 
(Fig. 6f). Rarely, lamina-parallel trains of lonestones are recorded, 
coincident with the absence of downwarping features.

Interpretation. The predominance of planar laminated siltstone 
alongside minor sandstone interbeds is interpreted to record set-
tling of hemipelagic fine material, interrupted by isolated sand-
rich sediment underflows. The presence of outsized lonestones 
that puncture and downwarp underlying laminae provides clear 
evidence of ice-rafting during deposition. Sediment flow ‘rafting’ 
of the lonestones (e.g. Postma et al. 1988; Eyles & Januszczak 
2007) is discounted on the basis of the fine grain size of the sup-
porting material, which would lack the cohesive strength to trans-
port cobble- to boulder-sized material.

Ferruginous siltstone and sandstone facies 
association

This facies association is again restricted to Holowilena Creek, and 
attains only 6 m in thickness in the studied section (Log A, Fig. 4). 
It comprises both massive and crudely stratified fine sandstone and 
siltstone, with few granule- to small pebble-sized clasts, which are 
locally associated with impact-related deformation at the micro-
scale (Fig. 6g). No pebble- or boulder-sized lonestones were 
observed within this facies association. Sharp, undulose, bed-paral-
lel layering is apparent in the siltstone unit (Fig. 6h), alongside an 
isolated asymmetric fold structure verging towards the SE (Fig. 6i).

Interpretation. The ferruginous siltstone and sandstone facies 
association is tentatively interpreted to record similar styles of 
hemipelagic silt deposition and underflow sand emplacement as 
the lonestone-bearing siltstone facies association. However, 
impact-related deformation beneath granule-sized clasts at the 
micro-scale is interpreted to record early onset of ice-rafting pro-
cesses. It is possible that the bed-parallel, undulose layering (Fig. 
6h) may represent horizontal algal laminites, and by association 
an algal growth structure preserved in the asymmetric fold. This 
tentative interpretation is based on recognition of similar features 
observed in age-equivalent deposits of northern Namibia (Le 
Heron et al. 2013b), but requires further investigation.

The source of iron minerals within Neoproterozoic glacial suc-
cessions remains highly contentious, and is considered beyond the 
scope of this study given its limited outcrop occurrence. Recent 
studies in South Australia support the intermixing of detrital ter-
restrial sediment and hydrothermal fluids (Lottermoser & Ashley 
2000; Cox et al. 2013). In contrast to previous studies that advocate 
globally widespread seawater anoxia (e.g. Kirschvink 1992), the 
accumulation of abundant soluble iron, and hence deposition of 
iron-enriched sediments, is thought to occur under enhanced, not 
extreme anoxia and elevated Fe:S ratios (Cox et al. 2013).

Depositional cycles and glacial sequence 
stratigraphy

The preceding facies analysis reveals a diverse accumulation of 
sediments both with and without evidence of glacial influence on 
deposition. Examination of the vertical grading of these facies 
associations, alongside changes in their lateral distribution, pro-
vides insight into their depositional history, and allows a sequence 
stratigraphic framework to be constructed. Sequence stratigraphic 
concepts are scarcely applied to glacial depositional systems (e.g. 
Proust & Deynoux 1994; Brookfield & Martini 1999; Powell & 

Cooper 2002; El-ghali 2005; Pedersen 2012), largely owing to the 
complexity of deciphering the influence of glacial fluctuations 
from changes in relative lake or sea level. The term ‘glacial 
sequence stratigraphy’ is therefore used to denote a sequence strati-
graphic model driven by glacier dynamics (Powell & Cooper 
2002), the effects of which are preserved independently of other 
external forces (e.g. eustacy, isostacy). Glacial systems tracts 
(GST) are defined following the scheme of Powell & Cooper 
(2002). Systems tracts are subdivided into glacial advance (GAST) 
and glacial retreat (GRST) sequences, which may also include ice 
maximum (GMaST) and ice minimum (GMiST) systems tracts, 
respectively. Ten glacial systems tracts are recognized (Fig. 7), 
separated either by a glacial erosion surface (GES) or glacial 
bounding surface (GBS), the latter including the glacial advance 
surface (GAS) representing the onset of advance systems tracts, 
and the iceberg-rafting termination surface (ITS) representing the 
onset of retreat.

The first sequence is restricted to the base of the Holowilena 
Creek section (Fig. 7), and constitutes striated clast-bearing sedi-
ment gravity-flow deposits of the diamictite and conglomerate 
facies association, correlated to the Pualco Tillite. This sequence is 
attributed to the glacial advance systems tract (GAST 1) owing to 
its characteristically thin exposure, and coarsening-upward motif 
(Powell & Cooper 2002). The sequence is capped by an onlap sur-
face, representing the first glacial bounding surface (GBS1), 
beneath sediments of the interbedded heterolithic facies association 
(Fig. 8a). This onlap surface is interpreted to reflect transgression 
following local ice meltback, demarcating the base of the first gla-
cial retreat systems tract (GRST 1), consistent with the absence of 
glacigenic indicators (e.g. IRD) in the overlying heterolithic facies 
(Fig. 7). These sediments are overlain by the ferruginous siltstone 
and sandstone facies association, the Holowilena Ironstone. The 
first appearance of micro-scale IRD at this interval is interpreted as 
the glacial advance surface (GAS1; Powell & Cooper 2002), and 
thus the overlying Holowilena Ironstone is interpreted as a thinly 
exposed remnant of the second GAST.

The top of the Holowilena Ironstone is sharply truncated by a 
glacial erosion surface (GES1) in the Holowilena Creek section 
(Figs 7 and 8b), a widely recognized disconformity throughout the 
Flinders Ranges (e.g. Coats 1981; Preiss et al. 1993). The thin 
exposure of the underlying GAST 2 probably reflects significant 
downcutting during development of the GES. The surface is cor-
related to the top of the pre-glacial Burra Group sediments at 
Oladdie Creek and Hillpara Creek based upon the absence of the 
underlying Pualco Tillite and Holowilena Ironstone, although no 
significant erosion surface was observed. The absence of a signifi-
cant erosion surface in the proximal sections is probably the result 
of reworking and erosion during subsequent sediment flow 
emplacement (during GRST 2), as opposed to marine ravinement, 
the effects of which would be expected to be more prominent in the 
distal sections, and accompanied by a transgressive lag, which is 
not present. Deposits of the glacial maximum systems tract 
(GMaST) are not recorded above the GES, as is typical of many 
temperate glacial systems (Powell & Cooper 2002). Instead, at 
Holowilena and Oladdie, the overlying sediments of the Wilyerpa 
Formation correspond to a second phase of glacial retreat (GRST 2, 
Fig. 7). These comprise stacked, dominantly fining-upward depos-
its of the diamictite and conglomerate facies association and inter-
bedded heterolithic facies association. The former contains repeated 
intervals of IRD, which are typically absent in the latter. This is 
interpreted as the product of pulsed collapse events at the ice front, 
driving coarser-grained gravity flows and iceberg distribution into 
the basin, followed by periods of relative ice margin stability or 
retreat. During these intervals, the shelf becomes starved of coarser 
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Fig. 7. Sequence stratigraphic framework for the studied sections. Glacial systems tracts are separated either by a glacial erosion surface (GES) or glacial 
bounding surface (GBS), the latter including the glacial advance surface (GAS) and iceberg-rafting termination surface (ITS).
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sediment, leading to deposition of finer-grained sediment flow 
deposits, and ice-rafting processes are inhibited.

Transition to an advance systems tract (GAST 3) is recorded 
above this sequence (at GBS2, Fig. 7), where coarser-grained sedi-
ments of the diamictite and conglomerate facies association 

predominate, concomitant with a switch to a coarsening-upward 
motif. A pronounced inverse-grading event can be correlated 
across all three logged sections (Fig. 7: 260 m Log A, 62 m Log B, 
18 m Log C), and at Holowilena is accompanied by a sudden influx 
of exotic pebble- to boulder-sized granite clasts (Fig. 8c). This 

Fig. 8. Photographs of significant depositional boundaries within the studied succession: (a) glacially influenced Pualco Tillite onlapped by non-glacially 
influenced interbedded heterolithic deposits (see Fig. 6c); (b) glacial erosion surface at the base of the Wilyerpa Formation, downcutting into the 
Holowilena Ironstone; (c) influx of extrabasinal granite clasts, indicated by white arrows, at inferred glacial maximum; (d) conglomeratic transgressive 
lag records terminal glacial conditions at the top of the Wilyerpa Formation, succeeded by post-glacial siltstone of the Tapley Hill Formation. Hammer 
and lens cap for scale measure 26 cm and 5 cm, respectively.
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event is interpreted to record ice maximum conditions (GMaST), 
resulting in high rates of sediment supply and delivery of extrabasi-
nal erratic lithologies. At Holowilena and Oladdie a thin succession 
of normally graded diamictite and conglomerate facies above 
GBS3 marks a return of the GRST (3), capped by an abrupt facies 
dislocation to thinly laminated siltstones (Fig. 7). This facies 
change is concurrent with the disappearance of IRD, and is thus 
identified as the iceberg-rafting termination surface (ITS1; Powell 
& Cooper 2002).

The retreat sequence above ITS1 is largely restricted to the 
Holowilena Creek section (Fig. 7), and comprises the hummocky 
cross-stratified sandstone facies association at the base, and inter-
bedded heterolithic facies association above. The occurrence of 
hummocky cross-stratification in the basal sediments, requiring 
sufficient open waters and hence sea ice meltback to permit storm 
wave agitation (Le Heron et al. 2011a,b), is used to support ice 
minimum conditions (GMiST). Moreover, HCS is typically 
encountered within a shallow shelf setting (Duke et al. 1991; 
Cheel & Leckie 1993; Johnson & Baldwin 1996; Dumas & Arnott 
2006), and thus the absence of this facies association in the more 
proximal, shallower Oladdie Creek and Hillpara Creek sections 
may reflect a period of subaerial exposure and non-deposition in 
the proximal reaches during this retreat phase. The overlying inter-
bedded heterolithic facies above GBS4 records an influx of 
coarser-grained sand underflows within the Oladdie and 
Holowilena Creek sections, interpreted as the product of increased 

sediment instability in the source region, perhaps in response to 
initial, more proximal ice movement, which may correspond to 
early GAST. However, the first appearance of IRD in the overly-
ing laminated siltstones is taken as a more reliable indicator of 
initial advance (Powell & Cooper 2002), identified as the second 
glacial advance surface (GAS2; Fig. 7).

The overlying GAST 4 is initially characterized by stacked, 
thickly bedded IRD-bearing diamictite and conglomerate at 
Hillpara Creek, normally graded and thinly bedded diamictite and 
conglomerate separated by IRD-bearing siltstone at Oladdie Creek, 
and by IRD-bearing siltstone only at Holowilena Creek (Fig. 7). 
These facies associations reflect initial advance of the ice front, 
where coarse-grained glacially influenced sediment flows are 
deposited in the more proximal regions (Hillpara), further 
downslope these sediment flows occur as pulsed events separated 
by periods of quiescence where ice-rafting processes dominate 
(Oladdie), and the distal regions remain starved of coarser-grained 
sediment, preserving only the ice-rafting signature (Holowilena). 
Towards the top of the succession, above GBS5, thickly bedded 
and dominantly inverse graded diamictites, conglomerates and 
coarse-grained sandstones are preserved across all three logged 
sections, reflecting full glacial advance during late-stage GAST 4, 
identified as the GMaST (Fig. 7).

The upper contact of the Wilyerpa Formation, and cessation of 
glacially influenced sedimentation, was observed only in the Oladdie 
Creek section (Fig. 7). Here, an erosional contact occurs at the base 

Fig. 9. Simple depositional model for the studied sections in the central and southern Flinders Ranges. Sequence stratigraphic analysis identifies 
four glacial advance sequences, separated by three intervals of ice meltback. During glacial advance, dynamic ice sheet oscillations drive delivery 
of glaciogenic debris flows and glacioturbidites downslope, subject to secondary ice-rafting. During glacial retreat, the ice-rafting signature is lost, 
and ice minimum conditions permit storm-wave agitation of the water column, and generation of hummocky cross-stratified sandstones. Thickness 
variations across the logged sections attest to significant palaeotopographic relief during deposition, creating progressively greater accommodation space 
downslope (Hillpara–Oladdie–Holowilena) through the combined effects of pre- and early syn-depositional rift activity and subglacial downcutting. 
Key for glacial systems tracts codes: GAST, glacial advance systems tract; GRST, glacial retreat systems tract; GMaST, glacial maximum systems tract; 
GMiST, glacial minimum systems tract.
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of a pebble- to boulder-bearing conglomerate, with a distinct dark 
grey silt matrix, notably dissimilar to the pale brown sandy matrix of 
the underlying Wilyerpa Formation (Fig. 8d). The conglomerate is 
interpreted as a post-glacial transgressive lag, and is succeeded by a 
thick succession of laminated dark grey siltstones of the Tindelpina 
Shale Member, the basal unit of the Tapley Hill Formation.

Discussion

Sequence stratigraphic analysis of the studied sections in the cen-
tral and southern Flinders Ranges identifies four distinct glacial 
advance sequences, separated by three intervals of ice meltback 
(Fig. 7). The glacial influence on deposition (IRD) is pervasive 
throughout the Hillpara and Oladdie Creek sections. This is con-
sistent with their more proximal position relative to the ice front 
(see Fig. 9), corroborated by the predominance of coarser-grained 
facies associations, as well as ripple cross-lamination and soft sedi-
ment slump folding indicative of sediment supply from the south. 
The Holowilena Creek section represents the most ice-distal posi-
tion, as indicated by the clear increase of fine-grained facies. 
Deposition in the ice-proximal zone is proposed owing to the dom-
inance of sediment gravity flow and ice-rafting processes (Benn & 
Evans 2010), with sediment accumulation on the shelf at Hillpara 
and Oladdie, and the slope at Holowilena (Fig. 9).

The studied sections demonstrate considerable thickness varia-
tions, thickening by a few tens of metres from Hillpara to Oladdie, 
and by several hundred metres to Holowilena Creek (Fig. 7). This is 
attributed to significant palaeotopographic relief during deposition 
(see Fig. 9), the origin of which remains obscure. Previous studies 
have advocated accumulation of Sturtian glacigenic sediments 
within pre- and early syn-depositional rift basins (e.g. Preiss 2000), 
whereas the presence of a distinct glacial erosion surface immedi-
ately above the Holowilena Ironstone may be used to support the 
interplay of subglacial downcutting (sensu Young & Gostin 1990, 
1991). None the less, the palaeotopographic depression at 
Holowilena provided enhanced accommodation space for the pres-
ervation of non-glacially influenced regressive systems tracts, 
alongside protection from cannibalization under repeated sediment 
flow emplacement. In contrast, on the palaeotopographic highs at 
Oladdie and Hillpara (Fig. 9), relatively thin successions of stacked 
coarse-grained sediment flows probably underwent significant can-
nibalization and reworking during subsequent downslope move-
ments, and were redeposited basinward as flows waned, and hence 
glacial advance systems tracts are preferentially preserved.

Previous studies in South Australia have also identified multiple 
advance–retreat sequences within the Sturtian record (e.g. Forbes 
1970; Forbes & Cooper 1976; Coats & Preiss 1987; Young & Gostin 
1988, 1989, 1990, 1991; Le Heron et al. 2011b). The four-fold strati-
graphic subdivision of Young & Gostin (1990, 1991) comprises two 
diamictite-dominated intervals, each overlain by mudstone-domi-
nated facies, interpreted as glacial advance and retreat sequences, 
respectively. The uppermost mudstone-dominated interval, Unit 4 of 
Young & Gostin (1990), is regarded as a transitional unit between the 
diamictic deposits of Unit 3 and the shale-rich deposits of the post-
glacial Tapley Hill Formation. These considerations suggest that the 
diamictites of the upper GMaST in the central and southern Flinders 
Ranges, overlain by the Tapley Hill Formation at Oladdie Creek 
(Fig. 7), correlate with Unit 3 of Young & Gostin (1990, 1991), and 
therefore Unit 4 is absent. The absence of Unit 4 from sequences in 
the Northern Flinders Basin (Young & Gostin 1990) is attributed to 
non-deposition on topographically elevated regions, possibly in 
response to local tectonic and/or isostatic readjustments. This is con-
sidered plausible following the significant glacial advance recorded 
in the upper GMaST (this study) and Unit 3 (Young & Gostin 1990, 
1991). Furthermore, the basal GAST 1 and GRST 1 identified in the 

Holowilena Creek section were not recorded by Young & Gostin 
(1990, 1991). Previous studies in the Olary region to the east of the 
Orroroo map sheet, however, also recognized the basal Pualco Tillite 
as recording the glacial maximum of the first Sturtian glaciation 
(Coats & Preiss 1987; Forbes 1989). The absence of these deposi-
tional sequences in the Northern Flinders Basin may reflect erosion 
during subglacial downcutting, coeval with GES1 at the top of the 
Holowilena Ironstone (Figs 7–9).

In the North Flinders Basin, Le Heron et al. (2013a) recently 
interpreted a trough mouth fan (TMF) in the Sturtian glacigenic 
record, building out seaward of a small palaeo-ice stream. Three 
facies associations are recognized, comprising a diamictite facies 
association accumulating via glaciogenic debris flows and ice-raft-
ing processes at the ice margin, a channel belt facies association 
recording channelized turbidity currents subject to ice-rafting on the 
proximal and medial areas of the fan, and a sheet heterolithic facies 
association, deposited as non-channelized turbidites and ice-rafted 
debris. The overriding signature of sediment gravity-flow deposi-
tion subject to ice-rafting processes closely mirrors the depositional 
sequences described in this study. The sequences are readily differ-
entiated, however, by the abundance of coarse-grained material. 
The Bolla Bollana Formation (Le Heron et al. 2013) is dominated 
by coarse-grained diamictite and conglomerate facies, with a subor-
dinate fine-grained component throughout, and hence records depo-
sition principally as sediment concentrated glaciogenic debris flows 
(GDFs). Our present study, however, demonstrates significantly 
greater facies variability, a more diverse range of grain sizes 
throughout, and a notably more abundant component of fine mate-
rial. As a result, the dominant mode of deposition is via less concen-
trated turbulent sediment flows. Le Heron et al. (2013) correlated 
the Bolla Bollana Formation to the second glacial advance (Unit 3) 
of Young & Gostin (1991), which would therefore equate to the 
upper GMaST of this study. This is consistent with build-out of 
TMFs during glacial advance (e.g. Powell & Cooper 2002; 
Ó’Cofaigh et al. 2012). The North Flinders Basin is, however, 
widely considered as a separate sub-basin, disconnected from the 
depocentres of the central and southern Flinders Ranges (Preiss 
1987, 2000; Preiss et al. 2011). Arguably, therefore, separate ice 
masses may have fed each depocentre, where the evidence for con-
comitant advance phases, each following a period of significant ice 
meltback, may testify to regional warming and cooling events.

To summarize, this study proposes multiple, clear-cut cycles within 
the Sturtian glaciation of South Australia. Although the concept of 
hydrological shutdown under the snowball Earth hypothesis (Hoffman 
et al. 1998; Hoffman & Schrag 2002) is readily dismissed from sedi-
mentological evidence (Allen & Etienne 2008), the true nature of ice 
sheet dynamics has awaited clarification. Despite there being very few 
attempts to apply it in the Cryogenian, sequence stratigraphic analysis 
is clearly a valuable tool to elucidate glacial cycles, including recogni-
tion of open water during glacial minima. Detailed examination of the 
sections at Holowilena Creek, Oladdie Creek and Hillpara Creek 
therefore contribute to the growing body of research supporting a 
dynamic Neoproterozoic cryosphere, akin to the numerous Phanerozoic 
icehouse events recorded throughout Earth’s history (e.g. Etienne et al. 
2007; Allen & Etienne 2008; Arnaud et al. 2011, and references 
therein). Contingent on an adequate chronostratigraphic framework, 
detailed facies and sequence stratigraphic analysis of pan-global 
‘Sturtian’ successions may even allow the glaciodynamic signature of 
these successions to be assessed on a global scale.

Conclusions

Detailed sedimentary logging of previously little described sec-
tions in Holowilena Creek, Oladdie Creek and Hillpara Creek in 
the central and southern Flinders Ranges reveals significant lateral 
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and vertical facies variation within the Yudnamutana Subgroup. 
Repeated occurrences of ice-rafted debris and subglacially striated 
clasts attest to a strong glacial influence on sedimentation. The 
application of glacial sequence stratigraphy allows the dynamics of 
the Sturtian ice sheet to be elucidated, as follows.

Five facies associations are recognized: (1) diamictite and con-
glomerate facies association (glaciogenic debris flows and turbidites 
subject to secondary ice-rafting); (2) interbedded heterolithic facies 
association (debrites, low-density turbidites and hemipelagic fine-
grained material); (3) hummocky cross-stratified sandstone facies 
association (storm-wave agitation of low-density turbidity currents 
and settling of hemipelagic fine-grained material); (4) lonestone-
bearing siltstone facies association (settling of hemipelagic fine-
grained material and isolated sand-rich turbulent underflows); (5) 
ferruginous siltstone and sandstone facies association (settling of 
hemipelagic fine-grained material and sand-rich turbulent under-
flows under enhanced anoxia, subject to subordinate ice-rafting).

Thickness variations across the logged sections attest to an irreg-
ular underlying palaeotopography during deposition, attributed to 
the combined influence of pre- and early syn-depositional rift 
activity and subglacial downcutting.

Glacial sequence stratigraphic analysis identifies four glacial 
advance systems tracts (GAST), separated by three glacial retreat sys-
tems tracts (GRST), the uppermost, GRST 3, testifying to open water 
conditions. These findings support dynamic advance and retreat of the 
Sturtian ice sheet, requiring an active hydrological cycle.

The authors are extremely grateful to A. S. Collins (University of Adelaide) 
and B. L. Moorhouse (University of Otago) for their assistance in the field. 
We would like to thank the two anonymous reviewers for suggestions that 
allowed us to improve the paper, A. Spencer for constructive comments on 
an earlier draft of the paper, and P. Hughes for editorial input. This work 
was funded by the National Geographic Explorer Fund, Novas Consulting 
Research Grant (Geological Society, London), Gill Harwood Memorial 
Fund (BSRG) and the Helen Shackleton Award (RHUL).

References
Allen, J.R.L. 1984. Sedimentary Structures: Their Character and Physical 

Basis, Volumes I and II. Elsevier, Amsterdam.
Allen, J.R.L. 1991. The Bouma A division and the possible duration of turbidity 

currents. Journal of Sedimentary Petrology, 61, 291–295.
Allen, P.A. & etienne, J.L. 2008. Sedimentary challenge to Snowball Earth. 

Nature Geoscience, 1, 817–825.
Allen, P.A., leAther, J. & BrAsier, M.D. 2004. The Neoproterozoic Fiq gla-

ciation and its aftermath, Huqf supergroup of Oman. Basin Research, 16, 
507–534.

Amy, L.A. & tAlling, P.J. 2006. Anatomy of turbidite and debrite sandstones 
based on long distance (120 × 35 km) bed correlation, Marnoso-arenacea 
Formation, Northern Apennines, Italy. Sedimentology, 53, 161–212.

Amy, L.A., tAlling, P.J., PeAkAll, J., Wynn, R.B. & ArzolA thynne, R.G. 2005. 
Bed geometry used to test recognition criteria of turbidites and (sandy) deb-
rites. Sedimentary Geology, 79, 163–174.

ArnAud, E., hAlverson, G.P. & shields-zhou, G. (eds) 2011. The Geological Record 
of Neoproterozoic Glaciations. Geological Society, London, Memoirs, 36.

BAAs, J.H. 2000. Duration of deposition from decelerating high-density turbidity 
currents. Sedimentary Geology, 136, 71–88.

BAAs, J.H., Best, J.L. & PeAkAll, J. 2011. Depositional processes, bedform 
development and hybrid flows in rapidly decelerated cohesive (mud–sand) 
sediment flows. Sedimentology, 58, 1953–1987.

Benn, D.I. & evAns, D.J.A. 2010. Glaciers and Glaciation. Hodder, London.
Binks, P.J. 1968. Orroroo Sheet SI54-1. 1:250,000 Scale Geological Map and 

Explanatory Notes. Primary Industries and Resources South Australia, 
Adelaide.

Brookfield, M.E. & mArtini, I.P. 1999. Facies architecture and sequence stra-
tigraphy in glacially influenced basins: Basic problems and water-level/gla-
cier input-point controls (with an example from the quaternary of Ontario, 
Canada). Sedimentary Geology, 123, 183–197.

Busfield, M.E. & le heron, D.P. 2013. Glacitectonic deformation in the Chuos 
Formation of northern Namibia: Implications for Neoproterozoic ice 
dynamics. Proceedings of the Geologists’ Association, 124, 778–789.

Cheel, R.J. & leCkie, D.A. 1993. Hummocky cross-stratification. In: Wright, 
V.P. (ed.) Sedimentology Review Volume 1. Wiley Blackwell, London, 103–
122, http://dx.doi.org/10.1002/9781444304534.ch7.

CoAts, R.P. 1981. Late Proterozoic (Adelaidean) tillites of the Adelaide Geosyncline. 
In: hAmBrey, M.J. & hArlAnd, W.B. (eds) Earth’s Pre-Pleistocene Glacial 
Record. Cambridge University Press, Cambridge, 537–548.

CoAts, R.P. & Preiss, W.V. 1987. Stratigraphy of the Umberatana Group. 
In: Preiss, W.V. (ed.) The Adelaide Geosyncline: Late Proterozoic 
Stratigraphy, Sedimentation, Palaeontology and Tectonics. Geological 
Survey of South Australia, Bulletin, 53, 125–210.

Collinson, J.D. & thomPson, D.B. 1987. Sedimentary Structures, 2nd edn. 
Chapman & Hall, London.

Condon, D.J. & BoWring, S.A. 2011. A user’s guide to Neoproterozoic geo-
chronology. In: ArnAud, E., hAlverson, G.P. & shields-zhou, G. (eds) 
The Geological Record of Neoproterozoic Glaciations. Geological Society, 
London, Memoirs, 36, 135–149.

Cox, G.M., hAlverson, G.P., minArik, W.G., le heron, D.P., mACdonAld, 
F.A., Bellefroid, E.J. & strAuss, J.V. 2013. Neoproterozoic Iron 
Formation: An evaluation of its temporal, environmental and tectonic sig-
nificance. Chemical Geology, 362, 232–249, http://dx.doi.org/10.1016/j.
chemgeo.2013.08.002.

duke, W.L., Arnott, R.W.C. & Cheel, R.J. 1991. Shelf sandstones and hum-
mocky cross-stratification: New insights into a stormy debate. Geology, 19, 
625–628.

dumAs, S. & Arnott, R.W.C. 2006. Origin of hummocky and swaley cross-
stratification—the controlling influence of unidirectional current strength 
and aggradation rate. Geology, 34, 1073–1076.

el-ghAli, M.A.K. 2005. Depositional environments and sequence stratigraphy 
of the paralic glacial, para-glacial and postglacial Upper Ordovician silici-
clastic deposits of the Murzuq Basin, SW Libya. Sedimentary Geology, 177, 
145–173.

etienne, J.L., Allen, P.A., rieu, R. & le guerroué, E. 2007. Neoproterozoic 
glaciated basins: A critical review of the Snowball Earth hypothesis by com-
parison with Phanerozoic glaciations. In: hAmBrey, M.J., Christoffersen, 
P., glAsser, N.F. & huBBArd, B. (eds) Glacial Sedimentary Processes and 
Products. Blackwell, Oxford, 343–399.

eyles, N. & JAnuszCzAk, N. 2007. Syntectonic subaqueous mass flows of the 
Neoproterozoic Otavi Group, Namibia: Where is the evidence of global gla-
ciation? Basin Research, 19, 179–198.

fAnning, C.M. & link, P.K. 2006. Constraints on the timing of the Sturtian gla-
ciogene event from southern Australia; i.e. for the true Sturtian. Geological 
Society of America, Abstracts with Programs, 38, 115.

forBes, B.G. 1970. Benda Siltstones. Geological Survey of South Australia, 
Quarterly Notes, 33, 1–2.

forBes, B.G. 1989. Olary Sheet SI54-2. 1:250,000 scale Geological Map and 
Explanatory Notes. Primary Industries and Resources South Australia, 
Adelaide.

forBes, B.G. & CooPer, R.S. 1976. The Pualco Tillite of the Olary region, South 
Australia. Geological Survey of South Australia, Quarterly Notes, 60, 2–5.

grAdstein, F.M., ogg, J.G. & smith, A.G. (eds) 2004. A Geologic Time Scale. 
Cambridge University Press, Cambridge.

hoffmAn, P.F. & sChrAg, D.P. 2002. The snowball Earth hypothesis: Testing the 
limits of global change. Terra Nova, 14, 129–155.

hoffmAn, P.F., kAufmAn, A.J., hAlverson, G.P. & sChrAg, D.P. 1998. A 
Neoproterozoic snowball Earth. Science, 281, 1342–1346.

hoWChin, W. 1901. Preliminary note on the existence of glacial beds of Cambrian 
age in South Australia. Transactions of the Royal Society of South Australia, 
25, 10–13.

hoWChin, W. 1908. Glacial beds of Cambrian age in South Australia. Quarterly 
Journal of the Geological Society of London, 64, 234–259.

JoBe, Z.R., loWe, D.R. & morris, W.R. 2012. Climbing-ripple successions 
in turbidite systems: Depositional environments, sedimentation rates and 
accumulation times. Sedimentology, 59, 867–898.

Johnson, A.M. 1970. Physical Processes in Geology. Freeman Cooper, San 
Francisco.

Johnson, H.D. & BAldWin, C.T. 1996. Shallow clastic seas. In: reAding, H.G. 
(ed.) Sedimentary Environments. Blackwell, London, 236–286.

kendAll, B., CreAser, R.A. & selBy, D. 2006. Re–Os geochronology of post-
glacial black shales in Australia: Constraints on the timing of ‘Sturtian’ gla-
ciation. Geology, 34, 729–732.

kirsChvink, J.L. 1992. Late Proterozoic low-latitude glaciation: The snow-
ball Earth. In: sChoPf, J.W. & klein, C. (eds) The Proterozoic Biosphere. 
Cambridge University Press, Cambridge, 51–52.

kneller, B.C. & BrAnney, M.J. 1995. Sustained high-density turbidity currents 
and the deposition of thick massive sands. Sedimentology, 42, 607–616.

kuenen, P.H. 1966. Experimental turbidite lamination in a circular flume. 
Journal of Geology, 74, 523–545.

kuenen, P.H. & humBert, F.L. 1969. Grain size of turbidite ripples. Sedimentology, 
13, 253–261.

 at Royal Holloway, University of London on April 24, 2014http://jgs.lyellcollection.org/Downloaded from 

http://dx.doi.org/10.1002/9781444304534.ch7
http://dx.doi.org/10.1016/j.chemgeo.2013.08.002
http://dx.doi.org/10.1016/j.chemgeo.2013.08.002
http://jgs.lyellcollection.org/


M. E. BUSFIELD & D. P. LE HERON 456

legros, F. 2002. Can dispersive pressure cause inverse grading in grain flows? 
Journal of Sedimentary Research, 72, 166–170.

le heron, D.P. 2012. The Cryogenian record of glaciation and deglaciation in 
South Australia. Sedimentary Geology, 243-244, 57–69.

le heron, D.P., Cox, G.M., trundley, A.E. & Collins, A. 2011a. Sea ice-
free conditions during the Sturtian glaciation (early Cryogenian), South 
Australia. Geology, 39, 31–34.

le heron, D.P., Cox, G.M., trundley, A.E. & Collins, A. 2011b. Two 
Cryogenian glacial successions compared: Aspects of the Sturt and 
Elatina sediment records of South Australia. Precambrian Research, 186, 
147–168.

le heron, D.P., Busfield, M.E. & Collins, A.S. 2013a. Bolla Bollana boul-
der beds: A Neoproterozoic trough mouth fan in South Australia? 
Sedimentology, first published online December 17, 2013, http://dx.doi.
org/10.1111/sed.12082.

le heron, D.P., Busfield, M.E., le Ber, E. & kAmonA, A.F. 2013b. 
Neoproterozoic ironstones in northern Namibia: Biogenic precipita-
tion and Cryogenian glaciation. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 369, 48–57.

link, P.K. & gostin, V.A. 1981. Facies and paleogeography of Sturtian glacial 
strata (late Precambrian), South Australia. American Journal of Science, 
281, 353–374.

lottermoser, B.G. & Ashley, P.M. 2000. Geochemistry, petrology and origin of 
Neoproterozoic ironstones in the eastern part of the Adelaide Geosyncline, 
South Australia. Precambrian Research, 101, 49–67.

mAJor, J.J. & iverson, R.M. 1999. Debris-flow deposition: Effects of pore-fluid 
pressure and friction concentrated at flow margins. Geological Society of 
America Bulletin, 111, 1424–1434.

mAltmAn, A. 1994. The Geological Deformation of Sediments. Chapman & 
Hall, Cambridge.

mAWson, D. 1941. Middle Proterozoic sediments in the neighbourhood 
of Copley. Transactions of the Royal Society of South Australia, 65, 
304–311.

mAWson, D. 1949. Sturt tillite of Mount Jacob and Mount Warren Hastings, 
north Flinders Ranges. Transactions of the Royal Society of South Australia, 
72, 244–251.

mAWson, D. & sPrigg, R.C. 1950. Subdivision of the Adelaide System. 
Australian Journal of Science, 13, 69–72.

middleton, G.V. & hAmPton, M.A. 1973. Sediment gravity flows: mecha-
nisms of flow and deposition. In: Middleton, G.V. & BoumA, A.H. (eds) 
Turbidites and Deep-water Sedimentation. SEPM Pacific Section, Short 
Course Lecture Notes, 1–38.

Ó’CofAigh, C., AndreWs, J.T., Jennings, A.E., doWdesWell, J.A., hogAn, K.A., 
kilfeAther, A.A. & sheldon, C. 2012. Glacimarine lithofacies, provenance 
and depositional processes on a West Greenland trough-mouth fan. Journal 
of Quaternary Science, 28, 13–26.

Pedersen, S.A.S. 2012. Glaciodynamic sequence stratigraphy. In: huuse, M., 
redfern, J., le heron, D.P., dixon, R.J., mosCAriello, A. & CrAig, J. (eds) 
Glaciogenic Reservoirs and Hydrocarbon Systems. Geological Society, 
London, Special Publications, 368, 29–51.

PhilliPs, E. 2006. Micromorphology of a debris flow deposit: Evidence of basal 
shearing, hydrofacturing, liquefaction and rotational deformation during 
emplacement. Quaternary Science Reviews, 25, 720–738.

PostmA, G., nemeC, W. & kleinsPehn, K.L. 1988. Large floating clasts in tur-
bidites—a mechanism for their emplacement. Sedimentary Geology, 58, 
47–61.

PoWell, R.D. & CooPer, J.M. 2002. A glacial sequence stratigraphic model 
for temperate, glaciated continental shelves. In: doWdesWell, J.A. & 
o’CofAigh, C. (eds) Glacier-Influenced Sedimentation on High-Latitude 
Continental Margins. Geological Society, London, Special Publications, 
203, 215–244.

Preiss, W.V. 1987. A synthesis of palaeogeographic evolution of the Adelaide 
Geosyncline. In: Preiss, W.V. (ed.) The Adelaide Geosyncline. Late 
Proterozoic Stratigraphy, Sedimentation, Palaeontology and Tectonics. 
Geological Survey of South Australia, Bulletin, 53, 315–409.

Preiss, W.V. 1995. Delamerian Orogeny. In: drexel, J.F. & Preiss, W.V. (eds) 
The Geology of South Australia. Vol. 2, The Precambrian. Geological 
Survey of South Australia, Bulletin, 54, 45–57.

Preiss, W.V. 1999. Parachilna Sheet SH54-13. 1:250,000 scale Geological Map 
and Explanatory Notes. Primary Industries and Resources South Australia, 
Adelaide.

Preiss, W.V. 2000. The Adelaide Geosyncline of South Australia and its sig-
nificance in Neoproterozoic continental reconstruction. Precambrian 
Research, 100, 21–63.

Preiss, W.V., BelPerio, A.P., CoWley, W.M. & rAnkin, L.R. 1993. 
Neoproterozoic. In: drexel, J.F., Preiss, W.V. & PArker, A.J. (eds) The 
Geology of South Australia. Vol. 1, The Precambrian. Geological Survey of 
South Australia, Bulletin, 54, 171–203.

Preiss, W.V., dyson, I.A., reid, P.W. & CoWley, W.M. 1998. Revision of 
lithostratigraphic classification of the Umberatana Group. MESA Journal, 
9, 36–42.

Preiss, W.V., gostin, V.A., mCkirdy, D.M., Ashley, P.M., WilliAms, G.E. 
& sChmidt, P.W. 2011. The glacial succession of Sturtian age in South 
Australia: The Yudnamutana Subgroup. In: ArnAud, E., hAlverson, G.P. 
& shields-zhou, G. (eds) The Geological Record of Neoproterozoic 
Glaciations. Geological Society, London, Memoirs, 36, 701–712.

Proust, J.N. & deynoux, M. 1994. Marine to non-marine sequence architec-
ture of an intracratonic glacially-related basin. Late Proterozoic of the 
West African platform in western Mali. In: deynoux, M., miller, J.M.G., 
domACk, E.W., eyles, N., fAirChild, I.J. & young, G.M. (eds) The Earth’s 
Glacial Record: Facies Models and Geodynamic Evolution. Cambridge 
University Press, Cambridge, 121–145.

sumner, E.J., Amy, L. & tAlling, P.J. 2008. Deposit structure and processes 
of sand deposition from a decelerating sediment suspension. Journal of 
Sedimentary Research, 78, 529–547.

tAlling, P.J., mAsson, D.G., sumner, E.J. & mAlgesini, G. 2012. Subaqueous 
sediment density flows: Depositional processes and deposit types. 
Sedimentology, 59, 1937–2003.

young, G.M. & gostin, V.A. 1988. Stratigraphy and sedimentology of Sturtian 
glaciogenic deposits in the western part of the North Flinders Basin, South 
Australia. Precambrian Research, 39, 151–170.

young, G.M. & gostin, V.A. 1989. An exceptionally thick upper Proterozoic 
(Sturtian) glacial succession in the Mount Painter area, South Australia. 
Geological Society of America Bulletin, 101, 834–845.

young, G.M. & gostin, V.A. 1990. Sturtian glacial deposition in the vicin-
ity of the Yankaninna Anticline, North Flinders Basin, South Australia. 
Australian Journal of Earth Sciences, 37, 447–458.

young, G.M. & gostin, V.A. 1991. Late Proterozoic (Sturtian) succession of the 
North Flinders Basin, South Australia; An example of temperate glaciation 
in an active rift setting. In: Anderson, J.R. & Ashley, G.M. (eds) Glacial 
Marine Sedimentation: Palaeoclimatic Significance. Geological Society of 
America, Special Papers, 261, 207–222.

Received 4 June 2013; revised typescript accepted 31 October 2013.
Scientific editing by Philip Hughes.

 at Royal Holloway, University of London on April 24, 2014http://jgs.lyellcollection.org/Downloaded from 

http://dx.doi.org/10.1111/sed.12082
http://dx.doi.org/10.1111/sed.12082
http://jgs.lyellcollection.org/


44



45

























46



525

Journal of the Geological Society, London, Vol. 171, 2014, pp. 525 –538. http://dx.doi.org/10.1144/jgs2013-130
Published Online First on May 28, 2014
© 2014 The Geological Society of London

The snowball Earth hypothesis (Hoffman et al. 1998) postulates 
that pan-global ice sheets covered the Earth’s surface at multiple 
intervals in the Cryogenian (850–635 Ma), traditionally correlated 
to an older ‘Sturtian’ and younger ‘Marinoan’ glaciation. Evidence 
for a ‘hard’ snowball Earth has become difficult to support in recent 
years, as evidence has emerged of highly dynamic ice sheets, 
including evidence for open water (e.g. Leather et al. 2002; Arnaud 
2004; Allen & Etienne 2008; Le Heron et al. 2011). The extent to 
which Neoproterozoic ice sheets mirrored the behaviour of their 
Phanerozoic counterparts has remained hotly debated (Etienne 
et al. 2007). However, detailed study of the sedimentary architec-
ture of many Cryogenian glacial successions is long overdue. Such 
studies provide insight into Earth surface environments during the 
Cryogenian, shedding light on the scale and intensity of glacial 
cycles, and, importantly, the link between the break-up of the Rod-
inia supercontinent and glaciation (Eyles & Januszczak 2004).

Although the task is important, determining the dimensions and 
behavioural characteristics of Neoproterozoic ice sheets is chal-
lenging. The snowball Earth hypothesis (Hoffman et al. 1998) 
requires globally extensive ice, yet the location of ice sheet 
grounding lines remains poorly defined. In the Death Valley 
region, California, the ‘Sturtian’-equivalent Kingston Peak 
Formation is commonly interpreted as the product of glaciomarine 
deposition beyond the grounded ice margin (Hazzard 1939; 
Wright et al. 1974; Miller 1985; Mrofka & Kennedy 2011), 
although a solely glacial derivation is not accepted by all (e.g. 
Troxel 1982). Outcrop belts have been tectonically dismembered 
by Tertiary extensional deformation but single fault blocks can be 
reconstructed to reveal laterally and vertically variable lithofacies 
assemblages comprising strata that include several kilometres of 
turbidites, diamictites of mass-flow affinity and boulder-size lone-
stones (Troxel 1982; Miller 1985, 1987; Prave 1999; Mrofka & 
Kennedy 2011), many interpreted as dropstones (Abolins et al. 
2000; Corsetti & Kaufman 2003).

This paper provides a thorough sedimentological analysis of 
the Kingston Peak Formation in its type area, the Kingston Range 
(Fig. 1), and includes detailed descriptions of facies and facies 
associations, documents their distribution in map view, and pre-
sents a glacial depositional model for their accumulation. In doing 
so we propose three glacial cycles within the mid-Cryogenian suc-
cession, and offer a refined interpretation for the origin of kilome-
tre-scale megaclasts. This study therefore provides a stratigraphic 
framework to facilitate comparison with other ‘Sturtian’ sequences 
elsewhere in the Cordillera.

Study area and lithostratigraphy

The Kingston Range exposes a superb outcrop belt of the Kingston 
Peak Formation, a 300–2400 m thick heterolithic, predominantly 
siliciclastic succession preserving a record of Cryogenian glacia-
tion (Fig. 1). The Kingston Peak Formation overlies microbial car-
bonates of the Beck Spring Dolomite and is truncated by the 
Noonday Dolomite (Fig. 1). Following on from the mapping of 
Wright and Troxel and their colleagues (as synthesized in Calzia  
et al. 2000), Prave (1999) applied a fourfold subdivision of the 
Kingston Peak Formation, with units termed KP1–KP4. KP1 is 
now known to be genetically unrelated to the glaciogenic portion of 
the Kingston Peak Formation (Prave 1999; Macdonald et al. 2013), 
and is thus excluded from this study. Units KP2 and KP3 account 
for almost all the remaining stratigraphy in the Kingston Peak 
Formation across the southern Death Valley region and the 
Kingston Range (Macdonald et al. 2013), with only thin, patchy 
development of the fourth unit termed KP4. Units KP2 and KP3 are 
tentatively assigned to an older Cryogenian (‘Sturtian’) glaciation, 
and KP4 is attributed to the younger Cryogenian (‘Marinoan’) gla-
ciation (Prave 1999; Petterson et al. 2011a,b; Macdonald et al. 
2013), with an interglacial stratigraphy well developed in the 
Panamint Range (Miller 1985; Petterson et al. 2011b). Although 
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absolute age dates are lacking, carbon isotope stratigraphy of the 
overlying Noonday Dolomite is closely comparable with basal 
Ediacaran cap carbonates worldwide, dated at 635 Ma (Kennedy 
et al. 1998; Prave 1999; Corsetti & Kaufman 2003; Petterson et al. 
2011a,b; Macdonald et al. 2013), and the work of Petterson et al. 
(2011a,b) supports strongly the inference that it is the younger 
Cryogenian (Marinoan) cap. Other stratigraphies have been pro-
posed but these are variations on the overall framework noted 
above. For example, Mrofka (2010) proposed subdividing the 
Kingston Peak Formation into, from the base up, the Saratoga Hills 
Sandstone (KP1), the Alexander Hills Diamictite (KP2), the Silver 

Rule Mine Member (basal KP3) and the Jupiter Mine Member 
(upper KP3). Macdonald et al. (2013) highlighted the likely link-
ages between the Death Valley succession and those elsewhere in 
western Laurentia and defined four inter-regionally developed, 
unconformity-bound tectonostratigraphic units (TU1–4) as a means 
of establishing a craton-margin stratigraphic framework. The pre-
sent paper deals almost exclusively with rocks contained within 
units KP2 and KP3, which are components of TU3a and TU3b of 
Macdonald et al. (2013).

In the vicinity of section 3 at Horsethief Spring (Fig. 1), the out-
crop belt is cut by a series of en echelon, NE–SW-trending faults. 

Figure 1
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Fig. 1. Geological map of the NE Kingston Range, compiled from field observations in concert with satellite image interpretation. Distribution of 
the olistoliths in the vicinity of section 5 is after Macdonald et al. (2013). The map shows the distribution of those facies associations described and 
interpreted in this paper. Stratigraphic dips of the Beck Spring Dolomite and the overlying Kingston Peak Formation fan around the periphery of the 
granite intrusion that dominates the range. The substantial lateral thickness variations of the Kingston Peak Formation, with a general increase toward the 
SE, should be noted. This trend is interrupted by a comparatively reduced thickness in the vicinity of the Horsethief Spring (section 3), where en echelon 
faults transecting the succession can be clearly observed. Inset map shows the location of the Kingston Range in its regional context.

Fig. 2. Correlation panel for seven detailed sections (locations shown in Fig. 1). This NW–SE traverse is hung from the Noonday Dolomite as a datum. 
The top of measured section 5 is at least 1 km stratigraphically below the Noonday Dolomite (see Fig. 1) and thus the total thickness of the Kingston Peak 
Formation is at least 1200 m in this part of the range. The apparent continuity of the lonestone-bearing facies association is arrested by truncation beneath 
a thick accumulation of boulder conglomerates (section 2). Co-ordinates of sections are as follows: (1) 35°47.924′N, 115°57.773′W (base), 35°48.074′N, 
115°57.673′W (top and Noonday contact); (2) 35°47.795′N, 115°55.628′W (base Kingston Peak Fm), 35°48.253′N, 115°55.635′W (top; base of Noonday); 
(3) 35°46.201′N, 115°52.577′W (base), 35°46.315′N, 115°52.207′W (top); (4) 35°45.489′N, 115°50.603′W (base), 35°45.528′N, 115°50.497′W (top); 
(5) 35°44.810′N, 115°51.612′W (base of diamictite), 35°44.843′N, 115°51.137′W (top of olistolith); (6) 35°45.282′N, 115°50.053′W (top), 35°45.235′N, 
115°50.167′W (base); (7) 35°44.034′N, 115°49.325′W (base and contact with olistolith), 35°44.291′N, 115°49.057′W (top and Noonday contact).
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Fig. 3. Aspects of the diamictite facies association. (a) Interbedded carbonate-rich and siliciclastic-rich diamictites on the multi-metre scale (section 1, 
60–65 m, Fig. 2). (b) Typical example of a striated cobble from the Kingston Peak Formation, collected from c. 40 m from the base of section 1. Striated 
clasts are very common, and were recovered from each studied outcrop of this facies association. (c) Stratified diamictite with 2 cm diameter lonestones 
(section 5, 45 m, Fig. 2). (d) Stratified diamictite composed of highly attenuated laminae in the brown strata and showing intercalations of granular and 
clast-free siltstone horizons on the centimetre scale (section 5, 46 m, Fig. 2). (e) Fresh face of massive diamictites (section 3, 90 m, Fig. 2). (f) Thin-section 
micromorphology of the stratified diamictite facies (section 5, 48 m, Fig. 2).
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Some of these faults were active during sedimentation, evidenced 
by the abrupt termination of some facies against them, as well as 
thickness increases of others across them. They are interpreted as 
an array of normal faults that essentially partitioned the basin into 
horst–graben structures (Fig. 1, section 3) superimposed on the 
regional southward dipping palaeoslope. Studied sections were 
carefully examined away from these fault surfaces to avoid strati-
graphic repetition and fault-related deformation.

Facies analysis

The high degree of lateral and vertical continuity of strata across the 
Kingston Range allows detailed lithofacies analysis. Five lithofacies 
associations (Fig. 1) are distinguished: (1) diamictite, (2) lonestone-
bearing, (3) megaclast, (4) pebble to boulder conglomerate, and  
(5) interbedded heterolithics facies associations. The following 
descriptions cross-reference the correlation panel (Fig. 2).

Diamictite facies association: description

These deposits encompass sandy and silty, grey, buff-weathering 
diamictites, with a range of clast-rich to clast-poor varieties 
recorded. The diamictite facies association occurs at two strati-
graphic levels in the Kingston Range (Fig. 2), locally with uninter-
rupted stratigraphic thicknesses of up to 65 m (section 5). At the 
outcrop scale, clear intercalation of carbonate-matrix diamictites 
with siliciclastic-matrix diamictites is observed (e.g. section 1, 
Figs 2 and 3a). Clast lithologies include massive and laminated 
dolostone (Crystal Spring Formation and Beck Spring Dolomite), 
schist, leucogranite, siltstone (basal Kingston Peak), quartzite, and 
chloritized diabase. Striated clasts (Fig. 3b) are common.

Interbedded silty, stratified diamictites and sandy, massive diam-
ictites are recognized locally at the metre scale (e.g. section 2, 180–
200 m, Fig. 2). The former are typically ungraded and tend towards 
more clast-poor varieties, but in places preserve lonestones with 
impact-related deformation structures (Fig. 3c). Finer-grained inter-
vals show intercalations of granular and clast-free siltstone layers on 
the centimetre scale, where isolated examples of millimetre- to cen-
timetre-scale rootless folds and sheared boudins also occur (Fig. 3d). 
Massive diamictites (Fig. 3e) are also commonly ungraded, with 
local evidence of increased clast abundance upsection within single 
beds. Such intervals also include cut-and-fill geometries, with 2–3 m 
wide incisions, filled with sandy, massive diamictite truncating silty, 
stratified varieties (e.g. section 2, 203 m, Fig. 2). Rarely, discrete, 
erosively based sandstone lenses interrupt massive diamictites (e.g. 
section 1, 139 m, Fig. 2). Micromorphological investigation reveals 
comparatively clast-rich and clast-poor stratified diamictites (Fig. 3f), 
intercalated with 1–2 mm thick graded beds. This approach also 
reveals normal faults with millimetre-scale throws, flame structures, 
rotated intraclasts, and the effects of loading or differential compac-
tion beneath clast-rich diamictites (Fig. 3f).

Diamictite facies association: interpretation

Macdonald et al. (2013) described unit KP2 as a ‘massive diamictite’ 
and unit KP3 as a stratified diamictite, but we emphasize that only 

A

B

C

Fig. 4. Aspects of the lonestone-bearing facies association. (a) Typical 
example of a ferruginous facies, with well-stratified siltstones and well-
expressed bedding. Pebble trains, defining some of the bed bases, are 
arrowed. (b) Boulder-sized, buff-coloured dolostone clast; an isolated 
lonestone, without associated pebble train. (c) A lonestone downwarping 
and piercing siltstone laminae beneath it. It should be noted that 
overlying laminae are undeformed. All examples are from section 5,  
c. 105 m from base (see Fig. 2).
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those strata of our diamictite facies association (unit KP2) can textur-
ally be described as diamictite (Moncrieff 1989; Hambrey & Glasser 
2003). The massive diamictite lithofacies in this study are interpreted 
as a series of glacigenic debris flows (GDFs) derived via downslope 
reworking of inherently unstable sediment delivered to the ice-ground-
ing line (e.g. Elverhøi et al. 2002; Ó Cofaigh et al. 2002; Benn & 
Evans 2010). Beds that exhibit inverse grading are interpreted to result 
from a combination of kinetic sieving and upward clast migration; 
common processes during laminar sediment remobilization (Bagnold 
1954; Talling et al. 2012). Erosive contacts and cut-and-fill structures 
are interpreted to record cannibalization of underlying sediments dur-
ing repeated sediment gravity flow emplacement. Conversely, the pre-
dominance of planar, non-erosive contacts is attributed to hydroplaning 
during flow emplacement, whereby elevated fluid contents both lubri-
cate and sustain the flow, and simultaneously protect the underlying 
bed from cannibalization (e.g. Laberg & Vorren 2000). This process 
also allows greater run-out distances, which may contribute to the 
absence of subglacial or ice-contact deformation features. Both strati-
fied and massive diamictites are thought to accumulate within the ice-
proximal zone, as more distally they would probably undergo flow 
transformation to more dilute, cogenetic turbidity flows (Hampton 
1972; Talling et al. 2012). This is consistent with the preservation of 
clast striations, which would be expected to be removed during clast-
on-clast abrasion under prolonged sediment reworking.

Isolated lonestones with impact-related deformation structures 
are interpreted as iceberg-rafted debris, wherein debris-laden ice-
bergs are released from the ice front, leading to rain-out in the ice-
proximal zone as the basal debris layer melts. The diverse size and 
lithology of ice-rafted clasts is considered more characteristic of 
iceberg than ice-shelf rafting (Pudsey et al. 2006; Reinardy et al. 
2009; Domack & Hoffman 2011), wherein freeze-on of the basal 
debris layer would also inhibit widespread rain-out (e.g. Anderson 
et al. 1991; Hambrey & Glasser 2012). In addition, sub-ice shelf 
diamicton facies are reportedly characterized by numerous intra-
formational sediment clasts derived through subglacial deforma-
tion near the grounding line (‘till pellets’; e.g. Domack & Harris 
1998; Khatwa & Tulaczyk 2001; Evans & Pudsey 2002), which are 
absent from the diamictite facies association described herein.

At the outcrop scale, the presence of rootless folds and sheared 
boudins might be argued to indicate sediment shearing, either in 
response to ice-sheet grounding (Arnaud 2012, and references 
therein), or potentially a shearing basal layer in a debris flow 
(Phillips 2006). At the thin-section scale, the primary source of the 
stratification is clearly sedimentary, rather than of shear origin, 
with intercalated clast-rich and clast-poor diamictites on the lamina 
scale, and graded sandstone laminae. The suite of deformation fea-
tures (flame structures, load structures, extensional microfaults) is 
more suggestive of post-depositional loading in concert with local 
fluid escape. None of the rotational structures characteristic of 
Sturtian glacitectonites in northern Namibia (Busfield & Le Heron 
2013) were observed in the Kingston Range sections.

Lonestone-bearing facies association: description

These deposits are typically thin, ranging in thickness from 12 m 
(section 5, Fig. 2) to 27 m (section 1, Fig. 2). The dominant lithol-
ogy is well-stratified grey siltstone and shale, punctuated by 10–
20 cm thick sandstone beds, 5–40 cm thick pebbly conglomerate 
layers, and massive, silty diamictites. The siltstone and shale inter-
vals are well laminated throughout, with isolated examples of cur-
rent ripple cross-lamination. These intervals bear lonestones, 
typically of pebble to cobble size, of dolostone, siltstone, quartz-
ite, and rarely chloritized metabasite. In places, clasts occur as 
bedding-parallel trains of pebbles and cobbles (Fig. 4a), but more 

commonly as outsized clasts (lonestones) (Fig. 4b). The lone-
stones typically puncture underlying laminae; overlying laminae 
are undeformed, draping the lonestones (Fig. 4c).

Lonestone-bearing facies association: interpretation

The well-stratified siltstones and shales are interpreted as hemipe-
lagic deposits, largely derived from fine-grained sediment plumes 
triggered by associated silt and sand underflows. The latter, includ-
ing the thick sandstone interbeds and ripple cross-laminated silt-
stones, are interpreted as the product of dilute, low-density turbidity 
currents (Bouma Tc-e: e.g. Talling et al. 2012), where fully turbulent 
conditions are required for ripple development (Baas et al. 2011). 
Thin beds of massive diamictite are interpreted as glacigenic debris 
flow deposits, in a similar manner to their thicker counterparts in 
the diamictite facies association. Lonestones with clear impact 
structures indicate ice-rafting, with the diversity of clast lithologies 
indicative of iceberg- as opposed to ice-shelf-rafted debris (Pudsey 
et al. 2006; Reinardy et al. 2009; Domack & Hoffman 2011). The 
finer-grained nature of the host sediments, and greater abundance 
of dilute turbidites than their less evolved cogenetic debrites sup-
ports accumulation in an ice-marginal setting, rather than the ice-
proximal setting of the diamictite facies association.

Pebble to boulder conglomerate facies association: 
description

These deposits are dominated by clast- and matrix-supported con-
glomerates with a sandy matrix, with uninterrupted stratigraphic 
thicknesses that can be as much as >250 m (e.g. section 7, Fig. 2). 
The total thickness of the facies association is highly variable across 
the range, not exceeding 40 m at section 3 (Fig. 2). Maximum clast 
size is typically cobble to boulder dimensions (Fig. 5a); we differen-
tiate these from pebbly conglomerates in our logged sections (Fig. 2). 
Clasts are typically equant to irregular, ranging from angular to 
rounded, with sub-rounded clasts predominant. Compositionally, 
clasts are dominated by dolostones derived from the Beck Spring 
Dolomite, including microbial laminites and crystalline dolostone, 
with sandstone clasts also common. Bed thicknesses range from c. 
20 cm to >10 m. Bed contacts are typically diffuse wherein normally 
graded, finer-grained beds pass vertically into massive, ungraded 
boulder conglomerates (e.g. section 7, 175 m, Fig. 2). In the same 
section, both fining- and coarsening-upward motifs are apparent, and 
are partitioned by clast-poor sandstone (Fig. 5b); otherwise, many 
beds are structureless at the base, passing upwards into plane-bedded 
gravels (e.g. section 7, 233 m: Fig. 2). Trough cross-strata are also 
locally developed at the metre scale, within both pebble conglomer-
ates and intercalated coarse-grained sandstones (Fig. 5c). On the 
decametre scale, thick packages dominated by stratified, pebbly con-
glomerates (Fig. 2, section 2, 320–350 m) alternate with cobble- and 
boulder-dominated units (Fig. 2, section 2, 350–415 m; Fig. 5d).

Pebble to boulder conglomerate facies 
association: interpretation

This facies association is interpreted as the product of glaciogenic 
debris flows and associated high-density turbidites. Limited palae-
ocurrent data from cross strata and cross laminae support south-
ward dipping palaeoslopes. The considerable uninterrupted 
thickness (>250 m in single sections) testifies to a sustained interval 
of high sediment influx. The clear differentiation into predomi-
nantly cobble- to boulder-bearing beds and pebbly beds implies 
variations in energy levels or sediment supply, interpreted as the 
product of pulsed sediment delivery from the ice-grounding line.  
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In this setting, high rates of sedimentation promote instability and 
repeated slope failure (e.g. Vorren et al. 1998; Dimakis et al. 2000; 
Benn & Evans 2010), triggering downslope sediment remobiliza-
tion. The coarsening-upward, structureless beds are interpreted as 
debrites, reflecting processes of upward clast migration and kinetic 
sieving (e.g. Talling et al. 2012), as recorded in the diamictite facies 
association. The clast angularity may imply a short transport inter-
val, although the predominance of sub-rounded clasts underscores 
the importance of intra-flow clast abrasion. The fining-upwards 
conglomerates are interpreted as cogenetic high-density turbidites 
(Hampton 1972; Talling et al. 2012). This is supported by the over-
all absence of bedforms, hindered by both rapid deposition and 
dampening of turbulence under high sediment concentrations 
(Talling et al. 2012). Both outcrop (Amy & Talling 2006) and 
experimental approaches increasingly emphasize the cogenetic 
(bipartite; Tinterri et al. 2003) link between turbidity flows and 
debris flows. This process frequently occurs through transforma-
tion of moderate strength debris flows into more dilute (‘linked’) 
turbulent flows during mixing with the overlying water body 
(Talling et al. 2012), and commonly occurs within ice-proximal 
zones under high sedimentation rates (Benn & Evans 2010). This 
setting is further supported by the occurrence of striated pebbles, 
reported by Mrofka & Kennedy (2011) and Macdonald et al. 
(2013), which would be unlikely to survive significant reworking 
and clast abrasion beyond the ice-proximal zone. The cogenetic 
nature of debrites and turbidites may also account for the diffuse 
boundaries between beds.

The association of debrites and turbidites is strong evidence that 
they were deposited in a marine setting. Thus, earlier interpretations 
of these strata as ‘terrestrial fanglomerates’ are rejected (Mrofka 
2010; Mrofka & Kennedy 2011). It is recognized that high concen-
trations of boulder-bearing gravels could be produced by terrestrial 
jökulhlaup outbursts onto sandur plains, associated with cata-
strophic release of turbulent meltwater (Marren et al. 2009). 
However, these are typically marked by a suite of sedimentary struc-
tures such as metre-scale antidunes and megaripples, even in grav-
els, as a result of sustained flow over several hours or more (Duller 
et al. 2008). These characteristics are lacking in the pebble to boulder 
conglomerate facies association. Moreover, features characterizing 
subaerial exposure such as palaeosols (Sheldon & Tabor 2009), des-
iccation cracks or aeolian deflation surfaces are lacking.

Megaclast facies association: description

This facies association consists of metre- to hundreds-of-metre-scale 
blocks (megaclasts) that occur at a number of levels over a c. 1000 m 
interval. The scale of the blocks is amply demonstrated in panoramic 
view (Fig. 6a and b), and the facies association is particularly well 
expressed in section 5 (Fig. 2). First described by Troxel (1966), the 
blocks are tabular bodies with highly irregular edges (Figs 2 and 6a, 
b); most are carbonate lithologies derived from the Crystal Spring 
Formation and Beck Spring Dolomite, but also comprise arkosic 
sandstones and granular conglomerates (Fig. 2, section 5, 180–
190 m), intensely sheared, carbonate-dominated diamictite beds 

A B

C D

Fig. 5. Boulder conglomerate facies association. (a) Boulder conglomerate (110 m on section 3: see Fig. 2 for stratigraphic position). (b) Fining-upward motif 
(approximately delineated by hammer), with an overlying coarsening-upward motif. (c) Decimetre-scale trough cross-strata downlapping onto differentially 
silicified sandstones. (d) Dramatic vertical facies shift from conglomerate beds to overlying black, silicified shales and sandstones (113–115 m, section 6).
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(Fig. 2, section 5, 157 m; Fig. 6c) and gneissic basement. Internally 
they commonly comprise coherent beds, some of which are strati-
graphically inverted (i.e. upside down; Macdonald et al. 2013). 
Between the blocks, exposure is often poor. In places, however, well-
stratified shales are preserved in continuous sections more than 10 m 
thick (Fig. 2), which onlap single dolostone megaclasts (Fig. 6d).

Megaclast facies association: interpretation

The megaclast facies association is interpreted as an olistos-
trome (also see Macdonald et al. 2013), with the blocks  

representing constituent olistoliths and the interstitial shale  
representing background sedimentation. The planform distribu-
tion of the blocks (Fig. 1) demonstrates that whereas their strike 
is approximately bedding-parallel, each is an isolated fragment. 
Their size and angularity implies a short transport distance, and 
their source has been proposed to lie a few kilometres to the 
north of the outcrop belt (Macdonald et al. 2013). The presence 
of stratigraphically inverted olistoliths supports deposition  
via downlope gravity sliding (Robertson 1977) and toppling, 
rather than debris flow slumping (Heck & Speed 1987; Wendorff 
2005).

Fig. 6. Megaclast facies association. (a) Photograph taken looking north whilst completing log 5, and taken from the top of an olistolith (in foreground, 
and at 140 m on log: see Fig. 2). Field of view is c. 3 km in midground. (b) Line drawing over photograph of (a), illustrating the geometry of the 
olistoliths, their blocky character at the kilometre scale, the outcrop width of the olistostrome in general, and the disconnected Noonday Dolomite peaks 
capping the Kingston Peak Formation in the distance. The shale beds onlapping the cliff-forming olistolith in the middle of the photograph should also be 
noted. (c) Blocky, angular carbonate boulder of the Beck Spring Dolomite (226 m on log 2: see Fig. 2), encased within red siltstone. These deposits are 
interpreted as lateral equivalents of the olistostrome shown in (a) and (b). (d) Carbonate-rich diamictite, with highly attenuated clasts of Crystal Spring 
Formation stromatolite. The diamictite is well stratified, with the fabric dipping steeply toward the left of the photograph. (e) Arkose megaclast, with 
hammer for scale. (f) Onlap of shale against olistolith. The photograph is an area of detail shown in (a) and (b).
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The onlap relationship of the shales against the olistoliths 
demonstrates that they represent background sedimentation prior 
to, during, and following olistolith emplacement. Comparable 
hemipelagic intervals have been encountered in other olistos-
tromes (Heck & Speed 1987). Isolated lonestones within the 
shale facies are interpreted as ice-rafted debris, suggesting depo-
sition of the olistostrome concurrent with disintegration of the 
ice front. This process would be expected to destabilize a marine-
terminating ice mass, thereby providing a plausible mechanism 
for inducing catastrophic slope failure. Under this scenario, ice-
bergs may be calved from the ice front, releasing debris into the 
interstitial shales. An alternative explanation is that the mega-
clasts are themselves ice-rafted, but the absence of impact-
related deformation features within the underlying shales, the 
sheer scale of the megaclasts, and the evidence for inversion dur-
ing downslope movement are considered incompatible with this 
scenario.

It has long been recognized that syndepositional extensional tec-
tonism occurred concomitant with sedimentation (e.g. Prave 1999, 
and references therein), and is considered to be a key factor in for-
mation of the olistostrome (e.g. Macdonald et al. 2013, and refer-
ences therein). In light of the evidence for ice-rafting accompanying 
accumulation of the olistoliths, the role of glaciation in triggering 
their remobilization can be invoked. Prior to deposition, ice cover 
in the source area of the megaclasts may have contributed to break-
up of the bedrock through processes of freeze–thaw, whereby the 
exploitation of joints by meltwater and permafrost development 
resulted in in situ fracturing. With the overburden of the ice cover, 
the fractured bedrock would be held in place as tabular blocks. As 
ice retreated, unloading accompanied by isostatic rebound destabi-
lized the fractured substrate. Therefore, the combined influence of 
removal of the ice buttress and synsedimentary tectonism, poten-
tially during isostatic rebound, allowed excavation of the fractured 
substrate, and downslope remobilization of the megaclasts.

Fig. 7. Interbedded heterolithics facies 
association. (a) Coarsening-upward 
shales and siltstones to the left of the 
hammer (circled) and thickening-upward 
sandstones and conglomerates (right of 
the hammer). (b) Detail of (a), with thick 
sandstone bed clearly showing truncation 
of underlying strata. (c) Stacked fining-
upward successions developed in a 
sandstone package. (d) Flute casts at the 
base of a bed. Palaeocurrent was moving 
toward 030°. (e) Normal grading: fining 
upward from a granular conglomerate at 
the base of the lens cap to medium-grained 
sandstone at the top of the bed. (f) Granular 
conglomerate, with an undulose base, 
cutting into siltstone. (g) Trough-cross 
stratification in coarse-grained sandstone. 
(h) Interlaminated siltstone (dark grey) 
and shale (light grey or brown) with low-
amplitude load structures in the lamina 
beneath the coin. (a), (b) and (e–h) are 
from section 6 (60–110 m); (c) from section 
4 (105–110 m); (d) from section 3 (145 m) .
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Interbedded heterolithics facies association: description

These deposits are well exposed in measured sections 3, 4 and 6 
(Fig. 2) where they comprise a series of pebbly sandstones, sand-
stones, siltstones and shale (Fig. 7a and b). Beds range from 5 to 
75 cm in thickness for the sandstones, and from 10 to 50 cm for the 
siltstones and shale. In vertical section, beds are organized into 
clear coarsening- and thickening-upwards (Fig. 7a and b) and fin-
ing- and thinning-upwards packages (Fig. 7c); a small proportion is 
ungraded. Single coarsening-upwards packages reach 20 m thick-
nesses and can be traced for at least 4 km (Figs 1 and 2).

The base to all sandstone beds is sharp, and flute casts are locally 
preserved (Fig. 7d). Stacked sandstone beds commonly display a 
planar, parallel bed top and base (Fig. 7c), whereas pebbly sand-
stone beds resting on siltstones and shales show an irregular to 
undulose base (Fig. 7e and f). Structureless and parallel-laminated 
sandstone beds are common; in places single beds show a vertical 
transition from the former to the latter. Current-ripple cross-lami-
nation and small-scale trough cross-bedding (Fig. 7g) are devel-
oped both toward the top of fining-upward cycles and in ungraded 
beds. Whereas palaeocurrent data are few, dip-corrected ripple 
foreset azimuths indicate south to SW palaeoflows. Convolute bed-
ding, ball and pillow structures (Fig. 7h) and flame structures are 
prevalent.

Interbedded heterolithics facies association: 
interpretation

The normally graded sandstone beds record classic Tabc turbidites 
(Talling et al. 2012), consistent with the preservation of flute casts 

on bed bases, with interbedded siltstone and shale interpreted as the 
hemipelagic product of waning flow (e.g. Allen et al. 2004). These 
deposits are considered to be lateral equivalents of the pebble to 
boulder conglomerate facies association. Downslope evolution of 
high-density turbidity currents and hyperconcentrated flows results 
in their dilution as they mix with ambient waters, generating turbu-
lent, lower density flows (Hampton 1972; Baas et al. 2011; Talling 
et al. 2012). The generation of these facies via flow transformation 
of ice-proximal turbidites and debrites is used to argue in favour of 
a more distal depositional setting, whereas the coarser calibre of the 
sediment indicates a more proximal setting than that for compara-
ble low-density turbidites of the lonestone-bearing facies associa-
tion. As such, accumulation in the distal reaches of the ice-proximal 
zone is supported.

Irregular, undulose bed bases indicate cannibalization of under-
lying sediments during subsequent turbidity flows, whereas the 
predominance of planar, non-erosive contacts supports hydroplan-
ing during flow emplacement (e.g. Laberg & Vorren 2000), in a 
similar manner to the diamictite facies association. This is consist-
ent with the elevated fluid contents anticipated during downslope 
flow dilution. The presence of convolute lamination and climbing 
ripple cross-lamination is indicative of rapid deposition under fully 
turbulent conditions (Allen 1991; Baas 2000; Baas et al. 2011; Jobe 
et al. 2012; Talling et al. 2012). Load and flame structures are 
indicative of Rayleigh–Taylor instabilities at a grain-size boundary 
(Allen 1984).

The stratigraphic arrangement of beds into packages that dis-
play clear fining- and coarsening-upwards profiles may imply 
either autocyclic or allocyclic processes at work. Prélat et al. 
(2010) recognized a hierarchy of stratigraphic organization in 
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subaqueous turbidite systems of the Karoo Basin. In descending 
hierarchical order, lobe complexes are built from lobe elements, 
in turn built from bedsets and beds. A single subaqueous lobe 
consists of several vertically stacked lobe elements. The alterna-
tion of fine- and coarser-grained packages of multi-metre-scale 
lobe elements in the Kingston Range might thus be suggestive of 
upstream avulsion of feeder channels (e.g. Prélat et al. 2010). 
The stratigraphic arrangement of coarsening- and fining-upward 
cycles (i.e. lobe elements) within this facies association com-
pares closely with similar cycles identified within the pebble to 
boulder conglomerate facies association (Fig. 2, compare sec-
tions 6 and 7), thus affirming a genetic connection between these 
deposits.

Evolution of the Kingston Peak Formation

Stacking patterns and inferred glacial cycles

Combining the map distribution of facies associations and their 
vertical stacking patterns, their 3D distribution can be visualized 
with the aid of a simple fence diagram (Fig. 8). The stratigraphic 
surface immediately underlying the first occurrence of diamictite 
(i.e. the KP1–KP2 contact; Prave 1999) (Figs 2 and 8) is a signifi-
cant unconformity. The overlying diamictite facies association is 
interpreted as a series of ice-proximal glaciogenic debris flows sub-
ject to secondary ice-rafting, and as such represents the onset of 
glaciation in this region (Fig. 8). Arguably, therefore, the basal 
unconformity that downcuts facies of KP1 may represent a glacial 
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erosion surface (GES). Given the lack of evidence for subglacial 
features (e.g. ice-contact deformation) within the diamictite facies 
association, this GES would probably represent subglacial erosion 
during initial ice advance, which subsequently becomes infilled by 
glaciogenic debris flows. In this scenario, the erosion surface can 
be used to support ice grounding in the Kingston Range (Fig. 9a). 
This is a widely recognized unconformity throughout the Death 
Valley region, defined at the base of the Virgin Spring Limestone 
owing to local angular truncation of the underlying strata (Mrofka 
2010; TU3 of Macdonald et al. 2013). However, this unit is absent 
throughout the Kingston Range, where the unconformity is defined 
at the base of KP2. Therefore, the region-wide unconformable sur-
face at the top of KP1 clearly has a tectonic origin in places 
(Macdonald et al. 2013), but is perhaps coincident with a GES in 
the Kingston Range (sections 1, 2 and 5, Figs 2 and 9a).

Macdonald et al. (2013) ascribed the diamictite of KP2 to a sin-
gle tectonostratigraphic unit. Broadly, the stratigraphic position of 
that diamictite compares with the stratigraphic position of the 
diamictite facies association described herein, with one important 
caveat. We recognize two discrete stratigraphic occurrences of the 
diamictite facies association, clearly separated by a lonestone-bear-
ing facies association (which is largely diamictite free) in sections 
1, 2 and 5 (Figs 2 and 8). We are wary of overemphasizing the 
significance of this interval beyond the Kingston Range, although 
interestingly Mrofka & Kennedy (2011) also noted that the diamic-
tite in KP2 is ‘interrupted by a 5–20 m interval of finer-grained 
facies in the Saratoga Hills, southern Saddle Peak Hills and the 
Alexander Hills’. The lonestone-bearing facies association is inter-
preted to record deposition via dilute turbidity currents and thin 
glaciogenic debris flows, alongside ice-rafting in interbedded 
hemipelagic deposits, within an ice-marginal setting (Fig. 9a). It 
therefore reflects a minor retreat phase interrupting ice-proximal 
deposition of the diamictite facies association, attributed to oscilla-
tion of the grounding line as opposed to widespread ice meltback.

The second appearance of ice-proximal diamictites is suc-
ceeded by the olistostrome of the megaclast facies association 
(Figs 2 and 8). Release and downslope remobilization of the meg-
aclasts is attributed to the cumulative effects of synsedimentary 
tectonism, removal of ice cover in the source area and isostatic 
rebound, triggering iceberg rafting concomitant with olistolith 
emplacement. It is therefore interpreted to record an ice minimum 
phase (Fig. 9b). Sufficient meltback to expose bedrock in the 
source area of the megaclasts, considered to lie a few kilometres 
north of the outcrop belt (Macdonald et al. 2013), is likely to be 
more significant than the minor oscillation interrupting accumula-
tion of the diamictite facies association. However, further exami-
nation is required to assess the significance of this meltback 
beyond the Kingston Range, and thus it is important to stress that 
we do not argue for full interglacial conditions during this interval.

The first stratigraphic appearance of the pebble to boulder con-
glomerate facies association above the olistostrome complex is 
abrupt and often sharp-based (Figs 2 and 8). These deposits are 
interpreted to record a sudden influx of coarse debris debouched 
into the basin during an ice readvance (Fig. 9). The predominance 
of carbonate boulders derived from the Crystal Spring Formation 
and Beck Spring Dolomite (i.e. equivalent lithologies to the olisto-
liths) suggests that the exposed bedrock that supplied the mega-
clasts was equally exploited during the subsequent ice advance. 
Significant erosion and plucking of the carbonate bedrock would 
have therefore provided abundant debris for remobilization as deb-
rites and high-density turbidites of the pebble to boulder conglom-
erate facies association. The presence of subglacially striated clasts, 
as reported both by Mrofka & Kennedy (2011) and Macdonald 
et al. (2013), strongly supports their glacial derivation. The thick, 

hyperconcentrated deposits are typical of rapid and high rates of 
sedimentation, commonly encountered within the ice-proximal 
zone (e.g. Benn & Evans 2010), corroborated by the preservation 
of clast striations, which would be removed under significant 
reworking and clast abrasion further downslope.

With increasing distance from the ice front, high-density flows of 
the pebble to boulder conglomerate facies association become 
diluted, and undergo flow transformation to low-density turbidites 
and hemipelagic deposits of the interbedded heterolithics facies 
association. These deposits could be interpreted to record back-step-
ping of the ice front, thereby preserving a retrogradational sequence 
of more ice-distal fines overlying ice-proximal conglomerates. 
However, in places deposits of the interbedded heterolithics and 
pebble to boulder conglomerate facies associations occur at compa-
rable stratigraphic levels in different logged sections (Fig. 2), with 
no clear upslope to downslope trend (i.e. north to south). This pat-
tern could reflect deposition of the coarser-grained facies as turbid-
itic lobes (sensu Prélat et al. 2009, 2010) with accumulation of 
finer-grained turbidites between coarser lobe elements. The finer-
grained facies could then be succeeded by the coarser, high-density 
turbidites (e.g. section 3, Fig. 2) under lobe-switching and upstream 
avulsion. In the Kingston Range, the final deglaciation of the Death 
Valley region is obscured owing to the angular unconformity that 
truncates the topmost strata at the base of the Noonday Dolomite.

The wider significance of glacial cycles

Based on the stratigraphic organization of facies associations, we 
are able to infer advance and retreat of the ice sheets during deposi-
tion of the Kingston Peak Formation. The following should be 
regarded as preliminary, and awaits careful testing in other Death 
Valley outcrop belts.

Evidence of initial ice advance is proposed at the unconformable 
contact between the pre-glacial KP1 and glacial KP2, interpreted as 
a glacial erosion surface, at the same stratigraphic level as the more 
regionally significant tectonic unconformity (base TU3, Macdonald 
et al. 2013). The first evidence of glacially influenced sedimenta-
tion occurs in the overlying diamictite facies association, which 
records accumulation of glaciogenic debris flows and ice-rafted 
debris in the ice-proximal zone. A thin interval of ice-marginal tur-
bidites and ice-rafted debris of the lonestone-bearing facies asso-
ciation interrupts this ice-proximal succession, interpreted to record 
a minor ice front oscillation. Resumed ice-proximal deposition of 
the diamictite facies association is then succeeded by a more sub-
stantial ice meltback during accumulation of the megaclast facies 
association, wherein ice retreats beyond the source region of the 
olistoliths to allow excavation of the carbonate bedrock. This 
retreat phase is also associated with disintegration of the ice front, 
calving icebergs into the basin, which feed debris into the hemipe-
lagic deposits onlapping the olistoliths. A second major ice advance 
is then recorded in the accumulation of ice-proximal glaciogenic 
debris flows and turbidites of the pebble to boulder conglomerate 
facies association, fed by the eroded bedrock that sourced the car-
bonate megaclasts. Minor back-stepping of the ice front could 
account for accumulation of more distal low-density turbidites of 
the interbedded heterolithics facies association towards the top of 
some logged sections (Fig. 2), although evidence of terminal de-
glaciation is not recorded.

This stratigraphic motif can be used to infer advance and retreat 
of ice sheets during deposition of the Kingston Peak Formation, 
although the full extent of ice growth and meltback remains to be 
tested elsewhere in the Death Valley region, and throughout the 
Cordillera. The absence of time constraints within the Kingston 
Peak Formation currently precludes an objective analysis of the 

 at Royal Holloway, University of London on June 30, 2014http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


NEOPROTEROzOIC ICE SHEETS AND OLISTOLITHS 537

cyclicity of these advance–retreat phases. However, recent Re–Os 
constraints on both the base and top of the Sturtian-equivalent 
Rapitan succession in NW Canada demonstrate that this glaciation, 
if global, may have been some 60 Ma in duration (Rooney et al. 
2013). A c. 60 Ma glacial era could clearly incorporate multiple 
glacial cycles, and multiple glacial events, within the timeframe of 
a first-order global sequence (Catuneanu et al. 2005). Even if we 
assume that the glacial sedimentary record in the Kingston Range 
is only a partial record, with cannibalization of some units demon-
strable (Fig. 9), the greatest potential for regional, and global, cor-
relation lies within the thickest accumulations, which can be 
interpreted as major depocentres. Thus, for the purposes of global 
stratigraphic comparisons with other sections, the Kingston Range 
is an excellent reference section, even if the significance of the gla-
cial cycles requires further investigation.

Classic ‘Sturtian’ successions in South Australia and northern 
Namibia both demonstrate evidence for advance and retreat of ice 
masses during Cryogenian glaciation (e.g. Le Heron et al. 2013; 
Busfield & Le Heron 2014), each with an interval of significant ice 
meltback possibly equating to interglacial conditions. Busfield & 
Le Heron (2014) proposed a high-resolution, glacial sequence 
stratigraphic framework for the central Flinders Ranges in 
Australia, in which four glacial advance sequences are recognized, 
separated by three intervals of glacial retreat. One retreat phase also 
includes evidence of open water conditions, allowing storm-wave 
agitation of the sediments and generation of hummocky cross-strat-
ification (Le Heron et al. 2011; Busfield & Le Heron 2014). 
Sturtian-equivalent deposits of the Chuos Formation in the 
Omutirapo palaeovalley of northern Namibia likewise preserve 
evidence of a significant period of ice meltback, wherein a succes-
sion of shales lacking glacial influence interrupt the overall ice-
proximal regime (Le Heron et al. 2013). It is possible that these 
intervals of major meltback correlate with the most pronounced 
retreat in the Kingston Peak succession. However, it is equally 
plausible that the glacial records are diachronous (e.g. Allen & 
Etienne 2008), and hence many more than three glacial cycles can 
be accommodated within the global ‘Sturtian’ record. Regardless 
of which is correct, substantial ice mass wasting and regrowth is 
necessary to explain the stratigraphy of the Kingston Peak 
Formation in the Kingston Range. The biggest challenge remains to 
compare the internal Sturtian record from continent to continent.

Conclusions

Based on mapping, sedimentary logging and facies analysis, the 
Kingston Peak Formation demonstrates a strong glacial influence 
throughout, subject to advance and retreat of the ice margin. 
Specific findings are as follows.

(1) Five facies associations are recognized in the Kingston 
Range: (1) diamictite facies association (glacigenic debris flows 
with secondary iceberg rafting); (2) lonestone-bearing facies asso-
ciation (hemipelagic deposits and low-density gravity flows with 
iceberg rafting); (3) pebble to boulder conglomerate facies associa-
tion (cogenetic glacigenic debris flows and high-density turbidites); 
(4) megaclast facies association (olistostrome and hemipelagic sedi-
ments subject to ice-rafting); (5) interbedded heterolithics facies 
association (low-density turbidites and hemipelagic deposits). 
Collectively, these facies testify to the importance of mass flow pro-
cesses on sedimentation, under an entirely subaqueous regime.

(2) Deposition of the olistostrome is associated with a period of 
ice meltback, allowing exposure of the subglacially fractured car-
bonate bedrock, and hence release of the olistoliths downslope via 
removal of the ice buttress, isostatic rebound and synsedimentary 
tectonism.

(3) The stratigraphic organization of facies associations allows 
the glacial history of units KP2 and KP3 of the Kingston Peak 
Formation to be elucidated, including multiple ice advance–retreat 
cycles. These are considered to record intra-Sturtian glacial cycles. 
Overall ice-proximal sedimentation is interrupted by a minor ice 
front oscillation, and a more significant meltback during deposition 
of the olistostrome. Terminal de-glaciation is not recorded in the 
Kingston Range.
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ABSTRACT

The Kingston Peak Formation is a Cryogenian sedimentary succession that 
crops out in the Death Valley area, California. It is widely accepted to record 
pre-glacial conditions (KP1), followed by two glaciations of pan-global 
extent, the older Sturtian (KP2 to KP3) and younger Marinoan glaciation 
(KP4). In the type area (the Kingston Range), detailed facies analysis of the 
Sturtian succession reveals that a basal diamictite unit and an upper boulder 
conglomerate were deposited by proglacial subaqueous sediment gravity 
flows. An olistostrome unit punctuating the succession is interpreted to 
result from tectonically induced downslope mobilization during isostatic 
rebound, triggered by significant ice-meltback. Focussing on strata onlapping 
the olistostrome, this article provides insight into the processes of glacial re-

advance following an intra-Sturtian glacial minimum. The first 50 m of strata 
above the olistostrome are thinly bedded turbidites that are devoid of lone-

stones. A trend towards thicker graded beds upsection, in concert with the 
gradual appearance and then abundance of lonestones, testifies to the influ-

ence of ice rafting and to the resumption of a direct ice sheet influence upon 
sedimentation. Stratigraphic organization into thickening and coarsening 
upward bedsets over a multi-metre scale reveals a subaqueous gravity flow-

dominated succession composed of a spectrum of high to low density tur-

bidites, with thick graded boulder-conglomerates at intervals. The finer-

grained facies assemblage is heterolithic: current ripple cross-laminated 
sandstones intercalated with shales that bear delicate granule to pebble-sized 
dropstones in abundance. Intervals of dropstone-bearing and dropstone-free 
strata are attributable to dynamic oscillation of the ice margin in the hinter-

land. Integrating palaeocurrent data with observations from neighbouring 
outcrop belts allow a detailed palaeogeographic map of the eastern Death 
Valley area to be compiled for the first time.

Keywords Cryogenian, Death Valley, Neoproterozoic, Pahrump Group, 
snowball earth.
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INTRODUCTION

The Sturtian glaciation is the oldest of two major
glacial intervals in the Cryogenian interval and
considered to span approximately 60 Myr (Roo-
ney et al., 2014). In the Death Valley area, Cali-
fornia, lower to middle levels of the Kingston

Peak Formation are renowned as an excellent
example of the interplay between extensional
tectonics and glaciation (e.g. Basse, 1978; Miller,
1985; Link et al., 1993; Prave, 1999; MacDonald
et al., 2013; Le Heron et al., 2014), contributing
to the debate on tectonic versus glaciogenic con-
trols upon diamictites in the Neoproterozoic on a
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global scale (Eyles & Januszczak, 2004). These 
deposits, of interpreted Sturtian age (Prave, 1999) 
have thus received a resurgence of interest since 
the early sedimentological models were devel
oped (Basse, 1978; Miller, 1985), stemming ulti
mately from the interest stirred by the Snowball 
Earth hypothesis (Hoffman et al., 1998). Neopro
terozoic strata crop out in typically well-exposed 
but disconnected outcrop belts, providing 
detailed insight into ice sheet dynamics in the 
southern Cordillera. Understanding palaeo-ice 
sheet behaviour, via a detailed scrutiny of facies 
and stratigraphic architecture, provides valuable 
boundary conditions for climate models in the 
Sturtian icehouse world (Hyde et al., 2000; Pier
rehumbert, 2005; Le Hir et al., 2007; Pierrehum
bert et al., 2011). 

In eastern California, the Kingston Peak Forma
tion (Fig. 1) preserves an exceptionally well-ex
posed, thick and laterally extensive succession 
that includes glaciogenic strata of both early 
Cryogenian (Sturtian) and late Cryogenian (Mari
noan) age (MacDonald et al., 2013; Le Heron 
et al., 2014). This region, representing the type 
area of the Kingston Peak Formation, demon
strates clear evidence for a glacial influence on 
sedimentation (e.g. Mrofka & Kennedy, 2011; 
MacDonald et al., 2013), including major 
advance-retreat cycles (Le Heron et al., 2014). In 
the northern Kingston Range, both MacDonald 
et al. (2013) and Le Heron et al. (2014) described 
a >1 km thick olistostrome unit punctuating the 
Sturtian succession. This interval has been inter
preted as a glacial minimum (Le Heron et al., 
2014), with retreat of the ice front triggering iso
static rebound, tectonism and unbuttressing of 
the carbonate bedrock. These processes led to 
remobilization of angular olistoliths downslope, 
accompanied by background ice-rafting following 
widespread ice sheet disintegration. Above this 
horizon, conglomerate and graded sandstone 
facies are interpreted to record subaqueous out
wash during a glacial re-advance (Le Heron et al., 
2014). However, the contact between the olis
tostrome unit and overlying strata is largely 
obscure in the northern Kingston Range owing to 
the high proportion of muddy deposits that are 
typically recessive on hillsides. 

This article targets the southern Kingston 
Range (Fig. 1), where outstanding gulley sec
tions permit the olistostrome and supra-olis
tostrome units to be distinguished clearly. In 
contrast with other regions in the Death Valley 
area, mudstone-rich intervals are well-exposed, 
and demonstrate clear variations in the content 

Fig. 1. (A) Overview map of the main outcrops of 
Neoproterozoic strata in Death Valley. (B) Satellite 
image of the southernmost part of the Kingston Range 
[see (A) for location]. (C) Simple geological map of 
the southern Kingston Range, covering the same geo
graphic area as the satellite image (B). The colour 
scheme matches that of Le Heron et al. (2014) for 
comparison with strata further north in the range. 
Also shown on this map are the locations of detailed 
sedimentary logs which are presented in Fig. 2. 
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of ice-rafted debris (IRD). This paper therefore 
aims to: (i) document the facies associations 
preserved in the supra-olistostrome unit; (ii) 
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Fig. 2. Sedimentary logs corresponding to each of the 
locations that are shown in Fig. 1C. Note that three 
facies associations are recognized in this study. Three 
lines of evidence for a south-east dipping, major 
palaeoslope can be established: (i), palaeocurrents in 
the rose diagram, showing regional-dip corrected 
cross-laminations plus flute casts and grooves; (ii) 
consistent thinning and pinch out of the conglomer
ates on each of the logs in the same direction and (iii) 
based on previous evidence (Le Heron et al., 2014), 
thickening of the entire Kingston Peak Formation 
away from growth faults in the Horsethief Spring area 
to the north-west. On the logs, note the clear alterna
tion/differentiation of lonestone-bearing and lone
stone-free thin bedded heterolithic deposits. 

comment on the distribution of IRD in the 
succession and its relation to ice sheet dynamics 
and (iii) assess the regional palaeogeography 
during deposition of part of the Kingston Peak 
Formation, as a first step towards constraining 
the geometry of the palaeo-ice margin. 

REGIONAL GEOLOGY AND 
STRATIGRAPHY 

In ascending order, the Pahrump Group tradi
tionally comprises three subdivisions; the Crys
tal Spring Formation, the Beck Spring dolomite 
and the Kingston Peak Formation (Prave, 1999; 
MacDonald et al., 2013). Recent detrital zircon 
ages constrain the upper Crystal Spring Member 
to younger than 787 ± 11 Ma, which Mahon 
et al. (2014a) use to propose a separate 'Horse 
Thief Springs Formation'. This offers a maxi
mum depositional age for the Kingston Peak For
mation, which is recognized as older than 
635 Ma based upon angular truncation beneath 
the Noonday Dolomite (Petterson et al., 2011; 
MacDonald et al., 2013). No palaeomagnetic 
data are available from the Kingston Peak For
mation itself, although Evans (2000) obtained a 
near-equatorial (01 ± 4°) palaeolatitude from the
Johnnie Formation some hundreds of metres 
stratigraphically upsection. 

The Kingston Peak Formation is considered to 
span two intracratonic rifting events, associated 
with break-up of the supercontinent Rodinia 
(Prave, 1999; Mahon et al., 2014a). In the south
ern Panamint Range, mid-ocean ridge basalt type 
pillow lavas are intercalated with diamictites 
belonging to the lower part of the Kingston Peak 
Formation in Surprise Canyon (Labotka et al., 
1980; Miller, 1985). This key finding, taken 
together with evidence for 'buried faults' led 
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Prave (1999) to propose an early phase of rifting
at about 700 Ma. In the Kingston Range, in the
vicinity of Horsethief Spring, a series of spectacu-
lar en echelon normal faults, dissecting the upper
part of the Kingston Peak Formation can be
observed on satellite imagery (Le Heron, 2015).
A second phase of rifting during Kingston

Peak times was proposed by Prave (1999) at
about 600 Ma on account of an olistostrome
mapped in Goler Wash, southern Panamint
Range. This olistostrome, it was shown, progres-
sively truncated underlying Kingston Peak For-
mation strata down to crystalline basement, and
was itself capped by an upper diamictite termed
the Wildrose Diamictite (Miller, 1985). Else-
where in the Death Valley area, olistostromes
with kilometre-scale blocks occur in the central
and southern Kingston Range (MacDonald et al.,
2013; Le Heron et al., 2014; this paper). Large,
angular blocks of dolostone derived from the
Crystal Spring Formation are mappable in the
Silurian Hills (Kupfer, 1960) where crystalline
basement fragments are also common (Basse,
1978).
Evidence for olistostromes in the Pahrump

Group is confined to the Kingston Peak Forma-
tion. However, it is noted that arkosic sandstone
and granular conglomerates – presumably
implying downcutting to crystalline basement –

occur at intervals in other units, notably in the
Crystal Spring Formation (MacDonald et al.,
2013). Carbonate conglomerate intervals at the
base of the Horse Thief Spring Formation record
deposition following a 300 Myr duration hiatus
(Mahon et al., 2014a). Regional zircon data sug-
gest an evolution in sediment routing systems,
with provenance from the north-east (Colorado)
during latest Tonian and early Cryogenian time,
with progressive input from the south-east and
east into the Cryogenian (Mahon et al., 2014b).
MacDonald et al. (2013) adopted and refined

the regional allostratigraphy for the Cryogenian
Kingston Peak Formation developed by Prave
(1999). In that framework, the formation is sub-
divided into four units; KP1 to KP4 in ascending
stratigraphic order. Owing to the lack of glacial
indicators in the lower part of the formation,
KP1 is considered to predate the growth of ice
sheets that deposited glaciogenic strata of KP2
to KP4. In the Panamint Range, an angular
unconformity and package of non-glacial carbon-
ate separates units KP3 and KP4, leading to their
interpretation as products of the older Sturtian
and younger Marinoan glaciation, respectively
(Prave, 1999; Petterson et al., 2011). Le Heron

et al. (2014) did not find clear evidence for a
KP4 unit in their study area in the northern
Kingston Range, although a detailed sedimentary
model for units KP2 to KP3 was developed in
that paper. Unit KP2 consisted entirely of a
dropstone-bearing diamictic unit, but the olis-
tostrome and supra-olistostrome succession were
restricted to unit KP3 (Le Heron et al., 2014).

THE SOUTHERN KINGSTON RANGE

High quality exposure of unit KP3 is recorded
within a series of north–south oriented gulleys
that dissect the southern Kingston Range, provid-
ing the basis for both correlation (Fig. 2) and high
resolution facies analysis (Fig. 3) that underpin
the present paper. The contact between the olis-
tostrome and supra-olistostrome succession is
well-preserved and is sharply defined in the field
by a colour change from dark grey weathering,
manganiferous deposits to light brown strata
(Fig. 4A). At the outcrop scale, the olistostrome
succession bears very angular blocks of dolostone
of boulder size (Fig. 4B), extending to kilometre-
scale blocks in the northern Kingston Range (Le
Heron et al., 2014). This unit is succeeded by het-
erolithic facies of the supra-olistostrome succes-
sion (Fig. 4C).
Five detailed sedimentary logs in this area, sup-

plemented by additional data from the northern
Kingston Range, are presented herein. The loca-
tion of logged sections is shown on the geological
map (Fig. 1). A correlation panel for the strata
(Fig. 2) clearly demonstrates that some beds can
readily be traced (by carefully walking out the
contacts in the field) but, in other cases, internal
complexity is such that bed by bed correlation is
sometimes impossible. The logged sections are
partly simplified, thus an expanded, maximum-
detail log is presented for the most important and
continuous section (Log 2, Fig. 3). For ease of
comparison, the facies scheme developed for the
northern Kingston Range (Le Heron et al., 2014)
and Sperry Wash (Busfield & Le Heron, 2015, this
volume) will be adopted herein. Focussing on the
topmost unit in the succession (KP3), this study
is restricted to three facies associations: (i) pebble
to boulder conglomerate; (ii) interbedded hetero-
lithics and (iii) lonestone-bearing. This locality is
down palaeo-dip from the northern Kingston
Range sections, which is evidenced in measured
palaeocurrent orientations, and is further
reflected in downslope changes in facies charac-
ter, discussed below.
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Fig. 3. Expanded version of logged section 2 (Fig. 2) at a higher resolution, without simplification, illustrating the
vertical facies transitions at maximum-level detail. This log is a key section owing to almost continuous exposure
of the finer-grained fraction in water-washed gullies, enabling the presence and absence of ice-rafted debris (IRD)
to be documented to a high level of confidence.
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Fig. 4. Macroscale phenomena. (A) Landscape-scale view of the contact between the top of the olistostrome com
plex in KP3 and the base of the supra-olistostrome succession (see also Fig. 1C). (B) Olistostrome complex at the 
outcrop scale, with extremely angular blocks of dolostone embedded with a manganese-rich matrix. Kilometre
scale dolostone blocks also occur at intervals (Fig. 1C). (C) View of the basal part of the supra-olistostrome com
plex, characterized by well-stratified interbedded sandstones, conglomerates and heterolithic strata (documented 
in Fig. 2, log 1, 0 to 55 m). (D) Typical view of a series of thickly bedded sandstones (next to geologist, ca 1·8 m 
tall, in view) sharply overlain by a graded conglomerate bed (124 m, log 1, Fig. 2). (E) Top of a thickening-up, 
coarsening upward inteival (87 m log 2; Figs 2 and 3), culminating in a normally graded conglomerate unit. Ham
mer for scale is 32 cm long. 

Pebble to boulder conglomerate facies 
association 

Description 
On the basis of grain size and matrix content, 
several subfacies are distinguished, namely 
clast-supported cobble to boulder-rich conglom
erates, clast-supported granule to pebble-rich 
conglomerates and matrix-supported conglomer
ates (Figs 2 and 3). Clasts are dominated by car
bonates of the Crystal Spring and Beck Spring 
Dolomite, although sandstone intraclasts are also 
recognized, and are typically sub-rounded to 
rounded. Where discoid clasts are present, 
imbrication is developed in boulders at the base 
of beds. Stacked conglomeratic bedsets which 
thicken upwards occur at intervals (for example, 
70 m, 80 m and 95 m, Log 1, Fig. 2). 

Continuous intervals of cobble to boulder-rich 
conglomerates extend up to 11 m in thickness 
(for example, Fig. 2, log 1, 57 to 68 m), but typi
cally occur in beds 1 to 2 m thick (multiple 

intervals in log 2, Figs 2, 3, and 4D). These 
facies are predominantly normally graded, with 
sharp bed bases in all cases. Some deposits 
occur above irregular basal contacts, defining 
lenticular lithosomes 5 m wide and 0·75 m thick 
(Fig. 4D). Granule to pebble-rich conglomerates 
share many of these characteristics with their 
coarser-grained counterparts, but tend to occur 
as thinner (ca 0·5 m beds). Furthermore, 
although the cobble to boulder-rich conglomer
ates are rare, the granule to pebble-rich varieties 
occur with greater regularity and over intervals 
of:'.S5 m. 

Matrix-supported conglomerates are compara
tively rare, with bed thicknesses typically 
<30 cm, attaining clast-width in the case of 
boulder-bearing beds. In contrast with their peb
ble to boulder-rich counterparts, these conglom
erates are ungraded. Internally, pebble-sized 
mud chips are observed, forming detached root
less folds in some instances (Fig. 4E). 
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Interpretation 
The clast-supported pebble to boulder conglomer
ates are interpreted as hyperconcentrated flow 
deposits (massive) and high-density turbidites 
(normally graded) (cf. Lowe, 1982; Kneller, 1995; 
Mulder & Alexander, 2001; Winsemann et al., 
2009; Talling et al., 2012). High sediment concen
trations within these flows act to dampen turbu
lence, and thus hinder the development of 
bedforms (Tailing et al., 2012). The transition 
from massive to normally graded varieties is 
interpreted to reflect flow transformation from 
moderate cohesive strength debris flows to tur
bidity currents (Hampton, 1972; Tinterri et al., 
2003; Amy & Tailing, 2006; Talling et al., 2012). 
In this scenario, dilution and mixing with the 
overlying water column during downslope remo
bilization promotes increased turbulence and 
sorting, leading to deposition of normally graded 
beds. It is noteworthy that within the northern 
Kingston Range, massive hyperconcentrated 
flows dominate (Le Heron et al., 2014), whereas 
downslope in the southern Kingston Range more 
dilute, turbidites are far better developed. 

Thickening-upward conglomeratic bed sets are 
interpreted to record the build-up of lobe ele
ments, the constituent 'building blocks' of depo-

the lobe complex is favoured by their coarse cal
ibre and occurrence of amalgamated bedsets 
(Prelat et al., 2010; Prelat & Hodgson, 2013). 
Stacked conglomeratic lobe elements are com
monly overlain by siltstones of the interbedded 
heterolithics facies association, representing lobe 
switching/abandonment. 

Matrix-supported conglomerates are inter
preted as debris flows of a moderate cohesive 
strength. Pebble-sized mud chips are interpreted 
as rip-up clasts incorporated from underlying 
semi-lithified silt-grade sediments; their chaotic 
orientation is consistent with transport within a 
debris flow (Talling et al., 2012). The rarity of 
these debrites in the succession of the southern 
Kingston Range is remarkable given that 6 km 
further north abundant, matrix-supported con
glomerates interpreted as glaciogenic debris 
flows (GDFs) are preserved (Le Heron et al., 
2014). This provides further credence that the 
southern Kingston Range represents a more dis
tal depositional setting. By analogy to Pleis
tocene glacier-fed deep marine environments, 
these sediments are interpreted as elongate 
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debrite lobes interfingering with turbidites on 
the slope and into the basin plain (Escutia et al., 
2000; Taylor et al., 2002). 

Interbedded heterolithics facies association 

Description 
This facies association comprises closely 
interbedded siltstones and thick-bedded, nor
mally graded sandstones; they occur either as 
isolated beds punctuating siltstone facies, or as 
the basal part of coarsening-upward and thick
ening-upward cycles that culminate in conglom
erates (Fig. 5A). The sandstones exhibit classic 
sole mark structures at their bases, including 
flute marks and grooves (Fig. 5B), and sharp to 
irregular bed bases (Fig. 5C). Composite cross
laminations with climbing geometries are com
mon. Additionally, flame structures occur at the 
contact between sandstones and underlying silt
stones, and convolute bedding locally disrupts 
or obscures bed contacts. The graded sandstones 
occur with similar stratigraphic regularity to 
their granule to pebble-rich conglomerate coun
terparts. Two isolated examples of ungraded 
sandstones with dune-scale cross-stratification 
are also recorded, at 25 m and 27 m in Log 1 
(Fig. 2). The beds are sharp-based and bounded 
by siltstone facies . 

Lonestone-free siltstones constitute approxi
mately 40% of the succession by volume studied 
in the southern Kingston Range. Intervals of 
thin-bedded and normally graded sandstones (2 
to 10 cm thick) are intercalated with siltstone 
facies. Siltstone-dominated intervals contain 
variable thicknesses of associated fine to very 
fine-grained cross-laminated sandstones. These 
are expressed as both laterally continuous sets 
and as laterally disconnected to isolated lenses 
(Fig. 5E and F). Both morphologies exhibit prin
cipal palaeoflow towards the south-east In verti
cal section, both cross-lamina cosets and 
stratigraphically isolated cross-lamina intervals 
occur. Some cosets express climbing ripple 
cross-stratification (Fig. 5E). Piled load casts 
occur between superposed laminae, and flame 
structures occur at the base of some of the thin 
sandstone intervals (Fig. 5E). Detached elliptical 
load-casts, composed of individual cross-lamina 
lenses, are also preserved (Fig. 5F). 

Interpretation 
The majority of the thick-bedded sandstones are 
interpreted as TA, T a-2 and Tc turbidites. The 
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exception may be the cross-stratified sandstones, 
because the generation of dune-scale cross-strati
fication is rare in turbidites, possibly owing to 
the rapidity of sediment fallout suppressing 
their development (Talling et al., 2012, and ref
erences therein). These sandstones are therefore 
more likely to originate through localized bot
tom-current reworking than from a primarily tur
bulent process. 

Within the dominant turbidite facies, the con
tact between the Ta_2 and Tc subdivisions is char
acterized by a grain-size break, recently 
summarized by Talling et al. (2012) as a common
place phenomenon in high density turbidites. 
However, ripple cross-laminated intervals sup
port fully turbulent conditions within low-den
sity turbidity currents (Tc; Mulder & Alexander, 
2001; Baas et al., 2011; Talling et al., 2012). 

Fig. 5. Mesoscale phenomena. (A) 
Flute casts indicating south-easterly 
flow. (B) Classic TA.c cycle. Note the 
characteristic sharp grain-size break 
between the parallel laminated T8 

interval and the ripple cross-
laminated Tc subdivision. (C) 
Intercalated graded sandstone beds 
and lonestone-bearing shales 
(indicated by arrows). (D) Climbing 
ripple sets, starved ripple lenses and 
shale laminae. Load clasts occur 
beneath the sandstone intervals. (E) 2 
m along strike from image in (D), 
showing a small dolostone granule 
with classic impact structure (hence 
a dropstone) beneath. (F) 
Pebble-sized dropstone, clearing 
puncturing a centimetre-thick 
graded bed. (G) Boulder-sized 
dropstone, typical of the interval 55 
to 80 m in log 2. (H) Matrix 
supported, muddy conglomerare 
with detached, rootless, recumbent 
fold within the bed. Scales: Hammer 
is 32 cm long, coin is 1 ·9 cm in 
diameter. 

Cross-lamination with climbing geometries also 
reflects fully turbulent conditions but under more 
rapid rates of sedimentation (Baas, 2000; Kane & 
Hodgson, 2010; Jobe et al., 2012). The grain-size 
break between the Ta_2 and Tc subdivisions therefore 
probably records a bipartite structure to the flow in 
which comparatively higher and lower sediment 
concentration layers become differentiated as the 
flow evolves (Mutti, 1992; Mutti et al., 2003). 
Cross-laminated intervals are bounded by planar 
laminated and massive siltstones, interpreted to 
record dilute, low-density turbidity current deposits 
(To and TE_1; Talling et al., 2012) and hemipelagic 
fallout from the turbulent suspension during 
waning flow (e.g. Allen et al., 2004). The range of 
ripple morphologies - both as  laterally continuous 
sets and isolated lenses - indicates fluctuations in 
sand supply in the dilute 
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turbidity currents, alongside elevated tractional 
re-working (e.g. Talling et al., 2007, 2012). The 
piled load casts, detached elliptical load casts 
and flame structures originate through density 
contrasts between rapidly deposited sand and 
underlying muds (Rayleigh-Taylor instabilities; 
Allen, 1984). The thick, uninterrupted accumula
tions of this facies over tens of metres suggest 
continuous input of dilute sediment into the 
basin. 

Lonestone-bearing facies association 

Description 
Lonestone-bearing strata constitute approxi
mately 30% of the studied sections. Lithologi
cally the sediments are nearly identical to the 
lonestone-free siltstones of the interbedded het
erolithic facies association, comprising massive, 
laminated and ripple-cross laminated siltstones 
and fine sandstones. Strata assigned to this 
facies association tend to exhibit lonestones over 
decimetre-scale stratigraphic intervals: note that 
centimetre-thick, lonestone-free beds occur 
within these intervals. The following considers 
'outsize clasts' as granule-size and larger, i.e. the 
assignment was undertaken on the basis of 
macroscopic rather than microscopic textures. 

The lonestone-bearing heterolithics contain 
granule to boulder-sized lonestones dominated 
by carbonate (both limestone and dolostone are 
represented), occasional siltstone and arkose, 
and rarely quartzite. Clear flexure of underlying 
laminae beneath these lonestones can be demon
strated (Fig. 5G and H). Most commonly, iso
lated clasts are found in the Te subdivision, but 
at some levels, clast clusters are observed. In a 
large number of cases, puncturing and/or abrupt 
termination of laminae occurs against the mar
gins of the clast, and non-deformed strata over
lie the lonestone. 

It should be noted that the size of lonestones 
varies considerably upsection: the greatest con
centration of cobble-sized and boulder-sized 
clasts occurs towards the middle part of Log 2 
(52 to 80 m; Fig. 3). At this stratigraphic level, it 
is estimated that pebble to cobble-grade lone
stones account for approximately 8 to 10% by 
stratal volume. Lonestone frequency is consider
ably lower (2 to 6%) at most other stratigraphic 
levels. Rarely, concentrated intervals of small 
lonestones (i.e. granules to small pebbles) occur 
over 2 to 3 cm stratigraphic intervals. These thin 
belts of lonestones transcend clear-cut lithologi
cal boundaries in centimetre-thick graded beds. 
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In vertical section, four examples of a switch 
between interbedded heterolithics to the lone
stone-bearing facies association are noted in the 
most complete study section herein (Fig. 2). 
Nevertheless, there are considerable lateral vari
ations on this trend along strike. For example, 
lonestone-bearing facies in log 2 (27 to 33 m, 
Fig. 2) correlate with lonestone-free sediments 
in log 3 (7 to 10 m, Fig. 2). The basal section of 
Log 1 (Fig. 2), which based upon local correla
tion is not preserved at the base of the other 
logged sections, demonstrates a notable absence 
of lonestones. 

Interpretation 
The lonestone-bearing facies association, akin to 
comparable lonestone-free siltstones of the 
interbedded heterolithic facies, is interpreted as 
the product of fully turbulent, low-density tur
bidity currents. In this facies association, the 
deflected and pierced laminae beneath lone
stones, in concert with undeformed laminae that 
drape them, is strong evidence that they are 
IRD. Bouncing clasts in a turbulent suspension 
load has long been predicted (Lowe, 1982) but 
this has not been reproduced experimentally 
(Tailing et al., 2012). Therefore, gravity flow pro
cesses should be dismissed as a possibility for 
forming the dropstone textures. Moreover, 
dilute, low-density flows would not have the 
cohesive strength to 'raft' up to boulder-sized 
lonestones. Their presence within delicate rip
ple cross-laminated siltstones and fine sand
stones can only readily be explained by ice
rafting processes: other mechanisms for the gen
eration of dropstones (attached to the roots of 
trees, seaward rafting and animal ingestion: Ben
nett et al., 1996) are clearly inappropriate for 
Cryogenian strata. 

The lateral and vertical variability of IRD is 
remarkable. By transcending lithological bound
aries, the thin belts of granule to small pebble
sized lonestones demonstrate that these were 
also deposited as IRD. It is perhaps surprising 
that no occurrences of 'trains' of granule-grade 
lonestones (i.e. single-clast thick layers of mate
rial) are noted in the southern Kingston Range 
which might point to local winnowing. Correla
tion between closely spaced sections (Fig. 2) 
suggests that the absence of IRD in small, iso
lated sections should be treated with caution, 
highlighting that multiple traverses are impor
tant to properly document the trends. Clearly, 
the absence of IRD in a single section does not 
imply sedimentation free from glacial influence. 
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The four clear transitions from thin bedded het-
erolithics to lonestone-bearing facies associa-
tions observed in the study section imply that
IRD delivery to the basin was pulsed. The
potential mechanisms for this are considered in
detail elsewhere (Le Heron, 2015). The lateral
correlation between lonestone-free and lone-
stone-bearing deposits may simply imply that
certain areas of the Southern Kingston Range
escaped the influence of ice-rafted material.
In summary, there appear to be caveats asso-

ciated with the interpretation of an ice-rafting
influence based on lonestones. In addition, the
approach does not account for the mudstone
fraction, and it has long been known that till
pellets can be incorporated into fine-grained
rocks, providing more cryptic evidence of IRD.
Till pellets are macroscopic, typically rounded,
grains of clay or diamicton in modern and Qua-
ternary deposits (Cowan et al., 2012); they have
long been thought to form from suspended sed-
iment in interstices between melting ice crys-
tals, developing in a range of supraglacial to
subglacial environments (Ovenshine, 1970).
The problem is that texturally identical struc-
tures are revealed as mudstone aggregates in
fluvial settings (Gastaldo et al., 2013) implying
that they are not firmly diagnostic of ice-raft-
ing.

Lateral and vertical facies association
distributions

The studied sections preserve thick accumula-
tions of thin bedded heterolithics, punctuated at
irregular intervals by conglomeratic beds which
are typically thicker towards the north-west and
thin towards the south-east. The thickest con-
glomerate package (57 to 68 m Log 1, Fig. 2) can
be walked out laterally where it thins to 2 m (4
to 6 m Log 2, Fig. 2). This relationship both
demonstrates the extent of along-strike pinch
out, and facilitates correlation between other
beds.
Upsection, a succession of stacked normally

graded conglomerates (88 to 102 m Log 1, Fig. 2)
correlates down-dip with a much more heteroge-
neous package of thinner conglomerates and
sandstones (32�5 to 59 m Log 2, Fig. 2), sepa-
rated by lonestone-bearing and lonestone-free
heterolithics. Similarly, three conglomeratic
beds above (117 to 125 m Log 1, Fig. 2) thin
over a distance of <100 m between logs 1 and 2,
whereas siltstone and fine sandstone packages
typically thicken to the south-east (Fig. 2). This

is consistent with the regional trend of succes-
sions thickening to the south-east observed in
the northern Kingston Range (Le Heron et al.,
2014) which, in tandem with the strongly pre-
ferred palaeoflow to the south-east (ripple fore-
sets, Fig. 2), supports a regional south-east
dipping palaeoslope. The pinch out relation-
ships of the coarser facies are therefore inter-
preted to record proximal to distal thinning as
sediment fallout proceeds downslope.

DISCUSSION

Palaeogeography

There is a strong motivation for integrating data
from the southern Kingston Range with that
from other outcrop belts across the Death Valley
area into a regional context. Stratigraphic frame-
works have been developed by many other
workers, and a detailed facies model has been
presented for the Panamint Range towards the
west (Miller, 1985). To date, an integrated sedi-
mentological framework for the eastern Death
Valley area has not hitherto been proposed
(Fig. 6 5). As a first step towards such a model,
integrating data from the southern Kingston
Range (present paper), the northern and central
portions of the range (Le Heron et al., 2014),
Sperry Wash (Busfield & Le Heron, 2015; this
volume) and the Silurian Hills (Kupfer, 1960;
Basse, 1978) allows a gross depositional envi-
ronment (palaeogeographic) map to be proposed
for the south-eastern Death Valley region
(Fig. 7). This map should be regarded as prelim-
inary. When directional data from the south of
the Kingston Range is integrated with the evi-
dence for systematic and consistent thickening
from the northern to the southern part of the
range (Mrofka, 2010; MacDonald et al., 2013; Le
Heron et al., 2014), strong evidence emerges of a
regional south-east dipping slope (Fig. 7). From
this map view, the olistostrome is interpreted to
be restricted to a zone south of a north-east/
south-west oriented growth fault system: this is
proven in the northern Kingston Range (Prave,
1999; Le Heron et al., 2014) yet speculative
north of the Silurian Hills (Fig. 7): basement
clasts and angular dolostone blocks are mapped
in the Kingston Peak Formation in that area
(Kupfer, 1960).
Owing to its palaeogeographic position, it is

notable that strata in the southern Kingston
Range exhibit much more evidence of IRD than

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology
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Fig. 6. Summary depositional model 
for the supra-olistostrome interval. 
Following a glacial minimum (A), 
when the olistostrome was 
emplaced, ice sheets repopulated 
highlands. Uplands were a source 
area for both the olistostrome and 
supraolistostrome gravity flow 
deposits. During glacial re-advance 
(B), icebergs delivered debris-laden 
material to the ice front. A fairly 
constant meltwater supply was 
maintained to generate repetitively 
stacked gravity flow deposits, and 
icebergs shed ice-rafted debris (IRD). 
(C) Dynamic oscillation of the
grounding line in the hinterland, in 
this case minor recession and
cessation of iceberg calving, halted
the delivery of IRD. Meanwhile,
gravity flows continued to deliver
sediment to the basin.

their northern counterparts. Towards the north
ern part of the range, IRD is restricted to strata 
immediately between the KP2 diamictite and 
the basal olistostrome strata where they occur 
over a ca 15 m interval (Le Heron et al., 2014). 
This highlights the importance of palaeogeo
graphic position in the recognition of IRD in 
Neoproterozoic strata, illustrating that in this 
case more proximal strata allow a less com
pelling case for a dropstone influence to be 
made. In terms of gross facies comparisons, 
sandy debrites are more commonplace in the 
northern Kingston Range (Le Heron et al., 2014), 
whereas high density turbidites are the expres
sion of the coarsest, thickest beds in the 
interbedded heterolithics in the southern part of 
the range. This implies that individual GDF 
lobes either terminate in an intermediate zone 
or pass distally into turbidites. 

Some 50 km to the west of the southern King
ston Range, the Sperry Wash area is proposed 
to have periodically occupied an ice-grounding 
line position, and a generally more proximal 
position in the basin, during the deposition of 

unit KP3 (Fig. 7; Busfield & Le Heron, 2015, 
this volume). When integrated with the evi
dence for proximal-distal transition from deb
rites to turbidites in the Kingston Range, it is 
proposed that the belt dominated by debrite 
deposition is unlikely to have exceeded a width 
of more than about 10 km from proximal to dis
tal at the ice maximum (Fig. 7). The Sperry 
Wash outcrop belt also exhibits evidence for a 
consistent south-east dipping palaeoslope, with 
almost identical palaeoflow orientations to the 
southern Kingston Range (Busfield & Le Heron, 
2015, this volume). On the palaeogeographic 
map presented here, note that the east-west ori
ented ice margin is tentatively extended to the 
Saddle Peak Hills, where closely comparable 
graded beds, IRD-rich intervals and intrabed 
deformed zones to the Sperry Wash area can be 
observed. 

Busfield & Le Heron (2015) suggest that the 
Sperry Wash area may have occupied a fjord set
ting, hence implying that this part of the basin 
was fed by a valley glacier draining an upland 
area to the north. Indeed, Wright et al. (1974) 
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Fig. 7. Gross depositional 
environments (palaeogeographic) 
sketch map of the Death Valley area 
during Kingston Peak times, 
showing the posited location of the 
ice front over Sperry Wash (see 
Busfield & Le Heron, this volume), 
with the southern Kingston Range 
representing a comparatively ice
distal location. The southern 
Kingston Range received thick 
accumulations of turbidites and, 
less commonly, debrites ultimately 
derived from the ice margin located 
towards the north-west. 

proposed that the area covered by the map in 
Fig. 7 was divided into two upland regions dur
ing deposition of the Pahrump Group: the 
Nopah Upland to the north of Sperry Wash and 
the Kingston Range, and the Mojave Upland 
range immediately south of the present day Sil
urian Hills. In addition to the palaeocurrent data 
herein and contained in Busfield & Le Heron 
(2015), further evidence for the presence of high
lands include the direct contact of the Noonday 
Dolomite onto gneissose basement at the Gun-

    sight Mine south of Tecopa (Mrofka, 2000). 
In the model of Wright et al. (1974), regional 

slopes from the north and south fed down into 
an east-west oriented basin (the Armargosa 
Basin). This configuration is adopted in the pre
liminary palaeogeography herein, two ice 
masses are proposed which are termed the 
Mojave ice sheet and the Nopah ice sheet. The 
present authors also postulate the existence of a 
spur separating Sperry Wash and Silurian Hills 
(Fig. 7). The reason for this is that whilst lone
stones in the Silurian Hills are almost 

exclusively gneiss, schist and granite (Basse, 
1978), none of these lithologies have been 
observed in the Sperry Wash area, implying the 
presence of a physical barrier preventing the 
drift of icebergs towards the north. Conversely, 
the Sperry Wash area records no evidence for 
basement clasts akin to those recovered from the 
Silurian Hills (Busfield & Le Heron, 2015; this 
volume). Noting that lateral offset between these 
two areas also certainly occurred during the 
Cenozoic (Blakely et al., 1999), two credible 
hypotheses emerge: (i) a silled basin; or (ii) a 
ridge of land to prevent the mixing of icebergs, 
and hence IRD, between them. No data are cur
rently available that allow these hypotheses to 
be tested. 

Further afield, a substantial dataset was col
lected in the Panamint Range at the western 
margin of Death Valley in the thesis work of 
Miller (1983). In the Panamints, the Kingston 
Peak Formation has historically been divided 
into a series of members, including the basal 
Limekiln Spring Member and overlying Surprise 
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Member (Miller, 1985; and references therein). 
These rocks, which are overlain by a carbonate 
unit (Sourdough Limestone Member), were 
argued to correspond to the first phase of rifting 
to affect the Death Valley region in the Cryoge
nian (Prave, 1999), stratigraphically equivalent 
to units KP2 and KP3 in the Kingston Range 
(MacDonald et al., 2013) and hence to the Stur
tian glacial event A fence diagram and offlap 
relationships documented in Miller (1985) sug
gest a northward-dipping basin margin in that 
region during this glaciation, including during 
emplacement of basalts coeval with deposition 
of the Surprise Member. 

Data from the Panamint Range, when consid
ered alongside palaeocurrent data in Fig. 7, 
imply a complex regional basin configuration 
during deposition of the Sturtian-aged strata. In 
summary, the data suggest two opposing regio
nal palaeoslopes: a northward slope in the 
Panamints (Miller, 1985) and in the Silurian 
Hills (Wright et al., 1974); and a south-eastward 
slope in the Kingston Range/Sperry Wash area. 
Although regional rotation during Tertiary 
transtension cannot be ruled out, the regional 
data incorporating observations from the Panam
ints strengthens the interpretation of two ice 
masses flowing in opposing directions to the 
south (the Nopah ice sheet) and to the north 
(the Mohave ice sheet; Fig. 7). 

Global implications 

Careful investigation of the Southern Kingston 
Range succession, together with neighbouring 
outcrop belts in the Death Valley, illustrates that 
the strata exhibit strong evidence for glaciomar
ine sedimentation in a proglacial basin. The pre
dominance of turbidite deposits, with well
expressed south-east directed palaeocurrents, 
are posited to have evolved from debrites further 
north in the Kingston Range. Documenting the 
lateral and vertical distribution of IRD in this 
region allows the present authors to emphasise 
that: (i) IRD has a complex lateral and vertical 
distribution on a local scale in proglacial strata 
but, in spite of this; (ii) the record of ice rafting 
is more clearly expressed at a distance of some 
tens of kilometres from the palaeo-ice margin 
than in more proximal settings. The palaeogeo
graphic map (Fig. 7) based on these data is the 
first detailed attempt to do so in the eastern 
Death Valley area. Moreover, it allows a first 
order interpretation of the location and orienta
tion of the ice grounding zone when integrated 
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from data in Sperry Wash (Busfield & Le Heron, 
2015, this volume). It is notable that grounding
line wedges have been documented from other 
Cryogenian sedimentary records (Domack & 
Hoffman, 2011), and their recognition is an 
important step in palaeogeographic reconstruc
tion. 

Cryogenian glacial deposits continue to be 
viewed as deposits of snowball Earth conditions 
(Hoffman et al., 1998) by much of the geological 
community, rather than deposits of ice sheets 
exhibiting a near-identical sedimentary record to 
their Phanerozoic counterparts (e.g. Etienne 
et al., 2007). Other interpretations such as a 
'slushball Earth' compromise including the rela
tive contributions of a high-tilt Earth and tectonic 
processes (see Fairchild & Kennedy, 2007; for a 
review) commonly are sidelined. Papers attempt
ing to quantify, via numerical models, the magni
tude of post-glacial sea-level rise (Creveling & 
Mitrovica, 2014), to simulate the climate of Cryo
genian glaciations (Feulner & Kienert, 2014), or 
wishing to emphasize the significance of benthic 
macroscopic phototrophs (fossil finds) in associ
ated strata (Ye et al., 2015) all begin with the 
starting assumption of a snowball Earth with a 
global, or near global, ice cover. Predictions of the 
snowball Earth model stipulate equatorial tem
peratures of -20°C (Hoffman & Schrag, 2002). 
However, sedimentological evidence from the 
Marinoan glacial succession of South Australia 
reveals periglacial sand wedges demonstrating an 
active regolith layer at the palaeotropics, and 
therefore mean surface temperatures 'within a 
few degrees of freezing' (Ewing et al., 2014). 

In the Sturtian record, meanwhile, the Kingston 
Peak Formation does not support the interpreta
tion of a continuous ice cover, with transitions 
from ice contact to proglacial basins envisaged. In 
concert with previous studies emphasising IRD 
abundance in Cryogenian strata (Condon et al., 
2002; Leather et al., 2002), or wave generated 
structures implying ice-free areas (Allen & Eti
enne, 2008; Busfield & Le Heron, 2014), the pre
sent authors envisage highly dynamic, 
polythermal ice masses (Hambrey & Glasser, 
2012). These ice masses exhibited multiple 
advance and retreat cycles, releasing prodigious 
volumes of meltwater to explain repeatedly 
stacked GDFs (in more proximal settings) and tur
bidites (in more distal settings) in tandem with 
IRD. These characteristics strongly negate the 
requirement for refugia or speculative polynyas to 
support 'survivalist' ecosystems (e.g. Ye et al., 
2015), particularly as glacial minima conditions 
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(Le Heron et al., 2014) and possible interglacials 
are expected to yield open water conditions. In 
summary, the collection of basic sedimentologi
cal datasets, to facilitate the compilation of 
palaeogeographic maps, remains fundamental to 
the debate. 

CONCLUSIONS 

• In the southern part of the Kingston Range, a
multi-kilometre thick succession of the Kingston
Peak Formation includes an olistostrome succes
sion and a supra-olistostrome succession in unit
KP3. In the central Kingston Range, the olis
tostrome was interpreted as the deposits of a
Sturtian glacial minimum, produced during an
isostatic rebound event prior to glacial re-ad
vance (Le Heron et al., 2014). In the south of the
range, exceptional exposure quality allows
detailed documentation of the supra-olis
tostrome deposits via five high resolution sedi
mentary logs;
• The supra-olistostrome succession contains
three facies associations. The pebble to boulder
conglomerate facies association records deposi
tion from hyperconcentrated flows to high den
sity turbidity flows, ultimately debouched from
the ice margin. The heterolithic facies associa
tion is the more distal part of this system,
deposited by more dilute turbidity currents.
The lonestone-bearing facies association, mean
while, additionally records the accumulation of
IRD in this underflow-dominated proglacial set
ting;
• Consideration of the lateral relationship
between facies illustrates that although the
thickest beds and intervals can be traced at out
crop over several hundreds of metres, significant
bed thinning occurs over several tens of metres.
Together with palaeocurrent data recovered from
ripple cross-lamination, grooves and flutes casts,
a pronounced south-east directed slope is identi
fied;
• A preliminary palaeogeographic map of the
eastern Death Valley area interprets a consistent
south-east directed palaeoslope that included all
parts of the Kingston Range and the Sperry
Wash area. An ice mass grounded in the latter
area released efflux as GDFs into the basin,
forming a conglomerate-rich apron about 10 km
in extent from proximal to distal. Beyond this
zone, turbidite deposition was dominant, and
IRD is well-preserved.
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ABSTRACT

The Kingston Peak Formation is an archetypal Cryogenian succession that

crops out across the Death Valley region of eastern California. Above pre-gla-

cial strata (KP1), two distinct glacial phases have been recognized and are

interpreted to be allied to the panglacial Sturtian (KP2 and KP3) and Mari-

noan (KP4) icehouse events. The thickest and most extensive unit, KP3,

forms the entire exposed section at Sperry Wash. At this locality, ice-distal

turbidites are succeeded in turn by ice-medial and ice-proximal facies, com-

prising a spectrum of ice-rafted debris-bearing turbidites, debrites and shales.

These are overlain by ice-marginal grounding-line fan deposits interbedded

with glacitectonically deformed heterolithics, supporting local advance to an

ice-contact position. The succession records accumulation within a glacier-

fed subaqueous shelf, wherein the clear progradational signature is driven

by ice advance towards the south-east. Evolution of the subaqueous complex

is five-fold, comprising: (i) ice-distal outwash; (ii) build-out of ice-medial

depositional lobes; (iii) ice-proximal deposition and increased calving; (iv)

resumed ice-margin advance; and (v) growth of ice-contact grounding-line

fan. This sequence is unique in the Death Valley region for recording the

first evidence of advance to ice-marginal and ice-contact settings, thereby

enabling the location of the glacier terminus to be documented for the first

time.

Keywords Cryogenian, Death Valley, grounding-line fan, ice advance,
Kingston Peak Formation.

INTRODUCTION

The Cryogenian Period (ca 720 to 635 Ma) is
characterized by two of the most extensive glaci-
ations recorded in Earth history, broadly corre-
lated with an older Sturtian (ca 717 to 662 Ma;
Zhou et al., 2004; Bowring et al., 2007; Macdon-
ald et al., 2010) and younger terminating Mari-
noan (ca 635 Ma; Hoffmann et al., 2004; Condon
et al., 2005) icehouse. Glacial deposits are recog-
nized on almost all modern continents at vari-
ous latitudes, described as a ‘pan-glacial’ state
(Hoffman, 2009); their accumulation within low-
latitude and low-altitude settings led to the

development of the snowball Earth hypothesis
(Hoffman et al., 1998). Under a ‘hard’ snowball,
pan-global ice sheets cover the Earth’s surface,
facilitating shutdown of the hydrological cycle.
However, such conditions are inconsistent with
widespread evidence for highly dynamic ice
sheets and open water conditions (e.g. Le Heron
et al., 2011, 2013; Busfield & Le Heron, 2013,
2014; Fleming, 2014; Le Heron et al., 2014a,b
Arnaud, 2012). The data are more supportive of
a ‘soft’ snowball state wherein mobile, wet-
based ice sheets are subject to multiple
advance–retreat cycles, and separated by
expanses of ice-free open waters (e.g. Fairchild
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& Kennedy, 2007). In order to improve under-
standing of the severity of Cryogenian glaciation,
the glaciodynamics of Cryogenian ice masses
need to be better constrained, and thus a
detailed understanding of the extent and mobil-
ity of these ice sheets is required.

In eastern California, outstanding outcrops of
the Pahrump Group preserve both the Sturtian
and Marinoan glacial record within the Kings-
ton Peak Formation (Prave, 1999; Macdonald
et al., 2013). These rocks are exposed in a
broadly north-west/south-east trending outcrop
belt spanning the Panamint Range and south-
eastern Death Valley (Fig. 1; Noble, 1934; Haz-
zard, 1937; Hewett, 1940, 1956; Wright et al.,
1974; Macdonald et al., 2013). In the former
region, strata belonging to the Kingston Peak
Formation have undergone up to amphibolite
grade metamorphism (Petterson et al., 2011b),
whilst in the latter region the metamorphic
overprint is minimal, resulting in the preserva-
tion of primary sedimentary structures. The
type section, the Kingston Range, exposes 300
to 2400 m of heterolithic siliciclastics with evi-
dence of a clear glacial influence on deposition,
characterized by two periods of glacial advance,
separated by significant ice meltback (Le Heron
et al., 2014b). These cycles record alternating
ice-proximal to ice-distal conditions, within an
exclusively proglacial setting. This study exam-
ines a spectacular exposure of the upper Kings-
ton Peak Formation at Sperry Wash (Fig. 1),
which demonstrates a clear ice advance signa-
ture from ice-distal to ice-marginal environ-
ments, with evidence of local advance to an
ice-contact position. These deposits therefore
represent the most ice-proximal settings
recorded in the Death Valley region, and enable
the position of the tidewater terminus to be
constrained for the first time.

GEOLOGICAL SETTING

The Kingston Peak Formation is the topmost
member of the tripartite Pahrump Group, com-
prising the mixed carbonate and siliciclastic
Crystal Spring Formation at its base, overlain
by microbial carbonates of the Beck Spring
Dolomite and, in turn, the siliciclastic Kingston
Peak. The lower Crystal Spring Formation is
intruded by dolerite sills dated at 1087 � 3 Myr
and 1067 � 3 Myr (U–Pb baddeleyite ages;
Heaman & Grotzinger, 1992), whilst detrital zir-
con ages place the upper member of the Crystal

Spring Formation at younger than 787 � 11
Myr (recently re-allocated to the Horse Thief
Springs Formation; Mahon et al., 2014). The
top of the Pahrump Group is truncated by an
angular unconformity beneath the Ediacaran
Noonday Dolomite (Prave, 1999; Petterson
et al., 2011a), which is therefore used to argue
for a minimum depositional age of 635 Ma
(Hoffmann et al., 2004; Condon et al., 2005;
Macdonald et al., 2013).

Deposition of the Pahrump Group spans both
assembly and break-up of the Rodinian supercon-
tinent along the south-western margin of Lauren-
tia (e.g. Mahon et al., 2014). The Kingston Peak
Formation accumulated during the early stages of
intracratonic rifting, with evidence of syn-deposi-
tional tectonism in the form of buried normal
faults and significant along-strike thickness
changes throughout the Death Valley region, as
well as extension-related volcanism in the Pana-
mint Range (Troxel, 1966; Labotka et al., 1980;
Hammond, 1983; Miller, 1985). Prave (1999)
argues in favour of two discrete episodes of
extension, broadly correlative with the older
(‘Sturtian’) and younger (‘Marinoan’) glacial
intervals, and cessation of rifting by the Ediaca-
ran (i.e. deposition of the Noonday Dolomite).

In south-eastern Death Valley, a four-fold
stratigraphic subdivision (KP1 to KP4) is com-
monly applied to the Kingston Peak Formation
(Prave, 1999; Macdonald et al., 2013; Le Heron
et al., 2014b). The basal KP1 is widely recog-
nized as a pre-glacial succession (e.g. Prave,
1999), wherein its gradational basal contact
supports inclusion in the previous (Beck
Spring Dolomite) depositional cycle, and is
argued to be genetically unrelated to the
Kingston Peak Formation (Macdonald et al.,
2013). In places, this unit is unconformably
overlain by the laterally discontinuous Virgin
Spring Limestone, which is in turn truncated
by the overlying KP2. Units KP2 and KP3 are
volumetrically the most abundant strata in
south-eastern Death Valley (Le Heron et al.,
2014b), succeeded in places by thin, laterally
impersistent exposures of KP4 (Macdonald
et al., 2013). Based upon bounding unconfo-
rmities, and correlation with strata in the Pan-
amint Range, KP2 and KP3 are commonly
attributed to the older Cryogenian (‘Sturtian’)
glaciation, and unit KP4 is attributed to the
younger Cryogenian (‘Marinoan’) glaciation
(Petterson et al., 2011b; Macdonald et al.,
2013), and likewise to the earlier and later
extensional regimes of Prave (1999).
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The present study focuses on an extremely
well-exposed section at Sperry Wash, south-east-
ern Death Valley, which has not been subject to
detailed sedimentological analysis in a genera-
tion (Troxel, 1966, 1982). The section is consi-
dered to correlate with member KP3 within the
regional stratigraphic subdivision, although its
stratigraphic thickness far exceeds correlative
sections in the neighbouring Kingston Range (Le
Heron et al., 2014b; Le Heron & Busfield, this vol-
ume). The greater preserved thickness permits
development of a high-resolution depositional
history, which in tandem with the clear prograda-
tion from ice-distal to ice-contact settings offers
insight into a considerably more diverse spec-
trum of glacial depositional environments than
recorded elsewhere in the Death Valley region.

FACIES ANALYSIS

The Sperry Wash succession crops out at the
northern margin of the Armagosa river canyon,
ca 6 km from CA 127 (Death Valley Road;
Fig. 1B and C). At 200 to 300 m above sea-level,
the succession crops out in a hyper-arid basin
and hence vegetation and soil-free outcrop con-
ditions permit the collection of a high quality
dataset. A 636 m thick succession (Fig. 2) was
measured, supplemented by a substantive palae-
ocurrent dataset (Fig. 1C). The base of the sec-
tion is not exposed, whilst the top is truncated
by an angular unconformity with the Noonday
Dolomite which oversteps unit KP3 to the north
and east (Fig. 1C). Five facies associations are
recognized and described below, including: (i)
interbedded heterolithics; (ii) pebble to boulder
conglomerate; (iii) diamictite; (iv) lonestone-
bearing; and (v) tectonized.

Interbedded heterolithics facies association

Description
This facies association comprises a heteroge-
neous assortment of stratified siltstone, sand-
stone and pebbly sandstone, and volumetrically
is the most abundant facies in the studied
section (Fig. 2). Deposits most frequently fine
upwards (Fig. 3A and B), from massive coarse-
grained to pebbly sandstones into fine-grained
sandstones, which locally preserve planar lami-
nation. Both planar and irregular bed bases are
recognized, whilst bed tops are planar through-
out. Sandstone beds are separated by ungraded
siltstones, which are predominantly parallel to

ripple cross-laminated, although in some cases
structureless. Thicker, uninterrupted siltstone
intervals are more common towards the base of
the studied section (Fig. 2). As the proportion of
sandstone increases upsection, more common
and thicker sandstone interbeds occur, accumu-
lating in places as amalgamated bedsets. These
bedsets often preserve progressively thicker and
coarser normally graded deposits, stacked in
coarsening-upward cycles (for example, ca
220 m, ca 240 m and ca 290 m, Fig. 2), and
commonly overlain by deposits of the pebble to
boulder conglomerate facies association (Fig. 3A
and B). Amalgamated sandstone beds locally
show evidence of channelization, characterized
by erosive pebble-lined scours. An isolated ero-
sively based sandstone wedge is recorded at
545 m (Figs 2 and 3C), downcutting into the
underlying diamictite facies association, where
it exhibits a feather-edge, pebble-lined contact.
Towards the top of the studied section,
ungraded sandstone interbeds dominate (above
ca 340 m, Fig. 2). These deposits are associated
with intrabed, bed-parallel pebble horizons
or clusters, in contrast to the normally graded
sediments where granule to pebble grade mate-
rial is restricted to bed bases.

Within medium-grained to coarse-grained
sandstones, irregularly folded and convoluted
siltstone intraclasts are common (Fig. 3D), partic-
ularly in the first 400 m of the logged section
(Fig. 2). The intraclasts tend to occur near the top
of sandstone beds. In rare cases, sandstones also
preserve recumbent and bed-parallel intrabed
folds. Two examples of groove marks were
observed at the sole of sandstone interbeds, trend-
ing 137° and 139° (ca 95 m and 146 m, Figs 2 and
3E). Current and climbing ripple cross-lamination
within siltstones and fine-grained sandstones
demonstrate foreset migration towards the south-
east (Fig. 3F). Starved current ripple varieties
(Fig. 3G) are typically associated with very finely
laminated siltstone, delicately interbedded with
fine sandstone on the centimetre-scale, giving a
‘banded’ appearance to the strata (Fig. 3H). These
sediments are also associated with bed-parallel
pebble horizons or clusters.

Interpretation
The predominant normally graded facies are
interpreted as recording a spectrum of high to
low-density TABC turbidites, supported by the
presence of groove marks and flute casts on the
soles of some sandstone beds. The abundant
massive sandstone component indicates deposi-

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology
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Fig. 2. A 636 m thick logged section of the Sperry Wash succession, divided into six segments for ease of display.
Note the increased abundance of lonestone-bearing and diamictite facies associations up-section. Stages 1 to 5
refer to the multiphase depositional history discussed below (Fig. 8). Base of section: 35°42.0380N, 116°15.1220W.
Top of section: 35°42.3810N, 116°14.5150W. Grain sizes, from left to right: C = clay; S = silt, F = fine sand;
M = medium sand; C = coarse sand; V.C = very coarse sand; G = granule; P = pebble; C = cobble; B = boulder.
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Fig. 2. continued
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tion via high-density turbidity currents (TA),
where elevated near-bed sediment concentra-
tions dampen turbulence and promote rapid
deposition, and thus hinder bedform develop-
ment (Kuenen, 1966; Middleton & Hampton,
1973; Talling et al., 2012). Planar-laminated
intervals reflect deposition from high-density
traction carpets (TB2 or TB3; Talling et al., 2012),
where sediment fallout rates drop sufficiently to
enable lateral shearing near the base of the flow
(Lowe, 1988; Leclair & Arnott, 2005; Sumner
et al., 2008). Such traction carpets are com-
monly found in association with high-density
TA facies (Talling et al., 2012). Irregular,
convoluted silt intraclasts in the sandstone beds
are interpreted as rip-up clasts, incorporated
through erosion and ‘plucking’ of semi-lithified
interbedded siltstone facies. These intraclasts
are likewise interpreted as reflecting lower sedi-
ment fallout rates, thereby minimizing their
break-up during transport. Their organization
along discrete horizons towards bed tops pro-
vides further credence to their transport within
turbidity currents, as opposed to debris flows
which would deposit chaotically distributed
mud clasts (Talling et al., 2012).

Distinct coarsening-upward packages com-
posed of normally graded sandstone beds are
interpreted as depositional lobe elements
(Pr�elat et al., 2009; Macdonald et al., 2011). In
the stratigraphic hierarchy of Pr�elat et al.
(2009), lobe elements are built up from indi-
vidual beds and bedsets, and stack to form
lobes which, in turn, build up to form a lobe
complex. The high sand to mud ratio and
common bed amalgamation within these pack-
ages supports an axis to off-axis position
within the lobe complex (Pr�elat et al., 2009;
Pr�elat & Hodgson, 2013). Such thickening and
coarsening-upward trends are commonly recog-
nized within depositional lobes (e.g. Hodgson
et al., 2006; Pr�elat et al., 2009; Macdonald
et al., 2011, and references within). This
behaviour demonstrates initiation and growth
of the lobe/lobe elements towards a fixed
point, which could be basinwards or across

strike and therefore is not exclusively diagnos-
tic of progradation (Pr�elat & Hodgson, 2013).

Ripple cross-laminated sandstone and siltstone
units reflect fully turbulent near-bed conditions
within low-density turbidity currents (TC; Mul-
der & Alexander, 2001; Baas et al., 2011; Talling
et al., 2012), where turbulence is no longer
damped under much lower sediment fallout
rates (e.g. Walker, 1967, 1978; Piper, 1978; Allen,
1982; Komar, 1985; Sylvester & Lowe, 2004).
These ripples become ‘starved’ under elevated
rates of tractional reworking (Talling et al., 2007,
2012). Climbing ripple cross-lamination is also
indicative of fully turbulent flow conditions, but
under more rapid rates of sediment delivery
(Kuenen & Humbert, 1969; Allen, 1991; Baas,
2000; Kane & Hodgson, 2010; Jobe et al., 2012).
Rare recumbent intrabed folds also support high
rates of sediment delivery to induce instability
and slumping (e.g. Maltman, 1994). Ripple cross-
laminated intervals are commonly bounded by
laminated and, less frequently, massive siltstone
horizons, interpreted as densite mud deposited
via a combination of low-density turbidity cur-
rents (TD or TE-1; Talling et al., 2012) and hemi-
pelagic fallout during waning flow (e.g. Allen
et al., 2004). Both TD and TE-1 intervals are char-
acteristically very thin (e.g. Walker, 1967, 1978;
Piper, 1978; Allen, 1982; Komar, 1985; Sylvester
& Lowe, 2004; Talling et al., 2012), and hence
waning flow processes are favoured here. These
sediments are thought to accumulate on the
fringe and distal fringe of the lobe complex
(Pr�elat et al., 2009). Irregular basal contacts of
sandstone interbeds record erosion and cannibal-
ization during repeated emplacement of sub-
aqueous flows. The isolated, erosively based
sandstone wedge is interpreted as a channel fill,
the origin of which will be discussed below. Pla-
nar, non-erosive basal contacts are interpreted as
the product of hydroplaning at the head of the
flow (e.g. Laberg & Vorren, 2000), and ‘shear wet-
ting’ within the body of the flow (e.g. Ilstad
et al., 2004), both of which act to lubricate the
base of the flow and protect underlying beds
from cannibalization (Talling, 2013). As such,

Fig. 3. Interbedded heterolithics facies association. Person, ca 1�8 m; hammer, 26 cm; lens cap, 5 cm; coin,
1�9 cm; pen tip, 0�9 cm. Stratigraphic position refers to Fig. 2. (A) and (B) Thickening and coarsening-upward nor-
mally graded bedsets [(B): 240 m], capped by pebble to boulder conglomerate facies association in (A) (220 m). (C)
White dashed line picks out pebble-lined channel feature (ca 543 m). (D) Irregular and convolute rip-up silt intra-
clast (224 m). (E) Groove marks on base of sandstone bed trending 139° (137 m). (F) Ripple cross-lamination, fore-
set migration towards the south-east (ca 252 m). (G) Starved ripple foresets (563 m), frequently associated with
(H) centimetre-scale interbedded fine sandstone and siltstone, displaying striking ‘banded’ appearance (ca 575 m).

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology

Neoproterozoic ice advance, Sperry Wash, California 7



A B

C D

E F

G H

© 2015 The Authors. Sedimentology © 2015 International Association of Sedimentologists, Sedimentology

8 M. E. Busfield and D. P. Le Heron



this switch to non-erosive behaviour is probably
driven by elevated water contents within more
dilute flows, which would facilitate basal lubri-
cation.

Pebble to boulder conglomerate facies
association

Description
This facies association crops out intermittently
throughout the basal two-thirds of the studied
section, with the first recorded appearance at ca
70 m (Fig. 2). Deposits are predominantly mas-
sive, highly concentrated conglomerates with
both clast-supported and matrix-supported tex-
tures. Basal contacts are irregular, downcutting
into sediments of the interbedded heterolithics
facies association (Fig. 4A), while upper con-
tacts with these facies are sharp and planar.
Channel-like geometries are frequently observed
(Fig. 4B). The conglomerates commonly fine

upwards from cobble–pebble grades, through
coarse-grained to medium-grained sandstones
(Fig. 4A and C). Crude stratification occurs in
the sandier intervals. Other beds appear to be
ungraded, fining upwards only at the very top.
Clasts include karstified carbonate from the Beck
Spring Dolomite and Crystal Spring Formation,
and subordinate quartzite; they are predomi-
nantly sub-angular, although rounded clasts are
also present. As seen in the interbedded hetero-
lithics facies association, irregularly folded and
convoluted siltstone intraclasts are preserved
towards the top of fining-upward units, within
the clast-poor sandier intervals. Isolated exam-
ples of sand-grade intraclasts are also recorded
within one normally graded conglomerate unit
(ca 115 m, Fig. 2).

Interpretation
Representing the product of hyperconcentrated
sediment gravity flows (Lowe, 1982; Kneller,

A B

C

Fig. 4. Pebble to boulder conglomerate facies association. Hammer: 26 cm. Stratigraphic position refers to Fig. 2.
(A) Erosively based normally graded conglomerate downcutting into the interbedded heterolithics facies associa-
tion (487 m). (B) Internal channelization within normally graded conglomerate facies (528 m). (C) Conglomerate
demarcates the top of coarsening and thickening-upwards bedsets (222 m).
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1995; Mulder & Alexander, 2001; Winsemann
et al., 2007; Talling et al., 2012), the pebble to
boulder conglomerates are interpreted as high-
density equivalents of the interbedded heterolith-
ics facies association. Higher sediment concentra-
tions are indicated by common erosive basal
contacts and general absence of sedimentary
structures. The latter is the result of hindered set-
tling from high-density flows, typically character-
ized by rapid deposition and dampened
turbulence (Talling et al., 2012). Beds which are
predominantly ungraded are interpreted as debris
flows of moderate cohesive strength, containing
too little mud to be fully cohesive and too much
to be non-cohesive flow deposits (sensu Talling
et al., 2012). Such moderate cohesive strength
flows are more susceptible to flow transforma-
tion, generating normally graded upper contacts
where the flow mixes with the overlying water
column. The predominant normally graded con-
glomerate beds are thus considered to reflect co-
genetic high-density turbidites, derived through
further dilution and mixing during downslope
movement (Hampton, 1972; Talling et al., 2012).
The preservation of siltstone intraclasts towards
the top of conglomerate beds must therefore
reflect more dilute, low-density flow conditions,
where lower sediment fallout rates inhibit disag-
gregation of the intraclasts.

The conglomerate beds commonly occur at
the top of coarsening-upward packages of the
interbedded heterolithics facies association, and
thus represent the topmost lobe element within
the lobe (sensu Pr�elat et al., 2009). Their coarse
calibre probably indicates a lobe axis position,
and may correlate with the period of maximum
lobe building prior to lobe switching or aban-
donment. This is supported by the consistent
occurrence of fringe/distal fringe silt facies
above the conglomerate beds.

Diamictite facies association

Description
These deposits are first recorded at 343 m, and
become progressively more abundant upwards,

accumulating as up to 20 m thick units at the
top of the logged section (Fig. 2). They are rea-
dily differentiated from the pebble to boulder
conglomerate facies association by their poor
sorting, especially visible in the diverse spec-
trum of granule to large boulder-sized clasts
within individual beds, and typically higher
matrix content. The facies are predominantly
ungraded, although an isolated normally graded
bed is recorded at 380 m. Upper and lower bed
contacts are commonly planar and conformable;
erosive basal contacts, downcutting facies of the
underlying interbedded heterolithics facies asso-
ciation, are rarely recorded. In places, the upper
contacts of diamictite beds are highly irregular,
where they are typically onlapped by siltstones
and sandstones of the interbedded heterolithics
facies association (Fig. 2).

Diamictite facies include both massive and
stratified varieties, with crudely stratified units
dominant. Clasts range from small pebbles to
boulders, and consist of Beck Spring Dolomite
and Crystal Spring Formation carbonates, with
occasional quartzite clasts (Fig. 5A to F). In con-
trast to the pebble to boulder conglomerate facies
association, clasts are predominantly rounded to
well-rounded, with infrequent sub-angular mor-
phologies. Isolated beds <5 m thick, are typical
(Fig. 2). However, thicker beds occur between
460 m and 475 m, where they contain abundant
cobble to boulder-sized clasts (Fig. 5A to F), some
of which are striated (Fig. 5G), and the majority
of which downwarp and puncture underlying
laminae. Towards the top of the logged section
(above 560 m, Fig. 2), downwarping relation-
ships beneath the outsized clasts disappear.

Thick, almost continuous packages of diamic-
tite (up to 20 m thick) return around 584 m,
where they are locally interbedded with <1 m
thick units of laminated siltstones and sand-
stones. These diamictite packages, whilst still
matrix-supported, are notably clast-rich com-
pared to underlying diamictite facies, with a
higher proportion of coarser pebble, cobble and
boulder-sized clasts. At 604 m the sequence is
interrupted by a thin deposit of the of the tec-

Fig. 5. Diamictite facies association. Hammer, 26 cm; lens cap, 5 cm. Stratigraphic position refers to Fig. 2. (A) to
(F) High concentration of outsized clasts with impact-related deformation structures within 15 m thick diamictite
unit (460 to 475 m). (G) Striated clast associated with IRD-rich diamictite unit (460 to 475 m). (H) Fragmented car-
bonate clast, cavity infilled by surrounding diamictite. Jigsaw fit pattern of clast fragments supports in situ fractur-
ing. Immediately above tectonized facies association (ca 604 m). (I) to (L) Bar width = 1 mm. Examples of arcuate
grain alignments: smaller grains demonstrate circular arrangement around larger ‘core stone’. Thin sections sam-
pled immediately above tectonized heterolithics facies association.
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tonized facies association. Diamictite immedi-
ately overlying this interval exhibits small-scale
folds verging south-east, in addition to a frag-
mented carbonate boulder, where the interstitial
space is infilled with the matrix-rich diamictite
of the host sediment (Fig. 5H). On the micro-
scale, the surrounding diamictite exhibits
arcuate grain alignments, wherein grains are
arranged in a circular pattern around a core
stone, or area of more rigid matrix (Fig. 5I to L).

Interpretation
With the exception of the thick diamictite pack-
ages, at 460 to 475 m and >584 m, this facies
association consistently occurs as isolated, thin
beds bounded by subaqueous density flow
deposits of the interbedded heterolithics
and lonestone-bearing facies associations. The
absence of grading and pervasive crude
stratification is typical of gravitationally re-
worked diamictites (e.g. Evans & Pudsey, 2002;
Powell & Domack, 2002; Marenssi et al., 2005;
Henry et al., 2012), commonly encountered
within glacial regimes due to the rapid, dynamic
and hydromorphic mode of sediment delivery
and resultant instability of the sediment pile (El-
verhøi et al., 2002; �O Cofaigh et al., 2002;
Powell & Domack, 2002). Their repeated strati-
graphic association with the interbedded hetero-
lithics and lonestone-bearing turbidite facies
is used to support flow transformation, and
generation of ‘linked’ turbidity currents. This
process occurs through flow dilution during sed-
iment reworking by mixing with the overlying
water column, and is more effective on moderate
cohesive strength debris flows, because higher
cohesive strengths hinder mixing (Mulder &
Alexander, 2001; Talling et al., 2012). Flow
transformation is further corroborated by the
occurrence of a normally graded diamictite bed
at 380 m, interpreted to reflect more dilute, tur-
bulent flow conditions towards the top of the
bed. Outsized clasts which downwarp and
puncture underlying laminae are interpreted as
ice-rafted debris (IRD). Their relative rarity
within the isolated, thin diamictite beds charac-
teristic of the lower succession is attributed to
the combined influence of reworking during
density flow remobilization, and less proximal
position to the ice front, discussed below.

Within the first pronounced thickness of dia-
mictite, at 460 to 475 m, a noteworthy increase in
abundance of IRD is evident, alongside the first
appearance of striated clasts in the logged section.
The latter, indicative of subglacial debris entrain-

ment (Boulton, 1978), were notably absent from
the gravitationally reworked diamictite facies,
where ‘clast on clast’ abrasion is anticipated to
remove striations during remobilization (Le
Heron et al., 2013, 2014b). Their preservation, in
tandem with abundant IRD is used to support
deposition within an iceberg rain-out deposit,
wherein striated clast varieties could be trans-
ported basinwards within icebergs without signi-
ficant abrasion. The considerable increase in
abundance of IRD is considered to reflect greater
instability at the ice front, driving enhanced
calving processes and iceberg distribution. Well-
preserved impact structures beneath these
dropstones are suggestive of minimal reworking,
thus representing the product of highly concen-
trated, in situ rain-out. It is anticipated that ice-
bergs would lose considerable debris during
transport away from the ice front, particularly the
coarser debris load, and therefore such an abun-
dance of cobble to boulder grade IRD is more typi-
cal of ice-proximal settings. The introduction of
subglacially striated boulders into the clast
assemblage at this interval is also considered to
corroborate a more proximal terminus position.

The second thick accumulation of this facies
association (>584 m) records thicker, uninter-
rupted units of diamictite with an abundance of
pebble, cobble and boulder-sized clasts, but a
complete absence of impact-related deformation
structures. This is interpreted to reflect more
voluminous and rapid rates of sediment supply,
promoting elevated and sustained ice-rafting
processes into a thick and inherently unstable
sediment pile, wherein delicate impact struc-
tures could be readily overprinted. This scenario
is typical of debris-laden, ice-marginal settings
where high volumes of coarse, poorly sorted
debris flows commonly accumulate as ground-
ing-line fans. In the ancient record, these sys-
tems are commonly devoid of impact-related
deformation structures (e.g. Lønne, 1995),
despite evidence supporting active ice-rafting
within comparable modern ice front environ-
ments (Ovenshine, 1970; Dowdeswell, 1986,
1989). This may be due in part to: (i) the litho-
logical and textural similarity between the rafted
material and the ‘host’ fan deposits (cf. Lønne,
1995); (ii) sediment remobilization driven by
periodically unstable fan-slope collapses; or (iii)
current reworking through subglacial meltwater
discharge. The latter process may also contribute
to the development of crude stratification within
the diamictite facies at this interval through
minor reworking and removal of fines. It is pro-
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posed these fine-grained sediments are remobi-
lized as dilute, low-density turbidity currents
and deposited in ephemeral channels on the
grounding-line fan, thereby accumulating locally
as interbedded siltstones and sandstones.

Both the small-scale folds verging towards the
south-east and the fragmented carbonate clast
are interpreted as syn-sedimentary deformation
features. The recorded fold vergence parallels
principal palaeoflow orientations recorded
throughout the succession (Fig. 1C), while the
‘jigsaw fit’ pattern of the clast fragments, and in-
fill of the interstitial space by the surrounding
diamictite matrix, suggests in situ fracturing
under soft sediment conditions. Within an ice-
marginal fan system, these processes could be
driven by either sediment remobilization or
glacitectonic deformation, wherein both have
the capacity to produce a similar suite of defor-
mation structures. For example, the micro-scale
arcuate grain alignments are a common feature
of both subglacial environments and sediment
density flows (Lachniet et al., 2001; Menzies &
Zaniewski, 2003; Phillips, 2006). In both scena-
rios, clast fracturing can be driven by pro-
nounced pressure gradients within the
deforming bed, varying from the highest strain
conditions at the base of sediment gravity flows
due to contact with the underlying substrate, or
towards the top of glacitectonic sequences near
the ice-bed interface. The significance of these
features will be discussed in the context of the
immediately underlying tectonized facies below.

Lonestone-bearing facies association

Description
This facies association occurs in thin (<5 m),
comparatively rare horizons throughout the stud-
ied section, albeit with greater abundance above
430 m (Fig. 2). Well-stratified parallel-laminated
siltstones, and rare interbedded sandstones, are
characteristic. The siltstones locally show current
and climbing ripple cross-lamination. Normal
grading, a classic feature of the heterolithic facies
association, is not recorded (Fig. 2). Moreover,
outsized clasts do not occur as bed-parallel clast
trains or clusters, but as isolated lonestones, fre-
quently puncturing and downwarping underly-
ing laminae and, in turn, are draped by overlying
laminae (Fig. 6A to G). Outsized clasts range
from pebble to large boulder (up to 1 m) in size,
and consist predominantly of Beck Spring Dolo-
mite, in tandem with the pebble to boulder con-
glomerate and diamictite facies associations.

Interpretation
These deposits are considered to accumulate via
dilute, low-density turbidity currents and set-
tling of hemipelagic fines during waning flow
conditions. The facies are closely associated
with normally graded turbidites of the interbed-
ded heterolithics facies association, and gravita-
tionally reworked debris flow deposits of the
diamictite facies association, lending support to
their co-genetic subaqueous density flow origin.
Evidence of current and climbing ripple cross-
lamination indicates fully turbulent conditions
within low-density turbidity currents (TC;
Mulder & Alexander, 2001; Baas et al., 2011;
Talling et al., 2012). The predominance of paral-
lel lamination may be associated either with
waning low-density turbidity currents (TD or
TE-1; Talling et al., 2012), or hemipelagic fallout
during quiescent phases (e.g. Allen et al., 2004).
Abundant outsized clasts with impact structures
within these finely laminated turbidites are
interpreted as ice-rafted debris (IRD). The low-
density subaqueous flows and preservation of
delicate ripple structures preclude sediment
flow rafting of the outsized clast fraction (e.g.
Postma et al., 1988).

Tectonized facies association

Description
This facies association is restricted to a single, ca
1 m thick horizon at 604 m (Fig. 2). It consists of
finely interbedded fine-grained sandstones and
siltstones that bear granule to small pebble-sized
clasts. These well-stratified sediments are
deformed into a series of south-east verging folds
which ramp up relative to bedding (Fig. 7A).
Stratified sediments within the fold limb also
show small (<1 cm), local offsets. Note that fold-
ing is entirely confined to this facies association,
neither affecting underlying nor overlying strata
of the diamictite facies association.

On the micro-scale, sandstone horizons are
normally graded, with clear load structures at
their bases (Fig. 7B). Outsized clasts appear to
‘sink’ into their host siltstone or sandstone lami-
nae, although evidence of clear downwarping or
puncturing of laminae is absent. Laminae are
locally displaced by minor fault offsets and
deformed into open folds verging towards the
south-east. In places, intraclasts of the finely int-
erbedded siltstone and sandstone laminae occur
as angular, randomly orientated fragments. The
more clay-rich intervals display weak to mode-
rate birefringence, either as linear zones of more
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birefringent clay minerals, or as zones of elevated
birefringence with no clear preferred orientation,
characterized in micromorphological terms as
unistrial and asepic plasmic fabrics, respectively
(for definitions see Zaniewski & van der Meer,
2005).

Interpretation
As with the lonestone-bearing facies association,
these sediments record deposition by low-
density turbidity currents and background hemi-
pelagic sedimentation. Their close stratigraphic
relationship with the diamictite facies associa-
tion suggests that these fine-grained sediments
may have been winnowed and deposited in
ephemeral channels on the grounding-line fan,
in a similar manner to the interbedded siltstones
and sandstones of the diamictite facies associa-
tion discussed above. In contrast to these sedi-
ments, dilute turbidites within the tectonized
facies association are then deformed into a ser-
ies of south-east verging folds.

Within ancient successions, discriminating
between sedimentary and tectonic origins for
deformed strata is crucial. In this case, deforma-
tion is clearly restricted to one horizon, and does
not affect underlying sediments, with only mini-
mal deformation in the immediately overlying
diamictite. Moreover, deformation is not facies-
dependent, and thus equivalent facies elsewhere
in the succession (low-density turbidites of the
lonestone-bearing facies association and diamic-
tite facies association) are also undeformed (e.g.
Fleming, 2014). Finally, the succession as a
whole demonstrates no pervasive deformation or
cleavage development, in contrast to correlative
sections in the Panamint Range (Petterson et al.,
2011b). The dominant ductile style of folding is
therefore considered indicative of soft sediment
deformation, potentially facilitated by elevated
water contents as would be typical of dilute, low-
density flows. Given the proximity of the ice mar-
gin, it is recognized that meltwater input could
also contribute significantly to these higher pore-

A B

C D

E F

G

Fig. 6. Lonestone-bearing facies association. Hammer, 26 cm; lens cap, 5 cm; coin, 1�9 cm. Stratigraphic position
refers to Fig. 2. (A) to (G) Small pebble to large boulder-sized lonestones with impact-related deformation struc-
tures, within both crudely and well-laminated siltstone and sandstone facies (at 496 m, 557 m, 71 m, 135 m,
480 m, 113 m and 526 m, respectively).
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water pressures. During deformation, elevated
fluid contents can become overpressurized, pro-
moting rapid water expulsion concomitant with
a switch to more brittle styles of deformation
(e.g. Denis et al., 2010; Ravier et al., 2014). This
process is interpreted as accounting for the small
fault offsets observed displacing the limbs of the
fold structures, in addition to the fracturing and
angular fragmentation of the sediments on the
micro-scale.

In ice-marginal settings, soft sediment deforma-
tion could be the product of either sediment
remobilization or glacitectonic deformation,
wherein both proglacial and subglacial processes
are plausible. Sediment instability and failure fre-
quently occur due to rapid and high rates of sedi-
ment supply. Deposits of the tectonized facies
association, accumulating within ephemeral
channels on the grounding-line fan, could there-
fore have undergone either slump-related defor-
mation driven by internal instability, or have
subsequently been deformed beneath an overrid-
ing coarse debris flow during fan build-out. How-
ever, sediment gravity flow deformation observed
throughout the remainder of the succession, par-
ticularly within the interbedded heterolithics
facies association, generates consistently recum-
bent and bed-parallel folds. In contrast, within
the tectonized facies association, fold structures
ramp upwards, where folds essentially ‘piggy-
back’ underlying fold structures towards the
south-east (Fig. 7A). Arguably, the deposits could
have been deformed through a bulldozing motion
at the head of an advancing debris flow, but it is
perhaps surprising that they were not then
eroded and cannibalized within the significantly
coarser and more competent flow, although it is
recognized that such erosion could account for
the limited preservation of this facies association.
Overall, common features considered characteris-
tic of sediment reworking in the tectonized facies
association are curiously absent on both the

A(i)

A(ii)

B(i)

B(ii)

Fig. 7. Tectonized facies association. Hammer, 26 cm.
[A (i) and (ii)] Macro-scale photograph and interpretive
overlay of fold structures verging and ramping up
towards the south-east (ca 604 m). Note the small fault
offsets within limb of fold structure. [B (i) and (ii)]
Micro-scale photograph and interpretive overlay show
well-laminated normally graded sediments, in places
deformed into south-east verging folds. Clasts appear
to sink into underlying laminae, although unclear
whether ice-rafted. Top of section shows randomly ori-
entated fragments of laminated sediment, reflecting
brittle deformation and re-organization.
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macro-scale (clasts with diamictite coatings, load
structures and vertical water escape structures)
and micro-scale (flow noses, tile structures and
laminated grain coatings; see Busfield & Le
Heron, 2013, and references within).

An alternative scenario, especially in light of
the evidence favouring increasing proximity of
the ice front throughout the succession (see dis-
cussion below), is that deformation occurs ahead
of or beneath the advancing glacier terminus. In
ice-contact settings, the elevated water contents
argued to facilitate the dominantly ductile style
of deformation would be further enhanced by
input of both subglacial and englacial meltwater,
as well as the high confining pressure of the
overriding ice (Menzies, 2000; Phillips et al.,
2007; Lee & Phillips, 2008; Busfield & Le Heron,
2013). This is supported by the presence of un-
istrial plasmic fabrics, reflecting development of
high strain planar shear fabrics within the
deforming bed (e.g. Hiemstra & Rijsdijk, 2003;
Busfield & Le Heron, 2013). In this scenario, the
ramping-upward style of folding is considered
to reflect ice-marginal deformation through glac-
itectonic thrusting (e.g. �O Cofaigh et al., 2011;
Evans et al., 2012), rather than the widespread
isoclinal folding typical of shearing within the
subglacial bed (e.g. Lee & Phillips, 2008;
Busfield & Le Heron, 2013). Glacitectonic thrust-
ing alongside a high sediment supply frequently
results in the development of thick sediment
piles in ice-marginal settings (e.g. Evans &
Hiemstra, 2005; �O Cofaigh et al., 2011; Evans
et al., 2012) which could contribute to the nota-
bly thick accumulation of the diamictite facies
association at the top of the logged section.

In light of: (i) the limited evidence of features
diagnostic of sediment gravity flow deformation;
(ii) the unique ‘piggy-back’ style of folding; (iii)
the development of unistrial plasmic fabrics,
typically associated with higher strain condi-
tions than mass flow processes; and (iv) the
clear evidence for an advancing ice margin
throughout deposition of the Sperry Wash suc-
cession, proglacial glacitectonic deformation of
the ice-marginal sediments is favoured here.
However, it is contended that deformation of the
tectonized facies association could plausibly
have been driven by bulldozing at the head of a
diamictic debris flow. In both situations, defor-
mation is interpreted as occurring immediately
adjacent to the ice margin, where the advancing
glacier terminus delivered extremely high vol-
umes of coarse, poorly sorted debris (diamictite
facies association), most probably contributing

to localized ice-contact deformation of the
grounding-line fan.

PALAEOCURRENT INDICATORS

Numerous palaeocurrent indicators are recorded
throughout the Sperry Wash succession, pre-
dominantly within the interbedded heterolithics
and lonestone-bearing facies associations
(Fig. 2). These features include ripple cross-
lamination and soft sediment slump folding, as
well as groove marks and flute casts on the base
of turbidite beds. Dip corrected azimuths dem-
onstrate principal palaeoflow towards the south-
east at all stratigraphic levels (Fig. 1C); this is
corroborated by the south-east verging glacitec-
tonic fold structures within the tectonized facies
association. These data therefore act to support
south-eastwards palaeo-ice flow. Towards the
top of the studied section, isolated examples of
slump folds verging north-east (Fig. 1C) are
interpreted as reflecting collapse of an unstable
sediment pile as opposed to a change in sedi-
ment provenance; whilst limited evidence of
palaeoflow towards the south/south-west proba-
bly reflects a degree of radial distribution within
the subaqueous fan complex.

EVOLUTION OF A GLACIER-FED
SUBAQUEOUS SYSTEM

The Sperry Wash section demonstrates a clear
and pervasive glacial signature throughout,
which significantly becomes more pronounced
upsection. The predominance of subaqueous
sediment gravity flow deposits is consistent with
an active, periodically unstable glacier-fed slope,
wherein the preserved facies associations and
their stacking patterns are typical of ice-proxi-
mal subaqueous sediment complexes. Such com-
plexes can accumulate within both freshwater
and marine subaqueous settings, but the latter is
favoured here due to the close stratigraphic
association with thick carbonate successions
both underlying and overlying the Kingston
Peak Formation (Macdonald et al., 2013), and
occurring as kilometre-scale intraformational
olistoliths in the neighbouring Kingston Range
(Le Heron et al., 2014b). Moreover, the vast pre-
served sediment thicknesses, >600 m in this
study and >400 m in the Kingston Range (Le
Heron et al., 2014b), far exceed recorded exam-
ples from glacilacustrine systems (e.g. Johnsen &
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Brennand, 2004, 2006; Etienne et al., 2006; Win-
semann et al., 2007; Livingstone et al., 2010;
Perkins & Brennand, 2015).

The external geometry of the succession, i.e.
whether it represents a radial (fan-shaped) or
linear (apron) morphology, cannot be deter-
mined with certainty from the palaeocurrent
data (Fig. 1C). It is recognized that a sufficiently
expansive fan would also yield a very consistent
palaeoflow (in this case to the south-east) over a
small portion of its surface, and therefore these
patterns are not necessarily indicative of a linear
input. Moreover, at contemporary ice sheet
margins, ice streams frequently focus sediment
distribution to specific points along the ice front
(Stokes & Clark, 2001; Bennett, 2003; �O Cofaigh
et al., 2003), restricting broad, linear sediment
routing systems. The absence of correlative sec-
tions immediately along-strike precludes investi-
gation of the three-dimensional architecture of
this subaqueous system, and thus the control on
sediment distribution patterns remains subject
to further investigation. Nonetheless, the almost
100% continuity within the studied section
affords great vertical resolution. The evolution
of this subaqueous system will be described in
five key stages below, as illustrated in Fig. 8.
Each of these stages corresponds to ascending
stratigraphic levels on the measured sections.

Stage 1 – Ice-distal outwash (0 to 116 m)

The base of the section is composed almost exclu-
sively of the interbedded heterolithics facies asso-
ciation, where sandstone interbeds are typically
thinner, finer grained and less frequent than
further upsection, separated by thicker laminated
siltstone units (Fig. 2). The stacked, coarsening-
upward lobe elements are not preserved. Evi-
dence of glacial influence on sedimentation is
restricted to two thin intervals of lonestone-bear-
ing siltstone. The first occurs towards the middle
of this stage (70 m) and is accompanied by two
thin beds of erosively based pebble conglomerate.
The second example occurs towards the top of
this stage (ca 112 m), and is truncated by a promi-
nent erosion surface beneath a thicker cobble to
pebble conglomerate. Isolated lonestones are
interpreted as recording iceberg rafting. Their
close association with the infrequent conglome-
rate horizons is used to argue for contemporane-
ous pulses of sediment and iceberg distribution
into the basin, possibly driven either by minor ice
front oscillations, or as a product of debris desta-
bilization and remobilization during calving pro-

cesses at the terminus. The scarcity of these event
beds, rare ice-rafting and overall fine-grained nat-
ure of the sediments indicates an ice-distal/ice-
medial setting on the margins of the subaqueous
fan complex (Fig. 8-1).

Stage 2 – Build-out of ice-medial depositional
lobes (116 to 352 m)

The development of an onlap surface onto the
thick pebble to boulder conglomerate, discussed
above, is interpreted as recording local
transgression, possibly driven by minor ice melt-
back in the hinterland. Above this horizon, turbi-
dites are coarser and volumetrically much more
abundant than below (interbedded heterolithics
facies association), and frequently occur as
stacked lobe elements (Fig. 2). The lonestone-
bearing and pebble to boulder conglomerate
facies associations occur at thicker and more reg-
ular intervals, the latter commonly representing
the peak of lobe build-out. Direct evidence of gla-
ciation is again restricted to ice-rafted debris,
albeit with more abundant and larger lonestones
than the distal outwash setting below.

The initiation, growth and abandonment of
depositional lobes on the glacier-fed shelf is
interpreted as being driven by pulsed sediment
delivery downslope from the ice front (e.g. La-
berg & Vorren, 1995, 2000; Vorren et al., 1998;
Dimakis et al., 2000; Benn & Evans, 2010), pos-
sibly triggered by a periodically unstable or
oscillating ice front (Fig. 8-2). This setting
promotes abundant and regular, although not
necessarily sustained, sediment supply, enabling
lobe build-out during periods of elevated sedi-
ment remobilization (grounding-line advance/
oscillation), followed by lobe abandonment and
increased hemipelagic sedimentation during
periods of quiescence (grounding-line retreat).

Stage 3 – Ice-proximal deposition and
increased calving (352 to 476 m)

The first appearance of diamictite (353 m, Fig. 2)
records the onset of an ice-proximal regime. In
more distal settings, debrites (diamictite facies
association) become more diluted, undergoing
flow transformation to deposit turbidites of the
interbedded heterolithics and pebble to boulder
conglomerate facies associations. In the ice-prox-
imal zone, co-genetic turbidites are significantly
less abundant, whereas diamictic debrites occur
repeatedly throughout the succession. The pre-
dominance of debrites over co-genetic turbidites
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Fig. 8. Five stage depositional model demonstrating stepwise evolution of the glacier-fed subaqueous fan, see text
for detailed description. Overall, a clear ice advance signature can be recognized, driving progradation of the sub-
aqueous fan complex and an increase in glacial indicators up-section. This advance is subject to minor retreats
and meltback phases, and thus supports dynamic ice sheet behaviour.
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suggests limited flow transformation, attributed
to a shorter transport distance and therefore less
opportunity for mixing and dilution. This is used
to support proximity to the ice margin (Fig. 8-3),
further corroborated by the more regular recur-
rence of ice-rafted debris, and the preservation of
subglacially striated clasts.

Diamictite is continuously more prevalent up-
section, mirrored by an increase of IRD. Towards
the top of this sequence a significant increase in
calving processes at the ice front is recorded in a
thick accumulation of iceberg rain-out diamictite
(Fig. 8-3). This is considered to reflect increased
instability at the ice front, triggering more wide-
spread calving and greater iceberg distribution
basinwards. These processes have the capacity to
destabilize the ice margin (Benn et al., 2007, and
references within), potentially halting ice
advance temporarily, or initiating a retreat phase.
The latter is favoured here due to the resumed
dominance of turbidites, more akin to the deposi-
tional characteristics of Stage 2 described above.

Stage 4 – Resumed ice-margin advance (476
to 580 m)

Above the iceberg rain-out deposit, the trend of
more prevalent diamictite deposits upsection
desists, replaced by renewed ice-medial turbi-
dity currents of the interbedded heterolithics
and pebble to boulder conglomerate facies asso-
ciations. Initiation and growth of depositional
lobes is again attributed to oscillation of the
grounding-line, driving iceberg release and deb-
ris mass transport into the basin. At this stage,
subglacial conduits feed meltwater channels on
the glacier-fed shelf (e.g. Fleming, 2014), sup-
porting more ice-proximal conditions (Fig. 8-4).
This condition is accompanied by renewed
accumulation of ice-proximal diamictites, which
are now also channelized in places (543 m,
Fig. 2), in contrast to lower in the sequence
(Stage 3). These features, in tandem with the
greater preservation of ripple cross-lamination,
are suggestive of enhanced meltwater modifica-
tion, consistent with increasing proximity of the
glacier terminus. This also promotes elevated
tractional reworking, leading to generation of
the starved ripple and ‘banded’ facies described
above. Channelization in this portion of the sub-
aqueous fan system is considered to contribute
to debris bypass downslope, thereby depositing
a greater accumulation of interchannel siltstones
towards the top of this portion of the sequence
(ca 544 to 580 m, Fig. 2).

Stage 5 – Growth of ice-contact grounding-
line fan (580 to 636 m)

At the top of the studied section a thick
assemblage of glaciogenic debris flows (diamic-
tite facies association) is interpreted as accu-
mulating within an ice-marginal grounding-line
fan (Fig. 8-5). Ice-marginal fans typically build-
up steep slopes (Powell, 1990; Lønne, 1995;
Lønne & Nemec, 2011a,b), promoting sediment
gravity flow remobilization downslope on both
the ice-proximal and ice-distal fan margins.
This process is thought to account for the
preservation of slump folds verging perpendi-
cular to the principal palaeoflow orientation
recorded throughout the remainder of the suc-
cession (Fig. 1C). Consistent with similar stu-
dies of ice-marginal subaqueous fan systems,
impact-related deformation structures are not
recognized (Lønne, 1995), although ice-rafting
processes remain an important source of coarse
debris.

Locally, the glacier terminus is considered
to advance to an ice-contact position, leading
to proglacial glacitectonic thrusting of the
finer grained, and therefore less competent,
facies (tectonized facies association). The
dominantly ductile style of deformation sup-
ports elevated porewater pressures, attributed
to a combination of dilute, water-rich sedi-
ment flows, the input of abundant meltwater
and potentially overburden pressure of the
advancing ice margin. The glacitectonic
thrusting and high sediment supply may also
contribute to thrust-stacking and thickening of
the ice-marginal sediment pile. Onlap surfaces
towards the top of the succession (at 628 m
and 634 m, Fig. 2) are interpreted as recording
local flooding of the grounding-line fan, dri-
ven by stillstand or early retreat of the ice
front. At this stage, hemipelagic and sediment
density flow sediments return. However, trun-
cation of the top of the succession beneath
the Noonday Dolomite obscures the full extent
of retreat.

ICE SHEET DYNAMICS

Overall, a clear ice advance signature can be rec-
ognized within the Sperry Wash succession,
where ice-distal environments are succeeded by
medial, proximal and finally ice-marginal to ice-
contact depositional settings. An advance
sequence is recorded throughout the ice-distal
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outwash (Stage 1), advancing through ice-medial
settings (Stage 2) to an ice-proximal position
(Stage 3). Throughout this sequence the ice mar-
gin is considered to become increasingly unsta-
ble, driving more widespread calving and
increasingly greater iceberg distribution into the
basin. This instability triggers a minor retreat
phase, leading to resumed ice-medial conditions
and a subsequent re-advance through ice-proxi-
mal (Stage 4) and finally ice-marginal settings
(Stage 5), with evidence of local advance to an
ice-contact position. Thus, basinward prograda-
tion of the subaqueous fan progresses through-
out, subject to minor back-stepping, and is
driven by dominant advance and minor retreat
of the ice front (Fig. 8).

Regional mapping places the Sperry Wash sec-
tions in unit KP3 (e.g. Prave, 1999; Mrofka & Ken-
nedy, 2011), permitting detailed comparison with
other Death Valley outcrop belts. In the type area
of the Kingston Range, unit KP3 is punctuated by
an olistostrome succession at least 1�5 km thick
(Macdonald et al., 2013; Le Heron et al., 2014b).
This sequence has been interpreted as recording
a significant ice meltback event, corresponding to
glacial minimum conditions during the Sturtian
glaciation (Le Heron et al., 2014b). Following this
event, widespread re-advance of the ice front is
recorded in both the northern and southern
Kingston Range (Le Heron et al., 2014b; Le Heron
& Busfield, this volume), depositing a succession
of proglacial turbidites and glaciogenic debris
flows (GDFs). In the northern sections boulder
conglomerates and coarse sandstones dominate,
whereas further south fine-grained siltstones and
sandstones are notably abundant, interpreted to
reflect proximal to distal facies trends.

The siltstone and sandstone dominated depo-
sits of the southern Kingston Range compare
closely to the Sperry Wash study interval,
although thicker bedded conglomeratic intervals
are more comparable to the northern Kingston
Range sections (Le Heron et al., 2014b; Le Heron
& Busfield, this volume). Regular and stacked
diamictite deposits within unit KP3, however,
appear to be unique to the Sperry Wash succes-
sion. This represents an important distinction in
the progress of ice advance across the three
study intervals. In the Kingston Range, following
the glacial minimum, ice sheets re-advanced to
deposit ice-proximal sediments, within an
exclusively proglacial position. At Sperry Wash,
ice advance continues from ice-distal settings
comparable to the southern Kingston Range (Le
Heron & Busfield, this volume), through ice-

proximal settings of the northern Kingston
Range (Le Heron et al., 2014b), to ice-marginal
depositional environments. The top of each suc-
cession is truncated beneath the Noonday Dolo-
mite, and therefore this disparity may simply
reflect differential preservation. Alternatively,
this change may be driven by basin configura-
tion. Under this scenario, two configurations are
plausible, although neither are mutually exclu-
sive: (i) the northern and southern Kingston
Range represent deeper and more distal ‘slope’
settings and Sperry Wash the shallower and
more proximal ‘shelf’ (see Le Heron & Busfield,
this volume); or (ii) the Sperry Wash succession
was deposited in a narrower basin, leading to a
more pronounced progradation signature. These
tentative scenarios require further testing by
comparison to other outcrop belts.

CONCLUSIONS

The Sperry Wash succession allows detailed
insight into the dynamics of Sturtian ice sheets
as recorded in a marine succession dominated
by gravity flows. The succession belongs to the
upper part of the Kingston Peak Formation in a
stratigraphic unit previously defined as unit KP3
(Prave, 1999; Macdonald et al., 2013). Sedimen-
tological analysis of a 636 m measured section
demonstrates that a clear, overall ice sheet
advance signature can be recognized. Unique to
this section, by comparison to other Death
Valley outcrop belts, are ice-marginal and ice-
contact deposits which are identifiable by a
characteristic deformation zone near the top of
the studied section. These features allow the
authors to posit that grounding-line zones can
be established in Neoproterozoic successions,
with great capacity for mapping out the as yet
unknown true scale of these globally distributed
ice masses. Moreover, the style and influence of
advance–retreat cycles is demonstrated to vary
considerably over neighbouring outcrop belts,
allowing an insight into the complexity of
Sturtian glaciodynamics within only a small
region of its arguably global extent.
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