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The deep time (pre-Quaternary) glacial record is an important means to understand the
growth, development, and recession of the global cryosphere on very long timescales
(106–108 Myr). Sedimentological description and interpretation of outcrops has
traditionally played an important role. Whilst such data remain vital, new insights are
now possible thanks to freely accessible aerial and satellite imagery, the widespread
availability and affordability of Uncrewed Aerial Vehicles, and accessibility to 3D rendering
software. In this paper, we showcase examples of glaciated landscapes from the
Cryogenian, Ediacaran, Late Ordovician and Late Carboniferous where this approach
is revolutionizing our understanding of deep time glaciation. Although some problems
cannot be overcome (erosion or dissolution of the evidence), robust interpretations in
terms of the evolving subglacial environment can be made. Citing examples from Australia
(Cryogenian), China (Ediacaran), North and South Africa (Late Ordovician, Late
Carboniferous), and Namibia (Late Carboniferous), we illustrate how the power of
glacial geomorphology can be harnessed to interpret Earth’s ancient glacial record.
Keywords: glaciation, geomorphology, sedimentology, diamictite, striated pavement

INTRODUCTION
Earth’s stratigraphic record contains a vast deep time archive of climatic swings and ice ages from ca.
2.9 Ga to the present day (Eyles, 2008). The record is typically composed of poorly sorted sediments
called diamictites, which can be deposited under a direct glacial inﬂuence but are also known to
originate in a variety of settings where slope remobilization occurs (cf. Visser, 1997; Arnaud et al.,
2011; Busﬁeld and Le Heron, 2016; Nascimento et al., 2016; Le Heron et al., 2017; Kennedy et al.,
2018; Kennedy and Eyles, 2020). A far more lucid insight into behaviour of ice masses in deep time
may be gained by shifting from traditional sedimentological description and focusing instead on new
methods, including semi-quantitative analysis of geomorphological features underlying putative
glacial deposits. The aim of this paper is to provide a brief overview of current and new approaches to
ancient glacial land surface mapping, highlighting examples of Cryogenian, Ediacaran, Ordovician
and Carboniferous age. Concurrently, we present new ice sheet data from Namibia (Late
Carboniferous) and Australia (Cryogenian) as well as integrating literature examples. We suggest
strategies to tackle the so-called “preservation lottery” in the ancient record, and showcase a remote
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sensing approach using UAV data and freely available imagery
from Bing Maps and Google Earth with wide application to
understanding our planet’s deep-time glacial history. This new
multi-scale mapping approach to the ancient record gives
unprecedented insight into processes operating from the
glacier bed through to continent-scale ice sheet dynamics.
Contemporary approaches to ice-sheet mapping and
reconstruction leverage satellite imagery, LiDAR mapping and
submarine geophysical techniques to generate high resolution,
large scale, ice-ﬂow interpretations in a range of settings. For
example, recent large projects such as BRITICE (Clark et al.,
2021), PATICE (Davies et al., 2020) or DATED-1 (Hughes et al.,
2016; Batchelor et al., 2019) produced high resolution Pleistocene
ice sheet reconstructions; Margold et al. (2015) employed derived
digital elevation models (DEMs) to produce continental-scale
ﬂow maps for the Laurentian Ice Sheet, and Kurjanski et al. (2019)
revealed insight into Northern Hemisphere ice stream shutdown
cycles by mapping shallow marine bedforms. Abundant satellite
imagery and LiDAR data from many sources now provides
opportunity to additionally map sediment-landform systems in
formerly glaciated landscapes (Möller and Dowling, 2016). In
contrast to their application in the modern/Pleistocene realm,
application in Palaeozoic or Precambrian glacial landscapes are
nascent, but offer great potential. As an example, traditional aerial
photograph and ﬁeld-based mapping of subhorizontal plateaux
exposing Late Ordovician glacial strata in North Africa (Beuf
et al., 1971) was enhanced using satellite image interpretation
(e.g., Moreau et al., 2005; Le Heron et al., 2006; Le Heron and
Craig, 2008; Moreau, 2011; Girard et al., 2012; Deschamps et al.,
2013), and additional basin-scale subsurface datasets (Deschamps
et al., 2013; Battaler et al., 2019). The satellite mapping approach
thus allowed for mapping of much larger areas than previously
possible with aerial photographs. Here, satellite imagery applied
to large scale (hundreds to thousands of kilometres) mapping of
deep-time ice sheets is possible owing to 1) the desert landscape
and 2) a general lack of tectonic deformation in the Saharan
Basins.
Study of deep time ice-ages offers insight into the meltback or
recessional phases of glaciation and consequent impact on
landscape. This understanding is pertinent in predicting and
planning for outcomes in the active meltback phase of the
current warming climate. Aspects of glacial meltwater
systems, striated pavements, and an array of subglacial
bedforms are better understood by integrating aerial
photographs and digital elevation models (DEMs) with
traditional ﬁeld data. The use of Uncrewed Aerial Vehicles
(UAVs) provides a cost-effective solution to the acquisition of
aerial photographs and DEMs that allow detailed mapping,
typically to the resolution of about 1 cm (Chandler et al.,
2018; Śledź et al., 2021). In Quaternary settings, the
deployment of UAVs and other remotely operated vehicles to
understand glacial land systems and glacier foreﬁelds is now
routine (Chandler et al., 2018; Śledź et al., 2021; Normandeau
et al., 2021). However, very few studies have deployed UAVs to
understand deep-time glacial processes and geomorphology (for
exceptions see Le Heron et al., 2019a, 2019b; Chen et al., 2020).
UAVs have only very recently been deployed to understand
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aspects of Ediacaran (ca. 600 Ma), Ordovician (ca. 444 Ma), and
Late Palaeozoic Ice Age (ca. 300 Ma) successions, and the
integration of satellite images and aerial photographs offers
exciting prospects to study the ancient record.

THE SATELLITE REVOLUTION
Secrets of the Sahara: Late Ordovician
Glaciers in the Tassili N’Ajjer Plateau,
Algeria
Mapping of the Late Ordovician glacial successions in central
Sahara in the 1950s and 60s resulted in Beuf et al.’s (1971)
seminal monograph documenting regional ice sheet dynamics.
They mapped the spatial distribution of striated pavements
and their outcrop character, establishing a regional south to
north ice ﬂow direction (Figure 1A), and included exquisite
maps and images of large palaeovalleys such as that at Djanet,
and sinuous channel belts. Palaeogeographic interpretations
with signiﬁcant emphasis on the glacial geomorphology were
published by Rognon et al. (1972) and mapping clariﬁed the
distribution of large palaeovalley incisions up to several
hundred metres deep and hundreds of metres wide (e.g., the
Iherir palaeovalley; Beuf et al., 1971), together with smaller
(m-to tens of m-scale) sandstone-ﬁlled ribbon-like channels,
later interpreted as the topset deposits to large-ice contact
deltas (Ghienne et al., 2010; Girard et al., 2012). Although the
palaeovalleys are reinterpreted as tunnel valley networks
(Deschamps et al., 2013), their lateral distribution was
established in Beuf et al. (1971), with a similar S-N
orientation to the glacial striations, and they were later
clearly characterised as ice-marginal features in Girard et al.
(2012) (Figure 1B).
Beuf et al. (1971) used aerial photographs to map large areas
(tens of square kilometres), but it was not until satellite data
became available that regional-scale mapping became realistic.
For example, Moreau et al. (2005) harnessed the insight from the
satellite imagery to map palaeo-ice stream ﬂowsets across the
Algerian-Libyan border and Ghienne et al. (2007) developed
larger-scale reconstructions of palaeo-ice streams across North
Africa for the ﬁrst time. This culminated in large-scale ice sheet
reconstructions in which palaeo-ice streams and meltwater
systems (tunnel valleys) were integrated into a single map (Le
Heron and Craig, 2008).
These second-generation models were derived from
integration of satellite imagery with seismic and borehole data
collected in the course of petroleum exploration, underpinned by
the spatial relationships between glacial palaeo-landforms
established by Beuf et al. (1971) in the Tassili N’Ajjer.
Nevertheless, at the time of this pioneering work, costly
individual LANDSATTM images were purchased on an
individual basis, inhibiting “blue skies” research. The advent of
freely available, global, high resolution satellite imagery now
provides unparalleled opportunity for applying these
contemporary
approaches
in
many
new
hitherto
understudied sites.
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FIGURE 1 | Historical successes in capturing big picture glacial geomorphology in the ancient record. (A) The mapping efforts of Beuf et al. (1971) are a landmark
achievement in the documentation of the Late Ordovician glacial record of southern Algeria. This map (reproduced with permission) shows the distribution of softsediment striated surfaces across the Tassili N’Ajjer (shown here as the Tassili des Ajjers) plateau (represented by simple, black parallel lines). These authors did
substantial ﬁeldwork in the region, and the photos show ﬁve separate examples of these soft-sediment striated surfaces over a wide area. (B) Mapping in the Tassili
N’Ajjer 40 years later (Girard et al., 2012), with focus of meltwater structures (sandstone ribbons in this image). The impressive, dense network of structures results from
high ﬁdelity aerial photograph and satellite image mapping made possible thanks to the undeformed nature of the substrate, the gently dipping plateau, and the lack of
vegetation in the central Sahara. Reproduced with permission of the Geological Society of London.
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FIGURE 2 | A newly discovered Cryogenian glaciated land surface in Australia. Bing Maps image with corresponding interpretation showing a zone to the west of
Pussycat Springs, Kimberley, Western Australia of folded Mesoproterozoic strata overlain by the Walsh Formation (a Cryogenian diamictite). Interpretation of this ancient
land surface shows the location and orientation of measured striated pavements with ice ﬂow directions indicated (data from Perry and Roberts, 1968), together with
interpreted lineaments of probable glaciogenic origins observed on the satellite imagery. The latter cross cut many units underneath the Walsh Formation. The
geometry of the Walsh Formation outcrop is notably conﬁned to a belt of N-S oriented strata, which we herein interpret as a possible palaeovalley (the Pussycat
Palaeovalley). Non-glacial lineaments (faults) are distinguished also.
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Observing Traces of Cryogenian Glaciers
From Space and the Pussycat Palaeovalley

freely accessible aerial/satellite images hosted on Bing
Maps, Google Earth or similar platforms. These palaeo-ice
stream networks broadly belong to the Late Palaeozoic Ice
Age (LPIA) although the age constraints are loose (Le Heron,
2018). The Ennedi region consists of a sandstone plateau,
dipping gently to the north into the Kufra Basin of Libya
(Figure 3A). New investigations show belts of mega-scale
glacial lineations (MSGLs) covering a much wider zone than
previously recognised in Le Heron (2018), extending at least
300 km across the plateau (Kettler et al., in review). Here,
utilizing freely available satellite images (Bing Maps) we
illustrate some of these newly discovered features
(Figure 3B).
MGSLs are organised into discrete ﬂow sets measuring up
to 15 km wide and >50 km long (Figure 3B), which traverse
shallowly-dipping sandstone plateaux. These are separated
by topographically elevated regions of the plateaux where
MSGLs are absent and could therefore be interpreted as
inter-stream areas. Together with the previously mapped
zone, the network of palaeo-ice streams is now known to
extend over ~200 km from west to east. Importantly, palaeoice stream ﬂow sets occur adjacent to both braided
(Figure 3C) and meandering (Figure 3D) channel
systems. The channels are set in positive relief with
respect to the surrounding desert plain and are traversed
by fracture sets suggesting that they are ancient structures
that have undergone burial and lithiﬁcation. The sand-ﬁlled
channel systems are interpreted to have initially scoured a
soft substrate (mud) prior to burial, lithiﬁcation, then uplift
and exposure at the present-day land surface, with
subsequent aeolian deﬂation explaining the removal of
interchannel material. We suggest that the channel
networks are incompatible with subglacial meltwater,
because very extensive freely meandering river belts are
not typical in the conﬁning conditions beneath an
overlying ice sheet. Instead, the channel belts might either
record deposition in a proglacial setting accompanying the
retreat of LPIA ice masses in this part of Africa, or simply a
postglacial river system. Much remains to be learned from
the Ennedi plateau, and little ﬁeldwork has been done thus
far. However, we also note the presence of soft-sediment
striated surfaces at outcrop from within a belt of MSGLs
(Figure 3E). These surfaces are identical to those described
from other Palaeozoic outcrops (e.g., Le Heron et al., 2019b,
2020). This discovery solidiﬁes the interpretation that the
MSGLs are glaciogenic and not formed through another
process.
These recent advances in mapping and interpretation of
LPIA land surfaces and ancient glaciogenic landforms (Le
Heron, 2018) are leading to exciting new discoveries. A
network of glacial valleys and fjords has recently been
mapped in the Kaokoland region of northern Namibia
(Dietrich et al., 2021) whose pattern is striking on
satellite images, as highlighted by the Earth observatory of
the
NASA
(https://earthobservatory.nasa.gov/images/
148822/fossil-fjords-in-namibia).A
very
convincing
exhumed LPIA palaeo-landscape in Uruguay was

The Kimberley region in Australia (Figure 2) has much to reveal in
terms of the geometry and potential behaviour of Neoproterozoic ice
masses. Continental-scale glaciation across northwestern Australia
was ﬁrst documented through regional mapping programs in the
1960s and 1970s (Perry and Roberts, 1968; Dow and Gemuts, 1969;
Gellatly et al., 1975). The Cryogenian Walsh Formation in the west
Kimberley, interpreted as a Marinoan equivalent glacial deposit
(Grey and Corkeron, 1998; Corkeron 2007) represents the
western-most extent of grounded ices sheets, preserving
lodgement till, grounding line and subglacial outwash deposits
(Corkeron, 2011). Ice-scoured quartzite basement is documented
from multiple striated pavements in three areas underlying Walsh
Formation tillite (Perry and Roberts, 1968; Corkeron 2008)
indicating south-southwest directed regional ice ﬂow. This trend
is consistent with provenance studies and ice-ﬂow interpretations
across northern Australia from striated pavements beneath
correlated Marinoan glacial deposits (Dow and Gemuts, 1969;
Dow, 1965; Dundas et al., 1987; Corkeron, 2008) suggesting an
ice source from and unknown northern neighbour.
Whilst evidence for a glacial record is convincing at outcrop, fresh
perspectives can be gained through examination of open source
aerial/satellite images (Bing Maps) of the Hann River (Figure 2). The
district adjacent to pavements described by Perry and Roberts (1968)
reveals features consistent with a previously unrecognised ice-incised
palaeovalley constraining the distribution of the glacigenic Walsh
Formation in this area. Parallel ridges and grooves of metre to 10s of
metre-scale incise Mesoproterozoic basement surfaces lie in a
topographic depression (Figure 2) immediately below the Walsh
Formation. These prominent N-S oriented bedrock lineations are
interpreted as subglacial lineations (such as rock drumlins,
whalebacks, roche moutonnées) whose precise genesis should be
conﬁrmed with detailed ﬁeld investigation, but are consistent with
documented outcrop striation orientations (Perry and Roberts,
1968). North-south lineation is absent from the Walsh Formation
landforms. Additionally, the Walsh Formation shows both regional
and local angular unconformity with the regionally folded
underlying Mesoproterozoic succession. In the Hann River
district, the Walsh Formation is broadly ﬂat-lying with roughly
parallel north-south trending bounding contacts onlapping
basement and conﬁning the Walsh Formation distribution to a
~13 km wide belt (Figure 2).
Based on these local features and regional relationships, it is
proposed that the Walsh Formation inﬁlls a palaeo-valley, here
named the Pussycat Palaeovalley on account of the proximity of
Pussycat Springs. We tentatively propose that this region exhibits
a complex land surface, resulting from 1) folding of earlier
Mesoproterozoic strata, 2) development of subglacial
lineations, and 3) incision and inﬁll of the Pussycat Palaeovalley.

Anatomy of an Exhumed Carboniferous
Glacial Landscape in Chad
The Ennedi Plateau of northern Chad exposes excellent
evidence of palaeo-ice stream networks clearly visible on
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FIGURE 3 | The interpretation of Late Palaeozoic Ice Age (LPIA) glacial land surfaces from satellite data. (A) The Ennedi plateaux of northern Chad, showing the
mapped location of the palaeo-ice stream network documented in Le Heron (2018), and its eastward continuation (this study). (B) Interpreted palaeo-ice stream ﬂow set
with mega-scale glacial lineations (MGSLs) to the left of the image, and an extensive channel belt to the right. The location of the images (C,D) are highlighted in the small
rectangles. (E) Soft-sediment striations at outcrop in the Ennedi plateaux. Image courtesy of Ursula Steiner, whose photo was taken at 17.623°N 22.777°E. (F)
Google Earth image of whalebacks published in Assine et al. (2018)- hard bedrock structures in the LPIA of northern Uruguay. See Assine et al. (2018) for precise location
information. (G) The zone of the Damara Orogen, central Namibia, featured in Andrews et al. (2019). These authors interpreted MGSLs, yet here we caution that these are
parallel to the tectonic grain of the orogen, underscoring that the utmost care must be taking when mapping and interpreting deep time glacial land surfaces from satellite
imagery. See Andrews et al. (2019) for precise location information.
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FIGURE 4 | The Pingdingshan striated pavement of Ediacaran age, central China, from Le Heron et al. (2019a). The image derives from data collected by a DJI
Mavic Pro UAV in June 2018 as follows. A semi-transparent orthophoto has been draped over a digital elevation model to that small scale topographic differences are
emphasised, thereby assisting geomorphic mapping. The abundance of p-forms on this surface highlights the role of subglacial meltwater is sculpting m-scale
topography into lithiﬁed sandstone basement.

identiﬁed by Assine et al. (2018) (Figure 3F), where
whalebacks that are cut into granite are clearly visible on
Google Earth imagery. A similar study in the Damara
Orogen of central Namibia (Andrews et al., 2019)
(Figure 3G), however, identiﬁed striking similarities
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between the orientation of the tectonic grain of the
Damara Orogen and the interpreted glacial lineaments,
highlighting the care needed to differentiate glacial
geomorphology from other features in complex basement
terrain.
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SUPERCHARGING ESTABLISHED AERIAL
PHOTOGRAPHY WITH A DRONE MAPPING
APPROACH
The Methods

As a global archive, glacially striated surfaces of Ediacaran age
are rare: probably the best examples come from the Henan
Province in the central China Orogen and in the Kimberley
region of Western Australia (Corkeron, 2008), although there are
published interpretations of striated surfaces of this age from the
Moelv Formation (Baltica), Kahar Formation (Iran), Ouarzazate
Grp (Morocco), and the Långmarkberg Fm (Baltica) (Germs,
1972; Hambrey and Harland, 1981; Arnaud et al., 2011; Vandyk
et al., in 2021). Thus, the digital documentation of these rare
palaeo-landforms from an aerial view is essential to preserve the
record of these structures for posterity.

The application of UAV imagery surveys (drone mapping) to
previously identiﬁed glacial landscapes, not only expands our
capacity for detailed interpretations at scale, but provides a digital
record of ancient landscapes under threat from urbanisation and
development. In complex topography and deformed strata (in
contrast to planar glacial pavements) the integration of UAV
aerial photography with 3D rendering using off-the-shelf software
generates high resolution 3D models across landscape scales that were
previously unattainable. These models greatly enhance the
interpretative resolution of glacial processes in complex
landscapes. In this section, we provide three examples where the
aerial photography approach enhances our understanding of
Ediacaran and Late Palaeozoic Ice Age (LPIA) palaeogeomorphology and thereby palaeo-ice ﬂow behaviour. The
workﬂow to produce the images is straightforward, and is
explained in detail in Le Heron et al. (2019a), but can be
summarized as follows. Photographs are taken from an UAV with
approximately 60% overlap, and are imported and aligned
automatically in Agisoft Metashape. From these, point clouds are
generated, a mesh is built from triangulating the points, and texture
added. The result is a high quality 3D outcrop model. For mapping
purposes an orthomosaic is then generated together with a digital
elevation model (DEM). These data are then layered and multiplied
together in QGIS, allowing the power of both elevation data and
photography to be harnessed and incorporated into a single image.

“Glacial Unconformities” in Soft-Sediment
Re-Imagined as Thin Stratigraphic Archives
Until recently, glacial surfaces such as in the Karoo Basin in South
Africa were viewed simply as erosional unconformities, and the
processes associated with their formation were attributed to
general models of subglacial erosion and deformation.
Reappraisal of landforms and their spatial distributions using
UAV-sourced low cost aerial photographs to supplement ﬁeld
observations offers new insight into a diversity of subglacial
process as preserved by newly described cross-cutting
landform structures. These new interpretations indicate a
more complex interaction of processes and glacial phases
associated with the Late Palaeozoic Ice Age (LPIA) in South
Africa than was previously understood.
Visser (1997) summarised the LPIA ice ﬂow record of South
Africa as a series of highland valley glaciers ﬂowing northward
and southward into the Karoo Basin, thereby joining trunk ice
streams that ﬂowed westward into southern Brazil and Argentina
(Figure 5A). In the Karoo Basin, hard bedrock striated surfaces
are recorded in multiple basin margin locations, such as in
Douglas (du Toit, 1954) at Nooitgedacht near Kimberley
(Visser and Loock, 1988) and in KwaZulu-Natal (Dietrich and
Hofmann, 2019). However, soft-sediment striated surfaces are
also recorded (e.g., in Oorlogskloof; Visser, 1990) and most likely
represent basin-marginal and intra-basinal equivalents,
respectively. The soft-sediment striated surfaces formed
preferentially where sediment accumulated and ice masses
overrode unconsolidated substrate. For example, Visser (1990)
interpreted ~1–5 m wide bulbous structures that cross-cut the
Oorlogskloof pavement as soft sediment deformation structures
formed during the retreat phase of the ice mass.
Rather than viewing the Oorlogskloof surface as a type of
“unconformity” recording subglacial erosion and deformation,
recent reappraisal using UAV imagery identiﬁed and mapped
three crosscutting suites of structures, each exhibiting ﬂutes and
striae in slightly different orientations (Le Heron et al., 2019b). The
crosscutting relationships (Figure 5B) indicate a three-phase model
whereby 1) deformation beneath a grounded ice mass was followed
by 2) decoupling and transition to a ﬂoating ice margin, and ﬁnally
3) renewed grounding and ﬂute development. Whilst the earlier
interpretation of variable coupling (Visser, 1990) had merit, viewing
the retreat phase as decoupling and sudden retreat presented an
oversimpliﬁed view, mostly due to the lack of a bird’s eye view.

A Bird’s Eye View of the Base of Ediacaran
Ice Sheets
Along the north China Craton, glacially striated surfaces beneath the
Luoquan Formation of probable late Ediacaran age were ﬁrst
described in detail by Guan et al. (1986). Drone technology
employed by Chen et al. (2020), allowed for further detailed
mapping and provides a digital archive of these rare palaeolandforms, now threatened by increasing road-network
development. Likewise, Le Heron (2019a) produced aerial images
and map interpretations for the Shimengou striated pavement outcrop
in the Pingdingshan region (Figure 4) from UAV imagery. This study
demonstrated the ability to interpret high resolution “p-forms” which
form through substantial metwater involvement at the ice-bed
interface on hard, consolidated bedrock. The method also allowed
for regional discrimination of zones deﬁned by well developed,
moderately developed, and poorly developed or absent striations.
The spatial variation in striation development, as mapped
from a bird’s eye perspective, may provide ﬁne resolution insight
into the spatial variability of subglacial erosion processes. For
example, the ubiquitous surface polish preserved over the outcrop
surface may record the precipitation of a subglacial silica “gel”
that “sealed in” the striations and provided them some protection
from later erosion, as proposed for analogous Pleistocene surfaces
in the United States (Siman-Tov et al., 2017).
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FIGURE 5 | (A) Paleogeographic map of South Africa during the late Paleozoic ice age, and outline of ice-sheet ﬂow character, based on Visser (1997), LopezGamundi and Buatois (2010). Study area at Oorlogskloof is situated at the western margin of the Karoo Basin. (B) Bird’s eye view of the Oorlogskloof glacial pavement of
South Africa (top) together with an interpretation of the surface and the recognition of cross-cutting relationships (bottom). The bird’s eye view consists of drone data,
namely an orthophoto layered over a digital elevation model. From Le Heron et al. (2019b).
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FIGURE 6 | Digital outcrop model of a late Carboniferous roche moutonée in Namibia, supplemented by ﬁeld photographs. In this region, Martin and Schalk (1959)
were the ﬁrst to document bedrock grooves and polished, striated crystalline basement carved during the Late Palaeozoic Ice Age. (A) Map of the fjord network of
northern Namibia, showing location of the example and palaeo-ice ﬂow directions. (B) Three dimensional model produced from photographs taken by a DJI Mavic Pro
UAV in September 2019. The image shows a large, high relief bedrock feature with a very steep stoss slope. The location of other features in this ﬁgure are indicated
by the lettering, together with the Late Carboniferous ice ﬂow direction. (C) Small roches moutonée which allows palaeo-ice ﬂow orientation to be conﬁdently indicated.
(D) Typical relationship between crystalline basement and (fragmentary) diamictite. The latter is plastered onto high angle slopes yet is remarkably well preserved. (E)
P-forms developed on the steep stoss slope (ice ﬂow direction indicated). (F) Glacial polish developed on a steep slope. (G) In present lower lying areas, large facetted,
striated boulders weather out from diamictite.

Supplementing ﬁeld observations with UAV imagery
facilitated this new interpretation, because packages of units
with striations in different orientations could be mapped easily
and at scale. By conﬁrming the existence of three cross-cutting
packages on a soft-sediment striated pavement, the stratigraphy
can be demonstrated. Thus, this approach suggests that these
surfaces should not be regarded as representing “unconformities”
or “bypass”, but rather are valuable archives of stratigraphic
information allowing for an improved understanding of
grounding and ultimately retreat behaviour of Palaeozoic ice
masses.

recent decades have been the palaeofjords of Argentina (Aquino
et al., 2014; Kneller et al., 2004; Dykstra et al., 2006; Valdez Buso
et al., 2017; 2017, 2021). Notably, quantitative data and cross
sectional proﬁles have recently been published for the Vichigasta
palaeovalley, and their geometry characterised using 12.5 m
resolution DEMs produced from the ALOS-PALSAR sensor
(Valdez Buso et al., 2017). Small-scale, but spectacular, hard
bedrock glacial landforms were also described by Bussert
(2010) in Ethiopia. By comparison, though, the palaeovalleys
of southern Africa have attracted far less modern study. In
Namibia, Martin and Schalk (1959) observed that patches of
diamictite belonging to the Dwyka Formation occur within
modern-day valleys occupied by ephemeral rivers, such as the
Hoarusib valley (Figure 6A). Moreover, they observed that some
of the modern-day valley sides exhibited outstanding evidence for
glacial abrasion via smooth and polished bedrock surfaces and,
locally, striated pavements. This network of rivers follows a

The Fjords of Gondwana and Their
Geomorphology
Spectacular palaeovalley systems are a well-known feature of the
LPIA, and perhaps the most extensively documented of these in
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complex path through predominantly Neoproterozoic and older
bedrock of the Damara Belt. Whilst modern geochronological
constraints on the northern Namibian rocks are missing, in
neighbouring South Africa a number of deglacial cycles
straddling the Late Carboniferous-early Permian boundary
have been constrained using U-Pb detrital zircon
geochronology (Grifﬁs et al., 2019). The co-occurrence of
diamictite within the modern-day valleys motivated Martin
(1981) to propose that they were at least 300 million years
old, with his mapping of interpreted palaeovalley pathways
and diamictite distribution showing a complex, interconnected
network.
In the regional Gondwanan palaeogeographic context, the
Namibian palaeovalleys would have drained toward the west
draining into the Paraná Basin of Brazil. There, in the
southernmost Paraná Basin, similar palaeovalleys have been
recognised and interpreted as fjords by some workers
(Tedesco et al., 2016), whereas other workers have found little
evidence for glacial ﬁll in neighbouring valleys (Fedorchuk et al.,
2019), questioning whether they all record the same process of
incision, whether they testify to a more complex pattern of
glaciation than previously thought, or raising the spectre of
much older incisions that were then further exhumed by
valley glaciers. New work on the palaeovalleys in northern
Namibia has also incorporated analysis of the sedimentary ﬁll,
which when integrated with regional geomorphology suggests the
recession of regional plateau ice ﬁelds, incision of the valleys, and
their subsequent transgression and transformation to a fjord
network (Dietrich et al., 2021). The existence of fjords in
Namibia to some extent mirrors the situation in Argentina
(where palaeovalleys are interpreted similarly: e.g., Aquino
et al., 2014; Kneller et al., 2004; Dykstra et al., 2006; Valdez
Buso et al., 2017, 2021). However, the Namibian outcrops are
particularly amenable to mapping in accessible terrain.
A 3D model assembled from 200 drone photographs reveals
aspects of the glacial geomorphology of the easternmost part of
the fjord network (Figure 6B). The focus here is to demonstrate
the value of the approach for future studies. The drone imagery
was collected using a DJI Mavic Pro aircraft in September 2019
and processed using Agisoft Metashape to produce a rendered 3D
model. Airborne imagery reveals the geometry of the present-day
topographic surface which consists of a large granitic hill,
smoothed by the westward ﬂow of conﬁned valley glaciers
(Dietrich et al., 2021; Figure 6A). At this scale, the westward
ﬂow is supported by the presence of smaller scale roches
moutonnées which have a distinctive asymmetric proﬁle
(Figures 6B,C). Rarely, diamictite is found across the surface
in pockets, locally plastered in sharp relief onto the topography
(Figures 6B,D). Elsewhere, gently undulating p-forms are
present over the granite bedrock, which ubiquitously exhibit a
polished character (Figures 6B,E). Locally, on a 48° sloped
surface, the glacial polish continues across ice-ﬂow parallel
fractures in granite (Figure 6F). The continuation of glacial
polish over the entire outcrop testiﬁes that the steep slopes
were generated during or prior to the LPIA rather than by
modern weathering. In lower-lying areas (Figures 6B,G),
polished, faceted and striated carbonate boulders weather out
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over the desert plain. Collectively, the data conﬁrm the presence
of a substantial inverse bedrock slope. Given the context, it seems
most likely that the patchy diamictite was deposited in irregular
subglacial depressions. This might imply either exploitation of a
previously weathered, jointed surface, or alternatively subglacial
ripping (e.g., Hall et al., 2020) followed by superimposition of the
glacial polish (Siman-Tov et al., 2017). This example highlights
the advantage of integrating aerial photographs with a 3D model
(Figure 6B) in showing 1) the broader lateral relationships
between phenomena documented at outcrop and 2) the
geometry of glaciated bedrock can be characterized more
accurately than from a ground-level perspective.

DISCUSSION: THE PRESERVATION
LOTTERY THROUGH GEOLOGICAL TIME
Small Scale (<1 m) Challenges
From the ancient record, in particular the exceptional examples
discussed above from northern and southern Africa, Australia
and China, ﬁeld studies focussed on isolated outcrops that expose
striated surfaces. These surfaces are recognisable as they preserve
a sheen, striations and other cm to mm-scale features that are
identical to their modern counterparts. For example, a striated
surface scoured more recently than 1851 in Kauntertal, Austria, is
indistinguishable
from
a
300-million-year-old,
Late
Carboniferous surface in northern Namibia (Figures 7A,B).
The early Permian striated surface of Hallett’s Cove, South
Australia, preserves a rich ﬁdelity of structures, including
crosscutting striations and chattermarks; a similar delicate
record of crosscutting relationships is contained within the
polished surface of Ediacaran age in Shimengou, central China
(Figures 7C,D). Taking the early Permian striated pavements of
South Australia as an example, modern stream ﬂow plays a role in
the erasure of evidence for subglacial structures on a striated
pavement at Glacier Rock (Figure 7E). We argue that the loss of
surface veneer through weathering is a critical problem in the
“preservation lottery.” In Ontario, Pleistocene striated bedforms
show loss of striations through weathering (Figure 7F). A similar
weathering effect has been observed on both Cryogenian and Late
Ordovician striated pavements (Figures 7G,H).
Following the work of Siman-Tov et al. (2017, 2021) on
Quaternary surfaces in California and Washington, we
propose that surface water weathering results in the selective
loss of the silica gel precipitated subglacially and attributed to the
surface sheen. Erosion of the mm-thick subglacial precipitate
reveals a surface devoid of evidence of subglacial abrasion. In each
of our “hard rock” examples from Cryogenian, Ediacaran, Late
Carboniferous and Holocene glacial pavements, it is apparent
that preserving ﬁne detail is dependent on serendipity, and
presumably highly localised weathering conditions that either
favour preservation or destruction of the detail. In contrast, the
LPIA surface of Oorlogskloof (Figure 7H) differs fundamentally
because the striations record the shearing of soft sediment (Le
Heron et al., 2020), rather than abrasion processes (Denis et al.,
2010) which are most commonly envisaged beneath modern and
Quaternary ice masses. Nevertheless, the increasing deployment
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FIGURE 7 | Striated surfaces through space and time. (A) Polished bedrock (paragneiss) exposed in recent decades following the retreat of the Gepatsch Glacier in
Kaunertal, Austria. (B) Polished bedrock (orthogneiss) in northern Namibia, which was glaciated approximately 300 million years ago (Dietrich et al., in press). (C) Early
Permian striated surface developed on Neoproterozoic siltstone at Hallett Cove, South Australia. Note crosscutting striations and chatter marks. (D) Surface sheen
(glacial polish) at Pingdingshan, central China, reveals evidence for two contrasting ﬂow directions beneath and Ediacaran ice sheet. (E) Interaction of a modern
creek with an early Permian grooved and ridged surface at Glacier Rock, South Australia. (F) The peeling crust of glacial varnish, preserving striations, weathers away
from paragneiss bedrock in Ontario, Canada. This surface is of Pleistocene age and is associated with MSGLs developed in bedrock (Krabbendam et al., 2016). (G)
Probable late Cryogenian striated pavement in the Tarim Craton, NW China, beneath the Yuermeinak Formation (see Vandyk et al., 2019). (H) Example of a peeling and
highly weathered soft-sediment striated surface (e.g., Le Heron et al., 2020) from the Late Ordovician of Saudi Arabia.
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of remotely operated vehicles on submerged, formerly glaciated
continental shelves (Normandeau et al., 2021) may reveal similar
structures in future research.
The role of abrasion was emphasised in the explanation of
complex “nano-stratigraphy” observed on Quaternary glaciated
surfaces of the United States (Siman-Tov et al., 2017). Siman-Tov
et al. (2021) subsequently used detailed thin section imagery and
chemical analysis to suggest that the surface sheen on striated
surfaces is <1 μm thick. Where subglacial obstacles
(i.e., protrusions from the bed up into the ice) are present, a
laminated chemical deposit can occur in its lee. The phenomenon
results from a paired dissolution-precipitation process, whereby
“chemically aggressive water”, perhaps produced through stossside pressure melting, enriched the subglacial water ﬁlm with
solutes. Regelation in the lee of a bedrock obstacle then
concentrates the solutes and instigates precipitation of either
Si or Ca-rich layers, depending on the nature of the solute
(Siman-Tov et al., 2021). Presently, it is unclear whether this
model explains the preservation of crosscutting striations in
ancient glacial varnish (Figures 7C,D). Nevertheless, viewing
the layers of subglacial varnish as a kind of nano-stratigraphy,
containing discrete stratigraphic events (e.g., separate ice advance
cycles), may reveal interesting new insights into palaeo-ice sheet
behaviour at the micro-to nano-scales. This phenomenon merits
deeper investigation in the ancient record, and whether the nanostratigraphy reﬂects separate freezing or regelation phases, for
example.

has two major implications in terms of the geomorphic record: 1) the
development of subglacial landforms is different and 2) post-glacial
modiﬁcation is to be expected, and thus the quality of any preserved
subglacial landforms is poorer than those developed on
metamorphic or igneous bedrock, for example. This is
complicated by the fact that work on modern glacial erosional
processes has focussed largely on, and has been biased toward,
non-carbonate crystalline bedrock substrates and analysis of
carbonate bedrock has been relatively restricted (Steinemann
et al., 2020 and references therein). Nevertheless, Böhm (1885)
described the results of erosion and karstiﬁcation of Triassic
Dachstein carbonate in Steiermark, Austria. North of the Gesäuse
some corries occur, yet aside from some exotic erratic blocks such as
schist, physical evidence for glaciation is poor even though excellent
evidence for Quaternary glaciation is known from neighbouring,
non-carbonate mountain ranges (Böhm, 1885).
Speciﬁc patterns of dissolution (cryokarst features) are also
expected beneath glaciers where they advance over carbonate. In
the LPIA record, carbonate substrates (where present) were not
simply modiﬁed during deglaciation, but rather subglacial
meltwater and erosion played an active role in karstiﬁcation.
For example, a wide range of karst structures are recognised in
Devonian limestones of Western Australia, which are interpreted
to have been produced by dissolution beneath mid Carboniferous
to early Permian continental ice sheets (Playford, 2002). Thus,
fundamental questions should be asked why subglacial karst is
not preserved in the Cryogenian. The Snowball Earth hypothesis
has continually had to reinvent itself as it is confronted with
substantial sedimentological evidence that militates against it
(Allen and Etienne, 2008). Yet, given the vast sea level
drawdown that would be expected during “global” glaciation,
the lack of karst is noteworthy.
Our third grand challenge, concerns substantial missing pieces of
the jigsaw puzzle. Some of these appear to have been “misplaced”,
whereas others will never be found. By comparison to the
increasingly high-resolution ice sheet reconstructions in the Late
Ordovician (Ghienne et al., 2007; Dietrich et al., 2018) or Late
Carboniferous (e.g. Isbell and Cole, 2008; Grifﬁs et al., 2021),
Cryogenian and Ediacaran reconstructions are often of low
spatial resolution but achievable in areas of locally high-quality
data (e.g., Chen et al., 2020; Chen et al., 2020). This shifts the
focus to the role of traditional outcrop sedimentology on to macroscale (subglacial structures such as drumlins, whalebacks, or roches
moutonnées) to micro-scale (petrographic or micromorphological:
Busﬁeld and Le Heron, 2018) facies analysis in such successions to
tease out interpretations and to develop palaeo-glaciological models.
In so doing, this highlights the intimate connection between
palaeogeomorphology and sedimentology in the palaeoglaciological record. The lowermost sediments in a formation, in
contact with a subglacial surface, may have been deposited millions
of years after the erosion of the surface. For example, in the
Yuermeinak Formation of NW China. Vandyk et al. (2019)
recognised two different facies immediately overlying a
Cryogenian striated surface. One facies association comprised
diamictites interbedded with dropstone-bearing rhythmites, tens
of metres in thickness. The other was a distinctly different, thin
diamictite facies. The former contained predominantly sub-angular

Larger Scale (>1 m) Challenges
Comprehensive ice sheet reconstructions in the deep time record
pose multiple challenges. The ﬁrst of these challenges,
corresponds to data gaps related to outcrop style. For the
Cryogenian record, Busﬁeld and Le Heron (2018) noted that
“paleoland surfaces are concealed in successions of dipping strata,
and are hence not amenable to satellite-image or aerialphotograph analysis”. Many of the famous and well-studied
Cryogenian outcrops fall under this category, such as the
Wilyerpa Formation of the Flinders Ranges (Busﬁeld and Le
Heron, 2014), the Chuos Formation of Namibia (Le Heron et al.,
2013a; Busﬁeld and Le Heron, 2013), or the Kingston Peak
Formation of California, USA (Busﬁeld and Le Heron, 2016;
Le Heron et al., 2017). Most recently, Vandyk et al. (2021)
reappraised the origins of a previously unchallenged striated
pavement at the base of the Mineral Fork Formation, Utah,
also in a suite of dipping strata. Using highly detailed
photogrammetric methods, coupled with ﬁeld observations,
the striae were shown to be tectonic or recent erosional
features, consistent with similar features formed within the
surrounding modern landscape. In that study, the existence of
a palaeotopography at the base of the presumed glaciogenic strata
was demonstrated, but the origins of that topography was
concluded to be equivocal, perhaps resulting from base-level
drawdown rather than direct glacial incision.
The second of our large-scale challenges corresponds to
dissolution of the geomorphic evidence. Around the world, many
Cryogenian glacial sequences rest directly on carbonate platform
stratigraphy (Spence et al., 2016). The solubility of carbonate bedrock
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to angular clasts. The latter contained rounded clasts with a high
abundance of faceted, striated examples that were derived from the
immediately underlying substrate. The former was interpreted as
sediment gravity ﬂows deposited an unknown time after erosion of
the subglacial surface whereas the latter was a tillite, recording
contemporaneous deposition during or shortly after subglacial
erosion (Vandyk et al., 2019). Despite their glacigenic
characteristics, both facies were not necessarily synchronous.
Similar ﬁndings were obtained from strata pertaining to the
lower Karoo (Late Paleozoic) in Botswana where non-dated
massive breccias containing angular, m-scale locally-derived
clasts, initially interpreted of glacial origin but recently
reappraised as non-glacial, are abutting against a bedrock
palaeotopography of probable glacial origin pertaining to the
LPIA (Dietrich et al., 2019).
Even for extensive outcrop belts of Late Ordovician strata in the
Sahara (e.g., Ghienne et al., 2003) or Arabia (Michael et al., 2018;
Tofaif et al., 2019), preservation gaps remain on the order of
hundreds of kilometres (Le Heron, 2016). This is presumed to be
owing to subsequent uplift, denudation and erosion resulting from
the genesis of large intracratonic basins such as the Murzuq Basin in
Libya (Le Heron et al., 2013b; Ghienne et al., 2013). The “misplaced”
pieces of the puzzle correspond to data preserved in the subsurface of
sedimentary basins which have escaped erosion, and can be imaged
on seismic reﬂection data. These include convincing evidence for
tunnel valley networks at 3 km depth in the northern part of the
Murzuq Basin, southern Libya (Smart, 2000), and to other features
including ice contact deltas (Bataller et al., 2019).
The modern geographic and climatic setting in which
outcrops are found also plays a role. Most of the examples
given in this paper highlight the value of mapping in terrains
characterised by arid to semi-arid climate. The absence of
vegetation in these settings allows for more lucid
interpretations. Nevertheless, the future is bright for the
mapping of the deep time record in vegetated terrains. In
many regions of the world, the rapid expansion of freely
available (or at least low cost) LiDAR datasets has facilitated
rapid advances in the mapping of Quaternary landforms (e.g.,
Thorndycraft et al., 2016). Allowing the interpreter to “see” the
geomorphology concealed beneath dense vegetation, these data
will likely have major application to the interpretation of the prePleistocene record in coming years.

Carboniferous (Ennedi, Chad) age allows important
hypotheses to be tested concerning the ﬂow patterns of
deep-time ice sheets. In the former case, a suite of megascale streamlined subglacial structures is interpreted for the
ﬁrst time which are parallel to striations already observed in
the ﬁeld (Perry and Roberts, 1968). In the latter case, the
morphology of channel systems described is used to argue for
an ice-marginal or deglacial system;
Analyses of data collected by UAVs greatly advance our
understanding of subglacial bed conditions in the
Ediacaran, Late Ordovician and Late Carboniferous records.
At Pingdingshan, central China (Ediacaran), the lateral
distribution of p-forms enables us to understand the role of
water in the generation and evolution of polished bedrock
surfaces. At Oorlogskloof, South Africa (Late Carboniferous),
the spatial organisation of subglacial bedforms into three
discrete cross-cutting packages can only be accurately
determined thanks to aerial imagery, attesting to complex
coupling relationships between the ice and its bed. The
latter two cases emphasise how soft glacier beds record
stratigraphy, and how their mapping can play a central role
in understanding subglacial conditions;
There is much potential in marrying traditional ﬁeldwork with the
bird’s eye view from satellite imagery and UAV photogrammetry.
Nevertheless, grand challenges remain, including substantial data
gaps both on the small scale (the fragile and fragmentary nature of
many striated pavements) and the larger scale. In terms of the
latter, dissolution may play a key role in Cryogenian records. In
other cases, tectonic uplift and basin evolution explains the
fragmentary nature of the record.
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CONCLUSION
The mapping of ancient (Precambrian to Palaeozoic) glacial
land surfaces has historical precedents, notably the work of
Beuf et al. (1971) and Rognon et al. (1972) on the Late
Ordovician geomorphology of the Sahara. This work was
ahead of its time, and set the tone for the “big picture”
approach to glacial geomorphology that is only now
possible thanks to the widespread availability of free
satellite imagery and affordable UAV technology;
Analysis of satellite imagery in formerly glaciated areas of both
Cryogenian (Kimberley, WA, Australia) and Late
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