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Abstract

Glaciogenic sediments are present in many hydrocarbon-producing basins across the globe but their
complex nature makes it difficult to characterise the reservoir-quality sedimentary units. Despite
this, Ordovician glacial deposits in North Africa, and Carboniferous-Permian glaciogenic sequences in
the Middle East, have been proven to host significant, economical, hydrocarbon accumulations.
Additionally, discoveries have been made in the shallow (<1000 m below seabed), glacial,
Pleistocene sedimentary succession of the North Sea (e.g. Peon and Aviat). This paper provides a
predictive exploration framework in the form of a conceptual model of glaciogenic sediment-
landform distributions. The model is based on the extensive onshore glacial sedimentary record
integrated with available offshore data. It synthesises the published knowledge, drawing heavily on
glacial landsystem models, glacial geomorphology and sedimentology of glaciogenic deposits to
provide a novel conceptual model allowing for the efficient description and interpretation of glacial
sediments and landforms in the subsurface. Subsequently, land-terminating and water-terminating
ice sheet depositional systems are described and discussed, with respect to ice advance and retreat
cycles. This detailed description focuses on the macro-scale stratigraphic organisation of glacial
sediments with relation to the ice margin, aiding the prediction of glaciogenic sediment

distributions, and their likely geometry, architecture and connectivity as reservoirs.

1 Introduction

Glacial sediments and landforms have long been studied but, to date, a comprehensive overview of
their properties and characteristics from a hydrocarbon reservoir perspective has been lacking.
Sediments of glaciogenic origin have been targeted during hydrocarbon exploration and, in some
cases, have demonstrated good reservoir properties (e.g. South Oman Salt Basin, Ghadames-lllizi
Basin, North Africa, Murzuq Basin in Libya) (e.g. Forbes et al., 2010; Huuse et al., 2012; Klett, 2000).
Shallow gas accumulations in the Pleistocene succession of the North Sea, previously viewed as
drilling hazards, are now being considered an attractive target for relatively low cost/low risk fuel for

infrastructure (Aviat gas field) and, when large enough, for full scale production (Peon discovery)
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(Huuse et al., 2012; Ottesen et al., 2012; Rose et al., 2016). Improvements in geophysical methods
and analytical techniques over the last two decades resulted in multiple publications describing
glaciogenic sequences. Especially worth mentioning are Special Publications and Memoirs from The
Geological Society, London including: “Glaciogenic reservoirs and hydrocarbon systems” (Huuse et
al., 2012); “Glaciated margins: the sedimentary and geophysical archive” (Le Heron et al., 2019);
“Glacier influenced sedimentation on high-latitude continental margins” (Dowdeswell and O'Cofaigh,
2002); “Engineering Geology and Geomorphology of Glaciated and Periglaciated Terrains:
Engineering Group Working Party Report” (Griffiths and Martin, 2017); “Atlas of Submarine Glacial
Landforms” (Dowdeswell et al., 2016a). From these, and other, publications it is clear that the
distribution and nature of glaciogenic sediments is more complex, and less predictable, than more
traditional clastic sequences. As a result, glaciogenic packages are less well understood and often
underexplored for their reservoir potential than sediments associated with more “typical”

depositional environments. Although glaciogenic sediments can be complex, there are some general

rules and/or characteristics that can be of use in petroleum exploration.

This paper bridges the gap between the academic and the applied perspective, by providing a
framework for investigating the distribution and characteristics of ice sheet sediments and
landforms, with a specific focus on their identification in the subsurface and subsequent assessment
of their hydrocarbon reservoir potential. While this paper presents some general glaciology as
background in the first few sections, it assumes a degree of a priori knowledge regarding glacial
processes, landforms and sediments and is not focused on detailed descriptions thereof. For such
information readers are referred to specialist publications mentioned throughout the text or
textbooks (e.g. Glaciers and Glaciation by Benn and Evans (2010)). Here, a conceptual model of
glaciogenic deposition relevant to the subsurface and hydrocarbon exploration potential is

developed.

2  Glaciations and glacial Processes

Ice sheets are masses of ice larger than 50,000 km? (Benn and Evans, 2010). During a single
glaciation an ice sheet will typically experience multiple phases of advance and retreat, leaving a
highly complex sedimentary record and assemblage of landforms, often referred to as a glacial
mosaic (Bennett and Glasser, 2009; Evans et al., 2006). Here, we introduce some key concepts
related to glaciation to provide the necessary background to understand ice sheet sediment and

landform distribution.
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2.1 Timescales of glaciation

The rock record shows that during the last 2.5 billion years, Earth has undergone multiple shifts in
climate between periods of relatively high ice cover (icehouse) and periods where glaciers were
either missing or present in small isolated pockets (greenhouse) (e.g. Craig et al., 2009; Eyles, 2008,
1993; Le Heron et al., 2009; Strand, 2012). From a geological point of view, the Earth, at present, is
in an icehouse which began around 37 Ma ago, during the Late Cenozoic, with the first glaciation of
Antarctica (Anderson et al., 2011). Within this icehouse, ice sheets have advanced and retreated
many times, but never disappeared completely at a global scale (Eyles, 2008). The Pleistocene (2.58
Ma to 11.5 ka), part of the Late Cenozoic, is the best understood and temporarlly-resolved icehouse
period (e.g. Ehlers et al., 2011; Farmer and Cook, 2013). During this time, ice sheets periodically
expanded and retreated, following a cyclical orbital climatic forcing that is well-recorded in benthic
foraminifera oxygen isotope ratios (6'20) (Figure 1), recovered from marine sediments (Lisiecki and
Raymo 2005). Lower 820 is linked to warmer periods and interglacials (i.e. marine isotope stage odd
numbers), while higher 60 indicates colder periods and glacials (i.e. even-numbered marine
isotope stage) (Figure 1). Glacial — interglacial changes are attributed mainly to cyclical Milankovitch
orbital forcing (100 ka eccentricity cycles, 41 ka obliquity cycles and 21 ka precession cycles) (Eyles,
1993). Pleistocene glaciations are further subdivided into relatively colder (stadials) and warmer
(interstadials) periods, where ice sheets advance and retreat. They are forced by internal dynamics
within the coupled Earth climate systems (Bradley, 2015; Lisiecki and Raymo, 2005; Spratt and
Lisiecki, 2016).

2.2 Ice motion, glacial erosion, transport and deposition

Ice moves from the ice sheet interior (ice divide) outwards, towards the ice margin via three possible
mechanisms: internal deformation, basal sliding and subglacial deformation of the underlying bed
(sediments) (Benn and Evans, 2010). The prevailing mechanism depends on the thermal regime at
the ice-bed interface, the type of bed and presence or absence of meltwater (Benn and Evans,

2010).

The thermal regime of an idealised circular ice sheet, at a given time, can be described in a tripartite
subdivision (Boulton, 1996; Jamieson et al., 2008). Cold based (frozen to the bed) and slow moving,
via internal deformation, in the ice sheet centre proximal to the ice divide. A transition zone
(polythermal zone), where fast-flowing corridors of ice, known as ice streams, are initiated. Towards
the margin the thermal regime is warm-based (ice is at the pressure melting point) with lubricating
water at the ice-bed interface. This tripartite zonation is transgressive during ice advances, and

regressive during ice retreat, and the rate of change is dependent on the climate forcing
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mechanisms and internal ice dynamics (Benn and Evans, 2010). When ice accumulation outpaces
ablation, ice masses expand and advance. When the opposite is true, the ice margin steps back as ice

masses shrink and retreat.

Basal sliding and/or subglacial deformation causes areas of bedrock and pre-existing sediments to be
eroded. Rock fragments and/or sediments are then incorporated into the basal ice and/or advected
in a layer coupled to the ice sheet bed, ultimately being transported towards the ice sheet margin
(Evans et al., 2006; Powell and Cooper, 2002). At some point down flow, more sediments are melted
out from the ice than are eroded/incorporated into the ice, due to meltout and increased friction at
the ice/bed interface. As a result, the environment becomes dominated by depositional rather than
erosional processes (Evans et al., 2006; Spagnolo et al., 2016). Some of the sediment is transported
inside (englacially), or on top of (supraglacially) the ice and melts out directly at the ice margin.
Other sediment may be transported by subglacial meltwater, which drains the bed of the ice sheet
(Kleman et al., 2008; Kriger et al., 2009; Lgnne, 1995; Thomas and Chiverrell, 2006). Glaciofluvial
(meltwater) sediments may be deposited in subglacial and englacial meltwater conduits (Burke et
al.,, 2015; Storrar et al., 2014) or beyond the ice margin as ice marginal or proglacial sediments

(Gluckert, 1986; Zielinski and Van Loon, 2003; Zielinski and van Loon, 1998).

2.3 Glacial isostatic adjustment, eustatic and relative sea levels

Sea level changes are one of the major controls on the sediment distribution within most
sedimentary basins (Emery et al.,, 1996) and sedimentary systems typically respond to sea-level
changes. Ice sheets have a unique ability to change sea-level, both on local and global scales. There
are three major mechanisms by which ice sheets affect sea level fluctuations (Figure 2) (Lambeck,
1998; Milne et al., 2009; Peltier, 2002):

1. Ice sheets store vast amounts of water causing the eustatic sea level to fall during ice sheet
growth and rise during retreat when the stored water is released, via melting and iceberg
calving.

2. The weight of an ice sheet causes an isostatic depression of the pre-existing topography
resulting in a relative sea level rise in the vicinity of an ice sheet and a sea level fall where
the forebulge is present in front of the ice sheet.

3. The ice sheet mass locally perturbs the geoid and therefore affects the equipotential surface

of the ocean. As a result, the ocean surface rises proximal to the ice sheet.

Eustatic sea level rise and fall is most pronounced (Milne et al., 2009) when associated with both ice
sheet growth (glacials) and decay (interglacials), while lower amplitude oscillations of global and

local sea level may occur across stadials and interstadials (Spratt and Lisiecki, 2016).
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2.4  Accommodation, and sediment supply

It is generally accepted that accommodation is essential for preservation of a sedimentary sequence
in the rock record (Jervey, 1988). Sedimentary basins provide this, and are affected, variously, by an
interplay between eustatic sea level and subsidence rate (Catuneanu, 2002; Catuneanu et al., 2011).
This relationship only partially holds in glacially-affected regions (Zecchin et al., 2015). Sedimentary
basins influenced by ice sheets may be intermittently (during a glaciation) affected by anomalously
high sediment fluxes resulting in rapid (in geological time scale) basin filling and increased
subsidence rates due to both sediment and ice loading, in comparison to other non-glacial
depositional environments (Eyles et al., 1993; Eyles, 1993). Moreover, sediment transport directions
and input points in glacially-affected sedimentary basins will change substantially over hundreds to
thousands of years as a response to ice advance and retreat (Nielsen and Rasmussen, 2018). The
efficacy with which ice and meltwaters erode, transport and deposit sediments in a basin will most
likely overprint other contemporary changes, including short wavelength sea level oscillations and

changes in fluvial input into the basin (Lawson, 1981).

3 Glacial landsystems
Glacial processes described in the previous section ultimately exert a controlling influence on the

distribution of glaciogenic sediments and landforms. A systematic approach to glacial landform-
sediment associations exists in the form of glacial landsystems (Benn and Evans, 2010; Evans, 2006).
To date, the application of the landsystems approach has mainly focused on qualitative landscape
characterisation (Evans, 2006) to develop landform-process associations in order to reconstruct the
dynamics of palaeoglaciations (Davies et al., 2013; Evans, 2006; Ingdlfsson et al., 2016). A key benefit
of the landsystems methodology, from an exploration perspective, is the ability to divide

depositional environments into zones, with associated landforms and sediment types.

Ice sheet landsystems, which are the primary focus of this paper, describe processes, landforms and
sediments associated with continental scale ice masses. Modern analogues are the Antarctic and
Greenland Ice Sheets, although it must be stressed that these do not represent the full suite of ice
sheet landsystems that occur in the geological record. Specifically, they cannot act as analogues of
continental scale ice sheets that covered present day epicontinental seas (North Sea, Baltic), large
terrestrial terminating margins (e.g. Fennoscandian Ice Sheet (FIS), Laurentide Ice Sheet (LIS)) or ice
streams extending to the continental shelf edge (Margold et al., 2015; Patton et al., 2016; Rea et al.,
2018; Velichko et al., 1997).
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Multiple landsystem models have been constructed (Evans, 2006), but the majority are limited to
surficial, short timeframe/snapshots, characterising a depositional system in a certain state, rather
than its full evolution over space and time (i.e. the landsystem observed at the earth surface and the
associated stratigraphy below, be it terrestrial or marine). It is important to note that a landsystem
can be described at different scales. For example, a fjord landsystem can be part of a bigger,
subaqueous landsystem when an ice sheet enters a water body. The landsystem models developed
from the investigation of relatively recent glacier dynamics, are of limited use when multiple,
stacked, deposits from glacial-interglacial cycles are analysed. When investigating ancient glaciations
from outcrops, well data or seismic surveys, it may be impossible to define a landsystem in the way
contemporary glacial landsystems are described. This is due to data limitations combined with the
complicating effects of post depositional reworking, compaction and diagenesis, varying ice sheet

thermal regimes and geometries and even transitions from submarine to terrestrial environments.

Sequence stratigraphy and the concept of system tracts is of practical use when interpreting
glaciogenic deposits (Boulton, 1990; Catuneanu, 2006; Lee, 2017; Pedersen, 2012; Powell and
Cooper, 2002; Zecchin et al., 2015). Unlike in traditional sequence stratigraphy, accommaodation is
not linked to relative sea level changes. Instead it is the ice margin position that exerts the primary
control on accommodation and on mode of deposition (Boulton, 1990; Zecchin et al., 2015). In such
scenarios ice advance and retreat controls marine regression and transgression. The picture is
complicated further by glacial isostatic adjustment, forebulge collapse and eustatic sea level
changes, all of which have an effect on the final sedimentary assemblage (Powell and Cooper, 2002;
Zecchin et al., 2015). Finally, the erosional nature of glacial processes results in multiple, stacked
glacial erosional surfaces (known as GES) leading to difficulties in correlating glaciogenic packages
based on their stratigraphic relationships - the concept upon which the classical sequence is built
(Catuneanu et al., 2009; Lee, 2017; Van Wagoner et al., 1988). High lateral variability of deposition
requires an integrated interpretation approach utilizing high resolution, preferably 3D, seismic data

and wells (Zecchin et al., 2015).

4  Glaciogenic Deposition
Glaciogenic sedimentary sequences, whether ancient or contemporary, can be summarized using

the following key characteristics:

1. High flux and rapid deposition of sediments (decadal to millennial time scales) (Bellwald et
al., 2019; Ottesen et al., 2012).
2. Multiple erosional and depositional episodes, and frequent post-depositional reworking of

sediments (e.g. Boulton, 1979; Hodgson et al., 2014; Kleman et al., 2008).
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3. Abrupt changes from subaqueous to subaerial conditions and sharp facies contacts (decadal
to millennial time scales) ( e.g. Lamb et al., 2017; Thomas and Chiverrell, 2006).

4. Uneven distribution of glacial sediments through a glaciated terrain (e.g. Lopez-Gamundi
and Buatois, 2010; Marks, 2012; Martin, 1981).

5. distribution of sediments and landforms governed by the position of the ice margin (annual
to millennial time scales) (e.g. Ely et al., 2016; Lgnne, 1995; Palmu, 1999).

6. High magnitude, extreme events (days to decades) (e.g. lake outburst floods, jokulauhps;
Gupta et al., 2017; Maizels, 1997).

7. Presence of large scale landforms/features characteristic of glacial processes only (e.g. Ely et

al., 2016; Haavik and Landrg, 2014; Kristensen et al., 2007; O Cofaigh et al., 2003).

All of the above elements may complicate evaluations of the reservoir potential of glaciogenic
successions and construction of a predictive facies model, when compared to those commonly
constructed for marine, fluvial or aeolian successions (e.g. Catuneanu et al., 2011; Kocurek, 1993;
Nichols and Fisher, 2007; Zecchin et al., 2015). However, some fundamental classifications are
possible and are presented here in a conceptual model to facilitate the interpretation of glacial

sediments (and landforms) that might act as oil and gas reservoirs.

5 Glaciogenic Reservoir Distribution — A Conceptual Model

5.1 Model framework

Multiple authors have presented glaciogenic depositional models (e.g. Brodzikowski and Loon, 1991;
Eyles et al., 1985; Lgnne, 1995), describing in fine detail the distribution of landforms and sediments
over a specific area (Boulton, 1972) or related to a specific aspect of glaciogenic sedimentation (e.g.

sandar, grounding zones; Pisarska-Jamrozy, 2006; Powell and Alley, 1996).

The conceptual model of glaciogenic landforms and their sediments distribution presented here
(Figure 4) builds on these, and an extensive literature review of ancient and Pleistocene-to-

contemporary glaciogenic deposits (Tables 2, 3 and 4).

Glaciogenic deposition can be divided into three depositional zones controlled by the ice margin

position (1* order control on deposition):

1. Subglacial zone where glacial erosion and deposition is responsible for the formation of a
unique landform and sediment assemblage. It can be further subdivided in areas of slow-
moving and fast-moving ice.

2. lce marginal zone, where a mix of subglacial and proglacial processes occur.
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3. Proglacial zone, where no direct influence of ice contact on sediment deposition can be

seen.

Glaciogenic sedimentation is also affected by, and interacts with, the gross depositional
environment in which the ice sheet terminates (2" order control) i.e. sedimentation in the ice
marginal zone of a marine grounded ice sheet will be significantly different to one terminating on

land. These depositional environments include:

1. Terrestrial - subaerially exposed land surface (including kettle hole and small proglacial
lakes).

2. Large proglacial lacustrine — continental-scale lakes.

3. Shallow marine — from the shore to the shelf break.

4. Deep marine - beyond the shelf break.

Finally, deposition is also controlled by ice sheet dynamics and can be further subdivided into:

1. Deposition during Ice advance when sediment incorporation and advection is dominant,
and less meltwater is released.

2. Deposition during Ice retreat when sediment release and meltwater processes are

dominant.

The influence of ice dynamics on sediment and landform assemblages is described and

discussed in detail below.
5.2 Landforms, sediments and their identification
Glacial landforms and their sediment associations are often described by their surface morphological
expression and studied to elucidate the glacial processes responsible for their formation (Hughes et
al., 2014; Klages et al., 2016; Phillips et al., 2002). The focus of this paper is on the reservoir potential
of glacial sedimentary sequences, so the abundance of landforms and the variations of
nomenclature was critically reviewed and re-grouped in our model, based on the potential to be: 1 -
preserved in the rock record and 2 - recognized in the subsurface. For example, landforms that have
been previously referred to as: grounding line fans (Powell, 1990), turbiditic outwash fans (Hirst,
2012), glaciomarine fans (Lajeunesse and Allard, 2002), subaqueous esker deltas (Thomas, 1984), ice
proximal fans (Batchelor and Dowdeswell, 2015), esker-fan complexes (Brennand, 2000); will be
described in our model as ice-contact subaqueous fans (Lgnne, 1995). In all instances these will be
composed of sediments deposited at the ice margin (in the ice-marginal depositional zone in a
marine or lacustrine environment - Figure 3 and Figure 4) by channelized meltwater entering a water

body (ocean or lake). An alias table (Table 1) providing a synthesis of terms used to describe similar
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glacial features, landforms and sediments from the published literature is provided to simplify the
terminology and enable easier use of Figures 3 and 4 (Table 1). A qualitative description of the
reservoir potential, based on published literature, wells and outcrop studies, of the landforms and
sediments assigned to the model is provided (Table 2, Table 3 Table 4). A traffic light system (green:
good/known reservoir; yellow: potential reservoir; red: non-reservoir/seal) is used to indicate the
potential reservoir quality. This simple scheme should improve predictability of reservoir quality
sediments within the glaciogenic depositional system.

It is crucial to emphasize that our conceptual model is a generalization which aims to represent the
majority of glaciogenic deposits found in nature. Therefore, there may be site-specific sediments or

landforms that do not conform to the reservoir quality assigned to them.

A systematic description of the major glaciogenic sediments and landforms, and their hydrocarbon
potential, with respect to depositional zones (subglacial, ice-marginal and proglacial) followed by
depositional environment (terrestrial/lacustrine/shallow marine/deep marine) and subdivided into

ice dynamic stages (ice advance and retreat), is now provided.

6  Subglacial zone
The bed in the interior of an ice sheet is generally marked by an erosional unconformity which

expands outwards as the ice advances. This is the subglacial erosional zone. Towards the ice margin,
under a warm-based ice sheet, the erosional unconformity is overlain by traction till composed of
mixed, unsorted material derived from overridden, pre-existing sediments, or eroded bedrock (Table
2) (Clarke, 1987). Such sediments described from the ancient (pre-Quaternary) rock record are
sometimes referred to as glacial diamictite. The diamictite category, however, comprises a broad
spectrum of sediments with bimodal or polymodal grainsize distributions, deposited by multiple
processes (e.g. mass wasting, rainout (dropstones) etc.). All the above processes need to be carefully
considered before interpreting diamicton/diamictite as a subglacial traction till or tillite. A broad
grainsize spectrum, lack of clear sedimentary structures and alignment of elongated clasts are
characteristics of subglacial traction tills (Evans et al., 2006). Micromorphology may also prove useful
when trying to distinguish between subglacial till and other similar-looking deposits (Busfield and Le

Heron, 2018).

Processes governing the subglacial depositional zone of a marine-terminating ice sheet (Figure 3 and
Figure 4) are similar to the subglacial depositional zone of a land terminating ice sheet, resulting in
similar landforms and sediments (Table 2, Table 3 and Table 4). A clear morphological division
between cross-shelf troughs eroded by ice streams and adjacent inter-ice stream areas is visible in

submarine settings (O Cofaigh et al., 2003).
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6.1.1 Advance stage

Traction till could be deposited widely across the subglacial depositional zone or be confined to
specific topographic settings resulting in distinct landforms (e.g. Graham et al., 2009; Hughes et al.,
2014). Deposition may occur under the ice to form elongated landforms, although the genesis of
some of these is disputed. Amongst such landforms, the most common are (Table 2): drumlins and
Mega Scale Glacial Lineations (MSGL) — elongated to extremely elongated features that are usually
found in areas of fast-flowing ice streams(Bingham et al., 2017; Clark et al., 2009; Spagnolo et al.,
2014; Stokes and Clark, 1999) . These landforms are easy to recognise in the subsurface records
because of their distinct shape and spatial arrangement. Well-sorted lenses and thin layers of sands
and gravel are often found between thick till sequences where subglacial meltwater flowed at the
ice-bed interface. Ice sheets advance and override landforms and deposits associated with either,
other sedimentary environments or, a previous stage of glaciation, reinitiating subglacial erosion and
deposition. All or part of the sediments deposited earlier will be cannibalized by the advancing ice
sheet and redeposited, down flow, as traction till (Table 2) covering older sediment packages
(Boulton, 1996). Preservation of pre-existing sedimentary packages largely depends on the depth of
glacial erosion (as a function of the duration of ice cover) and/or accommodation generated during

and since the previous retreat (e.g. Knutz et al., 2019).

Older, pre-existing bedforms are overridden and streamlined (Benn and Evans, 2010). In marine
environments, part of the sedimentary package will be eroded, entrained and transported more
distally to be deposited as traction till or released at the ice margin as meltout or carried off as ice
rafted debris in icebergs (IRD- Table 3) (Dowdeswell and Fugelli, 2012; Powell and Alley, 1996). Some
bedforms may survive overriding if they are sufficiently resistant to subglacial erosion or protective
material overlies them (Bellwald et al., 2019). In both cases, they can be only partially eroded or
streamlined and are preserved under a traction till carapace acting as a seal for fluid accumulation
(Ottesen et al., 2012). Such a mechanism is described for the Peon gas discovery (Ottesen et al.,
2012), where a large gas accumulation was found in a Pleistocene subaqueous outwash fan complex
(Figure 4 and Table 3). The ice-contact subaqueous fan deposit was subsequently overridden by the

fast-flowing Norwegian Channel ice stream which deposited an overlying traction till.

Glaciotectonic deformation (thrusting, folding and fracturing), erosion and streamlining of pre-
existing sediments occurs as the ice advances and the subglacial zone expands outwards (Kriiger et
al., 2009; Phillips et al., 2002). If organic rich sediments are overridden by an advancing ice mass and
capped by traction till, they can be biologically (methanogens) or thermally (if burial depth is

sufficient) altered to produce gas accumulations (Holmes and Stoker, 2005; Laier et al., 1992).
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From a petroleum reservoir perspective, sediments deposited in the subglacial zone during the ice
advance mostly have poor reservoir characteristics but may be considered as potential seals (Figure
4) (Bellwald et al., 2018; Clarke, 2018). However, careful evaluation is required when considering
traction till as a regional seal. A patchy or discontinuous distribution can hinder its sealing capacity as
can lenses of intra-till sand and gravel, deposited by subglacial meltwater drainage (Boulton, 1996).
Cross-shelf troughs (ice stream corridors) form elongated sub-basins which will most likely have a
distinctive sedimentary assemblage from parts of the shelf covered by a slow-moving ice (Knutz et
al., 2019; O Cofaigh et al., 2003; Stokes and Clark, 2001). This implies that reservoir properties will
vary between the two areas introducing regional scale heterogeneity as more erosion, but also more
meltwater derived sedimentation can be expected within the trough. Moreover, erosion of cross-
shelf troughs can juxtapose older, underlying sediments with the glaciogenic package and provide
fluid migration pathways. Present-day bathymetric data shows that cross shelf-troughs remain
largely underfilled following deglaciation (Batchelor and Dowdeswell, 2014; Hodgson et al., 2014,
Rather et al., 2013; Swartz et al., 2015). Anoxic conditions and preservation of organic matter
(source rocks) may be facilitated in such settings during the post-glacial marine transgression (Le
Heron and Craig, 2012; Lining et al., 2000).

6.1.2 Retreat stage

During ice retreat the subglacial zone migrates inwards, uncovering sediments and landforms
generated during the advance. As the ice sheet retreats, the warm-based subglacial zone migrates in
towards the ice divide where previously the ice sheet was cold-based and frozen to its bed. The
switch from a cold- to a warm-based thermal regime facilitates initiation of proximal subglacial
erosion and distal deposition of traction till (Table 2 and Figure 4). Rising atmospheric temperatures
generate melting and runoff, increasing ice and sediment fluxes. As a result, larger volumes of
glaciofluvial sediments will be deposited subglacially in meltwater conduits in the form of eskers
(Table 2, Figure 4 and Figure 5) - elongated, often curvilinear ridges, comprising silts, sands and
granule to boulder-sized gravels (Burke et al., 2015). Otherwise, the processes taking place in the

subglacial depositional zone (Figure 4) during retreat are similar to those during the ice advance.

Eskers, although having potential to be good reservoirs are rarely continuous and/or large enough to
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constitute a stand-alone target. Anastomosing (amalgamated) eskers may provide significantly

greater reservoir volume and improve connectivity between otherwise discontinuous reservoirs.

7  lce marginal zone

The ice marginal depositional zone migrates outwards as an ice sheet advances and inwards as it
retreats. It is relatively narrow but by far the most dynamic zone, with the most abrupt changes in
facies over relatively short distances. An interplay of subglacial and proglacial deposition,
glaciotectonic processes, large variations in meltwater energy and ice margin oscillations provide the
potential for complex sediment assemblages (e.g. Batchelor and Dowdeswell, 2015; Pedersen, 2014;

Vaughan-Hirsch and Phillips, 2017; Zieliiski and Van Loon, 1998).

7.1  Terrestrial

Large moraine complexes (Table 2) are deposited where the ice margin stabilises for a sufficient
period (e.g. a stadial or glacial maxima), allowing sediments to accumulate in a relatively narrow
zone (e.g. Bennett, 2001; Kriger et al., 2009; 2016; Van der Wateren, 1995). Push moraines
comprise bulldozed and reworked sub-glacial to proglacial zone sediments and may include
glacifluvial outwash, paraglacial and non-glacial sediments (Bennett, 2001). Thrust blocks can also
form large moraine complexes, sometimes even in bedrock (Pedersen, 2014; Phillips et al., 2018),
but are generally composed of proglacial outwash sands and gravels. Some of the largest examples
have a vertical relief of 150 m or more (Benn and Evans, 2010). Their composition may vary greatly
along the ice front depending on the available sediments (Bennett, 2001; Huuse and Lykke-
Andersen, 2000; Kriger et al., 2009; Le Heron et al.,, 2005). Moraine ridges may, in places, be
dissected by meltwater channels emanating from the ice sheet. Where meltwater exits the ice front
through portals, ice-contact fans (Table 2) may be formed (Zielinski and van Loon, 2000, 1999, 1998).
They are characterised by proximal cobble to boulder gravels, with sands and silts deposited distally

and laterally from the efflux location (Krzyszkowski and Zielinski, 2002).

7.1.1 Advance

During an advance stage, ice-contact fans, moraines and sandar, or parts thereof, will be overridden
and at least partially cannibalized by the advancing ice sheet margin. Reservoir properties of land
terminating ice marginal deposits mainly depend on the type of sediment available for
remobilisation (Figure 4). Thrust-block moraines can have relatively good reservoir properties if
composed of proglacial outwash sands and gravels (van der Wateren, 1994; Van der Wateren, 1995).
Push moraines will typically exhibit poor reservoir quality as a result of mixing and homogenisation
during the bulldozing of the sediments by the ice margin (Phillips et al., 2002; Pisarska-Jamrozy,

2006). Ice-contact fans will have moderate to poor reservoir quality depending on the sediment
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supply, stability of the ice margin and transport distance of the material (the longer the meltwater
transport the better the sorting and reservoir quality) (Zielinski and van Loon, 2000). Meltwater
deposited, ice marginal and proglacial sediments will generally be smaller in volume in this phase
than their retreat-stage counterparts, due to the lower meltwater discharge during the advance (van

der Wateren, 1994).

7.1.2 Retreat

Moraines (Table 2) composed of bulldozed outwash deposits and slope-failure/slump/meltout
sediments delineate back-stepping ice margin positions as the ice sheet periodically
stabilises/stillstands. Ice-contact fan size (Table 2) is a function of duration of the stillstand, the size
of the meltwater portal, subglacial catchment area, meltwater discharge and sediment availability. If
an ice-contact lake develops in a topographic low, subaqueous/ice-contact sediments will be
deposited. These landforms are described in section 7.2 and in Table 3. Reservoir properties of
moraines formed during retreat stillstands (de Geer moraines-Table 3) are poor (Figure 4) because
they are predominantly composed of traction till and gravity flow deposits (e.g. Reinardy et al.,
2013). During this stage occurrences of better sorted, meltwater-derived sediments increase in
volume and spatially coverage. The reservoir potential of ice-contact fans can be highly variable

depending upon, the sediment source and other factors (see above) (Zielinski and van Loon, 2000).

7.2  Water terminating

The style of deposition for a marine or freshwater terminating ice sheet largely depends on the
water depth in which the ice is grounded (i.e. ice is resting on the bed) (Glickert, 1995; Koch and
Isbell, 2013; Visser et al., 2003). If deposition occurs on the continental shelf, sediments delivered to
the ice front form a subaqueous analogue of a frontal moraine (Table 3) (Dowdeswell and Fugelli,
2012; Powell, 1990). Most of the sediments are deposited as gravity flows (debrites/turbidites) due
to slope instabilities at the ice front generated by a constant supply of water saturated sediments
and ice front oscillations. Grounding zone wedges (GZW) (Table 2, figure 4 and figure 6) are
deposited in cross-shelf troughs (figure 4) when ice stream grounding lines are stationary for a
period of time (Dowdeswell and Fugelli, 2012; Powell, 1990). GZWs are often transparent in
subsurface geophysical data (seismic), indicating little or no acoustic impedance (sediment bulk
density x sonic velocity) contrast, reflecting glaciotectonic homogenisation of sediments
(Dowdeswell and Fugelli, 2012). Their geometries and location in ice stream troughs suggest that
glaciofluvial processes may play some role in the formation of GZWs (L. R. Bjarnadéttir et al., 2017;
Koch and Isbell, 2013), along with the deposition and reworking of traction till at the grounding line

(Table 3).
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7.2.1 Advance

Most of the sediments deposited during an ice advance on the continental shelf have relatively low
preservation potential. The advancing ice sheet will most likely override and cannibalise ice marginal
deposits. Subaqueous ice-contact fans may be relatively well-sorted in comparison to sediments
bulldozed, melted out, squeezed and/or lodged by the ice movement (Table 3 and Figure 4). During
the ice advance, because of the lower supply of meltwater, the fans are likely to be small, short lived
and often overridden and/or eroded. When a fast-moving ice stream reaches the shelf edge,
deposition occurs primarily in the form of trough mouth fans (TMF) (Table 3, Figures 4 and 6), which
are very large, fan-shaped, debris flow complexes extending from the shelf edge down towards the
abyssal plain (Figure 4) (Dowdeswell et al., 2008; Gales et al., 2019; O Cofaigh et al., 2003; Vorren
and Laberg, 1997). Sediments are deposited by a mixture of mass wasting and glaciofluvial
processes. TMFs can extend for up to 200 km down the slope towards the abyssal plain with the
proximal thickness of sediments reaching 5 km offshore Alaska (Powell and Molnia, 1989).
Numerous examples, including the West Antarctica Belgica Fan (Dowdeswell et al., 2008), North Sea
Fan (Nygard et al., 2005; O Cofaigh et al., 2003) and the Barents Sea Bjgrngyerenna Fan (Laberg and
Dowdeswell, 2016; Vorren and Laberg, 1997), are clearly visible in bathymetry and seismic surveys of

formerly glaciated shelf margins.

From a reservoir perspective, large, subaqueous clastic fans are considered as a reservoir target, but
this might not apply to TMFs for three main reasons: (1) Most of the sediment is transported to the
shelf edge subglacially as a diamicton with limited selective sorting by meltwater; and (2) high
sedimentation rates and ice sheet oscillations result in oversteepening of slopes leading to
reworking of the material in gravity flows (Table 3); (3) Seismic data shows abundance of uniform or
chaotic seismic facies within the TMFs interpreted as landslide sediments which indicates mixing
and homogenisation. (Table 3 and Figure 6) (e.g. Bellwald et al., 2019; Olsen et al., 2013; Taylor et
al., 2002).

7.2.2 Retreat

Retreat of a grounded ice sheet margin, in response to climate warming involves intensified calving,
iceberg production and increased meltwater discharge. Higher basal meltwater pressure at the
ice/bed interface will facilitate faster ice flow, especially along ice streams (Benn and Evans, 2010;
Boulton et al., 1995), but recent observations from Greenland and arctic Russia suggest that this
picture may be more complex (Lane et al., 2014; Lea et al., 2014; Stokes et al., 2007; Zheng et al.,
2019) Sediment flux and deposition increases concomitantly as a response to the increase in

meltwater discharge.
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Where ice is moving more slowly, in the inter-stream areas, morainal banks (ice-marginal moraines-
Table 2) usually delineate ice margin positions. They can be composed of older, cannibalised
sediments, traction till, well sorted proglacial subaqueous outwash and ice-contact delta deposits
(depending on water depth). Thin-skinned thrusting and glaciotectonic deformation (Table 3) of
underlying sediment has been reported from the Pleistocene succession in the North Sea and from

onshore Denmark and Germany (Vaughan-Hirsch and Phillips, 2017).

Densely spaced recessional moraines defined as sediment ridges delineating positions of short-lived
(possibly annual) re-advances during ice retreat (Dowdeswell et al.,, 2016b; Todd, 2014), are

frequently found on the seabed but are unlikely to be identifiable in the subsurface.

Grounding line fans are deposited where meltwater exits a portal across the grounding line and
enters a standing water body (Table 3 and Figure 4) (Mackiewicz et al., 1984; Powell and Molnia,
1989). Such fans form important reservoirs in the glaciogenic Ordovician succession in North Africa
(Lang et al., 2012; Le Heron et al., 2006). Powell (1990) described a relationship between the size of
the meltwater conduit, meltwater discharge, flow type (axi-symmetric or planar) and sediment
concentration. Gradual decrease in efflux jet energy (deceleration), distally from the meltwater
portal, results in proximal deposition of coarse fractions (boulders and cobbles). Sands and gravels
will be deposited along the length of the jet runout. From laboratory experiments it is known that a
high pressure jet may deposit most of its sediment load between the grounding line and a distance
up to 200 times the conduit diameter, where rapid flow deceleration occurs (Powell, 1990).
Laminations in glaciomarine sediments often reflect pulses (diurnal and/or seasonal) of meltwater
(Benn and Evans, 2010). Cyclopels (laminated clays and silts) and cyclopsams (laminated silts and
sands) (Powell and Cooper, 2002) are products of settling from turbid overflows and/or interflows.
Laminae are usually normally graded (fining upwards) reflecting density settling of suspended
sediments. Cyclopsams are usually deposited proximal to the efflux point (within 1 km from the
source) whereas cyclopels can be distributed over larger areas (several kilometres) (Mackiewicz et
al., 1984; Powell and Molnia, 1989). In lacustrine conditions laminated or varved sediments indicate
the transition between the warm season with meltwater input (bright and coarser laminae) and the
cold season with a frozen water surface, decreased sediment supply and temporary anoxia (dark,

finer laminae).

When an ice sheet is grounded in relatively shallow marine or lacustrine waters (10’s of meters
rather than 100’s) and meltwater transports abundant sediment to the ice margin, multiple
subaqueous fans and/or deltas may be constructed (Table 3 and Figure 4). Their location and size

will depend mainly on the period of ice margin stillstand (longer = bigger) and subglacial drainage
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pattern. It appears that interlobate zones (confluence between ice lobes) can be associated with the

volumetrically largest sediment accumulations (Gruszka et al., 2012; Saarnisto and Saarinen, 2001).

Most of the well-sorted sediments will be deposited during this stage at, or proximal to, the ice
margin, as ice-contact deltas or fans (Table 3, Figure 4 and Figure 6)(Dietrich et al., 2017; Fyfe, 1990;
Lonne, 1995; Powell and Molnia, 1989). Large, reservoir-quality, sediment accumulations are usually
associated with periods when the ice margin stabilizes for longer during overall retreat. The well-
sorted sediments will most likely be blanketed by glaciomarine muds as the ice margin becomes
more distal. Glaciomarine and glaciolacustrine muds, often varved, have similar properties. These
lithotypes have a high seal capacity (Dahlgren et al., 2005; Eyles et al., 1985; Powell and Cooper,
2002). Some of the geotechnical properties of glaciomarine and deglacial muds have been discussed
in the context of slope stability by Kvalstad et al., (2005) and applied in a numerical model by
Bellwald et al., (2019).

8  Proglacial zone

8.1 Terrestrial

In the proglacial zone, deposition occurs mainly through glaciofluvial processes. After exiting the ice
sheet through portals, sediment-laden meltwater deposits broad sand and gravel-rich braidplains —
sandar (singular: sandur (Table 2)) (Magilligan et al., 2002; Maizels, 2007; Pisarska-Jamrozy, 2015;
Zielinski and Van Loon, 2003). Multiple meltwater input points, no identifiable fan apex and frequent
avulsions are characteristic of sandar (Zielinski and Van Loon, 2003). If the terrain constrains the
meltwater, a valley train, i.e. a valley-filling sediment belt, may be deposited. If the topography rises
away from the ice margin a proglacial lake may form (Martin et al., 2008). If a sandur is not in direct
connection with a water body, an ice marginal spillway network will ultimately drain the meltwater
away from the ice margin towards the nearest basin depocentre (Brodzikowski and van Loon, 1987).
Examples of both settings are known from Pleistocene glacial landsystems in Germany and Poland

(Pisarska-Jamrozy, 2015; Rinterknecht et al., 2012).

8.1.1 Advance

During the initial advance rivers may incise their valleys re-mobilising and removing part of the
sedimentary sequence of the proglacial zone as a response to sea level fall. It is important to re-
emphasize that meltwater discharge is lower during advance than retreat and will result in a reduced
area of active sandar deposition (Table 2). The proglacial drainage network will be re-arranged if ice
advances beyond an earlier terminal moraine. Vegetated areas in the proglacial deposition zone may
be partially blanketed by outwash sands and gravels. With decreasing distance from the ice margin

to the next sediment sink and a falling sea level, the angle of depositional slope increases, resulting
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in upward coarsening facies and/or fluvial incision into the shelf and low stand delta progradation.
Proglacial glaciofluvial sediments have the best reservoir properties of all identified glaciogenic
landforms and sediments (Figure 4). They will likely reach their maximal lateral extent but not
maximal thickness during this stage. In general, glaciofluvial sediments of sandar deposited during
the ice advance can have good reservoir properties but they are often overridden by the advancing
ice sheet, which results in deformation and at least partial erosion of the sequence. Thin, sheeted

reservoir geometries are to be expected.

8.1.2 Retreat

As the melt increases and the ice margin retreats, a large amount of sediment is transported and
deposited by meltwater into the proglacial zone (Figure 4) as sandur deposits (Girard et al., 2012; Le
Heron, 2007; Magilligan et al., 2002; Pisarska-Jamrozy and Zielinski, 2014). Pitted sandar (Table 3)
develop where blocks of ice are completely, or partially, buried by glaciofluvial outwash and
subsequently melt away leaving a pitted kettle hole surface (dead ice topography)(Fleisher, 1986;
Thwaites, 1926). Some sandar may be deposited, or augmented, by periodic, high magnitude,
flooding events (jokulhlaup/glacial lake outburst floods) rather than by seasonal surface-melt driven
meltwater discharge (Girard et al., 2012; Gomez et al., 2000; Winsemann et al., 2016). An erosional
base and very large scale bedforms characterise deposits from such events (Marren, 2005). The
spatial extent and catastrophic nature of jokulhlaup deposits may be used to establish an isochron
for, at least part of, a glacial sedimentary sequence in the proglacial zone (Hanson and Clague, 2016).
One, or a series of, sub-basin/s may have been created between the moraine/s deposited during the
first stadial maximum advance, which are exposed on retreat providing accommodation space for
glaciofluvial sediments. This backfilling pattern is typical for glacial environments when space,
previously occupied by the ice sheet, is infilled by sediments released after the ice front retreats. Ice-
contact lakes, often developed between the ice margin and a moraine ridge/complex (Garcia et al.,
2015), are typically infilled with sediment derived from a mixture of paraglacial and glaciofluvial
processes (Table 3 and Figure 5). Glacier-fed deltas (Table 3) may also develop in places where a
sandur terminates in a proglacial lake. The size the delta largely depends on landscape topography,
ice sheet geometry, and spillway elevations and size of the lake (a spillway is a pathway developed
when water from an ice-contact lake overflows the lowest point of the constraining topography)
(Benn and Evans, 2010). The seasonal nature of meltwater discharge (low in the winter and very high
in the summer) results in a large annual variation in the volume and grainsize of sediments being
deposited in proglacial lakes. When such a lake becomes infilled by outwash sediments sandur
deposition will re-commence (Pisarska-Jamrozy and Zielinski, 2014). On newly deglaciated terrain,

large exposures of fine-grained unconsolidated sediments, with little to no vegetation cover, are
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highly susceptible to aeolian reworking (Chewings et al., 2014; Derbyshire and Owen, 2017,
Mountney and Russell, 2009). Fine fractions are entrained, transported and deposited by wind,
filling depressions from the small scale all the way up to large scale regional loess covers(Derbyshire
and Owen, 2017). Major sand dune systems may be present on sandur plains and other proglacial

areas (Ballantyne, 2002; Ballantyne, 2002; Maizels, 1997).

Distally, where the ice sheet had no direct influence on landform genesis, the only indication of ice
retreat may be found in deltaic or shoreline sedimentary records (Figure 5). During this time sea
level will generally rise, resulting in marine transgression. The regional sea level will be a function of
the eustatic sea level change, isostatic rebound, forebulge collapse (the kinematic response of the
lithosphere to off-loading following ice sheet retreat) and reduction in gravitational attraction. The
crest of the decaying Fennoscandian ice sheet forebulge, post Last Glacial Maximum at 15,000 ka BP
was estimated by Fjeldskaar (1994) to be 100 km beyond the ice margin and elevated by 60 m,
decreasing to 40 m by 11,000 years BP. High-discharge glacial rivers can transport large volumes of
sediment resulting in rapid progradation of marine and lacustrine deltas even at a significant

distance from the ice sheet margin (e.g. Pleistocene Mississippi River delta (Fildani et al., 2018)).

8.2  Marine/Lacustrine

Distal from the grounding line, beyond direct deposition from meltwater jets, muds and marine
diamictons are dominant (Table 3 and Figure 4, Figure 6)(O Cofaigh, 1996). Deposition occurs from
density currents and suspension settling, creating a fine grained, often laminated, package with
outsized clasts (dropstones, iceberg rafted debris (IRD - Table 4)) supplied by, and melted out from,
floating icebergs. This glacimarine diamicton (Table 3) is diagnostic for the presence of grounded ice
in the basin. Localised mass-wasting and slope processes associated with over-steepened slopes
occur (Clerc et al., 2013; Evans et al., 2012; Koch and Isbell, 2013). Proglacial muds often preserve
iceberg plough marks (Table 3) (Benn and Evans, 2010), which are formed when grounded icebergs
are pushed by the wind and ocean currents. They are typically v-shaped, linear or curvilinear furrows
in the seabed. In extreme cases, iceberg ploughing of sediments can destroy all primary sedimentary
structures leaving behind a structureless marine diamicton (Table 3 and Figure 4) (Benn and Evans,
2010). Length and depth of an individual plough mark largely depends on the water depth and
iceberg size (Dowdeswell and Bamber, 2007). The presence of iceberg plough marks preserved in
sediment packages requires grounded ice within the marine or lacustrine setting (Figure 4 and Figure

6).

18



584
585
586
587
588

589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

607
608
609
610
611
612
613
614
615
616
617

8.2.1  Advance

Proglacial deposition occurring during ice advance has a limited preservation potential as it will be
subsequently overridden by the advancing ice sheet (Figure 6). Sedimentary packages will either be
eroded subsequently, creating an upper erosional unconformity, or deformed by overriding ice.

Some sediments may, however, be preserved if deposited in seabed depressions or larger basins.

Proglacial deposition occurs on the continental slope and into the abyss if the ice sheet extends all
the way to the continental shelf break and the grounding line is approximately collinear with the
shelf edge(Figure 4 and Figure 6) (Elmore et al., 2013; O Cofaigh et al., 2003; Powell and Alley, 1996).
Greater water depth, steep depositional slope and high accommodation, with respect to the
continental shelf, aids dispersal of the sedimentary package delivered by glaciofluvial processes
(Dowdeswell and Dowdeswell, 1989). Settling from suspension, mass-flows with long run-out
distances (distal turbidites from TMFs) and slope failures are the dominant depositional processes
on the slope. The final sediment assemblage in the abyss will consist mostly of laminated marine
shales with dropstones and iceberg dump deposits sometimes interbedded with density current
deposits and slump facies (Table 3) (Brodzikowski and van Loon, 1987). Sorted sandy sediments may
be deposited and/or reworked by contour currents forming contourites (Table 3) (Camerlenghi et al.,
2001; Lucchi and Rebesco, 2007; Stuart and Huuse, 2012). There is little potential for reservoir
quality packages to be deposited apart from TMFs and contourites (Figure 4) (Dowdeswell et al.,
2008; Laberg and Dowdeswell, 2016; Vorren and Laberg, 1997). Glaciomarine muds can be
considered as a good sealing lithology. Influence of iceberg plough marks on the pre-existing
sediments should be carefully considered; their keels can deform sediments to a significant depth.
The sealing properties of the glaciomarine muds may be degraded if ploughmarks are of sufficient

depth and are subsequently filled with more permeable sediments (Figure 4).

8.2.2 Retreat

The depositional zones (Figure 4) are linked to the grounding line/ice margin position, which changes
over the lifespan of the ice sheet (e.g. Andreassen et al., 2014). As deglaciation commences, the
grounding line/ice margin retreats, revealing the seabed that was previously in the ice marginal or
subglacial depositional zone. The stratigraphic change in deposition from ice marginal to proglacial
may be gradual up-section if the ice margin retreat is slow (continuous annual retreat at a similar
rate), or abrupt, if retreat is rapid/catastrophic and it occurs over a significant distance (Sejrup et al.,
2016; Stokes et al., 2015). If the retreat is gradual Ice-contact deltas may transitions into glacier-fed
deltas (Table 3 and Figure 4, Figure 5 andFigure 6) as the ice sheet retreats and the ice margin
emerges from the water(Dietrich et al., 2017, 2016; Dietrich and Hofmann, 2019). Glacier-fed deltas

are one of the most prospective reservoir candidates as the sediments are commonly sand
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dominated and the depositional processes are efficient at sorting and portioning the different

grainsizes, resulting in thick, laterally extensive packages with good reservoir properties.

In the marine proglacial zone, sediments may be transported offshore either in suspension or
trapped in icebergs that move with the ocean currents and winds. Sediments encased in icebergs are
subsequently melted out as dropstones and iceberg rafted debris (IRD -Table 3) (Benn and Evans,
2010), sometimes many hundreds of kilometres away from where they detached from the ice sheet.
The grain size distribution in glaciomarine sediments deposited from iceberg rainout varies greatly. It
is dependent upon the iceberg calving rate, debris concentrations in the ice sheet, meltwater
discharge, particle size of the parent sediment (lithology of the source area) and oceanographic
conditions including, but not limited to, water column density and bottom current winnowing,
transport and deposition (e.g. contourites —Table 3) (Benn and Evans, 2010). Dropstone
concentration appears to decrease with distance from the grounding zone (Dowdeswell and
Dowdeswell, 1989; Dowdeswell et al., 2016). A bimodal grainsize distribution is a common
characteristic of glaciomarine diamicton (Table 3) where suspension settling, from buoyant sediment
plumes, is accompanied by coarser IRD deposition. Layers containing higher proportions of coarser
material may indicate increased calving due to rapid retreat of ice during deglaciation (Bond et al.,
1992; Hodell et al., 2017). Dropstones and iceberg dump deposits are commonly used as a diagnostic
indicator of the proximity of ice sheets in the sedimentary basin (Bennett et al., 1996). However, the
presence of dropstones in fine-grained sediments may also be explained by non-glacial processes
including deposition from floral mats (coarse material entangled in roots), volcanic bombs and
outrunner clasts from from debis flows (Bennett et al., 1996). Therefore, care must be taken when
investigating sediments of Carboniferous and younger age when flora was widespread. The presence
of iceberg dump deposits, in the form of massive, unsorted and structureless diamicton or
boulder/gravel lenses in otherwise fine marine muds allows for a more confident interpretation of
proximal glacial conditions. Sealing (rather than reservoir) lithologies can be expected to be
deposited in this zone. If ice flux is sufficiently high icebergs can locally supply coarser, moderately
sorted material into the marine environment. This iceberg-supplied package can be considered to
have moderate reservoir potential. Other than that, glaciomarine muds can be considered as a
regional seal candidate over a deglaciated area (Figure 4). The longevity and magnitude of the
highstand, coupled with the sediment supply, control probability of a regional seal being deposited.
Following the deglaciation of the Ordovician ice sheet in North Africa, such highstand conditions led
to the deposition of the Silurian hot shales, which act both as a source rock and a regional seal for

hydrocarbon accumulations in the region (Le Heron et al., 2009; Lining et al., 2000).
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8.2.3 Littoral reworking
The interplay of interglacial/postglacial sea level rise and glacial isostatic rebound often results in

marine/lacustrine regression and/or a transgression causing emergence or submergence of
deglaciated landscapes (Mitrovica and Milne, 2002). Partial erosion and re-deposition of glacial
sediments and modification of glacial landforms by wave action and currents can be expected in
both cases (Dowdeswell and Ottesen, 2016) and a degree of postglacial reworking and re-deposition
of landforms and sediments is almost inevitable following deglaciation and should be considered a
normality rather than an exception. However, numerous examples of submerged or emerged glacial
landscapes with limited reworking are reported from the North Sea (Emery et al., 2019b, 2019a),
North America (Barrie and Conway, 2016; Ward et al.,, 2019) and Europe (Gliickert, 1986;
Rinterknecht et al., 2004), suggesting that, in many instances, this has had little impact. This may be
due to the rapidity of relative sea level rise. Sorting related to littoral reworking may improve

reservoir properties of glaciogenic deposits.

8.2.4 Extreme scenarios

A melting ice sheet has the potential to produce very large volumes of water, that can be released in
a controlled manner through the subglacial drainage system, gradually supplying the marine,
proglacial zone. If meltwater is stored in an ice dammed lake, it may be released in a catastrophic
event which has the potential to scour the topography, erode and transport large volumes of
sediments far offshore. Examples include; breaching of the land connection between present-day
France and Great Britain, through the English Channel, sculpting large sandur areas in NE Poland
and breaching a topographic high in Germany (Gupta et al., 2017; Meinsen et al., 2011; Weckwerth
et al., 2019). An even more extreme example can be found between Labrador and Greenland in the
Labrador Sea; submarine channels originate at the shelf edge and extend all the way to the abyssal
plain in water depths of 3 - 4 km. A large submarine channel with a 200 m high levee complex is
present in the area. Outside the channel a coarse-grained braid plain with linguoidal bar forms has
been described by Hesse et al. (2001). The shape of the channel and barforms indicate extremely
high magnitude flows originating from the area of Hudson Bay and are linked to deglaciation of the

Laurentide ice sheet.

8.2.4.1 Tunnel valleys

Tunnel valleys (Table 4, Figure 4, Figure 5 and Figure 6) are elongated depressions eroded by
meltwater into underlying deposits and are best known from Pleistocene successions in the North
Sea, Western and Eastern Europe, Canada and ancient glacial deposits in Australia and North Africa

(Andersen et al., 2012; Sandersen and Jgrgensen, 2012). They can range from several to tens of

21



685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

702
703

704
705
706
707
708
709
710
711
712
713
714
715
716
717
718

kilometers long, may be several kilometers wide and usually up to a couple of hundred meters deep.
The architecture of their infill is intimately linked to the landsystem in which they were created.
Some tunnel valleys, eroded beneath land terminating ice sheets, are subsequently infilled with
outwash sediments while others remain under-filled and become lakes following the ice margin
retreat (Thomas, 1984). When eroded at the seabed, they are subsequently infilled by either
subaqueous outwash sediments, glaciomarine diamicton, distal glaciomarine or marine muds,
associated with deglacial and interglacial conditions (L. R. Bjarnadéttir et al., 2017; Fichler et al.,
2005; Ghienne and Deynoux, 1998; Livingstone and Clark, 2016; Stewart et al., 2013; van der Vegt et
al.,, 2016). Slump deposits associated with wall collapse have been reported from several tunnel
valleys (van der Vegt et al., 2016). Tunnel valley fills may, or may not, be of glacial origin (Clerc et al.,
2013; Moreau and Huuse, 2014; Praeg, 2003) testifying to the complexity of processes governing
their infilling (e.g. Forbes et al., 2010; Stewart et al., 2013). Subglacial to proglacial tunnel valleys
(Table 3 and Figures 4, 5 and 6) are reported both from the Pleistocene section of the North Sea and
the Barents Sea (L. R. Bjarnadéttir et al., 2017; Praeg, 2003; van der Vegt et al., 2016). In the North
Sea they seem to be mainly of Middle to Late Pleistocene in age. Ancient tunnel valleys in marine
settings are reported from the lllizi Basin in Algeria where the Ordovician age reservoirs host

significant hydrocarbon reserves (Dixon et al., 2010; Hirst, 2012).

9  Discussion
The purpose of this paper is to provide an overview of current understanding of glacial

sedimentology from a hydrocarbon reservoir perspective. Glacial systems are extremely dynamic
and highly transient. The models described above are snap-shots of specific times in the history of an
idealised system and the final product that ends up in the rock record is a product of significant
reworking and over printing (Figure 7). In the following discussion we focus on the aspects of the
systems that produce the key components of hydrocarbon reservoir systems, especially the
architectural elements that have the potential to act as reservoirs for hydrocarbon, as aquifers for
water or sites for CO2 storage.

9.1 Implications for hydrocarbon exploration

The description of landforms and sediments summarized in the conceptual model (Figures 3 and 4)
have a number of implications for hydrocarbon reservoir distribution: (1) the majority of subglacial
sediments and landforms, both in terrestrial and marine environments have poor reservoir
properties and are most likely to provide sealing lithologies on top of reservoirs or intraformational
barriers and baffles to fluid flow within reservoirs, (2) subglacial traction till is rarely continuous and
should not typically be considered as a regional seal, (3) in each ice sheet advance the subglacial

zone is marked by an extensive erosional surface which does not necessarily have to be overlain by
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traction till. This implies that older, reservoir quality sediments may be partially or fully eroded
(Figure 7). When only partially eroded, they do not necessarily have to be covered (sealed) by a
traction till carapace. Lack of a sealing till layer on top results in older glacial sediments being in
connection with a subsequent, deglaciation sediment package (Figure 7) (4) eskers can add to the
volume of, and/or provide reservoir connectivity between, isolated, larger reservoir quality
sediment accumulations (ice-contact deltas, subaqueous outwash fans) deposited during ice margin
retreat, (5) sediments and landforms in the ice marginal zone have the most diverse composition
and show rapid changes over very short distances along the ice margin and their reservoir properties
depends on the mode of deposition (glaciofluvial may have moderate to good reservoir properties,
material bulldozed by ice or deposited from gravity flows at the ice margin will have poor to non-
reservoir properties), (6) proglacial zone sediments in terrestrial environments (sandar) have the
best reservoir properties and can be very extensive but their preservation over geological timescales
is uncertain if deposition occurs above the erosional baseline, (7) ice marginal-to-proglacial
glaciofluvial deposits (ice-contact deltas, glacier-fed deltas, subaqueous ice-contact fans) have both
good reservoir properties and high potential to be preserved in the rock record, and their deposition
is strictly associated with the ice margin(Figures 4 and 7), (9) glacimarine or glaciolacustrine
diamicton has the potential to provide a regional seal if an ice sheet is marine or lake terminating

(Figures 4 and 7).

Some of the above points can be illustrated by hydrocarbon discoveries made in glaciogenic
sequences. In the North Sea the Peon gas discovery is interpreted to be hosted in a subaqueous
outwash fan deposited during ice margin retreat, which was subsequently overridden by ice margin
re-advance and sealed by a traction till carapace (Ottesen et al., 2012). The Aviat gas field, which has
also been interpreted as a subaqueous outwash fan is sealed by a thick package of glaciomarine
diamictons and marine muds (Rose et al., 2016). Gas fields in North Africa, including In Amenas and
Elephant fields, are hosted in glaciogenic rocks (Mamuniyat Formation) deposited over a glacial
erosional surface (GES) (e.g. Bataller et al., 2019; Hirst, 2012; Le Heron et al., 2009, 2006; Liining et
al.,, 2000). The reservoir intervals show a broad spectrum of grainsizes, multiple minor internal
erosional contacts and at least two extensive GESs indicating two or more ice sheet re-advances
(Heron et al., 2015; Le Heron et al., 2009). They also fill valleys incised into older strata either, by
meltwater (tunnel valleys) or, ice streams (cross shelf troughs) (EI-Ghali, 2005; Le Heron et al., 2018).
Recent studies indicate that ice streaming in ancient deposits is more common than previously
thought and can be recognized from glaciogenic successions of Ordovician and Late Palaeozoic age
(Andrews et al., 2019; Assine et al., 2018; Elhebiry et al., 2019; Heron, 2018). Identification of such

features in the subsurface can aid understanding sediment transport mechanisms, mode of
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deposition, resulting reservoir distribution and fluid migration pathways. Moreover, some
interpretations which describe large scale glaciogenic, erosional features as glacial valleys or palaeo-
valleys from ancient deposits may require re-evaluation (e.g. Clark-Lowes, 2005; Hirst et al., 2002;
Powell et al., 1994; Vaslet, 1990). The troughs may represent either palaeo-ice stream corridors or
tunnel valleys (Kehew et al., 2012; Ottesen et al., 2002; Stokes and Clark, 2001; van der Vegt et al.,
2016). The ability to discern them has significant implications for the understanding of their position
within the glacial environment and expected reservoir distribution. A careful morphometric study of

modern and ancient examples remains to be completed.

Sediments of the Hirnantian glaciation in North Africa are anomalous in that they are almost entirely
composed of sandy fractions (Deschamps et al., 2013; Hirst, 2012; Le Heron et al.,, 2009). This
phenomenon has been attributed to the Hirnantian ice sheet advecting, reworking and re-depositing
sandy shoreface sediments present in the region prior to the onset of glaciation (Le Heron et al.,
2009). For this reason, North African outcrops may be somewhat different to glaciogenic sequences
in the subsurface elsewhere. In Saudi Arabia the Hirnantian aged glaciogenic rocks are an important
target for gas exploration (Craigie et al., 2016; Ehlers et al., 2011; Melvin, 2019; Michael et al., 2018,
2015). In the south the Sanamah Formation includes sandar, glacier-fed deltas and/or ice-contact
deltas deposited over traction tills. In the north the Sarah Formation is comprised of marine, ice
marginal and proglacial deposits described as glacier-fed deltas, prodelta muds, shallow shelf and
deep marine facies (Michael et al., 2018). Time- equivalent facies in Jordan consist of subglacial,
glaciofluvial and glaciodeltaic deposits and proglacial turbidites and “sheet like lobe deposits”
(possible subaqueous outwash fans) in the south (Hirst and Khatatneh, 2019; Michael et al., 2018).
Common characteristics of all these areas is the occurrence of cross-cutting, incised valley networks
testifying to multiple phases of ice advance and retreat which can also be observed from Pleistocene
glaciations e.g. in the North Sea (Craigie et al., 2016; Kristensen et al., 2007; Le Heron, 2007;
Lonergan et al.,, 2006; Michael et al., 2018; Stewart and Lonergan, 2011). Here the glaciogenic
sequence is capped regionally by glaciomarine diamicton facies, with abundant dropstones,
illustrating deglaciation and post-glacial sea level rise (Fortuin, 1984; Ghienne, 2003; Le Heron et al.,
2010; Lining et al., 2000). In Oman, the glaciogenic Al-Khlata Formation (late Carboniferous - early
Permian) forms an important reservoir target in the South Oman Salt Basin (e.g. Al-Abri et al., 2018;
Forbes et al.,, 2010; Hadley et al., 1991; Levell et al.,, 1988; Millson et al., 1996). It has been
interpreted to have been deposited by land terminating ice sheets as sandar, glacier-fed deltas and
ice-contact deltas deposited in glaciolacustrine environments during multiple phases of the ice sheet

advance (erosion and diamictic facies deposition) and retreat (reservoir quality glaciofluvial and
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glacio-deltaic facies capped by glaciolacustrine muds) (Al-Abri et al., 2018; Heward and Penney,

2014; Osterloff et al., 2004b).

The conceptual model presented here offers a 2D, bird’s eye view of a glaciated landsystem at any
given time. From this it is it is possible to trace the relative movement of the depositional zones in
response to ice sheet advance and retreat by plotting glacial sediments/landforms identified in
vertical succession from outcrops, wells or seismic data on the diagram (Figure 4). This allows
reconstruction of the depositional zones (subglacial, ice marginal and proglacial) and the
depositional environment (terrestrial, lacustrine, shallow marine, deep marine). This will aid in
correlation and ultimately prediction of potential reservoir-quality sediments up or down the

depositional dip.

9.2  Other considerations
Glaciogenic deposition is extremely dynamic (in relation to geologic time scales). An ice sheet margin

migrates in response to climate forcing and ice sheet dynamics, which may result in rapid spatial and
temporal changes of both the mode and location of deposition. A depocenter which was initially in
the ice-marginal depositional zone on land can be overridden by an advancing ice margin relatively
quickly and moved into the subglacial depositional zone. Alternatively, the subglacial zone may
rapidly give way to the proglacial depositional zone as the ice margin retreats. During retreat a land
terminating ice sheet margin can quickly become grounded in water due to rising sea level and/or
development of a large proglacial lake. This leads to different sediment and landform assemblages
being deposited, over the same area, in a very short period of time. It is crucial to emphasize that
such changes can be repeated multiple times in a vertical sedimentary succession. Although
dynamic, the basic geological laws of superposition (Steno) and lateral and vertical facies succession
(Walther), still hold true (Steno, 1671; Walther, 1893). Nonetheless, the series of events leading to

the deposition of a given succession maybe much more difficult to unravel.

The characteristics of the sedimentary sequence depends upon the sediment/bedrock present in the
subglacial zone, from where most of the sediment is advected. For example, an Ordovician marine
glaciogenic sediment sequence is described by Le Heron et al. (2009) as particularly sandy, as a result
of entrainment of overridden sandy aeolian and shoreface sediments, present in abundance at that
time on the northern margin of the palaeo-African continent. Alternatively, Pleistocene ice sheets
entering the North Sea basin from the W/NW (Shetland Platform and UK mainland) and E/NE
(present day Norway and Sweden) cannibalised fine grained sediments of deltaic and paralic origin

(Lamb et al., 2017; Rea et al., 2018; Stoker et al., 2011), re-working and re-depositing them as a finer
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grained sediment package further into the basin. The diversity of sediment types emphasizes the
necessity to investigate glacial sedimentary sequences holistically, with respect to underlying and
overlying non-glacial sequences and available sediment sources in the area/region. Identification of
individual facies associations or morphological elements may not be sufficient to confidently
recognize glaciation. However, there are several diagnostic, non-depositional features and landforms
that have been included in the model (tunnel valleys, mega-scale glacial lineations, ploughmarks

etc., (Table 3, Figures 4, 5 and 6) explicitly to aid identification of a glacial succession.

An ice sheet is deemed land terminating when the majority of the ice margin is located on an
emerged surface above the mean sea level (Figure 4 and Figure 6) (Benn and Evans, 2010). If
accommodation is available terrestrially this will be filled with glaciofluvial and glaciolacustrine
deposits depending on: 1) meltwater discharge; 2) sediment availability; 3) topography; 4) ice sheet
geometry and 5) distance from the ice margin to the basin depocenter. Examples include Ordovician
sediments in intracratonic basins in Northern Africa and Carboniferous-to-Permian sediment basin-
fills in Oman and Saudi Arabia (Khalifa, 2015; Le Heron et al., 2009; Levell et al., 1988; Martin et al.,
2012). Glacial deposition may occur on land even when no accommodation is available by creating
positive topography or filling features eroded by the ice into the underlying bedrock and/or
sediments (Bennett, 2003; Deschamps et al., 2013; Le Heron et al., 2009; Swartz et al., 2015). This
can be seen, for example, from Pleistocene ice marginal and proglacial deposits associated with the
Fennoscandia ice sheet in Germany, Denmark, Poland, Latvia and Estonia (e.g. Andersen et al., 2012;
Marks, 2005; Rinterknecht et al., 2012). On longer timescales, the preservation of positive
topography is, at best, uncertain (Figure 6). Ice-contact and proglacial lake deposits are also included
in this depositional system. The distribution of sediments and landforms (Figure 4 and Figure 5)
associated with a land terminating ice sheet can be highly complex (Figure 6). Traction tills deposited
during ice advances dominate the subglacial depositional zone. During deglaciation, back stepping of
the ice front may result in partial erosion and remobilization of subglacial deposits and/or blanketing
by glaciofluvial deposits (sands and gravels). Backfilling of accommodation created by ice retreat is a
key characteristic of land terminating ice sheets (Figure 5). Subsequent ice sheet re-advance can
remove parts, or all, of the sediment packages deposited during previous glacial episodes, as well as
interglacial deposits. However, it has been demonstrated by Bellwald et al. (2019) that, under
favourable conditions, landforms associated with multiple ice flow episodes can be preserved in the
sedimentary record. In terms of reservoir potential, glaciofluvially sorted sediments in the proglacial
zone (sandur - Table 2, Figure 4 and Figure 5) most likely have the best reservoir quality. Sands and

gravels deposited in topographic lows have also the highest preservation potential. Finally,
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sediments deposited during the final deglaciation are more likely to be preserved due to lack of

subsequent subglacial erosion and postglacial eustatic sea level rise.

Landforms and sediments associated with Pleistocene and older ice sheets indicate that, in many
instances, they extended across the continental shelf terminating in the ocean or terminated in a
large, fresh water body, for at least a part of their existence (Figure 6) (Dowdeswell et al., 2016b;
Eyles et al., 1985). Marine terminating ice sheets cannot extend beyond the shelf break. It is the
ultimate boundary, beyond which no ice sheet can remain grounded because of the increased
calving flux and submarine melting (Benn and Evans, 2010). This means that the ice flux can never be
high enough to sustain an advance into the ever-increasing water depths. In certain circumstances
ocean-scale ice shelves can form, which are up to a kilometre thick and ground on bathymetric highs
e.g. the Central Arctic Ocean on the Lomonosov Ridge (Jakobsson et al, 2010). Evidence of this is
widespread at high latitudes across the world (e.g. Dowdeswell et al., 2008; O Cofaigh et al., 2003),
where the bathymetry and sedimentology of continental shelves, all the way out to the shelf break,
reveals a rich assemblage of glacial landforms and sediments associated with proximal grounded ice
(e.g. Andreassen and Winsborrow, 2009; L. R. Bjarnadottir et al., 2017; Bjarnaddttir and Andreassen,
2016; Dowdeswell and Fugelli, 2012; Esteves et al., 2017; Greenwood et al., 2018; Hodgson et al.,
2014; King et al., 2016; Kurjanski et al., 2019) (Bjarnadéttir and Andreassen, 2016; Greenwood et al.,
2018; Hodgson et al., 2014; King et al., 2016; Kurjanski et al., 2019). However, large volumes of
sediments delivered subglacially to the shelf break and deposited on the continental slope during
glaciation can cause the shelf to prograde basinward (Figure 6) (Eyles et al., 1985; Knutz et al., 2019;
Ottesen et al., 2012). This can be observed in seismic data on the north Norwegian continental
margin as well as the Norwegian, Danish, Dutch and German sectors of the North Sea (Ottesen et al.,
2012; Rea et al.,, 2018). Most coarse-grained sediments are deposited in the ice marginal zone
(Figure 4), proximal to the grounding line. Since ice can be grounded at depths exceeding several
hundred meters it is possible that coarse grained sediments will be deposited directly into deep
water. Sediment distribution in glaciomarine environments (Figure 4 and Figure 6) appears to be a

function of sediment input location, oceanographic conditions and distance from the grounding line.

Ice sheets terminating in, and interacting with, large lacustrine basins are also common (Carrivick
and Tweed, 2013; Murton et al., 2010; Patton et al., 2017). Generally, the interplay between crustal
isostatic response beneath, and beyond, an ice sheet margin promotes the formation of proglacial

lakes (Figure 2) (Carrivick and Tweed, 2013). For example, during the last glaciation (MIS 2-4, the
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Wisconsinian) the Laurentide ice sheet was partially grounded along its southern margin in Lake
Agassiz and Lake Ojibway (Carrivick and Tweed, 2013; Levson et al., 2003; Thorleifson, 1996). The
lakes had a combined water volume of up to 163 000 km? (Leverington et al., 2002), which equals
two times the volume of the, present-day, Caspian Sea and seven times the volume of the, present
day, Lake Baikal. In the South Salt Basin in Oman, the upper part of the Permo-Carboniferous Al
Khlata formation is interpreted as a large proglacial lake system (Martin et al., 2008; Osterloff et al.,
2004b). These large proglacial lakes may be intermittently connected to seas or oceans. For
example, the southern margin of the Fennoscandian ice sheet, during retreat from the Last Glacial
Maximum was grounded in the Baltic ice lake, which, at the time, had no connection to the global

ocean (Houmark-Nielsen, 2007; Uscinowicz, 2004; Vassiljev and Saarse, 2013).

It is crucial to emphasise that all the above environments can be interchangeably present over the
same area during the lifespan of one icehouse. Moreover, the final sediment assemblage is most
likely a result of multiple ice advance and retreat stages (glacial-interglacial cycles) superimposed on
each other with multiple erosional episodes (ice advance) removing a part or even a whole section
deposited during a previous glaciation. As a result, it is unlikely that the full sedimentary package

associated with an icehouse period will be preserved (Figure 6).

9.2.1 Improved imaging workflows, techniques and equipment

The typical offshore hydrocarbon workflow commences with gravity and magnetic surveys followed
by several widely spaced, long regional 2D (older standard) or large-scale 3D surveys aiming to
uncover the general structure of the basin (Alsadi, 2017; Nanda, 2016; Sengbush, 1983).
Subsequently a more targeted, densely spaced 2D (older standard) survey was performed or, more
likely now, part of a 3D cube is selected and often reprocessed over a prospective area. If the
prospective area is deemed worthy , a high-resolution, shallow-looking (higher frequency,) 2D or 3D
site survey, aiming to identify potential geotechnical and drilling hazards is contracted (Camargo et

al., 2019; Lane and Taylor, 2002; Shmatkova et al., 2015; Zhang et al., 2016).

This workflow, is not optimal for exploration in glaciogenic sequences for several reasons: (1) lower
frequencies resulting in poorer vertical resolution cannot image subtle, glaciogenic features (MSGL,
iceberg ploughmarks etc.) that are crucial for identification of a glaciogenic package and for
understanding its position within the glacial landsystem (Bellwald et al., 2018; Bellwald et al., 2019;
Bellwald and Planke, 2019). (2) Site-surveys of the shallow subsurface are almost exclusively focused
on identifying hazards and are not evaluating potential opportunities associated with shallow gas
accumulation (Huuse et al., 2012; Ottesen et al., 2012; Rose et al., 2016). The division between an

exploration survey versus a site-survey may result in missed opportunities.
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Recent technological advances in processing workflows and equipment can often allow for a better
preservation of frequency bandwidth and better signal to noise ratio in seismic data (Brookshire et
al., 2015; Firth and Vinje, 2018; Soubaras and Whiting, 2011). Alternatively, surveys can be
performed with higher frequencies and smaller bin sizes resulting in better horizontal and vertical
resolution (Bellwald and Planke, 2019; Brookshire et al., 2015; Lebedeva-lvanova et al., 2018). In
both cases imaging of the shallow (and deeper if frequencies are preserved) targets is improved.
Such high-resolution data can be used both for exploration and site risk assessment. The improved
imaging of the shallow section can yield additional, otherwise missed exploration opportunities and

contextualise it within a working petroleum system.

9.2.2 Shallow gas - a hazard or a missed opportunity?

Identification of shallow gas hazards in the subsurface is crucial to safely execute drilling operations.
Hazards, if volumes of hydrocarbons are sufficient, can be readily transformed into exploration
opportunities as demonstrated by the Aviat and Peon discoveries (Huuse et al., 2012; Ottesen et al.,
2012; Rose et al., 2016). In seismic data the interpretation of shallow gas in glaciogenic deposits
found offshore on glaciated continental margins is a direct indication of reservoir properties
(Bellwald and Planke, 2019; Haavik and Landrg, 2014). However, the complexity of these sequences
and limited/poor quality sealing lithologies requires improved understanding of the distribution and
properties of porous, permeable and impermeable packages within glaciogenic sequences. This is
crucial to ensure safe well abandonment, decommissioning and proposed carbon capture and
storage (CCS) activities. The conceptual model presented in this paper aims to support interpretation

efforts in all the above activities.

10 Conclusions

The conceptual model presented in this paper (Figure 3) is a synthesis and simplification of what can
be an extremely variable and complex depositional environment (Figure 4 and Figure 5). Therefore,
it should be used as a framework tool, enabling a first-pass interpretation of glacial landforms.

Subsequently, more detailed, interpretations to consider specific local conditions are required.

Several conclusions can be drawn:
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Glaciofluvial sediments have the best reservoir properties since they are deposited by
meltwater, the implications for hydrocarbon exploration is that deglacial sediments (sands
and gravels) should be primarily targeted.

Landforms and sediments marked in yellow (potential reservoirs) in Figure 4 should be
investigated in further detail as they can comprise good reservoir quality sands and gravels,
fine sediments or a mixture of both. Local changes in the energy of the depositional system,
available sediments, substratum or local topography can all have a significant impact on
their composition e.g. moraines (push or thrust) can be composed of either, outwash sands
and gravels, or muds and diamictites, depending on the available substratum. A grounding
zone wedge could be either, predominantly composed of traction till (diamictite), or have a
significant proportion of well sorted sands and gravels, depending on meltwater discharge at
the grounding line and the distribution of meltwater portals (point sources).

Oscillations of the ice front can aid deposition of sealing lithologies on top of reservoir facies.
Reservoir quality sediments can be either overridden during ice advance and, if not eroded,
capped by a traction till carapace (e.g. Peon field) or, when ice retreats during deglaciation,
sea level rise may result in flooding of reservoir facies and deposition of a marine mud seal
on top.

Retreat of the ice front in a land terminating system can result in the deposition of triplets of
stacked subglacial tills and proglacial sandy and gravely outwash followed by a non-glacial
sediment assemblage, associated with interglacials.

Identification of characteristic glaciogenic landforms and/or sediments is crucial to
improving predictability of reservoir facies distribution and quality, within any basin.

The landsystem approach, is applicable for hydrocarbon exploration but may be of limited
use in development and production cases, where local complexities in sedimentary systems
become more important. All glaciogenic landsystems describe a “snapshot” view of a glacial
landscape rather than its evolution over time. Moreover, the landsystem approach is mainly
focused on ice dynamics (the processes) rather than the landforms and sediments (the
products).

Size, distribution and controls on emplacement of reservoir quality landforms in glaciogenic
depositional systems requires further research, of both modern and ancient analogues, with
the concept of preservation potential providing the, often overlooked, link between the

modern and ancient.
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Figure 1: 80 (%/40) Marine oxygen isotope (MIS) stages for the past 3.6 Ma, modified from Lisiecki &
Raymo (2005). Note the asymmetry in time between global ice build-up and decay (termination).
This is most pronounced for the last four cycles, but a similar pattern is visible through the entire
Pleistocene. Time is shown in kilo-years and the magnetic reversal timescale is shown as the black
(normal polarity) and white (reversed polarity) bars.
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Figure 3: Schematic representation of the model framework. Left: the model is divided into three
major depositional zones: proglacial, ice marginal and subglacial. The subglacial zone is further
subdivided into an erosional zone, spreading from the ice sheet centre (ice divide) where erosion >
deposition, and the subglacial depositional zone, where the opposite is true. Subglacial deposition is
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Figure 4: Conceptual diagram generalizing the planform (bird eye view) sediment and landform distribution
for ice sheet depositional systems. The diagram is centred on the ice sheet which is located within the inner
circle (deliniated by the ice margin, i.e. the red, dashed line) and “covers” the subglacial erosional zone and
the subglacial depositional zone and ignores cold based ice. Landforms are positioned radially (proximal-distal)
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1865  repeatedly, within a single glaciation, before D.
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Figure 6: Water terminating ice sheet depositional system across a glacial cycle. A: First ice sheet

Ice-contact lake h
y - (A)

advance into a basin - Stadial 1, B: Ice advance to the shelf break — maximum ice extent, C: Ice sheet

retreat — transition from glacial to interglacial conditions.
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Figure 7: Simplified conceptual sections through terrestrial (A and B) and marine (C and D)
depositional sequences, illustrating multiple phases of ice advance and retreat. Subglacial erosion is
responsible for removal of previous glacial and interglacial deposits. The missing section is visible on
chronostratigraphic cross-sections A and C as the faded area. The extent and depth of subglacial
erosion is dependent on numerous factors, including the duration of glaciation, subsidence rate,
basal thermal regime and initial thickness of the underlying sediments.
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Tables

Table 1: Alias table of some of the glaciogeniddeas, landforms and sediments

Glacial feature

Also known as

Reference

Ice marginal streamway

urstromtal,spillway, pradolina,valley train, ice

marginal valley

(Brodzikowski and van Loon, 198

Pisarska-Jamrozy, 2015)

Sandur

glacial outwash, outwash plain, fluvioglac
outwash, sander plateau, braided outwash,
proglacial braided river, glacial braidplain,
sandur plain, sandar (plural)

(Girard et al., 2012; Gomez et al., 20
Khalifa, 2015; Marren, 2005; Martin et al.,
2008; Zielinski and Van Loon, 2003)

Glacier-fed delta

sandur delta glacial outwash delta, glac-

(Benn and Evans, 2010; Dietrich et

lacustrine delta, sandur/delta system, proglacial 2017, 2016)

delta, braid-delta

Ice-contact delte

kamedelta, glacie delta, eske delta, ice

marginal delta, glacio-lacustrine delta, glacier

(Benn and Evans, 2010; Gluckert, 19
Lagnne, 1995; Powell and Molnia, 1989)

delta
Jokulhlaup glacial lake outburst flood (GLC), outburs (Gomez et al., 2000; Maizels, 19¢
flood, megaflood Westoby et al., 2014)
Traction till subglacial diamicton, comminution ti (Batchelor and Dowdeswell, 2015; Be
lodgement till, melt-out till, deformation till, and Evans, 2010; Deschamps et al., 2013;
boulder clay, tillite (if lithified) Eyles, 1993; Lewis et al., 2006)
Ice marginal terminal moraine, retreat morairfrontal (Benediktsson et al., 2009; Benn and Evi
moraine moraine???, moraine ridges, terminoglacial fans2010; Bennett et al., 2000; Kriger et al.,

2009; Krzyszkowski and Zielinski, 2002;
Lagnne, 1995)

Push moraine:

recessional moraines, de Geer morai

transverse ridges, annual moraine ridges, push

and squeeze moraines, morainal bank
(subaqueous)

(Benn and Evans, 2010; Bennett, 2C
Todd, 2014)

Thrust block

moraines

compositeridges, push moraines, end mori
marginal moraine, end moraine, terminal
moraine, morainal bank (subaqueous)

(Aber et al., 1989a, 1989b; Benn ¢

Evans, 2010; Lovell and Boston, 2017;
Patton et al., 2016; Pedersen, 2014; Phillips
et al., 2018, 2002; Van der Wateren, 1995;
Vaughan-Hirsch and Phillips, 2017)

Ice-contact far

proglacial fan, terminoglacial subaerial fi

latero-frontal fan, end moraine fans

(Benn and Evans, 2010; Zigdki and var
Loon, 1998)

Esker

subglacial tunnel fill, serpent kai, complex
eskers, interlobate esker

(Burke et al., 2015; Maries et al., 20
Storrar et al., 2019, 2014)

Grounding zone wedg

till delta

(Batchelor and Dowdeswell, 2015; Be
and Evans, 2010; Powell and Alley, 1996;
Ruther et al., 2011; Simkins et al., 2018)

Ice-contact

subaqueous fan

grounding line fan, ic-contact glaciomarine fai

(Hirst, 2012; Hirst and Khatatneh, 20:

subaqueous esker delta, ice—proximal fan, eskeioch and Isbell, 2013; Lajeunesse and

fan complex,

Allard, 2002; Lagnne, 1995; Powell, 1990;
Thomas, 1984)

Subaqueous
outwash fan:used
when describing a
large body of sand
and gravel without
a defined
association with a
grounding line and
deposited from

meltwater entering

turbiditic outwastfan, glacia submarine fa

(Rose et al., 2016; Rust and Roman
1975; Thomas and Chiverrell, 2006; Visser
et al., 2003)
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a water bod

Iceberg ploughmarks

iceberg keel marks, iceberg grooves, icet
plough marks

(Berkson and Clay, 1973; J. A.

Dowdeswell and Bamber, 2007; Graham et
al., 2007; Haavik and Landrg, 2014; Klages
et al., 2016; Ottesen et al., 2017)

Ice rafted debris

IRD, iceberg rafted deb, ice rafted detritt

(Dowdeswell and Dowdeswell, 19€
Lucchi and Rebesco, 2007; Powell and
Cooper, 2002)

Glaciomarine diamicton

glaciomarinemuds, glaciomarine sediment
rainout diamicton, glaciomarine claystones

(Benn and Evans, 2010; Bennett et

2000; Domack, 1982; Domack and Lawson,
1985; O Cofaigh et al., 2001; Powell and
Cooper, 2002)

Cross-shelf trough

ice stream troug, palaer-ice strear, palec-ice

stream pathway

(Batchelor and Dowdeswell, 2015; Can

et al., 2016; Clark and Spagnolo, 2016;
Heron, 2018; Klages et al., 2015; Riither et
al., 2013; Swartz et al., 2015; Todd, 2016;
Van Landeghem et al., 2009)

1893

1894

65



1895

1896
1897

Table 2: A summary of landforms and sediments degmbby land terminating ice sheet. Every sedint@ndform is assigned to a depositional zone witA@ompanying assessment of reservoir quality.

Element Description Depositional zont Reservoir potential Reference
Presencel/distributior Quality Overall
Esker Elongated, curvilinear or sinuous sediment ridgeglacifluvial origin. They cat Subglacia Patchy distribution Moderately to we sorted = Moderate/goo Brennand, 2000; Storrar, Stokes
extend over several hundreds of kilometres in lemgtineating major subglacial Elongated, ice margin boulders to pea gravels and Evans, 2014; Burke,
drainage pathways. Esker ridges have been reparteel up to 50 m high and are perpendicular, curvilinear with subordinate sand anc Brennand and Sogren, 2015
formed when sediments fill an ice-walled meltwateannel. Eskers sediments can ribbons 100s m to 10s km  fine fraction
range from cobble and boulder gravels through semgsorly sorted, massive long and 10s-1000s m wide
diamictons. Erosional contacts and re-activatiafeses are likely to be present. Whe
sediment laden meltwaters escape the ice sheeeamntact fan may develop as a
continuation of an esker. Often, a glaciotectofgnature is present together with late
stage normal faulting due to loss of lateral icppsut.
Ribbed (Rogen) Subglacially formed ridges of sediment orientetransverse to the ice flow. Thi Subglacia Patchy distribution Poorly sorted Dunlop and Clark, 2006
moraine usually cover large, concave or flat surfaces i @eas of former ice sheets in Irregular. Ice flow subglacially derived and
sediments proximity to inferred frozen bed areas. Dimensitarsge from 300-1200 in length, perpendicular mounds transported material-
150-300 m in width and 1-30 m in height with simigpacing and size distribution for
every locality. Ribbed moraines are usually forroégoorly sorted subglacial debris.
Drumlins/ Oval or eg-shaped, elongated hill with its longer axis patatiehe ice-flow direction.  Subglacia Patchy distribution in ic Poor sorting, textural ar Benn and Evans, 2010; Ely et al.,
drumlin fields Drumlins can be up to few km long and up to 50 ghhiThey could be composed of  depositional stream corridors. 10s-100s r mineralogical maturity 2016
different type of sediments, usually poorly soréed homogenized by basal ice long and wide, and 1s-10s n dependent on source
coupling over the available substratum. Erosiosaldepositional origin is still debatec high sediment, over-
but most likely represent a case of equifinality. compacted,
Traction till Homogenized, poorly sorted sediment depositedeaict-bed interface directly fror Subglacia Discontinuous distribLon. Polymodal grainsiz: Evanset al., 20(6; Benn and
(diamicton) the ice. Grainsize ranges from fine clays and nthdsugh to cobbles, boulders and Variable thickness, 1s-10s o distribution Fine Evans, 2010
bedrock rafts meters with possible sediments and outsized
erosional windows. and clasts. Very poor sorting.
interbedded, localized Over-compacted
sand/gravel lenses
Mega-Scale Elongate, parallel to each oth and to the ice flow directi¢, corrugatiois in subglacia  Subglacia Patchy distribution in ic Polymodal grainsiz: (Ely et al., 2016; Spagnolo et ¢
Glacial sediment. 6-70 km long, 200-1300 m wide, typicdHg m high, associated mainly stream areas. Elongated, ice distribution. Fine 2014, 2016)
Lineations with fast flowing ice streams. Their original ifllsdebated, with evidence supporting flow parallel. 100m to 10 km sediments and outsized
(MSGL) both erosional and depositional processes. long, 100s m wide and 1-10 clasts. Very poor sorting.
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Element Description Depositional zon« Reservoir potential Reference
Presence/distributior Quality Overall
m high Over compacte
Kames Sediment mounds associated with fluvial rewor of supraglacial, ic-marginal anc Subglacia- ice Localized and unpredictabl  Glaciofluvially sortec Variable (Brodzikowski and van Loor
subglacial sediments. Kames are composed mairdgrads and gravels with marginal Irregular mounds, 10s-1000¢ sands and gravels (well 1987; Gruszka et al., 2012)

subordinate poorly sorted diamictons and fine digp@sone to postglacial reworking.
Extremely hard to identify in the subsurface. Redility of distribution of kame
deposits can be challenging. If the ice flow isstoained by topography kame terrace
may form along the valley edges where supraglawétwater streams are
preferentially flowing. After ice melts out kamepbesits can be found in contact with

subglacial landforms and sediments.

m, wide and long and 10s m
high.

sorted) glacial diamictons.
(poorly sorted)
and fines

Ice-contact fans

Deposited subaerially by meltwater directly in frofithe ice margin. Boulders, gravi  Ice marginali
and diamictites prevail in the ice-proximal parta@otectonic deformation can be proglacial zone
expected due to oscillations of the ice front dydieposition. Middle and distal parts ¢

an ice-contact fan appear to be less complex wikej and sand (middle part) and

sand and silt (distal part) deposition prevailifige term fan- refers to the mode of

deposition but not necessarily the shape of thereed body as ice front shape and

position together with the existing topography @e controlling factors. As a result,

fans can be irregular in shape or can resemblergafr moraine when several fans

coalesce along the ice front.

Discontinuou distribution
proximally, along the ice
margin. Deposition from a

point source

Boulders, cobbles d
gravels poorly
/moderately sorted in the
proximal part. Cobbles
and gravels and sands in
the distal part.
Glaciotectonic
deformation/ bulldozing

often present

Variable- poor in
proximal part
moderate to good in
medial to distal

(Zielinski and van Loor2000,
1999, 1998)

Ice marginal

moraine

Thrust block moraine Glaciotectonic deforiec sediments ithe subglacial ant Ice marginal zor
ice marginal zone as a result of stress exertatidice
sheet during advance. Thrust block moraines can be
laterally extensive along the ice front and oved ddin
relief. Deformation of sediments resembles thims&d
thrusting. The depth of the deformation is limitedfailure
along a decollement surface most likely correspomdd a
zone of contrast of mechanical properties of tHessatum
(sand /mud, unfrozen sediments/permafrost). Ductile
deformation results in the formation of large ofeds in
the sediments in front of the ice mass. Thrustlbloc
moraines can be composed of proglacial outwash
sediments, subglacial traction till, or glaciomarin
sediments. Primary sedimentary structures are ghyer

Ice margin parallel mound
100s-1000s m wide, 100s m
to 10s km long and 10s-100:
m high.

Good reervoir quality if
well sorted glaciofluvial
sands and gravels are
thrusted. Variable/poor if
other e.g. lacustrine or
subglacial sediments are
thrusted - substratum
dependent. Glaciotectonic
deformations decreasing

reservoir quality

Variable

(Benn and Evans, 10; Bennett
2001; Vaughan-Hirsch and
Phillips, 2017)
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Element

Description

Depositional zon«

Reservoir potential Reference

Presence/distributior

Quality Overall

preserved for most of the sedimentary u

Push moraine:

Oscillations of the ice front result in bulldozing
proglacial sediments and formation of push moraines
Small ice-front parallel ridges of unsorted seditnen
delineate annual re-advances of the ice front. érarigges
most likely mark positions of longer stillstandsinfary
sedimentary structures are unlikely to be preserved
Internal composition of a push moraine is dependarite
marginal zone sediments and the mode of sedimepiysu
If meltwater deposition prevails push moraines learsand
and gravel-rich whereas where traction till deposits
dominant or the ice sheet is advancing over sand-peas

the push moraine will be composed of glacial diaomic

Ice maginal zon

10s-1000s m long, 1(-100m
wide and 10s m high, ice-
front parallel, elongated
hills, often present in severa

parallel sets

Very poor sorting
Textural and
mineralogical maturity
dependent on the
substratum. Outsized
clasts and large boulders
often present (up to

several m)

Sandur

A large sediment bod
deposited by glacial,

braided, meltwater

Proximal: gravelly deposits of high energy brai
channels may prevail in vertical succession.

streams in front of an
ice terminus known also

Distal: both gravel and sand channels depositde:

observed.

Proglacia

Broad plains/belts c
glaciofluvial sediments, 1-
10s km wide, 1-100 km
long. Thickness of sediment:
is highly variable and

Well sorted, rounded ar (Magilligan et al., 2002; Maizel:

sub-rounded sands and 2007, 1997; Pisarska-Jamrozy and
gravels. Multiple Zielinski, 2014; Zielinski and Van
erosional internal Gooc Loon, 2003)

contacts.
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Element

Description

as an outwash plail Pitted sandur: glaciofluvial rivers can bury deeel blocls

Sandar associated with  which subsequently melt out causing local depressio
large ice sheets are Peat accumulations can often be observed in paedar

described as braided formed during interglacials.

river plains rather than

Depositional zon«

Reservoir potential

Presence/distributior

Quality Overall

controlled by the
topography.

Primarily as above wit Good / variabl
finer fractions filling

depressions

Reference

Jokulhlauj deposits: sediments associated with Forming part of the sand Composed of coars Variable
alluvial fans with poor magnitude outburst floods. Due to the extremelyhig sequence with a clearly gravels, often boulders,
proximal-to-distal energy of a jokulhlaup and high sediment conceintmaf erosional base. and rip-up clasts. Could
grainsize variation. mega-scale ripples, dunes or boulder bars mayrieefh be poorly sorted if the
Some may form thick, hyper-concentrated sandur sediment concentration is
sequences. It may be difficult to distinguish jdlalip high.
deposits from normal flood sediments (Maizels, 1997
Gomez et al., 2000; Bjornsson, 2003).
Ice marginal Large ice-front-parallel fluvial system develops when meltwatersaping the ice shee  Proglacia 100s km long and 10s k Well sorted fluvial sand Gooc (Pisarsk-Jamrozy, 2015; Va
streamway after flowing over sandar, do not enter a wateryticectly. Such situations occur on wide. Ice margin parallel anc and gravels and over banl Loon and Pisarska-Janig 2017)
uplifted areas where little or no sediment accometioth space is available. formed perpendicular to deposits. Hard to
sandar. distinguish from a typical
fluvial succession
Aeolian Dune Wind reworking of sandur plains prior to the onskvegetation may result Proglacia Localized distributior Fine to medium san- Gooc (C.K. Ballantyne, 2002; Benn a1
winnowing of finer fractions and re-mobilization fiie sands and local deposition of mainly on unvegetated well sorted Evans, 2010; Mountney and
aeolian dunes or cover sands. Finer fractionsransported over longer distances anc sandur plains. Russell, 2009)
deposited as loess covers.
Lacustrine Glacie-fed deltas build up when a sandur enters a praglaater body. Such delti Proglacia Localized distribution. Well sorted, texturall Topset Gooc (Benn and Evans, 2010; Dietri
glacier-fed delta may be extensive with multiple braided feeder cleésimAlternatively, lacustrine deltas Deposits filling proglacial mature sands and gravels et al., 2016; Fyfe, 1990; Lanne,
may form when smaller lakes are present on a safdeh deltas may potentially in- lakes on the sandur plane.  in the foresets. Topsets 1995; Lgnne and Nemec, 2004;
fill all available accommodation space in a lakeuténg in continuation of sandur Variable size n hand shape. could be coarser due to Foresel Gooc Nemec, 2009; Osterloff et al.,
deposition. Annual cyclicity of flow regime and @sional catastrophic flood events winnowing and sediment 2004a; Patton and Hambrey, 2009;
may result in preferential preservation of sedirser#tsociated with high magnitude bypass, fines deposited Phillips et al., 2002; Postma, 1990;
events in the proximal parts of the delta and loniggositional distance of sand facie: distally as prodelta-lake Prodelt Poo! Powell, 1990; Powell and Molnia,
in comparison with the classic delta model. Higtlisentation rates may cause rapid fill 1989; Wang et al., 2011)
progradation of delta front and frequent slopeufais (slumping).
Lacustrine ice- Flat topped ice-contact deltas may develop in places where subagumatwash fan Ice margine Localized depositiol Mostly well-sorted sand Ice- Variable

contact delta

fill in accommodation space between a proglacie laed and water surface. Deltaic

controlled by the ice margin and gravels. Bulldozed, contact
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Element

Description Depositional zon«

topsets are deposited subaerially and aa sediment b-pass zone with the majori
of the deposition occurring on the delta slopegdets). Ice-contact deltas may not
exhibit the classic shape. Ice-contact deltas mthicshape of the ice margin in their
proximal part. Glaciotectonic deformation is makely to be present in the ice-
proximal part. Hyperpycnal, density current deosin be frequent due to the high
sediment load of glacial meltwater. Backsteppinthefice front and secondary delta
formation can be observed.

Reservoir potential

Reference

Presence/distributior

Quality

position. Point sourced
amalgamated, ice front
parallel deltas may build.
100s m to several km long
100s-1000s m wide.
Thickness controlled by the
water depth.

subglacially reworeke
poorly sorted material and

diamicton in the ice-
contact part. Coarse
gravels, in the topsets.
Sands and finer gravels i
the foresets. Fine fraction

and sands in the prodelta.

Proximal glacial
lake fill

Proglacial lake sedimentation is characteriseddpodition from meltwater strear Proglacia
(deltas and fans) or density currents in the prakirone close to an ice margin or

sediment input point. In the distal part of thedaedimentation occurs mainly by

settling from suspension from the meltwater plumeedasonal cycles. As a result,

proglacial lakes are usually filled with sands iheglded with silts or silts and clays.

Climbing ripple cross lamination of sandy bedsasmon proximal to the sediment

input point. Glacial lakes may develop several leed shorefaces recording changes

water level during deglaciation.

Present in the proglacial lal
distally from the sediment
input point.or as a fill of a
small, proglacial lake (e.g
kettle hole lake). Size and
thickness controlled by the
size and shape of the lake.

Interbedded fine sanc
and silts. Subordinate
coarse sands in lenses or

pockets.

Distal glacial lake
fill

Distal glacial lake fill is usually characterisey fine grained deposits (silts) deposi Proglacial zon
from suspension with occasional dropstones/ idedafebris. Rhytmites (varvites)
represent periodical, often bi-annual, variatianseédiment supply and/or oxygen leve

in the lake.

Laterally extensive depos.
The distribution is controlled
by the size of the lake.

Fine silts and clay
bedded and laminated.
Dropstones and varves

could be present.

Overall
Topse Variable
Forese Gooc
Variable (Ashley, 2002; Colin K

Ballantyne, 2002; Bogen et al.,
2015; Carrivick and Tweed, 2013;
Garcia et al., 2015)

Table 3: A summary of landforms and sediments degbdy water terminating ice sheets is provideldweEvery sediment/landform is assigned to a dipos zone with an assessment of reservoir qualit

Element Description Depositional zon¢ Reservoir potentia Reference
Presencel/distributior Quality Overall
Esker For description see Tak2. Subglacial / ice margin For description see Tak2 For description se Variable/goo (Brennand, 2000; Burke et &
Table 2 2015; Storrar et al., 2014)
Ribbed (Rogen) For description see Tak2. Subglacis For description see Tak2 For description se (Dunlop and Clark, 200
moraine sediments Table 2
Drumlins/ drumlin For description see Tak2. Subglacis For description see Tak2 For description se (Benn and Evans, 201

fields

Table 2

Bjarnadéttir and Andreassen,
2016; Ely et al., 2016)
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Element

Description Depositional zon«

Reservoir potentia

Reference

Presencel/distributior

Quality

Overall

(Boulton ancDeynoux, 1981
Evans et al., 2006)

(Bingham et al., 2011

Bjarnadéttir and Andreassen,
2016; Ely et al., 2016; Jamieson et
al., 2016; Ottesen et al., 2017;
Spagnolo et al., 2016)

(Batchelor and Dowdeswell, 201
Dowdeswell et al., 2016b;
Dowdeswell and Fugelli, 2012;
Evans et al., 2012; Koch and
Isbell, 2013; Powell and Alley,
1996; Powell and Domack, 1995)

Traction till For description see Tak2. Subglacis For description see Tak2 For description se
(diamicton) Table 2
Mega Scale Glacia For description see Tak2. Subglacie For description see Tak2 For description se
Lineations (MSGL) Table 2
Grounding zone Sedimentary depocenters formed at the groundirgafra marine terminatin Subglacis Localized, belts or bands Mostly poorly sortec
wedge ice stream with steep distal and shallow dippirzxjmal slope. Grounding zone sediments 100s-1000s m subglacial till
wedges are composed mainly of glaciogenic debriset by melt out from long, 1000s m wide interbedded with debris
basal ice and lodgement from subglacial tractibrilthey are found only in the (constrained by the cross- flow deposits and
locations of ice streams (cross shelf troughs)f@mds, punctuating stillstand shelf trough width) and 10s  glaciomarine muds.
positions of the grounding line, most likely, dyiite retreat. m high. Localized lenses, beds
of better sorted material
may be present.
Ice marginal Thrust block moraine Subaqueous thrust block moraines cal Ice margine For a description see Tat2  For a detailec
moraine composed of subaqueous outwash sediments, description see Table 2. on substratum
traction till, glaciomarine muds or non-glacial
marine sediments. For a detailed description
see Table 1.
Push moraine Subaqueous push morai car be compose Ice margine For a description see Tat2  For a detailec

Variable- dependen

(Benn and Evans, 2010; Benn«
2001; Vaughan-Hirsch and
Phillips, 2017)

of subaqueous outwash sediments, traction till,
glaciomarine muds or non-glacial marine
sediments. For a detailed description see Table
1.

description see Table 2,

Grounding line fan

Small sedimerdepocenters at the grounding line of an ice si8=timents ar  Ice margine
deposited by a mixture of grounding line proceggestion, debris flows) and

fallout from meltwater. As a results glaciofluvinds and gravels are mixed

with cohesive debris flow sediments. Ice front Biatons are responsible for

sediment re-deposition and mixing.

Localized distributior
associated with point-
sourced meltwater discharge
at the grounding line. 10s-
100s m long and wide and
10s m thick.

Well sorted,

glaciofluvial sands and

gravels, interbedded
with poorly sorted
debris flows deposits

and/or

glacimarine/subglacial

till. Glacitectonic
deformation often

present.

Variable- dependen (Evans et al., 2012; Powell, 19¢
Powell and Alley, 1996; Rose et

al., 2016)

on the proportion of
glaciofluvially sorted
sediment is in the
package.

71



Element Description Depositional zon« Reservoir potentia Reference
Presencel/distributior Quality Overall
Subaqueous Large sedimentary body comprised of sands and tgraeposited by glaci: Ice margine-proglacia Large, localized sedime Well sorted sands a Gooc (Batchelor and Dowdeswell, 201
outwash fan meltwaters entering a water body at the groundirgydf an ice sheet. The accumulation on the seabed dominant. Silt and Evans et al., 2012; Koch and
(grounding line fan)  water at the time of the deposition is deep endagirevent the fan from associated with the ice marine mud interbeds Isbell, 2013; Lanne, 1995; Powell,
reaching the surface (if the surface is reacheidexnontact delta develops). margin position at the time.  can be present in the 1990; Rose et al., 2016; Rust and
Sediments may include proximal boulders and grasiedsply transitioning into Deposited during the ice distal part. Boulders anc Romanelli, 1975)
distal sands and silts. Glaciotectonic deforma#ind dewatering structures are sheet retreat when meltwater gravels could be presen
likely to be present. Characteristic features,imtigtishing subaqueous outwash discharge is high.100s to proximal to the
from sandur sediments, are: ripple cross laminatiorsand units, large 1000s m wide and long, 10s grounding line.
channels with massive fill, co-occurrence of cohesind non-cohesive m thick
subaqueous debris flows deposits.
Lacustrine glacier- For a detailed description see Ta2. Proglacia For a description see Tat2 For a detailec Topset Gooc (Benn and Evans, 2010; Dietrich et
fed delta description see Table 2 2016; Lenne, 1995; Legnne and Nemec,
R — 2004; Nemec, 2009; Osterloff et al.,
2004a; Patton and Hambrey, 2009;
Prodelti  Low Phillips et al., 2002; Postma, 1990;
Lacustrine ice - For a detailed description see Ta2. Ice margina For a description see Takl2  For a detailec Ice- Variable  powell, 1990; Powell and Molnia, 1989:
contact delta description see Table 2 contact Wang et al., 2011)
Topset Variable
Foreset  Gooc
Prodelti  Low
Marine glacier-fed If a sandur enters the sea a gle-fed delta is likely to build up. Such delt Proglacia Large sediment bod Well sorted sands wit Topset Gooc
delta may be extensive with multiple braided feeder cleésimPAnnual cyclicity of deposited as an extension of subordinate gravels in
flow regime and occasional catastrophic flood evemay result in preferential a sandur entering a marine  the foresets
preservation of sediments associated with high ihadm events in the proximal basin. 1000s m long and unconformably overlain = Egreset Gooc
parts of the delta and longer depositional distafeand facies in comparison wide. Depth controlled by by topsets that can be
with classic delta model. High sedimentation ratey cause rapid progradation changes in water depth. coarser and resemble
of delta front and frequent slope failures (slungin sandur successions.
Silts and muds present | Prodelti  Low
in the distal part.
Marine ice- Flat topped, marine i-contact deltas may develop in places where subag  Ice margine Localized distribution ir Quality and facie! Ice- Variable
contactdelta outwash fans fill-in accommodation space betweersga bed and water front of and parallel to the distribution is similar to  contact

surface. Deltaic top sets are deposited subaedatlyact as a sediment by-pass

ice margin. Deltas form from

lacustrine ice-contact
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Element

Description Depositional zon«
zone witt the majority of the deposition occurring on the detteekets. Ic-

contact deltas may not exhibit the classic D-sh&@edelta as it may be

controlled by the ice margin geometry in its proairpart. Glacitectonic

deformation is most likely to be present in theiceximal part of the lobe. Due

to the higher density of seawater rainout from saspn can be expected

distally from the delta front. Backstepping of ibe front and secondary delta

formation can be observed.

Reservoir potentia

Presencel/distributior

Quality

one or multiple poin

sources. Lobate in shape if

not topographically

constrained. 100s - 1000s m
wide, 100s m to 10s km long

and 10s m thick.

deltas. Large
proportion of deposition
from buoyant sediment
plume due to the

increased density of see
water. (For details see
Table 2)

Overall
Topset Gooc
Foreset Gooc

Prodelta  Pool

Reference

Proximal glacial For a detailed description see Tab Proglacia For description see Tabl For description se Variable- substratun  (Ashley, 2002; Colin K

lake fill Table 2. dependent Ballantyne, 2002; Bogen et al.,
2015; Carrivick and Tweed, 2013;

Distal glacial lake For a detailed description see Tab Proglacia For description see Table For description se Pool Garcia et al., 2015)

fill Table 2.

Trough mouth fan Far-like sedimentary depocenters originating at théf sireak and extendin Proglacia Deposited on the shelfsloj  Poorly constrained Variable- poorly (Dowdeswell et al., 2008;

for up to several hundreds of kilometres into thgsaal plain. Thickness of
sediments can reach 5 km. The sediment forming & EMielivered to the shelf
break by ice streams from ice sheets and depdsjtegavity flows down the
continental slope causing progradation. It is irgferthat gravity flow sediments
are interbedded with glaciogenic muds and inteiglanarine muds. The exact
sedimentary composition of a TMF is poorly constegi. Poorly sorted and mud
rich mass wasting deposits are inferred from remetesing surveys (sonar).
Long runout distances of some lobes may indicatedhposition from density
currents takes place in the distal part of the fan.

and extending into the abyss.
Located at the distal end of
cross-shelf troughs. 10s km
to 100 km wide and long,

100s to 1000s m thick.

Glaciogenic gravity
flow deposits are
usually poorly sorted
and mud/clay rich.
Localized meltwater
supply and long runout
distance of gravity
flows may indicate the
presence of better

sorted packages.

known and

Cofaigh et al., 2003; Taylor et al.,

substratum dependent 2002; Vorren and Laberg, 1997)

Gravity flows
deposits

Sediment gravity flow sediments are frequently peddted from sediments Proglacia
glacial marine or lacustrine origin. Slope instépiis a common characteristic

of ice marginal landforms due to high sedimentatates, ice margin

oscillations, isostatic rebound-related earthquakekslocalised deposition of ice

derived sediments. Sediment type in an individleal fdepends on the type of

material available. High meltwater discharge fréwa ice sheet during the

summer months can lead to deposition of turbiditebe proglacial zone of a

marine/lacustrine terminating ice sheet.

Common in all glaciogeni
successions. Remobilized

from over steepened slopes

of previously deposited

landforms. Variable in size

and thickness

Most of the glaciogeni
gravity flow deposits
will have decreased
sorting with respect to
the source lithology.
Gravity flows
associated with TMFs

may be an exception.

Variable- dependen
on substratum

(Dowdeswell et al 2004; Koch

and Isbell, 2013; Lgnne, 1995;
Pisarska-Jamrozy and Weckwerth,
2013; Powell and Molnia, 1989)
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1901
1902
1903
1904

Element Description Depositional zon« Reservoir potentia Reference
Presencel/distributior Quality Overall
Contourites Sediments delivered to the ocean floor are ofterorked by slow, ser- Proglacia In the abyssal plain at tt Usudlly fine (silts and Low / moderat (Camerlenghi et a 2001; Jones ¢
permanent bottom currents — contourites, whicteatfthe thermohaline base of a continental slope. v. fine sands) but well al., 1993; Lucchi and Rebesco,
circulation in global ocean when cold and denseengiows along the base of Forming belts or mounds of sorted sediments. 2007; Reading, 2002)
the continental slope. Two types of contouritesraported: muddy- with up to sediment parallel to the slope Grainsize controlling
15% sand content and sandy- with laminate, ripplestructureless layers of base. reservoir properties.
sand up to 25 cm thick. They are extremely hardeatify in the rock record Could have good
and can be easily mistaken for distal turbidites. reservoir properties if
coarser sediment were
supplied to the abyss -
(e.g. by trough mouth
fans).
Marine diamicton Fine grained, laminated or massive muds depositesttiling from suspensic Proglacia Regional, lrge scale Poor reservoir qualit Low (Eyles et al., 1985; Lgnne, 19¢

(glaciomarine

muds)

with occasional floating clasts (dropstones). Higiegree of lamination, lower
clast content and normal compaction allowing déferation of glaciomarine
muds from subglacial traction till. Glaciomarine a@sumay be altered by iceberg

ploughing in which case lamination will not be mre&d.

distribution within the basin. Powell and Molnia, 1989; Rust,

Dropstone and iceberg rafted Good seal. Local 1965)

due to low grainsize.
debris increases in density ~ scouring by iceberg
proximal to the outlet. keels (iceberg
Thickness depends onthe  ploughmarks) can
longevity of glaciation.
Often interbedded with

typical marine muds.

reduce sealing

properties.

Table 4: Sediments and landforms diagnostic ofigl@&osion, deposition and presence in the basabléng unequivocal interpretation of glaciogeredisnents. Mode of identification has been provittgdevery entry in the table.

Diagnostic elemer

Description

Depositional zont Mode of identification Reference

Striations/ Striated Grooves in bedrock or underlying sediments. Theges are formed by debris encased irin traction ofover Subglacial erosional Outcrop: (Clerc et al., 2013; Le Heron, 2007; Levell et 4088;
pavement the bedrock/sediments. Striations are good indisatbice movement direction. zone Martin et al., 2012; Stroeven et al., 2016)
Traction till For a detailed description see Ta2. Subglacial Core/outcrop/well log (Boulton and Deynoux, 1981; Evans et al., 2!

(glacial diamictite /
diamicton)

depositional zone data/drilling data

Mega Scale Glacia
Lineations

For a detailed description see Ta2.

Subglacial zone 3D seismic dal (Bingham et al., 2017; Bjarnadoéttir and Andreas

2016; Ely et al., 2016; Jamieson et al., 2016; $@ttect
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(MSGL)

al., 2017; Spagnolo et al., 2(, Benjamin Bellwald e
al., 2019; Piasecka et al., 2016)

Boulder pavement:

A layer of boulders with striated surfaces in tiaetill. Sediments are deposited subglaciallyrastton till.
Subsequently, after ice retreat, fine grained sedimare winnowed by water and wind leaving a layer

boulders and cobbles.

Subglacial zonr-
reworked

Outcrops, drilling date

well logs/micro imaging

logs

(C.K. Ballantyne, 2002; Boulton, 19¢

Sediment/rock rafts

Blocks of rock/sediment excavated, transporteddembsited by ice without disaggregation of its uiyr
structure. Rafts are known to reach sizes of wget@ral km long and wide.

Subglacial zont

2D/3D seismic/cot

(very rare)

(Ruther et al., 2013; Wsborrow et al., 2011

Shear margin mcraine

Ridge of sediments formesubglaciall' at the boundary between sl-moving is and fa-moving ice (ice
stream). 10s m high, 100-1000s m wide and 10s k. [Bhey are composed of available subglacial nater

(diamicton).

Subglacial zon

3D sesmic date

(Batchelor and Dowdeswell, 2016; Benjamin Bellwat
al., 2019; Bellwald and Planke, 2019; Stokes aradkC|
2002)

Tunnel valleys

Elongated, deep incisions up to 100 km long, 5 kdevand 400 m deep. Tunnel valleys oriented
perpendicular to former ice margins. Their formati® linked to meltwater erosion in proximity tetkce margin

during ice retreat or deglaciation. They are ugudled with deglaciation - to - postglacial sedints.

Ice marginal zone
(subglacial to
proglacial)

Seismic (2D and 3I[

(L. R. Bjarnaddttir et al., 2017; Ghienne and Dayx¢
1998; Kristensen et al., 2007; Praeg, 2003; Stu@h?;
van der Vegt et al., 2016)

Glaciotectonic
deformations

Deformation and remobilization of sediments dueéofront oscillations. Types of deformation incdugushing
folding and thrusting of sediments. Shallow decobat and thrusting is known from Pleistocene adéml

sediments of the North Sea, Denmark and Germarstg€eous chalk cliffs of Rhugen).

Ice marginal zone
(ice-contact to
proglacial)

Seismic (2D and 3L

(Pedersen, 2014; Vaugt-Hirsch and Phillips, 201

Iceberg scours/ kee

Curvilinear,irregular corrugation in the lake/sea bed. Corriogatare usually V or W shaped in ci-section

Proglacial zone-

3D seismic date

(J. A. Dowdeswell and Bamber, 2007; Graham e

marks and can me several km long, and up to 10-20 mde=p. The plough marks are formed by grounded igsbe  water terminating ice 2007; Haavik and Landrg, 2014)
sheet (grounded)
Dropstones Outsized clasts of cobble/ gravel size encaseantinated or massive marine/lacustrine muds. Glalcgistone:  Proglacial zone- Core/micro imaging (Bennett et al., 199

are melted out from floating icebergs and droppeto the seabed/lake bottom. Other mechanisms imgud
plant root rafting and rock projectiles have beeggested as other possible transport mechanisrmghéyuare
likely to be of minor importance in the rock record

water terminating ice
sheet

logs

Heinrich Layers
(Ice rafted debris layers)

Terrigenous material deposited in marine/lacustcimeditions by melt out of sediments from icebef@sarse-
grained clastic layers encased in marine mudsnéeepreted as evidence of marine terminating ieesh
dynamics — massive calving and iceberg release.

Proglacial zone-water
terminating ice sheet

Core/micro imagin(

logs

(Bond et al., 1992; Hodell et al., 20

Varves

(varvites)

Alternating layers of light and dark coloured clayssilts deposited in quiescent conditions in@gjacial
lake/sea. Dark laminae are seasonal, associathgeitods of low oxygen levels when ice coverslaie/sea.
Lighter colour laminae are linked to oxygenatedtmater water influx during spring and summer mon@an

develop in non-glacial conditions too.

Proglacial zone

Core/micro imagint
logs

(Evans and Thomson, 2010; Gold, 2009; Powell
Cooper, 2002)

1905
1906

1907
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A novel conceptual model for the distribution of glaciogenic reservoirs
First-pass interpretation tool for complex glaciogenic sequences

Ice margin position controlling reservoir quality

Identification of landforms and sediments crucial to reservoir predictability
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