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PROGRAMME 
Tuesday 1 December 

08:30 Registration and Coffee 
  

09.00 Welcome and Opening 

 Session One: Pre-Cambrian Glaciations and Hydrocarbon Systems 
 

09:10 Keynote: J. Craig (Eni) 
Precambrian Glaciations and the Earth's Oldest Petroleum System 

09:50 A. Frischbutter (Wintershall Holding AG) 
New Evidence for Marinoan and Hirnantian Glaciation Events and the Significance for 
Hydrocarbon Potential in the Northern Taoudeni Basin, Mauritania 

10:10 H. Jaeger (University of Heidelberg) 
Hydrocarbon Source Rock Potential of Neoproterozoic Glacial Deposits in Namibia - 
Preglacial Versus Postglacial Source Rocks 

10:30 Coffee and Poster Session 
 

 Session Two: European Pleistocene Glaciations: Onshore 
 

10.50 Keynote: J. Ehlers (Geologisches Landesamt) 
Buried Channels in the Pleistocene of NW Europe 

11:30 G. Boulton (University of Edinburgh) 
Hydraulic Systems Beneath Modern and Ancient Glaciers 

12.00 J. Piotrowski (University of Aarhus) 
Interactions Between Groundwater Flow, Ice Sheet Dynamics and Landforming Processes 
Beneath the Odra Ice Lobe, Central European Lowland 

12:20 S. Pedersen (Geological Survey of Denmark and Greenland) 
Glaciodynamic Sequence Stratigraphy - Exemplified by Pleistocene Settings in Denmark  

12.40 J. Winsemann (Leibniz Universität) 
Sedimentary Facies and Depositional Architecture of a Middle Pleistocene Subaqueous Ice-
Contact Fan, Glacial Lake Weser, North-West Germany 

13:00 Lunch 
 

 Session Three: North African Ordovicium 
 

13.50 Keynote: D. Le Heron (Royal Holloway, University of London) 
Outcrop Analogues of Glaciogenic Reservoirs From North Africa: New Results From Al 
Kufrah Basin 

14:30 W. Kouwe (Wintershall) 
Paleozoic glacially influenced deposition and deformation in the Kufra Basin, Southeast 
Libya - new insights from recent exploration efforts. 
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14:50 J. Hirst (BP Exploration) 
1 Sandstone Body Geometries Within the Ordovician Pro-Glacial Succession of Algeria – 

Examples of Density Flow Processes and Products in Outcrop and Subsurface  

15.10 S. Rousse (Beicip-Franlab) 
Sedimentology and Stratigraphic Architecture of Late Ordovician Syn-Glacial Strata from 
the Tiguentourine Field (Illizi Basin, Algeria) 

15:30 Coffee and Poster Session 
 

 Session Four: Modern Analogues for Ancient Glaciations 
 

16.00 A. Russell (Newcastle University) 
Controls on the Sedimentary Architecture and Heterogeneity of a Large-Scale Glacial 
Outwash System: Skeiðarársandur, Iceland 

16:20 M. Hambrey (Aberystwyth University) 
In Search of Modern Analogues for Neoproterozoic Glacial Systems 

16:40 Keynote: A. Moscariello (SGS) 
The Glaciogenic Reservoir Analogue Studies Project: The Pleistocene Record ff NW 
Europe as an Analogue for the Ordovician System of North Africa 

17:20 Poster Presentations 

18.10 Posters and Wine Reception 

20.30 End of Day One 
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Wednesday 2 December 

08:30 Registration and Coffee 
  

 Session Five: Arabian Palaeozoic 
 

09:00 Keynote: J. Melvin (Saudi Aramco) 
Heterogeneity in Glaciogenic Reservoirs: Examples from the Ordovician and Permo-
Carboniferous of Saudi Arabia 

09:40 A. Moscariello (SGS) 
Ordovician Glaciation in the Rub ’al Khali, Saudi Arabia: Geology, Geophysics and 
Exploration Potential 

10:00 A. Howie (University of Durham) 
Linking Ordovician – Silurian “Hot” Black Shale Deposition in North Africa and Arabia to 
Deglaciation. 

10.20 A. Moscariello (SGS) 
The Late Ordovician Glaciation Record of SW Saudi Arabia: Sedimentology and 
Stratigraphy of the Sanamah Member (Wajid Sandstone Formation). 

10:40 Coffee and Posters 
 

 Session Six: Pleistocene Tunnel Valleys 
 

11:10 F. Jørgensen (GEUS) & P. Sandersen (Grontmij)  
3D Electromagnetic Groundwater Mapping – New Contributions to the Glacial Geology in  
Denmark 

11:30 T. Andersen (University of Aarhus) 
Seismic Characterization of Tunnel Valleys 

11.50 T. Kristensen (Ramboll Danmark A S) & M. Huuse (University of Manchester) 
Complex Erosion and Infill of Buried Pleistocene Tunnel Valleys and Associated Seismic 
Velocity Effects 

12:10 M. Stewart (Imperial College London) 
Buried Quaternary Tunnel Valleys in the Central North Sea. 

12.30 J. Moreau (University of Aberdeen) 
Stratigraphic architecture of the Southern North Sea tunnel valleys 

12:50 Lunch 
 

 Session Seven: Pleistocene Shelf Systems 
 

13.40 J. Scourse (Bangor University) 
Celtic Sea Linear Tidal Sand Ridges, The Irish Sea Ice Stream and the Fleuve Manche: 
Palaeotidal Modelling of a Glacially-Influenced Transitional Passive Margin Depositional 
System 
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14:00 D. Praeg (OGS) 
A Subglacial Meltwater Drainage Pathway Across the Celtic Sea Continental Shelf? First 
Results from the IPY GLAMAR Campaign 

14:20 M. Munro-Stasiuk (Kent State University) 
Subsurface configuration of jökulhlaup-induced hydrofractures and water-escape structures 
derived from Ground Penetrating Radar (GPR), Skeidarársandur, Iceland. 

14.40 Coffee and Posters 
 

 Session Eight: Palaeozoic Glaciations and Hydrocarbon Systems 
 

15:00 Keynote: C. Fielding (University of Nebraska-Lincoln) 
The late Palaeozoic of eastern Australia: a review with emphasis on petroleum system 
elements 

15:20 J. Melvin & M. Miller (Saudi Aramco) 
Re-Advance, Retreat and Rebound: Stratigraphic Response of the Sarah Formation 
(Hawban and Baq’a Members) to the Demise of the Late Ordovician (Hirnantian) Glaciation 
in Central Saudi Arabia 

16:00 A. Franco (REMSA) 
Challenges Exploring for Glaciogenic Ordovician Reservoirs in Murzuq Basin, Libya. 

16:20 B. Roome (BP Exploration) 
An Integrated Exploration story from the Cambro-Ordovician of the Illizi Basin, Algeria  

16.40 Conference Close 
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Poster Programme 
 

T. Andersen (University of Aarhus) 
Groundwater Flow and Recharge in Complex Tunnel Valley Systems 

F. Bache (Université Pierre Et Marie Curie) 
Sedimentary Recording of the Carboniferous Glaciation in the Chaco Foreland Basin, 
Bolivia. 

C. Brandes (Leibniz Universität) 
Deformation Bands in Unconsolidated Pleistocene Sediments 

T. Frank (University of Nebraska-Lincoln) 
Mechanisms and Timing of Diagenesis in Polar Glacimarine Depositional Systems:  Insights 
from Pore Water and Sediment Geochemistry of the AND-2A Drillcore, Victoria Land Basin, 
Antarctica 

O. Reynolds (Wintershall Holding AG) 
Marinoan and Hirnantian Glaciations, Mauritania 

M. Huuse (University of Manchester) 
Seismic Images of Glaciogenic Structures and Deposits Offshore NW Europe 

D. Irving (University of Manchester) 
3D Seismic Imaging of Early Pleistocene Ice Stream Scours in the Moray Firth, NW North 
Sea 

A. Janszen (Delft University of Technology) 
Sedimentological Architecture of Tunnel Valley Infill in Hamburg (NW Germany) 

T. Laier (Geological Survey of Denmark and Greenland) 
Past Exploitation of Glaciogenic Gas Reservoirs Sourced by Pleistocene Marine Clays in 
Northern Denmark. 

J. Lang (Leibniz Universität) 
Facies Characteristics and Depositional Architecture of Upper Ordovician Glacimarine Fan 
Systems, Illizi Basin, Algeria 

K. Leszczynska (University of Cambridge) 

Pleistocene Glacigenic Deposits of the Danbury-Tiptree Ridge, Essex, England 

R. Lutz (BGR) 
Geometry and Morphology of Pleistocene Tunnel Valleys in The German North Sea 

J. Martin 
Glacial to Post-Glacial Epicontinental Sedimentary Environments: The Early Permian Grant 
Group, Canning Basin, Western Australia 

A. Moscariello (SGS) 
Sedimentology and Internal Architecture of the Pleistocene Petit-Lac Tunnel Valley (Lake 
Geneva, Switzerland) 

J. Piotrowski (University of Aarhus) 
Erosional Bedforms Produced by Longitudinal Vortices in Subglacial Meltwater Flows: 
Enigmatic Landforms on the Dobrzyn Moraine Plateau, Poland 
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P. Sandersen (Grontmij) 
Substratum Control on Tunnel Valley Formation in Denmark 

P. van der Vegt (University of Cambridge) 
Glacial Sedimentary Systems and Tunnel Valleys of East Anglia, England. 

T. Vilhemsen (University of Aarhus) 
On The Importance of Using Local Grid Refinement in a Regional Scale Groundwater Model 
Covering a Complex Buried Valley Aquifer System 

J. Winsemann (Leibniz Universität) 
Sedimentary Facies and Depositional Architecture of a Middle Pleistocene Subaqueous Ice-
Contact Fan, Glacial Lake Weser, North-West Germany 
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Precambrian Glaciations and the Earth‟s Oldest Petroleum Systems 
 
J. Craig, Eni Exploration and Production Division, Milan, Italy 
 
In collaboration with 
 
D. Le Heron

1
, J. Thurow

2
, B. Thusu

2
 

 
1
Royal Holloway, University of London 

2
MPRG, University College London 

 
 

For the last 1 billion years the Earth has experienced alternating periods of 
„greenhouse‟ and „icehouse‟ climate. The Late Precambrian and Phanerozoic global 
climate record appears to be cyclical, with periods of „greenhouse‟ climate lasting 
some 250 million years and intervening „icehouse‟ periods lasting around 100 million 
years. There is a strong correlation between global climate, sea level and the 
distribution of the world‟s major petroleum source rocks through Phanerozoic time. The 
richest source rocks were deposited either during periods of high global sea level (e.g. 
Late Jurassic, Cretaceous) or immediately following periods of global glaciation (e.g. 
Early Silurian). The implication of this is that the deposition of many of the world‟s 
major petroleum source rocks during the Phanerozoic was intimately linked to periods 
of marine transgression and that many of these transgressions are glacially driven.  
The situation earlier in geological time is less clear, but it would seem logical to test 
whether the global climate, sea level and source rock deposition relationships 
observed in the Phanerozoic record also occur during the Precambrian.. 
                                                                                                           
 The Neoproterozoic Eon, stretching from 1000 Ma to the base of the Cambrian at 542 
Ma, is relatively poorly known from a petroleum perspective, despite the existence of 
potential, proven or producing plays in many parts of the world.. 
 

 
 

Figure 1: Late Mesoproterozoic and Neoproterozoic –Early Cambrian („Infracambrian‟) 
Petroleum Systems of the World 

 
It was a period of massive atmospheric, climatic and tectonic change, dominated by 
the “freeze-fry” cycles of the Cryogenian (850-630 Ma) “Snowball Earth” glaciations. 
Evolution studies suggest that these extreme climatic variations were ultimately 
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responsible for the emergence of the first recognisable animal life around 600 Ma 
during the Ediacaran (630 Ma – 542 Ma) and, in turn, for the eventual explosion of life 
forms that occurred in the latest Neoproterozoic and Early Cambrian. Two main 
phases of Neoproterozoic glaciation are recognised and are referred to as the older (or 
„Sturtian‟) and Younger (or „Marinoan‟) glaciations, respectively.   
 
Many Neoproterozoic to Early Cambrian hydrocarbon plays depend on the presence of 
prolific Precambrian source rocks. There is increasing evidence that deposition of 
many of these organic-rich units was triggered by strong post-glacial sea level rise on 
a global scale, following the “Snowball Earth” type glaciations, coupled, in some areas 
at least, with basin development and rifting on a more local scale. 
 
 
 

 
 

Figure 2: Neoproterozoic Timescale and Key Tectonic Events 

 
 
Precambrian successions in northern and western Africa, the Middle East and the 
Indian Subcontinent are now emerging as important hydrocarbon exploration targets, 
with proven petroleum systems in several areas. Recent fieldwork in the Taoudenni 
Basin in Mauritania, the Anti-Atlas region of Morocco, the Kufra Basin in Libya, the 
Nangaur-Ganganagar Basin in Rajasthan, the Son Valley in central India and the 
Himalaya foothills of northwest India has added substantially to our understanding of 
Precambrian reservoir, source and seal relationships. This work has confirmed the 
widespread presence of stromatolitic carbonate units of potential reservoir facies and 
black shales with potential source rock characteristics in many Mesoproterozoic and 
Neoproterozic successions. Further research is now underway to establish a robust 
chronostratigraphic framework for the Precambrian and Early Palaeozoic successions 
in these areas and to characterise the distribution, quality, kinetic parameters, 
biomarker characteristics and maturation history of the key source rock horizons, the 
controls on reservoir quality, the distribution and integrity of regional seals. 
 
The Late Ordovician-Early Silurian petroleum system in North Africa may be a good 
analogue for Precambrian glaciogenic reservoir and post-glacial source rock 
depositional systems. Neoproterozoic glaciogenic systems are characterised by 
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spatially complex, heterogeneous reservoir systems, probably controlled by the 
distribution of highly-erosive ice-streams and associated ice-grounding lines. Like their 
Late Ordovician counterparts, they probably also contain a complex, but organised, 
distribution of glacial landforms including sub-glacial tunnel valleys, lateral and terminal 
moraines, streamlined bedforms and sub-glacial and intra-sediment striated surfaces; 
and exhibit multiple phases of glacial advance and retreat, with associated sediment 
packages, separated by prominent erosion surfaces. Analogy with the Early Silurian 
post-glacial system would  suggest that the deposition of post-glacial, transgressive 
sequences in the Neoproterozoic is likely to be strongly controlled by remnant glacial 
topography (locally accentuated or ameliorated by post-glacial isostatic rebound), with 
a locally “patchy” distribution of organic-rich source rock in topographic palaeo-lows 
and with progressive onlap of palaeo-highs during continued post-glacial 
transgression. 
 
Further investigations of Neoproterozoic black, organic-rich shales are still needed to 
better understand their relationship with global scale glaciations. High resolution 
biostratigraphic, isotopic and other palaeo-temperature proxy records need to be 
established for suitable type sections and constrained, where possible, with absolute 
radiometric dates, so that the timing of organic-rich shale deposition can be 
determined with precision and placed within the Neoproterozoic climatic context.                                      
Knowledge of  Neoproterozoic successions and  their associated petroleum systems is 
already improving rapidly and there is a widespread and growing perception that they  
will form an increasingly important target for hydrocarbon exploration in the future.. 
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New Evidence for Marinoan and Hirnantian Glaciation Events and the 
Significance for Hydrocarbon Potential in the Northern Taoudeni Basin, 
Mauritania 
 
A. Frischbutter

1
, Y. Callec

2
, O. Reynolds

1
,
 
O. Serrano

2 

 
1
Wintershall Holding AG 

2
BRGM 

 

Throughout the Wintershall & BRGM campaign in 2007, conducted at the beginning of 
the 1st exploration phase for the Wintershall acreage Ta 5 & Ta 6 (68000 km²) 
extensive field mapping and shallow continuous coring led to the identification of 
stratigraphical records of the Neoproterozoic Marinoan and the Palaeozoic Hirnantian 
glacial episodes. 
  
The late Cryogenian Marinoan event (633 +/-1 Ma) is recorded by the Jbeliat Group 
comprised of diamictites including large boulders of granitic basement and lacustrine 
pelites. The preserved thickness of the Jbeliat Group sedimentary succession varies 
between 0 and 50m, depending on palaeomorphological variations. Glacial striation 
features, related to ice and ground moraine flow could be observed on top of the partly 
eroded El Mreiti Group, demonstrating a southerly advance of ice sheets. The post-
glacial sea level rise led to the deposition of the lowermost unit of the Azlaf Group, the 
baritic dolomites regarded as Cap Carbonate (5 – 10m thick). The Cap Carbonate is 
overlain by pelitic series (Azlaf Gp.) with intercalated tuffaceous layers at the bottom, 
which have been dated with volcanic zircons at 625 +/- 8 Ma. 
 
TOC values have been measured at the lowermost section of the Azlaf pelites, as they 
were considered as a potential analogue to the Silurian “Hot Shale” associated with the 
late Hirnantian deglaciation. The TOC values measured were negligible, which implies 
that the source rock potential of the lowermost Azlaf Group could not be proven. 
 
The Hirnantian glacial episode is recorded by the Tichit Group. A clear erosional 
unconformity between the underlying Cambro/Ordovician Erg Chech Group with 
incised valleys (15km*10km*30m) has been mapped. The Tichit Group in the study 
area shows a preserved thickness of up to 40m, depending on palaeomorphological 
variations of incised valley floors with local sedimentary dykes and its subsequent 
glacial infill. The sequence is characterized by coarse to conglomeratic clastics 
including a few large erratic boulders which have been transported towards northerly 
directions.  
 
As an analogue to the highly productive lowermost Llandovery (Rhuddanian) “Hot 
Shales” in the North African Palaeozoic basins, the hydrocarbon potential of the 
Silurian succession in the study area has been assessed on shallow well core 
samples. The source rock potential in the evaluated Silurian section is very low. Dating 
on graptolites revealed only Mid-Llandoverian to Wenlockian ages, which potentially 
could explain the lack of source rock potential.   
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 Hydrocarbon Source Rock Potential of Neoproterozoic Glacial Deposits in 
Namibia - Preglacial Versus Postglacial Source Rocks 
 
H. Jäger, T. Bechstädt, GeoResources Steinbeis-TransferCentre, University of Heidelberg, Im 
Neuenheimer Feld 234, 69120 Heidelberg, Germany.   

 
Neoproterozoic petroleum systems are still little known. Generally post-glacial 
highstand deposits are seen as major source rocks for these ‟Infracambrian‟ petroleum 
systems. Analogue to the deposition of Silurian black-shales following the late 
Ordovician glaciation as a major source rock interval in Northern Africa, organic-rich 
deposits during the massive rise of sea level following “Snowball Earth” are seen as 
major source rock units along Northern Gondwana from Northern Africa to India and 
Australia.  
 
In northern Namibia, on the shelf of the southern margin of the Congo craton, different 
subbbasins developed before, during and after the „Marinoan‟ glaciation, due to 
repeated tensional activity. The postglacial sea-level rise, most probably accompanied 
by restricted circulation, widely flooded the newly formed relief (shelf and subbasins) 
and led to the deposition of organic-rich shaly limestones. But also during preglacial 
times basin developement led to the deposition of organic-rich carbonates, assuming 
high HC source rock potential.  
 
The study covers continuous successions from the preglacial Auros Fm. through the 
synglacial Ghaub Fm. to the postglacial Maieberg Fm. in different shelf to basin 
positions. Apart from the Ghaub diamictites, the whole sucession is composed of 
mainly dark, organic-rich, micritic carbonate shelf deposits. Source rock analysis is 
focused on the quantity and the quality of organic matter, based on the compostion of 
the kerogen (organofacies analysis) and organic maturation. Comparing hydrocarbon 
source rock characteristics and prospectivity of pre- and postglacial Neoproterozoic 
deposits in Namibia shows, that under certain conditions HC source rock potential is 
even higher in preglacial than in postglacial successions. Therefore the well exposed 
carbonate sucessions of ‟Marinoan‟ pre- to postglacial deposits in northern Namibia 
represent a good outcrop analogue for both, preglacial and postglacial source rocks of 
glaciogenic petroleum systems in the Neoproterozoic worldwide. 
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Buried Channels in the Pleistocene of NW Europe 
 
J. Ehlers, Geologisches Landesamt, Billstr. 84. 20539 Hamburg, Germany 

 
The southern marginal area of the North European glaciations is characterised by a 
network of deep buried channels, which are often interconnected. In most cases, the 
channels seem to spread radially from the centres of glaciation towards the former ice 
margins (Kristensen et al., 2007). It is generally assumed that they were formed by 
subglacial meltwater incision, in some cases combined with direct glacial erosion. They 
are often referred to as „buried valleys‟, but they differ from true valleys in not having a 
unidirectionally sloping thalweg. In North Germany the deep buried channels are all 
attributed to the Elsterian Glaciation. They do not extend to the outermost Elsterian ice 
margin but end at a line Diepholz - Nienburg - Celle (Kuster & Meyer, 1979). 
Equivalent features are found in the Netherlands (Kluiving et al., 2003; Bakker et al., 
2006), in Denmark (Jørgensen et al., 2006), and at the bottom of the North Sea, where 
the deep channels are not limited to the Elsterian (Praeg, 2003). As their infill consists 
largely of sands, they are important aquifers. 
 
The intensity of channel formation varied through space and time during all ice ages. 
Yet these differences do not apply everywhere. Seismic investigations in the North Sea 
have revealed at least seven different generations of buried channels. In the BurVal 
project, geologists from Denmark, the Netherlands and North Germany worked 
together to improve the understanding of those features. various geological and 
geophysical methods were tested, and 3D modelling was used to improve the 
understanding of the irregularly shaped buried channels (BurVal Working Group, 
2006). 
 
Although on land a regular U-shaped profile has generally been suggested for the 
reconstruction of Elsterian channels, evaluation of seismic profiles from the North Sea 
shows this form is rather the exception. Only about one third of the deep incisions have 
a simple U-profile, whereas the rest shows much more complicated cross profiles 
(Ehlers & Linke, 1989). Detailed seismic investigations have shown that channels often 
consist of a system of parallel incisions. This indicates that the channels were not 
generated in a single process, but through a sequence of several similar events. 
Occasional reactivations of old, abandoned channels during later glaciations are 
known. The shape of the channels, with their local overdeepenings and irregularities of 
profile, definitely excludes extra-glacial formation, such as river valleys. In most 
examples subglacial meltwater erosion was the main force behind the channel 
formation. 
 
When the Elsterian ice melted, large proglacial lakes formed in the channel segments 
that were still open. Silt and clay were deposited, the so-called Lauenburg Clay in 
Germany (potklei in the Netherlands). This lacustrine deposit can reach a thickness of 
over 150 m. Its facies reflects the gradual decay of the Elsterian ice sheet. Whilst the 
lower parts of the deposit tend to be sandy and rich in dropstones, the upper parts are 
increasingly better sorted and may show distinct layering. In a core drilling at 
Hamburg-Dockenhuden about 2000 such layers were counted. If the layers reflect 
annual cycles, deposition of the Lauenburg Clay must have taken over two thousand 
years. 
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Hydraulic Systems Beneath Modern and Ancient Glaciers 
 
G. Boulton, School of Geosciences, University of Edinburgh, Grant Institute, Kings Buildings, 
Edinburgh EH9 3JW 

 
The effective pressure conditions at the ice-bed interface, and their evolution through 
time, are the drivers for subglacial fluid flow, whether in relatively shallow groundwater 
systems, or in deep groundwater and/or hydrocarbon systems. The results of drilling 
and monitoring of water pressures beneath modern glaciers shows how channel 
drainage systems at the ice-bed interface vary seasonally, how their distribution is 
coupled to flow in relatively shallow subglacial aquifers and how can create esker 
systems and tunnel valleys, 
 
Such groundwater flow is an important means whereby basal meltwater and surface 
water penetrating to the bed of a glacier are scavenged by longitudinal subglacial 
streams before being discharged from beneath the glacier.  This creates a distinctive 
structure to the groundwater system, analogous in form to that of the water table in 
hilly, temperature, non-glaciated regions, with the groundwater head determined by 
glacier and hydrogeologic characteristics, which evolves rapidly as the glacier 
advances and retreats, in contrast to relatively stable patterns of head forcing in non-
glacial terrains. 
 
The hydraulic state at the ice-bed interface is also the key determinant of coupling 
between the glacier and its bed, which determines a large part of the glacier dynamic 
regime, including the basal shear stress and velocity distribution and the tendency to 
create ice streams within an ice sheet. Because of this coupling, it is also the principle 
determinant of the processes of sediment production at the ice-bed interface. It is 
important that these links between dynamics and sediment character are understood in 
interpreting ancient glacial sediments. 
 
It is suggested that the large-scale organisation of hydraulic systems beneath former 
ice sheets can be deduced from the patterns of landforms and sediments revealed on 
palaeo-glacial surfaces. These patterns can also be used in modelling palaeo-glacial 
and palaeo-hydraulic states. Examples are given from the area of the last ice sheet in 
Europe.  
 
Modelling is also presented of the interaction between ice sheets and permafrost in 
influencing the evolution of groundwater systems, the behaviour of subglacial fluid 
systems at depths greater than 1km, and the relaxation times of deep fluid systems to 
glacial variations. Such variations also have an impact on groundwater geochemistry. 
Observations are presented of patterns of carbonate dissolution and precipitation and 
how these relate to variations in the fluid pressure regime. 
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Interactions Between Groundwater Flow, Ice Sheet Dynamics and Landforming 
Processes Beneath the Odra Ice Lobe, Central European Lowland 
 
J. A. Piotrowski

1
, P. Hermanowski

2
, A. Piotrowski

3
,  

 

1
Department of Earth Sciences, University of Aarhus, C.F. Moellers Alle 4, DK-8000 Aarhus, 

Denmark, and Department of Geography, University of Sheffield, Winter Street, Sheffield S10 
2TN, UK 
2
Department of Geomorphology, University of Silesia, Bedzinska 60, 

PL-41-200 Sosnowiec, Poland 
3
Polish Geological Survey, Wieniawskiego 20, PL-71-130 Szczecin, Poland 

 
During the Last Glaciation, areas at the southern periphery of the Scandinavian Ice 
Sheet witnessed non-synchronous development of multiple lobes (possibly terminal 
parts of ice streams) that projected tens of km beyond the main ice margin. Each of 
these lobes can be considered as largely stand-alone palaeoglaciologic system 
influenced by local parameters such as bed morphology, hydrogeology and rheology 
with one central factor being the capacity of the substratum to evacuate meltwater from 
the ice/bed interface (IBI) which controls basal coupling and the ice movement 
mechanism.  
 
We have studied one of these major ice lobes, the Odra lobe which during the Last 
Glacial Maximum occupied an area of over 18,000 km2 in NW Poland and NE 
Germany. The area is characterized by a distinct set of subglacial landforms including 
tunnel valleys, drumlins, and eskers. We have conducted a series of steady-state and 
time-dependent 3D numerical experiments on the subglacial groundwater flow to 
constrain the interactions between ice, water and sediment under this lobe. The model 
simulates (1) groundwater flow in 35 time steps corresponding to different positions of 
the advancing ice margin, and (2) interaction between groundwater and subglacial 
channels (tunnel valleys).  
 
The model shows a complete re-organization of groundwater flow under the ice sheet 
and some distance in front of it in relation to a non-glacial time with a reversal of the 
main flow direction, deeper penetration and higher flow velocities. Low conductivity of 
the bed allows only a fraction of the basal meltwater to drain into the bed and areas 
exist with groundwater upwelling to the ice sole.  
 
Using a multi-proxy approach involving palaeoglaciological assumptions coupled with 
the interpretation of the landscape and deposits, and numerical modelling we attempt 
to constrain the behaviour of the Odra lobe. We suggest that at an early stage of ice 
advance a distributed, low-capacity subglacial drainage dominated and the surplus of 
water at IBI facilitated fast ice flow by some combination of basal sliding and sediment 
deformation leading to the formation of drumlins. Driven mainly by the sloping ice 
surface, the first-order groundwater flow direction was towards the ice margin. At a 
later stage, subglacial channels formed to evacuate the water surplus from the IBI 
which triggered a renewed re-organization of groundwater flow. The channels now 
served as discharge areas for the groundwater causing a formation of multiple second-
order catchments transient in time and space collecting groundwater before it reached 
the ice margin (Fig. 1). Since the tunnel valleys post-date the formation of subglacial 
landforms indicative of fast ice flow, we suggest that the ice streaming was terminated 
by rapid drainage of large volumes of meltwater from the ice sole through the network 
of channels now visible in the landscape as tunnel valleys.  
 
Spatial relations between the tunnel valleys and the hydrogeological characteristics of 
the bed indicate that subglacial channels preferentially formed where the hydraulic 
transmissivity of the bed (i.e. its capacity to evacuate water from IBI) was low. In these 
areas, due to high pressure gradients, sediment injection into the channels and thus 
high erosion rates were particularly likely. This study emphasizes the importance of 
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meltwater drainage through the substratum as a parameter influencing ice sheet 
behaviour and its interaction with the bed. 
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Glaciodynamic Sequence Stratigraphy – Exemplified by Pleistocene Settings in 
Denmark 
 
S.A. S. Pedersen, Geological Survey of Denmark and Greenland, Geocenter Copenhagen, 
Øster Voldgade 10, DK 1350 Copenhagen K 

 
The ice advance events have traditionally been based on the litho-stratigraphy of the 
till deposits. In general these deposits vary in thickness from one to five meters and 
they are recognisable markerbeds for the stratigraphic correlation. However, the 
glaciofluvial deposits are by volume much more significant with a thickness three to 
five times the thickness of the till beds. The sand and gravel lithology of glaciofluvial 
successions makes them the obvious target for groundwater as well as hydrocarbon 
reservoir exploration. 
    
The dominant glaciofluvial units are related to a proglacial setting in the foreland of a 
prograding ice margin. The consequence of this depositional dynamic is a coarsening 
upwards sequence with fine-grained beds at the base and glaciofluvial gravel and 
even boulder beds at the top of the unit. In a complete sequence a till caps the unit. At 
the base of the till a glacitectonite represents the deformational layer below the ice 
stream and its lodgement till. This thin horizon, 0,1–1 m in thickness, is formed by 
shear deformation, and it is also referred to as a glaciotectonic unconformity. The ideal 
succession including glaciolacustrine and glaciofluvial deposits overlain by a till, which 
due to dynamic features can be related to the same glacial advance is regarded as the 
lithological elements in a glaciodynamic sequence. The creation of a glaciodynamic 
sequence is referred to as a glaciodynamic event.  
 
The glacitectonite is not the only type of deformation included in the glaciodynamic 
event. Proglacial glaciotectonic deformation of the glaciofluvial unit, as well as earlier 
sediments (Quaternary or older origin) is a characteristic part of the glaciodynamic 
sequence (Pedersen 1993, 2005). The deformation structures are described under the 
heading glaciotectonic complexes, the architecture of which can easily be compared to 
structures in mountain ranges, although smaller in scale still very impressive. The 
Danish Basin is well known for its abundance of glaciotectonic complexes of which 
Møns Klint is regarded as a classic type complex (Pedersen 2000, 2005). This 
complex as well as a dominant part of other complexes involves a pre-Quaternary 
sedimentary rock unit, which has been thrust up into an imbricate fan. During thrusting 
the propagation of ramps resulted in the formation of hanging-wall anticlines, and 
parallel ridges dominate the landscape after the ice has melted back.  
    
In a glacitectonic complex the geological elements can be listed, from the base to top: 
1) a tectonite at the base of the thrust sheets and duplexes related to brecciation and 
fracturing in the décollement zone, eventually including a hydrodynamic brecciation 
and mobilised mud diapirisme, 2) an allochtonuos unit of pre-Quaternary and/or pre-
glacial sedimentary rocks, 3) syn-glacial deposition of glaciofluvial and glaciolacustrine 
sediments, 4) a glacitectonic unconformity including a glacitectonite, and finally 5) a 
lodgement till (Pedersen, 2005). 
 
Examples of Pleistocene glaciodynamic sequences are well exposed along coastal 
cliffs Denmark. In general they are all related to glaciotectonic complexes. The most 
famous are Rubjerg Knude at Lønstrup, the mo-clay complexes in the western 
Limfjorden, the cross-section through the Main Stationary Line at Bovbjerg, the 
Ristinge Klint coastal cliff and the Møns Klint glaciotectonic complex.  
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High-Resolution Facies Architecture of a Proglacial Delta: An Integration of 
Outcrop Data and Shear Wave Seismics 
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The Middle Pleistocene Emme Delta formed on the northern margin of glacial Lake 
Weser, located in Northern Germany. The Emme delta is about 2 km long, 1.5 km wide 
and 70 m thick and was deposited on a concave, up to 13° steep dipping ramp 
surface. It has a stepped profile and consists of vertically and laterally stacked delta 
lobes, which formed during a long-term transgression, followed by a series of rapid 
high-amplitude lake-level falls. 
 
This study aims to contribute to a better understanding of the stratigraphic evolution, 
internal facies architecture and geomorphology of proglacial deltas controlled by rapid 
base-level change. The sediment injection point (glacier) was independent of the lake 
level and compaction and subsidence did not play a major role as deposition occurred 
within a short time span of a few hundred or thousand years. The Emme Delta 
therefore is an excellent field prototype to test results from flume tank experiments and 
numerical simulations. Shear-wave seismic data resolve architectural elements in the 
range of metres and bridge the common gap between outcrop and standard industrial 
seismic data. 
 
The early delta development is characterized by back-stepping delta lobes deposited 
during an overall lake-level rise in the range of 100 m. During rapid rates of lake-level 
rise a conical delta formed lacking a subaerial delta plane. The steepness of the slope 
resulted in failure and avalanches, leading to the formation of internal erosion surfaces 
and a common upslope pinch-out of beds. During slowing rates of lake-level rise or 
lake-level stillstands the growth of the subaqueous delta cone caused progressive 
shallowing, leading to the development of a short subaerial delta plain and Gilbert-type 
morphological zones with highly aggrading bottomset deposits.  
 
High rates and magnitudes of lake-level falls promoted the development of a single 
incised valley and the deposition of forced regressive delta lobes. During the first high-
magnitude fall (~40-60 m) the incised valley captured the sediment and focussed the 
sediment supply to coarse-grained forced regressive lobes in front of the incised 
fairway. Gravel lobes are underlain by thick climbing dunes assemblages, indicating 
major meltwater drainage events and deposition at the valley mouth under hydraulic 
jump conditions. The incised valley became filled during decreasing rates of lake-level 
fall and the subsequent lake-level stillstand, when delta lobe deposition in front of the 
valley led to a reduction of the local slope and increasing fluvial aggradation within the 
valley. During the second lake-level fall (~35 m) the valley incision was limited to the 
uppermost portion of the Emme Delta and the sediment was more uniformly supplied 
by shallow distributary channels over the older exposed delta plain. During a 
subsequent transgression (~35 m ) vertically aggrading delta lobes formed onlapping 
the older delta front and forming a continuous fringe of sandy lobe deposits. 
 
The final lake drainage was associated with the formation of long-wavelength (60-90 
m) erosional bedforms at the downslope end of a newly incised valley, attributed to the 
formation of highly erosive upstream migrating standing waves as a result of a 
hydraulic jump. 
 
Two different fault systems are developed within the delta complex, both showing syn-
sedimentary activity. The fault system in the upper part of the delta body is probably 
gravity induced and has the same pattern of slightly listric, synthetic and antithetic 



Glaciogenic Reservoirs and Hydrocarbon Systems 

 

December 2009  Page 23  

normal faults, like many other deltas. The faults are restricted to the delta body. In the 
centre and in the lower parts of the delta, however, normal faults originated in the 
underlying Jurassic rocks and penetrated the delta body. The trend of these faults 
follows extensional structures created by a Late Triassic to Early Jurassic deformation 
phase. We hypothese that these faults were reactivated during the Pleistocene by the 
advancing ice sheet, water and sediment loading.  
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Glacially-related sediments of Late Ordovician age are prolific hydrocarbon reservoirs 
in areas such as the Murzuq and Illizi basins of the central Sahara. In the eastern 
Sahara, provided that a working hydrocarbon system is found, Late Ordovician 
glaciogenic sediments are expected to be of at least equal significance within the 
frontier Al Kufrah Basin. In this paper, we present new field data from the flanks of Al 
Kufrah Basin that enable Late Ordovician glacially-related sediments of the Melaz 
Shuqran Formation and overlying Mamuniyat Formation to be characterised. The 
geometry and origins of architectural elements in these sediments is discussed, 
compared and contrasted with correlative glaciogenic reservoir analogues from 
selected study areas elsewhere in North Africa. Of major significance is the recognition 
and interpretation of unconformities which subdivide the glacially-related succession. 
Within a typical glacial sequence, a glacial erosion surface (GES) is overlain by 
retrogradational to aggradational packages of glaciogenic sediment, the character of 
which reflects both the nature of sediments entrained by the ice sheet and the rapidity 
of glacial recession. As in non-glacial successions, a maximum flooding surface (MFS) 
records maximum relative sea-levels, reached, most typically, in interglacials. During 
the initial phases of final deglaciation, a transgressive ravinement surface (TRS) 
defines the base of the post-glacial succession. 
 
In Al Kufrah Basin, outcrop data collected from the northern (Jabal az-Zalmah) and 
south-eastern (Jabal Azbah) regions indicate appreciably different depositional styles. 
In Jabal az-Zalmah, a major glacial topography was cut into interbedded tidal and 
fluvial sandstones of the Hawaz Formation (Mid Ordovician), probably by a fast-flowing 
ice stream, as ice sheets grew to their maximum position. In Jabal az-Zalmah, the 
overlying glacial series are highly heterogeneous. Following initial incision, a phase of 
retreat resulted in deposition of the lowermost sediments of the glacial series (green 
siltstone deposits and lonestones). Initially, deposition was restricted to the most 
deeply cut part of the palaeotopography but as time progressed, the palaeohighs were 
onlapped: hence, the deposits vary considerably in thickness (8-50 m). Above, 
coarsening-upward, climbing ripple cross-laminated and parallel-laminated sandstones 
that are interbedded by muddy diamictite horizons. Therefore, progradation of a river-
dominated but glacially-influenced delta system is envisaged. A soft-sediment, 
glacially-striated surface (GES) at the top of an interpreted delta mouth-bar deposit 
demonstrates that delta progradation occurred in tandem with renewed ice sheet 
growth across the region. Large-scale soft sediment deformation, including recumbent, 
chaotic folds, affecting the mouth bar sediments are interpreted as glaciotectonic 
structures that formed at a shallow marine ice margin. Diamictites and ice proximal 
sandstones seal the deformation and are overlain by a thin conglomerate (TRS 
deposits). These are themselves overlain by hummocky cross-stratified sandstones 
and interbedded siltstones of the Tannezuft Formation.  
 
In contrast, Late Ordovician glacially-related sediments at the SE flank of Al Kufrah 
Basin (Jabal Azbah) are much more sand-dominated. As in Jabal az-Zalmah, they rest 
unconformably upon Mid Ordovician braidplain and shallow marine sandstones of the 
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Hawaz Formation but in contrast, this contact is not characterised by appreciable 
incision and is best described as a channelised disconformity. This is interpreted as an 
initial GES. The glacially-related succession is characterised by a relatively constant 
thickness of 60-100 m over 80 km along strike from NNE to SSW, and is punctuated 
by a second GES that exhibits glacially-streamlined bedforms. This surface was 
produced by glacial re-advance. Below this surface, aggradational sandstones, 
together with channelised, mud-chip conglomerates, are interpreted as the underflow 
deposits of a laterally extensive outwash apron. Above this surface, fossiliferous cross-
bedded sandstones pass upward into (TRS) bioturbated sandstones and eventually 
distal turbidites of the Tannezuft Formation of early Silurian age. These are interpreted 
as ice contact fan deposits that became reworked upon final deglaciation of Al Kufrah 
Basin. 
 
Unlike other outcrop areas in western Libya, the glacially-related succession in the 
Jabal Azbah region shows a conspicuous absence of major incisions, such as tunnel 
valleys, which, at a global scale, form attractive reservoirs for both water and 
hydrocarbons in deposits of Late Ordovician, Carboniferous-Permian and Pleistocene 
age. Whilst their presence across the entirety of Al Kufrah Basin cannot be ruled out, 
investigations in the Jabal Azbah area emphasise a very extensive, linear apron of 
relatively homogeneous sandstone whose facies point to a line sourced rather than 
channelised meltwater system. Despite this, in most areas of North Africa studied thus 
far, the subglacial substrate is very similar, consisting of weakly lithified, Cambro-
Ordovician clastic sediments rather than crystalline basement. Thus, whilst from a 
hydrological perspective, the complete absence of tunnel valleys may at first seem 
surprising, it allows us to question whether tunnel valleys are fully representative of 
retreating, soft-bedded ice masses. 
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Paleozoic Glacially Influenced Deposition and Deformation in the Kufra Basin, 
Southeast Libya - New Insights From Recent Exploration Efforts. 
 
W.F.P. Kouw, M. Klitzsch, C. Lange, Wintershall – Libya, WILI P.O. Box 1040 20, D-34112 
Kassel, Germany 

 
In the Kufra Basin (SE Libya), exploration has thusfar mainly targeted Ordovician 
Glaciogenic sandstone reservoirs. As in other North African basings sealed and 
potentially charged by Silurian marine transgressive shales of the Tanezzuft 
Formation. Only 8 wells have been drilled to date, and these are clustered 
geographically in a small part of the 400,000 square km Kufra Basin. Therefore a large 
part of our understanding of the Kufra Basin geology comes from fieldwork carried out 
on Paleozoic outcrops on the fringes of the basin. 
 

 
 

Figure 1: Virtual 3D outcrop model of Jebel Asbah, SE Libya 

 
Wintershall‟s exploration team integrated a wide variety of data: vintage and new 
seismic and wells, but also various types of remote sensing data, studies on outcrops 
in the field and in high-resolution 3D virtual outcrop models). This has yielded a 
significantly improved understanding of depositional and syn-depositional glaciogenic 
deformation processes of the Late Ordovician glaciations and subsequent Early 
Silurian deglaciation, at scales ranging from outcrop- to basin-size. 
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Figure 2: Hybrid brittle and plastic glacial deformation in Memuniat Sandstones, Jebel 
Asbah, SE Libya 
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Sandstone Body Geometries Within the Ordovician Pro-Glacial Succession of 
Algeria – Examples of Density Flow Processes and Products in Outcrop and 
Subsurface  
 
J.P.P. Hirst, BP Exploration 

 
The Latest Ordovician glaciation resulted in a significant ice sheet covering a large part 
of North Africa and resulted in a major phase of glacial erosion. This glacial erosion 
formed the tunnel valleys that we see in the outcrops of the Tassili N‟Ajjer in SE 
Algeria today.  The syn-glacial succession has been investigated in detail in these 
outcrops. Tractional ice proximal deposits constitute part of the infill of the tunnel 
valleys although a bulk of the sedimentation which initially infills the tunnels, and 
eventually overtops them, comprises pro-glacial density flow deposits.  A range of 
debrite fabrics are recognised but equally important is the relatively well sorted 
sandstone facies which  constitute the unit known as the Gres A Rides (literally the 
„Rippled Sandstone Unit‟); this facies has been identified over extensive areas of the 
Tassili N‟Ajjer (Beuf et al. 1971). In reality the sedimentary structures are antidunes 
with wavelegths typicalluy of a 1 to 3m and amplitudes typically of 10 to 20cms (Hirst 
et al 2002). The flow direction of these bedforms can be deduced in rare instances 
where the antidunes break down to form „hump-back dunes‟, dunes with slip faces, or 
sometimes where ripples are interbedded with them.  The antidune stacks, which may 
be up to 5m thick, are interpreted as the product of high density turbidity flows. The 
thickness of the stacked bedforms suggests these high energy flows were relatively 
steady (consistent bedforms) and on occasions were of relatively long duration, 
possibly the product of outflows when subglacial lakes drained from beneath the ice. 
 
The syn-glacial isochore in the general area of the In Amenas field, some 200kn north 
of the outcrops, exhibits significant variation in thickness and tunnel valleys have been 
mapped out in this area.  Within these tunnel valleys, facies similar to those seen in the 
outcrops are observed in cores from the syn-glacial succession; these include the 
coarser, cross-bedded tractional sandstones, a range of debrite deposits and the 
better sorted sandstones which in some cores exhibit structures similar to the 
antidunes interpreted at outcrop.   In common with the outcrops these are also 
considered to be the deposits of high density turbidites and often they form good 
quality reservoir intervals.  Detailed mapping between wells of some of the turbiditic 
units in the upper part of the syn-glacial succession suggests they have a fan-like 
geometry which can be traced uptract to where flow becomes unconstrained by 
topography.  Analogous fan-like depositional geometries and sedimentary structures 
have been recorded from the Pleistocene of Germany (Hornung et al 2007) and these 
studies of the deposits from the recent glaciation support the interpretation of high 
energy sub-aqueous outflows depositing turbiditic fans in the In Amenas field. 
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In the Illizi Basin, SE Algeria, Cambro-Ordovician strata form economically important 
reservoirs. In this context, the Cambro-Ordovician succession of the Tiguentourine gas 
Field comprises pre-, syn- and post-glacial sediments. A detailed sedimentological 
analysis on Late Ordovician glaciogenic reservoirs was performed in the light of 22 
cored wells and extensive seismic survey. Aims of the study are to provide 
depositional model and resolve stratigraphic architecture of the glaciogenic complex by 
applying allostratigraphic concepts. 
 
Late Ordovician glacial episode leads to extensive ice-sheet growth at the scale of 
North-Gondwana platform. Ice-sheets development implies glacially-cut topographies 
(e.g. within pre-glacial substrate) ranging in scale from 100km wide mega-valleys, to 
less than 10 km wide (palaeo-valleys and/or tunnel valleys). 
 
Within these glacially-cut topographies (palaeo-valleys), deposition is there dominated 
by various glaciogenic processes ranging from sub-glacial to pro-glacial, in both 
marine and continental conditions, and associated glacio-tectonics.  
 
The application of allostratigraphic concepts on syn-glacial strata leads to the definition 
of glacial depositional sequences bounded by glacial erosion surfaces that can be 
traced at the field. Such defined sequences are erosionally based stratigraphic units 
that are thought to represent minor ice-sheet advance/retreat cycle, where deposition 
occurs mainly during ice-sheet retreat.   
 
Within syn-glacial succession two major glaciation cycles are recognized and 
correlated across the Tiguentourine Field. Each cycle involves complex stratigraphic 
architecture that reflects multiple phases of minor high-frequency ice advance/retreat.  
 
The resolved stratigraphic architecture indicate the development of heterogeneous 
reservoirs within each glacial sequence essentially formed by 2 end-members:  (1) 
discrete and high highly variable sandy sub-glacial facies, (2) extensive and correlative 
pro- to peri-glacial sandy outwash fan facies. 



Glaciogenic Reservoirs and Hydrocarbon Systems 

 

December 2009  Page 31  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Session Four: 
Modern Analogues for Ancient 

Glaciations 
 



Glaciogenic Reservoirs and Hydrocarbon Systems 

 

December 2009  Page 32  

Contemporary Glacial Environments as Analogues for Ancient Glacial Systems 
 

N. F. Glasser, M. J. Hambrey , Centre for Glaciology, Institute of Geography & Earth Sciences, 
Aberystwyth University, Aberystwyth, Ceredigion SY23 3DB 

 
The aim of this presentation is to outline how contemporary glacial environments can 
aid interpretation of the ancient geological record. Characterising glacial depositional 
regimes requires an understanding of glacier dynamics and the manner in which debris 
is entrained, modified during transport and deposited. Thermal regime, together with 
tectonic and topographic setting, determines the sediment/landform associations that 
are found.  
 
In this contribution we will present data from the range of terrestrial glacial sedimentary 
environments that are found on Earth today. The motivation is to identify a set of 
criteria that can be used to discriminate between different glacier thermal regimes and 
dynamic styles in the sedimentary record. Sedimentological data are presented from 
nine geographical areas that represent the entire range of thermal and dynamic 
regimes on Earth today, including polythermal valley glaciers in Svalbard, northern 
Sweden and the Antarctic Peninsula; temperate glaciers in the European Alps, 
Patagonia, New Zealand, the high Andes (Peru) and the Khumbu Himalaya (Nepal); 
and cold-based glaciers in Antarctica. The dominant sedimentary  facies in each 
environment are as follows: (i) in the highest mountains with temperate glaciers, 
sediments are dominated by huge supraglacial debris loads of angular boulder-gravel; 
(ii) in temperate alpine regimes, in addition to extensive supraglacially derived 
deposits, widespread rounded gravel of glaciofluvial origin is dominant: (iii) in 
polythermal glacial regimes the supraglacial load is small, and facies are dominated by 
diamicton, derived from direct deposition from the ice , and subrounded gravel of 
glaciofluvial origin; (iv) in cold polar regimes sandy boulder-gravel and sand, resulting 
from glaciotectonic reworking of weathered bedrock and aeolian processes 
respectively. Only in Regime (iii) are abundant „glacial‟ characteristics, such as striated 
and faceted clasts, and tills evident. In the other regimes „typical‟ glacial characteristics 
are often lacking. 
 
We also discuss the preservation potential of sedimentary facies associations in 
different contemporary glacial settings. Important factors include the nature and 
severity of periglacial and mass movement processes, as well as the role of fluvial 
activity in modifying and reworking sedimentary facies.  
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In Search of Modern Analogues for Neoproterozoic Glacial Systems 
 
M. J. Hambrey, N. F. Glasser, Centre for Glaciology, Institute of Geography & Earth Sciences, 
Aberystwyth University, Aberystwyth, Ceredigion SY23 3DB 

 
The aim of this presentation is to use our understanding of modern glacial 
environments to interpret the ancient geological record, focusing particularly on the 
Neoproterozoic glaciation of the Arctic region. Modern glacial environments have been 
the subject of intense study in recent decades, and the processes of deposition are 
generally well understood. However, glacial depositional systems in more remote or 
extreme environments remain to be fully characterised, including cold-arid, high 
mountain (Himalayan and Andean) and glaciomarine regimes.  
 
Characterising glacial depositional regimes requires an understanding of glacier 
dynamics and the manner in which debris is entrained, modified during flow and finally 
deposited (the subject of a companion paper by Glasser & Hambrey). Glacier thermal 
regime, together with tectonic and topographic setting, determines the nature of the 
sediment/landform associations. Associations with a strong glacial imprint (e.g. 
extensive diamicton, as in the high-Arctic) are associated with polythermal glaciers. A 
much less strong glacial imprint is found in the sediment/landform associations with 
alpine glacial systems (e.g. the Alps, Southern Alps of New Zealand, Alaskan fjords), 
where meltwater plays a dominant role in reworking glacigenic sediment. In extreme 
high altitude areas (Himalaya, tropical Andes) rockfall debris transported on the glacier 
surface is the dominant depositional product. Under the most extreme cold 
environments (represented by the Dry Valleys of Antarctica), the sediment/landform 
associations show little sign of a glacial imprint, the sediments being dominated by 
sand and gravel. 
 
For characterising Neoproterozoic glacigenic successions of the Arctic, where 
hundreds of metres of sediment have accumulated in ensialic basins, few good 
modern analogues are available in terms of tectonic and climatic setting, although 
modern studies do inform us about depositional mechanisms. The best analogue is the 
Cenozoic offshore record, recovered by drilling, along the western edge of the Ross 
Sea rift zone, bordering the rift shoulder of the Transantarctic Mountains. Here a 
combination of glaciomarine sedimentation and ice-grounding deposition has produced 
facies associations that bear a striking resemblance to the Neoproterozoic successions 
in Svalbard and East Greenland. Although, a polythermal glacial regime is envisaged 
for both regions, recent intriguing geochemical studies by Fairchild and colleagues 
indicate the possibility of a phase of frigid (or “Snowball Earth) glacial conditions in the 
middle of the Svalbard succession; this phase is reminiscent of modern cold-arid 
Antarctic conditions, in contrast to the Antarctic pre-Quaternary record which was 
substantially warmer than today‟s climate. Potentially, therefore, we have the 
opportunity of characterising the changing sedimentary regime through an 
hypothesised Snowball Earth cycle, i.e. from polythermal to cold and back to 
polythermal glaciation. 
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The Glaciogenic Reservoir Analogue Studies Project: The Pleistocene Record of 
NW Europe as an Analogue for the Ordovician System of North Africa 
 
A. Moscariello and the GRASP team 

 
Subglacial and proglacial can be considered amongst the most extreme sedimentary 
environments because of the large variety of energy and complexity of depositional 
processes and resulting architectures. These sedimentary environments are very 
sensitive to palaeo-ice sheet behavior and palaeoclimate evolution, and form very 
important reservoirs both for groundwater reserves in the Northern Hemisphere (e.g. 
North America, NW Europe) and hydrocarbons in several Palaeozoic basins in North 
Africa and the Middle East.   
 
Subglacial melt-water processes can incise large valleys below the ice-sheet. These 
features are so called tunnel valleys. The genesis of such complex subglacial features 
and associated processes and deposits still remains poorly understood and it poses 
lots of intriguing questions to the scientific community. At present-day, tunnel valleys 
are not observed forming at large scale. If we want to understand sedimentation in 
subglacial environments, it is therefore necessary to study the ancient deposits in the 
subsurface.  
 
Palaeozoic Glaciogenic sedimentary sequences of Ordovician age, often represented 
by tunnel valley fills, are key targets both for National Oil Companies and International 
Oil Companies ongoing exploration and developing efforts. However, seismic 
resolution often limits the understanding of glaciogenic deposits and related valleys 
distribution, 3D geometry and internal reservoir presence/distribution, thus increasing 
the risk associated with these plays. An analogue-based predictive stratigraphical and 
sedimentological model can therefore help to steer exploration strategy and reduce 
uncertainties and associated play risks.  
 
Several times during the Pleistocene, the northern hemisphere was covered with large 
and extensive ice-sheets. Below these ice-sheets large erosional scours tunnel valleys 
were formed. The remains of these systems can be found relatively close to surface in 
Northwestern Europe today. Furthermore, large amounts of seismic data from the 
North Sea, as well as on land borehole data are available from this part of the World. 
All this makes this an ideal area to test hypotheses and answer some of the 
longstanding questions associated with genesis and nature of glaciogenic sediments.  
 
The main objective of this integrated research project (GRASP) is to characterise 
tunnel valleys, valley fills and related glaciogenic deposits in order to provide 
 
1. Seismic facies and 3D architecture description of:  

 Infill and architecture.  
 Geometry, including width, depth, sinuosity, transversal and longitudinal 

profiles, aspect ratios (length/width, depth/width/length). 
 Areal patterns: orientation, branching patterns, spacing, termination.  

2. Increase our understanding of tunnel valleys:  
 Genesis (e.g. single vs. multi-phases). 
 Sedimentary processes. 
 Facies type and geometry. 
 Preservation potential. 
 Self-contained hydrocarbon systems including source, reservoir and seal. 

 
This contribution provides an overview of the GRASP results to date and outlines 
future research directions. 
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Heterogeneity in Glaciogenic Reservoirs: Examples from the Ordovician and 
Permo-Carboniferous of Saudi Arabia 
 
J. Melvin, Saudi Aramco, Box 12646, Dhahran 31311, Saudi Arabia 

 
Ongoing studies reveal that heterogeneities abound within the Paleozoic glaciogenic 
deposits of Saudi Arabia. These give rise to a complex reservoir architecture which 
derives from a large and disparate depositional facies mosaic that may be significantly 
further complicated (within syn-glacial deposits) by the effects of glacial tectonics, as 
well as extremely irregular bounding surfaces related to multiple phases of glacial 
advance and retreat. These heterogeneities give rise to real difficulties in predicting the 
occurrence of reservoir quality facies (at an Exploration scale), and may create 
problems of reservoir compartmentalization at the time of field development.   
 
During the Ordovician (Hirnantian) glaciation the initial glacial advance was manifest in 
widespread, extremely poorly sorted, boulder-bearing diamictites of the Zarqa 
Formation. These are non-reservoir rocks that sit upon a major unconformity. They 
show some evidence of being sub-glacial tillites and, in places a high degree of 
deformation.  They are overlain by sandstones and conglomerates of the Sarah 
Formation which commonly occur in elongate palaeovalleys that show evidence of  
having been glaciotectonically enhanced.. Significant differences between facies 
occurring within these palaeovalleys compared to their “interfluve” areas give rise to 
heterogeneity at the largest scale. “In-valley” deposits comprise a variety of 
depositional facies, many of which are of moderate to good reservoir quality.   They 
occur upon an irregular depositional surface, and consist of a variety of thin-, medium- 
and thick-bedded “turbidite” sandstones, as well as poor-quality diamictite facies. 
These facies are found in mutual juxtaposition within the paleovalleys, separated by 
glacially thrusted material that is ascribed to minor glacial re-advance during an overall 
glacial retreat phase. Evidence also exists within some palaeovalleys of major glacial 
re-advance, manifest in deformation of the earlier glacial retreat phase deposits. 
“Interfluve” facies appear to be of poorer quality, and related to retreat-phase diamictite 
facies. The terminal retreat phase of the Hirnantian glaciation is seen in upward-
coarsening depositional packages that display shallow marine affinities and are of only 
limited distribution. Some degree of isostatic rebound can be postulated in places to be 
associated with these terminal glacial facies. 
 
The Permo-Carboniferous lower Unayzah Formation is identified as being associated 
with the Late Paleozoic Gondwanan glaciation. It also sits upon a major unconformity 
but contains no evidence to date of any initial, major glacial advance diamictite facies 
(compared with the Ordovician Zarqa Formation).  Instead its lowermost member 
(Unayzah C) shows only limited depositional facies thought to have been laid down 
during phases of glacial retreat upon extensive glacio-fluvial outwash braidplains. The 
character of these deposits has been severely compromised by multiple, subsequent 
phases of glacial re-advance, with associated glacio-tectonic deformation. Thus in its 
present form the Unayzah C member is characterized by stacked units, many tens of 
feet thick, of commonly massive sandstones separated by distinctive shear zones that 
give rise to a significant element of compartmentalisation within these reservoirs. The 
terminal retreat phase of this late Paleozoic glaciation in Saudi Arabia (the Unayzah B 
member) is characterized by an extremely diverse suite of basin-central glacio-
lacustrine facies (including massive diamictites, stratified diamictites, sub-lacustrine 
gravity flows, and mudrocks with dropstones) with braided fluvial sands and gravels 
around the basin margins. These deposits all show evidence of continued and 
extensive glacial melting resulting ultimately in the formation of a severely flooded late-
glacial landscape dominated by extensive lakes. The end of the glaciation is marked 
by a very abrupt change in facies, interpreted as a massive drainage event.  
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Heterogeneity thus appears to be characteristic of glaciogenic deposits, whatever their 
age (and, probably, location). This intrinsic variability occurs over a range of scales, 
from regional to reservoir. It is the product not only of a wide range of syn- and late-
glacial depositional facies, but also of the effects of widespread syn-glacial 
deformation. The likelihood of such heterogeneity will significantly impact predictability 
of occurrence of attractive reservoir facies (in Exploration), as well as the likelihood of 
difficulties of reservoir compartmentalisation (in Reservoir Development).     
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Introduction 
 
The South Rub „al Khali Company Ltd is an Incorporated Joint Venture between Shell 
Saudi Ventures Limited (50%) and Saudi Arabian Oil Company (50%) and was set up 
in order to explore for non-associated gas in the South Rub „al Khali Basin as part of 
the Natural Gas Initiative in the Kingdom of Saudi Arabia. To achieve its commitments, 
SRAK has employed a play-based rather than prospect-based exploration strategy. 
Framework studies to identify and define hydrocarbon systems combine regional 
geological models with well and 2D seismic data calibrated to outcrops and modern 
analogues. Three exploration wells have been drilled in SRAK‟s Contract Area 2 (CA2) 
and all have penetrated Upper Ordovician Sarah Formation glaciogenic sandstone 
successions as a primary reservoir target. The limited number of Ordovician 
penetrations presents a major challenge as well as an exploration opportunity. Wells 
are typically hundreds of kilometres apart and seismic data is critical to understanding 
the geology between them. This paper focuses on the geological & geophysical 
understanding of the Upper Ordovician „Glacial‟ play in the South Rub 'al Khali region 
of Saudi Arabia. 
 
Play Concept 
 
The Sarah Formation sits within the Upper Ordovician to Upper Devonian 
Megasequence that comprises thick siliciclastic sediments deposited above the 
Ordovician glacial unconformity / incision surface, and below the Mid Carboniferous 
unconformity (early Hercynian movement). The Upper Ordovician - Silurian succession 
is represented by the glacial and peri-glacial deposits (ice melting phases) of the 
Sarah, which record the relatively short-lived Ashgillian glaciation of Gondwana, and 
by the overlying marine facies of the Qalibah Formation including the Qusaiba Member 
shales. The Ordovician „Glacial‟ Play includes both four-way structural dip closes and 
three-way fault traps. Reservoir comprises glaciogenic sandstones of the Sarah and 
the seal is Qusaiba Member shale including the “Hot Shale” source rock. Additional 
seals may be present in the form of a tight diamictite facies sometimes present at the 
top of the Sarah. The geological model requires downward charge from the “Hot 
Shale” and/ or lateral charge into buried Sarah highs (the „Buried Hill‟ model). Critical 
to the play concept is the understanding of the diamictite distribution and its role in 
blocking downward charge from the Qusaiba. 
 
Regional Geology 
 
During the Late Ordovician, the Arabian plate had drifted towards high southerly 
latitudes and an ice sheet covered most of the African platform and western and 
southern Arabia. Sedimentological and isotopic data has defined two major ice 
advances, with an intervening period of glacial withdrawal (i.e., an inter-glacial period). 
A similar subdivision is seen from core, borehole images, and wireline logs in CA2 and 
adjacent areas. Specifically, an initial glacial sequence of diamictites and glacio-
tectonic deformation, similar to the Zarqa “Formation” facies in northwestern Saudi 
Arabia, has been identified. A middle sandstone-rich unit of interglacial, glacio-fluvial, 
and/or proglacial deltaic deposits represents a possible maximum flooding surface and 
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is capped by a tight diamictite or contorted interval interpreted as the Hawban Member 
of the Sarah. The overlying Qalibah marine succession begins with the wave-
dominated shallow marine Baq‟a Member representing the onset of a transgressive 
system tract. Above, the Qusaiba Member comprises marine deposits with the “Base 
Qusaiba Hot Shale” recording maximum transgression. This “Hot Shale” forms the 
prolific source rock of all Palaeozoic hydrocarbon accumulations of Saudi Arabia. 
Storm-dominated regressive deposits of the remainder of the Qusaiba section overlie 
the “Hot Shale.”  
 
The regional palaeogeography of the Sarah remains difficult to map for the South Rub‟ 
al Khali region. The “typical” Sarah section has two major diamictites, with an 
intervening heterogeneous section that includes glacio-fluvial, proglacial sandur, 
proximal deltaic, glacio-marine, fully shallow marine, and other facies.  Current 
knowledge permits construction of only generalized facies patterns of the Late 
Ordovician glacial system, using outcrop orientations, core & cutting descriptions, and 
borehole image logs to determine direction of ice movement, crude ice margin limits, 
proximal/distal orientations, and marine/non-marine relationships. 
 

 
Glacial „Tunnel‟ Valleys 
 
In northwestern Saudi Arabia, the Sarah/Zarqa sequence has been mapped in linear 
valley-like sandstone bodies perpendicular to regional strike, that cut down through 
progressively older units up-dip (Qasim, Saq, Precambrian). Published seismic studies 
show these valleys extending northward and downdip from the outcrop, forming deep 
and broad complexes of major glacial incisions into the underlying series. The Sarah in 
the subsurface of CA2 can be correlated to equivalent rocks in outcrop some 500 km 
west of the SRAK well penetrations. Sedimentological outcrop studies of the Upper 
Ordovician Sanamah Member of the Wajid Sandstone Formation offer insights into the 
nature, variability and areal distribution of the glaciogenic rocks. Glacial valleys were 
studied and described from the Sanamah Member succession, and seismic surveys 
have suggested the presence of valley networks in the southwest Rub‟ al Khali, similar 
to those observed in northwestern Saudi Arabia and North Africa.  
 
Understanding the complex stratigraphy and regional distribution of the Upper 
Ordovician succession has been aided by the study of analogue „Tunnel Valleys‟ and 
associated proglacial deposits generated in recently deglaciated areas during the 
Pleistocene & Holocene. These valleys typically are 10‟s of kilometres wide and 100‟s 
of kilometres long, and may preserve 100‟s metres of glacial sediments with 10‟s of 
meters of good reservoir. In the age-equivalent succession of North Africa, such facies 
vary significantly vertically and horizontally and analogous Sarah facies are thus very 
difficult to predict, given the paucity of seismic and well coverage. 
 
Mapping 
 
The base Qusaiba - Top Sarah or Qasim interface reflects the combination of structure 
and glacial palaeo-topography during the Late Ordovician. Such complex architectures 
cannot be fully described seismically. Moreover, limited impedance contrast between 
the Sarah (peri-glacial) and Qasim Formation (pre-glacial) sediments and the presence 
of seismic multiples makes recognition of the base glacial unconformity difficult. SRAK 
has deployed numerous integrated geophysical technologies in the exploration effort 
including airborne and land-based gravity, high-resolution magnetic data, passive low-
frequency (LF) seismic, magneto-telluric data, zero-offset and multi-azimuths VSPs 
and acoustic impedance data. 

 
Before drilling, an “underfill” model was favoured for the Sarah, where sediments only 
partially fill the Late Ordovician glacial valleys and may even be completely absent in a 
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valley interfluve setting.  However, the three SRAK wells and most offset wells have 
encountered > 500 feet of Sarah sediments. Seismic interpretation also suggests that 
the glacial sedimentary succession drapes much of the study area, and thus points to 
an “overfill” depositional model. Field analogues indicate that glacial incisions are 
common, often resulting in a complex architecture of buried hills and adjacent glacial 
valley systems. These topographic features and associated glacial valleys appear to 
be influenced by regional basement structural features and lineaments. Significant 
effort has been undertaken to characterize detailed Sarah reservoir potential from 
seismic and specifically whether it is possible to establish the presence of diamictite in 
the upper parts of the Sarah. The observed seismic response is unable to conclusively 
discriminate the presence of diamictite from other potential combinations of Qusaiba 
and Sarah that can produce identical geophysical response. 
 
Reservoir Quality Prediction 
 
Available reservoir quality information (conventional core porosity/permeability, thin-
section point counts, and core sedimentology) has been assessed and is critical for the 
prediction of good quality reservoir facies. Porosity and permeability trends are not 
controlled by simple burial depth, but have a strong relationship to primary depositional 
facies and gross depositional environment. Hence, although porosities are highly 
variable within and between facies, moderate to good porosities (5-15%) can be 
preserved at depths greater than 18,000 ft. Reservoir quality trends are apparent when 
comparing glacial vs., non-glacial environments as well as marine vs., non-marine 
environments. Both clay matrix and clay coatings have disabling and enabling effects 
respectively on reservoir quality. The best reservoir is observed in marine-influenced 
sedimentary rocks comprising proximal deltaic and glacial braided fluvial systems. 

 
Conclusion 
 
The Sarah Formation has been encountered in most South Rub „al Khali wells that 
have drilled through the Qusaiba Member of the Qalibah Formation. Sandstones have 
been present in all penetrated Sarah sections. The Late Ordovician glacial 
sedimentary system is geographically and stratigraphically heterogeneous: both good 
and poor reservoir rocks have been penetrated in many wells. The Sarah appears to fit 
the global pattern of the Late Ordovician glaciation. Two main peaks of glacial 
influence with an intervening section of proglacial, interglacial, or non-glacial deposition 
are recognised. SRAK‟s acreage is located in a region that experienced full glacial as 
well as full interglacial conditions, and thus has a high probability of encountering good 
reservoir rock that was deposited in proximal delta fronts, a marine-influenced glacial 
braided system, or even a shelf turbidite scenario. 
 
The combination of geological and geophysical information has been integrated into 
regional play maps for the Late Ordovician. These maps can be used as a predictive 
tool to help choose favourable well locations and design drilling programs for expected 
Upper Ordovician glacial reservoirs.  
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In keeping with current ideas on the origin of organic C-rich black shales, the Early 
Palaeozoic “hot shale” hydrocarbon source rocks of North Africa have been 
hypothesized to have been deposited in association with continental margin oceanic 
upwelling (Lüning et al; 2000; basal transgressive black shales) or continental run-off 
during Hirnantian deglaciation (Armstrong et al; 2005; highstand black shales).  The 
distribution is important in developing exploration models on the latter as, a) the 
depositional environments are laterally restricted and, b) increased oxidation of organic 
matter in the upper photic zone in peri-glacial environments could lead to kerogens 
with reduced Hydrogen Index (HI) and a more type III character.  Organic geochemical 
evidence (e.g. biomarkers indicative of photic zone euxinia), regional distribution and 
analogy with modern anoxic fjords have been used to support the glacial run-off 
hypothesis.  This hypothesis predicts an increase in concentration of continental run-
off proxies and a concomitant increase in productivity and water column anoxia 
proxies.  The thermally immature lower hot shales of the Batra Formation (Jordan; 
600S during the Late Ordovician – Early Silurian); equivalent to the Lower Silurian 
Tanezzuft formation of the Saharan Platform provide a unique opportunity to test for 
the predictions of the  run-off hypothesis.  K/Al ratios show a decrease up section 
suggesting a change from dry to wet conditions in the hinterland as the deglaciation 
occurred.  The proxies for water column anoxia all show an increase up section and 
parallel %TOC, with the highest concentrations coincident with highest %TOC values.  
U (ppm) measurements increase from 5 ppm to above 10 ppm at the maximum 
%TOC, 15 metres above the base of the borehole.  This peak is correlated with the 
gamma ray excursion (exceeding 200API) seen in the Lower Silurian elsewhere in 
North Africa.  Our new data supports the glacial run-off origin for the hot shales of 
North Africa.  We present a suite of geochemical proxies that can be used distinguish 
this depositional setting in core samples.   
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The Late Ordovician Glaciation Record of SW Saudi Arabia: Sedimentology and 
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Field investigations in the Wadi Ad-Dawassir area, southwest Saudi Arabia, provide 
new insights on the stratigraphy and sedimentology of the Late Ordovician Sanamah 
Member of the Wajid Sandstone Formation. Three main stratigraphic units are 
recognized and are characterized by considerable variation in thickness and lateral 
facies changes. These variations reflect the complex depositional and erosional 
processes associated with the evolution of the Late Ordovician ice-sheet margins 
through time.  
 
The Sanamah Mbr consists of 3 distinct stratigraphical units genetically related to 
glacial cycles (e.g. glacial advance and withdrawal processes). Unit 1 unconformably 
overlays the tidal sandstone dominated Dibsiyah Member and consists of a typical 
advance –withdrawal succession formed by coarse pro-glacial waterlain, deformation, 
basal and melt-out till and again outwash deposits often glacio-tectonically deformed. 
Units 2 and 3 are typically thinner (10-15 m) and well defined at the base by a distinct 
red-colored iron-crust. Both Units 2 and 3 overall consist of rain-out till overlain by 
outwash sandstone often characterised by large soft sediment deformation. The onset 
of Unit 2 and 3 accumulation is often characterised by 0.5-1 m thick transgressive 
sandstone and beach deposits suggesting the beginning of sea (lake ?)-level rise 
leading to the deposition of rain out till.      
 
The exceptional exposure condition of the Wajid area also allows the observation of 
km-scale internal geometries and glacio paleo-geomorphological features. Complex 
internal architecture of glacial valleys from the valley flanks to the axial position 
suggest that these types of deformation possibly originated from the interaction of 
multiple, neighbouring ice streams. Highly deformed and pushed-up zones are 
interpreted as the result of shearing associated with the formation of a mid moraine. 
Similarly, spectacular examples of glacial valley flanks and related lateral moraines are 
still visible consisting of complex assemblages of diamicton and waterlain deposits that 
rest against the fractured, valley flank bedrock.  
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In order to outline aquifers and the vulnerability of water resources, large areas of 
Denmark have been covered by TEM (Transient ElectroMagnetic) surveys since the 
early 1990s. During this time the TEM method has undergone, and is still undergoing, 
intense development as a tool for hydrogeological investigations. This development 
has primarily concerned the technical development, advances in the handling, 
modelling and presentation of data and the geological interpretation of modelled data. 
The quality of the collected data has also been considerably improved in recent years. 
Experience shows that surveys of large areas with dense data coverage provide a 
solid base for the construction of geological models. Dense data grids with high spatial 
resolutions are needed to resolve the comprehensive structural variations within the 
glacial sediments. These variations cannot be properly resolved on the basis of 
scattered borehole data and seismic data alone. Although TEM do not offer vertical 
resolutions as detailed as borehole data and seismic data, the opportunity to obtain a 
3D data coverage makes the method very useful for mapping of a series of glacially-
related structures and sediments. 
 
The need for dense data coverage in large areas is met by the recently developed 
airborne electromagnetic system SkyTEM. This system is a practical tool for large-
scale hydrological and geological surveying, and is especially developed for high 
resolution surveys, capable of resolving thin geological layers in the upper 10 m of the 
subsurface and at the same time maintaining a penetration depth of more than 250 m. 
Together with the system a comprehensive state of the art data management, 
processing, inversion and interpretation system has been developed. The SkyTEM 
system is now extensively used for groundwater mapping purposes, and if the flight 
line spacing is sufficiently small it provides a 3D picture of the subsurface. Large parts 
of the Danish land surface have until now been covered with TEM surveys (Fig. 1). 
 
Traditionally, TEM surveys carried out as part of the hydrogeological investigations 
have generally not contributed significantly to scientific research in, for example, 
sedimentology and Tertiary and Quaternary geology. The most recent refinements of 
the TEM methods, however, possess the potential of providing significant contributions 
to the above-mentioned fields of research topics. We aim to demonstrate how dense, 
large-scale TEM surveys can be used to study various types of glacial geological 
structures, and how the understanding of near-surface geology can be considerably 
improved when performing detailed geological interpretations of the TEM data in 
combination with borehole data and seismic data.  
 
TEM data are typically difficult to fully understand in geological terms without having 
supplementary lithological or geophysical information. It is therefore often 
advantageous to combine the TEM data with data obtained by other types of 
geophysical surveys or by borehole data. In some cases, geological structures are 
clearly imaged in the TEM data, but if higher detail is needed, supplementary data has 
to be collected. Seismic data contribute with detailed and often indispensable 2D 
information about the architectural setting across the survey areas. 
 
The geological interpretation, of especially the dense, large-scale TEM data sets 
brings new insight into the Danish subsurface, and formerly unknown geological 
features emerge. The most impressive and widespread finding is extensive systems of 
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buried tunnel valleys all over the country (Fig. 1), but also frequent occurrences of 
buried glaciotectonic thrust complexes, glaciofluvial units, till blankets, extensive 
glaciolacustrine formations and glacial erosional unconformities are identified within 
the glacigenic setting. Such geological features will be exemplified by a number of 
selected newly collected 3D electromagnetic SkyTEM large-scale datasets. 
 
The tunnel valleys appear in most of the surveyed areas in intricate networks. They are 
seen as elongated bodies of electrical resistivity anomalies. Data from test drillings and 
numerous water wells provide valuable control on the geophysical data and supply 
with information about the valley in-fill and the sedimentary surroundings. The buried 
tunnel valleys occur in numerous cross-cutting or stacked generations, and frequent 
internal cut-and-fill settings are seen in the valleys. A model for their formation has 
been proposed on basis of the collected data. 
 

 

Figure 1  Left: There is a close correlation between TEM surveyed areas (grey raster) and the 
current knowledge of glacial geological structures in Denmark – here exemplified by buried 
tunnel valleys (red lines). Right: 3D view of a buried tunnel valley as it appears in TEM data. 

The buried glaciotectonic thrust complexes typically occur as multiple arc-shaped, 
conductive features in the TEM data, often including a source depression filled with 
resistive deposits. They are sometimes found to be genetically connected to the buried 
tunnel valleys. Glaciofluvial depositional units are found as possible buried outwash 
fans, as units included in thrust complexes, or as infill in tunnel valleys. The 
glaciolacustrine formations are seen as conductive bodies in depressions and in tunnel 
valleys. Extensive clay till blankets covers the sedimentary setting in large parts of the 
country. These till blankets are seen as units of low to moderate electrical resistivity, 
very often interrupted by spots of resistive materials representing glaciological deposits 
that have been replaced by glacial deformation. At some locations continuous 
unconformities seem to be situated below these till blankets. 
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Buried tunnel valleys are found throughout the Northern part of Europe and North 
America in areas covered by ice sheets during the Pleistocene glaciations. Onshore 
Tunnel valleys play an important role for the groundwater supply because they often 
comprise well protected and large aquifer systems. Consequently, tunnel valleys have 
been studied intensively in Denmark during the last 10 years. 
 
Onshore tunnel valleys are most efficiently mapped by dense grids of Transient 
ElectroMagnetic (TEM) soundings combined with 2D reflection seismic surveys. 
Tunnel valleys offshore are only mapped by 2D and 3D reflection seismics. Recent 
investigations based on offshore and onshore reflection seismic data show that the 
morphology, internal architecture and the spatial distribution of tunnel valleys are often 
highly complex with several valley generations that either cross-cut or re-erode 
common valley pathways. The latter results in a cut-and-fill architecture indicative of 
repeated erosion and deposition along the same trace (Fig.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A seismic characterization of the tunnel valleys in the eastern part of the North Sea 
and in the Danish onshore area is made. The study is based on app. 1400 km 2D 
onshore reflection seismics, two offshore 3D surveys and app. 5000 km 2D offshore 
reflection seismics. The seismic expression of 1) the valley substrate, 2) erosional 
surfaces bounding the valleys, 3) the basal morphology, 4) cross-cutting relations, 5) 
the infill architecture, 6) the internal structure, including internal cut-and fill structures 
was mapped and compared with available borehole data. From this study the tunnel 
valleys have been divided into different sub-types. Based on the study we will further 
evaluate on 1) the relation between valley morphology and substrate structure and 
lithology, 2) seismic tunnel valley facies and lithology, and 3) the origin of the tunnel 
valleys. 

Figure 1: Seismic cross section from Jutland indicating 
seven “cut-and-fill” structures.  Data collection and 

processing by Rambøll. 
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Analysis of high-resolution 2D seismic (site survey) data and conventional 3D seismic 
data reveal partial reuse of tunnel valleys during several episodes of valley erosion and 
infilling, generating complex buried Pleistocene tunnel valley systems beneath the 
North Sea. Infill sediments from numerous tunnel valleys cause significant seismic 
velocity anomaly effects, which can be used as indicator for infill lithology and gas 
content, but can also potentially result in serious miscalculations when depth 
converting deeper lying hydrocarbon target horizons. 
 
Detailed analyses suggest that tunnel valley formation and sediment infill occurred 
over several episodes, with partial reuse of the kilometre-scale valleys, and with strong 
indications of ice-free periods between some of the formation episodes. The tunnel 
valleys display great similarity in the seismic infill facies seen throughout the survey 
area, and the different types of seismic infill facies are commonly correlated to certain 
lithological and depositional processes. 
 
The seismic infill facies of the valleys and the associated velocity anomalies are 
studied in great detail using the 3D and 2D seismic data along with wireline-log data 
from exploration wells. The valley fill sediments generate both velocity pull up and 
push down effects on underlying seismic horizons. The time distortion is often linked to 
a particular seismic infill facies within the valleys, but there is no distinct correlation 
between particular seismic facies and a particular travel-time effect. Different infill units 
characterised by the same seismic facies within the same valley can even provide 
different travel-time effects.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

While the current study suggests that seismic facies is a poor predictor of lithology, it 
should be considered that further work may reveal velocity effects originating from fluid 
effects and/or from seismic fill units smaller than the ones mapped here. Further work 
should also include more detailed and abundant calibrations with borehole data. 

 
 
Fig. 1. TWT-structure map from the Feda-Halo-96 and 
South-Arne-95. 3D seismic surveys showing an intra 
Nordland Group horizon with overburden velocity 
anomaly effects and the outline of the valleys 
mapped in the two surveys. Fh1-4 and Sa1-2 are 
overlying tunnel valleys. 

 

 
 

Fig. 2. High resolution vertical seismic profile 
across a buried tunnel valley, which is formed 
during at least three separate episodes. A, B1-
2 and C are infill units correlating to 
excavation and filling episodes. 
 

 

 

 

 

 

 

 

 

 

 

 



Glaciogenic Reservoirs and Hydrocarbon Systems 

 

December 2009  Page 49  

Buried Quaternary Tunnel Valleys in the Central North Sea. 
 
M. Stewart

1,2
, L. Lonergan

1
 & G. Hampson

1 

 

1
Department of Earth Science and Engineering, Imperial College London, South Kensington, 

SW7 2AZ. 
2
 Now at Neftex Petroleum Consultants, 97 Milton Park, Abingdon, Oxfordshire, OX14 4RY 

 
We have mapped dense networks of glacial tunnel valleys at a regional scale beneath 
the central North Sea using multiple 3D seismic 
reflection datasets, and the PGS Central North 
MegaSurvey. In total c.200 tunnel valleys were 
mapped and measured over an area of c. 350 x 
100 km (Fig. 1). To the best of our knowledge 
this is the largest number of tunnel valleys ever 
studied for which there is such good 3D control 
on the valley geometry. Within individual 3D 
seismic datasets tunnel valley geometries can 
be imaged and mapped in great detail, at 
horizontal resolutions of 12-25 m and a vertical 
resolution of approximately 10 m (Fig. 2). 
 
Superficially, the tunnel valley networks appear 
complex and anastomosing in planform (Fig 1), 
but using cross-cutting information they can be 
separated into at least eight regionally 
correlatable generations. Within each 
generation the tunnel valleys display acute and 
orthogonal branching angles, and occasional 
braided type geometries (Fig 4), but the overall 
organization of the tunnel valley network in any 
one generation is relatively simple. 

 
 
 

 
 
 
 

 
 
 
 

 
 
 
 
 

 
All tunnel valleys display long axis profiles with uphill and downhill reaches indicative of 
having formed by pressurized water beneath an ice sheet (Fig 3). The main 
orientations of tunnel valleys vary from generation to generation, so each Pleistocene 
ice advance in the North Sea had a very different organization of its basal drainage 
system. The Central North Sea tunnel valleys display no ice-marginal control as has 
been observed in previous studies of tunnel valleys such as that of Praeg (2003) in the 
southern North Sea or Mooers (1989) for the Pleistocene Laurentide ice sheet in 
Minesota. Of the 200 or so valleys measured, widths range from 300 to 7000 m. 

Fig. 1. Datasets and tunnel valley distribution in 

this study. 

Fig. 2. One of 3D seismic datasets used in the 
study. Vertical scale is TWTT and VE is x16. Note 
clear cross-cutting geometries allowing relative 

timing of valleys generations to be defined. 

Fig. 3. Long axis depth profiles for several tunnel 
valleys, illustrating very irregular channel bases 

consistent with erosion by pressurized flow. 

Data from Stewart (2009) 
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Lengths of up to 117 km were measured and width–to-depth ratios ranged from 10:1 to 
20:1. Valley walls are generally steep with measured dips of up to 50°.  
 

 
 
 
 
Of particular interest is the palimpsest nature of the North Sea tunnel valleys. The 
subglacial bedforms on a soft substrate generated a new set of drainage conduits for 
each advance and retreat of the NW European ice sheet during the late Pleistocene.  
The complex array of cross-cutting landforms as preserved today formed in less than 
0.5 Million years, within a very thin interval of stratigraphy. This has obvious 
implications for the study of potential hydrocarbon reservoirs in ancient tunnel valley 
systems. If palaeo-icesheets advance over unconsolidated substrates they can 
generate very complex valley systems over a very short geological timescale in a very 
narrow window of stratigraphy as the climate system oscillates. This will (a) make the 
geometry of the tunnel valleys difficult to map accurately without good 3D imaging, and 
(b) make erecting a stratigraphy for any reservoirs very challenging.  

Figure 4. 3D surface showing anastamosing reach of buried tunnel valley in the Central North Sea. 
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Stratigraphic Architecture of the Southern North Sea Tunnel Valleys 
 
J. Moreau, University of Aberdeen, and the GRASP team 
 
The tunnel valleys of the Southern North Sea are subject to debates concerning the 
nature of their infill. Since Laban (1994) using TNO high resolution 2D seismic data, 
the Southern North Sea Pleistocene record is known to contain very large buried 
valleys. Dated from the Elsterian glaciation phase (~400 ka), these valleys can reach 4 
km in width, and several tens of kilometres length with a depth <650 ms TWT. They 
contain overdeepenings in their thalweg. They have abrupt terminations to both ends. 
These observations indicate a non-fluvial origin and are usually interpreted as incised 
by over-pressurised subglacial meltwater flow. Valleys penetrated by boreholes are 
principally filled by sands and coarser clastics at the base, overlain by a muddy interval 
of younger age followed by recent marine sediments (Laban, 1995). The question 
about these valleys is not only their origin but also regarding their internal architecture, 
showing clinoforms dipping toward the North (Praeg, 1996). The glaciological 
reconstitutions show that during the Elsterian, the ice flowed here toward the South, in 
the opposite direction. Praeg (1996) interpreted the clinoform as a subglacial infill 
formed by "back-filling" of the valleys. This model involves a progressive retreat of the 
ice-fronts and a convection of the meltwater, incising upstream and depositing sands 
downstream, moulding ice fronts and forming backsets. This model was adapted and 
put in the context of Danish sector tunnel valleys by Kristensen et al. (2008). The 
valleys in Kristensen et al. (2008) also contain sandy clinoforms at the base dipping in 
the opposite direction than the ice flow. The top of the valleys are filled by 
aggradational sands overlain by progradational clinoforms directed away from the ice-
sheet. Supplying more physical considerations, Kristensen et al. (2008) invoked that 
the depressurisation of meltwater going upward toward the ice front super-cooled the 
water and froze the ice-bed interface, capturing sediments and forming the backsets. 
This phenomenon is interpreted as being the result of rhythmic phases of 
recession/incision (upstream)/deposition (of a backset) and stabilisation of the ice-
sheet front.  
 
The availability of the PGS Southern North Sea Megasurvey brings a new insight into 
the study of these tunnel valleys. The megasurvey consists of continuous merged 3D 
seismic volumes about 350 km E-W by 200 km N-S. In the first second TWT, tens of 
tunnel valleys have been mapped in 3D detail. The seismic geomorphological analysis 
highlights the presence of 4 ice fronts associated with proglacial glaciotectonic belts as 
well as a consequent threshold on the mapped glacial surfaces. Some of these ice 
fronts are identified to be coeval with the formation of a generation of tunnel valleys. All 
the deep tunnel valleys observed contain clinoforms. The time-conversion is relatively 
complex in this area as in some valleys, the seismic velocities are extremely low in the 
shallow overburden (1100 m/s suggesting gas charged sediments) and increase 
progressively up to 1750 m/s in the bottom of the deepest valleys whilst the host 
sediment is characterised by velocities greater than 1550 m/s. In comparison with 
former estimations, this lowers the maximum depth of the valleys by about 50m but 
also affects their geometry including the dip of the infill clinoforms which is less than 
2.5º. Several observations made on the sedimentary succession above the valleys and 
their shoulders are not compatible with the former models proposed. Outside the 
valleys, there is no sign of a progressive recession of the ice sheets like moraines or 
deformation. The retreat from the fronts should have been rapid, not on a short scale 
stepwise way. The clinoforms have various orientations and several seismic 
sequences can be recognised into the same valley (up to 3). Potential topsets 
associated with the clinoforms have been identified but cannot be verified due to the 
multiples of the sea bed. Finally, some of the clinoforms are going above (in altitude) 
the shoulders of the valleys. According to these observations, the syn-glacial valley-fill 
models presented by Praeg (1996) and by Kristensen et al. (2008) are difficult to 
sustain and a non-glacial infill of the tunnel valleys may need to be considered. 
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The linear tidal sand ridges (LTSR) of the Celtic Sea constitute the largest examples of 
their bedform type on Earth. Previous sedimentological and seismic stratigraphic 
interpretation suggests that the LTSR are moribund tidally remobilised sediments 
representing the transgressive systems tract. This interpretation is supported by two-
dimensional finite-difference model reconstructions of the M2 tide, forced using the 
output from a glacial isostatic adjustment model to derive palaeotopography, and a 
global ocean model to derive the tides on the ocean boundary, used here to 
reconstruct peak bed stress vectors for the Celtic Sea for timesteps covering the 
transgression since the Last Glacial Maximum (last 21 ka). These data are coupled 
with interpretation of recent published observations on the outer shelf depocentres of 
the Fleuve Manche and the Irish Sea Ice Stream (ISIS) to confirm that the LTSR 
distribution is consistent with modelled sand transport paths during transgression. The 
main phase of LTSR growth was between 20 cal ka and 12 cal ka. Ridge axis 
orientations reflect the final phase of LTSR construction around 12 cal ka, with some 
later growth of the most southerly LTSR as late as 10 cal ka. LTSR growth was from 
the SW across the shelf towards the NE. Strong tidal pumping of sediments into slope 
canyon heads on the outer shelf occurred between 20 cal ka and 12 cal ka, 
contributing to turbidite activity and the growth of the Celtic and Armorican deep sea 
fans. It is proposed that 1. the Fleuve Manche shelfal estuary-delta, and the Irish Sea 
Ice Stream (ISIS) shelf fan, were the main sediment depocentres supplying the 
growing LTSR, 2. the lack of sediments available in the western Channel limited LTSR 
growth in this area, and that the easterly termination of the LTSR in this sector results 
from sediment starvation, and 3. the northeasterly termination in the Celtic Sea sector 
is a function of declining peak bed stresses rather than sediment starvation. The Celtic 
Sea margin represents a passive margin depositional system transitional between true 
glacial ice stream-trough mouth fan systems (to thenorth) and the fluvial canyon 
systems characteristic of the margin to the south. This interpretation therefore 
complements studies of macroscale sedimentation linked to glaciation on the 
continental margins of the North Atlantic. 
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A Subglacial Meltwater Drainage Pathway Across the Celtic Sea Continental 
Shelf? First Results from the IPY GLAMAR Campaign 
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di Geofisca Sperimentale (OGS), Trieste, Italy 

 
Glaciofluvial landforms recording erosion and deposition by channelised subglacial 
meltwater drainage are well-known along the southern, mainly terrestrial margins of 
the former northern hemisphere ice sheets. Much less is known about records of 
glaciofluvial sediment transfer across continental shelves and slopes to the deep sea 
along tidewater ice sheet margins. An improved understanding is of interest both to 
identify major pathways of meltwater discharge from former ice sheets to the oceans; 
and to construct process-based sedimentary models applicable to analyses of 
meltwater activity over time, on modern (Cenozoic) continental margins and in ancient 
sedimentary successions. 
 
The North Atlantic continental margins provide a natural laboratory for the study of 
spatial and temporal variability in processes of meltwater drainage, due to a long 
history of glaciation and known variation in meltwater production across a large 
latitudinal range. Studies of the eastern Canadian continental margin have provided 
evidence that features linked to meltwater discharge (shelf channels and slope 
canyon) are more common towards the south, suggesting a first-order latitudinal 
control on glaciofluvial activity. On the NW European margin, slope canyons are known 
to be present in the south in the Irish-UK-French sectors but, in contrast to the 
Canadian margin, little is known regarding glaciofluvial processes on the adjacent 
shelf.  
 
Here we present first results from the Italian-led GLAMAR campaign to the outer shelf 
of the Irish-UK sectors of the Celtic Sea. The objective of the campaign is to 
investigate a large system of seabed ridges on the shelf and to test the hypothesis that 
they record a major meltwater drainage system on the shelf, linked to the formation of 
canyons on the slope. The ridges are up to 50 m high, several kilometers wide and 250 
km long, lying almost transverse to the shelf edge. They have previously been 
interpreted as tidal sand banks, but at least in their inner parts are known to be 
overlain by subglacial deposits. The GLAMAR campaign will acquire the first 
multibeam data from the ridges in the Irish-UK sectors, as well as seismic reflection 
data, and identify sites for the acquisition of vibrocores during a follow-on campaign by 
Irish partners. 
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Skeidarársandur outwash plain has undergone a complex history of glacial melt and 
jökulhlaup activity due to draining of ice-marginal and subglacial reservoirs.  This has 
resulting in a complex landscape of superimposed erosional and depositional 
landforms.  As well as glacial outwash, there are numerous moraines, eskers, tunnel 
channels, drumlinized and fluted surfaces, which, in places are punctuated by suites of 
relatively straight ridges arranged in rectilinear patterns.  These ridges are the surface 
expression of networks of clastic dykes and pipes that represent hydrofracturing 
through both frozen subglacial sediment and overlying ice, and also simple water 
escape structures through non-frozen sediment. Hydrofractures formed near the ice 
front when rapidly increasing water-pressure during the rising stage of jökulhlaups 
drove water from overpressurized subglacial channels and/or aquifers up through the 
overlying sediment and, in some cases glacial ice.  Soft sediment water escape 
structures formed during the waning stages of jökulhlaups when instabilities and 
overpressurization in saturated subglacial sediment resulted in water escape upwards 
through the non-frozen sediments.  Two regions of ridges are discussed in this paper: 
the Súla Ridges to the far west of Skeidarársandur, and the Harpuløn Ridges on 
Central Skeidarársandur.  
 
The Sula Ridges are areally more extensive and formed between 1929 and 1946 likely 
during the 1935, 1938, or 1939 jökulhlaups (or a combination thereof).  The Súla 
Ridges cover an area approximately 2.5km by 2.5km.  They are comprised of 141  
ridges or ridge segments that range from 11 to 681m long (with a mean length of 84m), 
2-10 m wide, and 0.5-5m high.  The longest ridge in the complex can clearly be seen 
on Figure 1 (contains GPR grid 3 and lines 4 to 10).  The crests of the ridges are at 
irregular heights (Figure 2).  The ridge sediments are predominantly  open-worked 
rounded to subrounded pebbles, cobbles and boulders.  This is different than the 
immediate sandur sediments that are sand with interspersed silt and clay beds. The 
Harpuløn Ridges formed during the waning stages of the 1996 Grimvötn jökulhlaup.  
They are smaller than the Súla Ridges, covering an area approximately 150m by 75m.  
They range range from 15-40m long, 1-3m wide, and 0.5-2m in height.  Sixteen ridges 
were mapped in the complex and they are closely associated with an esker.   
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Figure 1. Oblique aerial photograph of a portion of the Súla ridges.  Shown are the 

locations of GPR grids (G) and lines (L). G1 is 70 x 40m; G2 is 40 x 30 m and G3 is 40 x 
20m. 

 

 
Figure 2. View along a portion of the longest Súla ridge.  Figures are on the crest of the 

ridge. 

 
An extensive GPR survey was undertaken over the ridges.  In the Súla region, 3 GPR 
grid surveys (70x40m; 40x30m; and 40x20m) and 10 additional line surveys were 
completed.  In the Harpuløn region, 1 grid survey (25x8m) and 2 additional lines were 
completed.  All surveys were undertaken using a PulseEKKO Pro GPR system with 
100 MHz antennae.  Average radar wave velocities ranged from 0.093-0.11 m/ns and 
all data were calibrated to these velocities to provide an overall depth range of 
approximately 8.7-11.9m.  All data were collected in step mode, with 1m spacing 
between each trace (each pulse of radar sent into the ground) and a step size (the 
distance the antennae are moved between traces) of 25 cm.  Transects were corrected 
for topography in EkkoView Deluxe and analyzed in EkkoMapper. 
 
Analysis of the GPR grids at Súla show that clastic dykes and pipes extend down into 
the sediments as deep as 10m.  In the upper 2 to 3 meters of sediment distinct dykes 
converge on the zones dominated by the ridges at the ground surface.  However, with 
greater depth, the dykes diverge and converge, follow pipes and have orientations 
quite unrelated to the ridges exposed at the ground surface (Figure 3).  In addition all 
dykes and pipes have steep slopes that dip down towards the modern glacier.  
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Figure 3. Two slices at depth through GPR grid 1 (G1 on Figure 1).  The darker reds and 
oranges are courser pebbles and cobbles and represent the clastic dykes. Closer to the 

ground surface dykes are arranged close together coinciding with the surface 
expression of linear ridges.  At depth, dykes are more dispersed and have little 

connection to their configuration at the ground surface. The grid scale is in meters. 

 
Trenching of the ridges in the Súla region confirm that near the surface these 
represent partially sloping to vertical clastic dykes.  The interior sediments are open 
worked with larger clasts near the center of the dykes largest (Figure 4).  Sheets of 
sand bound some of the dykes (Figure 4A), and frequently there are faulted beds on 
either side of the intrusion.  Digging deeper into the ground revealed that smaller 
granule and sand dominated dykes also extend to about 1m below the ground surface.  
In some places the dykes turn and intrude between sedimentary beds (Figure 4B), 
separating beds, and resulting in normal faulting.   
 
In the Harpuløn region, a large natural river bank cut that intersects the ridges show 
that they too are clastic dykes that extend towards the ground surface (Figure 5). In 
this case the origin of the dykes are no more than 2.5m below the ground surface.  
Adjacent course beds of pebbles and cobbles are the routes of subsusurface flow and 
subsequent sediment movement into the dykes. 
  

  

 
Figure 4.  A. Clastic dyke exposed under one Súla Ridge, bound by sand sheets.  B. 

Clastic intrusion partially injecting between outwash deposits resulting in separation 
and faulting. 
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Figure 5.  Clastic dyke at Harpuløn coinciding with ridge at ground surface.  Arrows 

show the trend of water movement in the feature. 

 
While there are similarities between the two areas of ridges (surficial expression, 
presence of clastic dykes, movement of water through subglacial aquifers), there are 
slight differences in how the landforms were created.  The Súla ridges are likely the 
result of hydrofracturing through consolidated or frozen subglacial sediment as well as 
ice.  Water moving through subglacial aquifers during jökulhlaups became over-
pressurized and forced its way upward through the overlying sediment and ice.  This is 
evidenced by the presence of two orientations of dykes in the modern sediment.  The 
upper 2-3 m have dykes that coincide with cracks observed on aerial photographs of 
the 1946 ice surface.  These dykes merge at depth with a series of dykes oriented 
obliquely to the 1946 ice surface (interpreted as forming in subglacial sediment).  The 
Harpuløn Ridges in contrast were formed by the release of water through non-frozen 
sediment.  Water moved along pre-existing gravel beds and was subsequently 
evacuated upwards through the beds resulting in slight upward-bending of strata into 
the evacuation dykes. 
 
A major conclusion of this work is that the subglacial and potentially sub-surface 
proglacial sediments act as major conduits for water flow from glacial ice, especially 
during jökulhlaups.  Over-pressurization of these waterways via increased water 
discharges, subglacial loading, or sediment loading can result in lateral and upward 
escape of water via hydrofracturing or via soft-sediment deformation. 
.   
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Recent research into the Pennsylvanian and Permian stratigraphy of eastern Australia 
has resulted in the publication of a new time-space framework that divides the section 
into widely correlatable glacial intervals (C1-C4 in the Pennsylvanian, P1-P4 in the 
Permian) each 1-8 million years in duration, separated by nonglacial intervals of 
comparable duration. These genetic intervals, particularly in the Permian, can be 
traced over distances of 100‟s to 1000‟s of km within basins and between basins of 
contrasting tectonic style. Pennsylvanian glacigenic intervals are mainly nonmarine 
and comprise amalgamated, coarse-grained successions of mainly proglacial 
(glacifluvial, glacilacustrine) deposits. Reservoir potential is modest, but seal and 
source largely absent from these intervals. On the other hand, the Permian glacigenic 
intervals comprise more heterolithic associations of mainly glacimarine facies that have 
locally significant source potential for both oil and gas, thick seals and reservoir 
development in a variety of facies. Source facies include marine and ?fjordal mudrocks 
that are in places rich in algal kerogen and locally known as “Tasmanites” oil shales. 
Among the proven reservoir types within the Permian are glacimarine shoreface and 
deltaic, postglacial fluvial/deltaic, and compound incised valley fill deposits. Within the 
Permian, strata immediately overlying glacial intervals are characterized by 
preservation of widespread and in places thick (<40 m) black coal deposits, which are 
economically valuable both in their own right and as a source for both conventional 
and unconventional (coal-bed methane) gas resources. Significant and increasing gas 
production comes from these coal measure units, the coarse clastic facies of which 
show relatively low permeabilities. Many of the source and reservoir types, and the 
stratigraphic stacking patterns characteristic of the eastern Australian Permian, are 
directly attributable to its ice-proximal setting during this time, and to the high-
magnitude eustatic sea-level fluctuations that were a product of ice center waxing and 
waning. 
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Re-Advance, Retreat and Rebound: Stratigraphic Response of the Sarah 
Formation (Hawban and Baq‟a Members) to the Demise of the Late Ordovician 
(Hirnantian) Glaciation in Central Saudi Arabia 
 
J. Melvin, M. Miller, Saudi Aramco, Dhahran 31311, Saudi Arabia 
 

The Upper Ordovician (Hirnantian) Sarah Formation is a proven hydrocarbon reservoir 
in Saudi Arabia. In places, the stratigraphically highest part of the Sarah Formation 
contains the Hawban and Baq‟a members, which are believed to have stratigraphic 
equivalence elsewhere along the margins of the Gondwanan continent (e.g. Libya and 
Algeria.) The Baq‟a member in particular has generally good reservoir quality but has a 
patchy geographical distribution, and therefore presents a challenging prospect for 
hydrocarbon exploration.  
 

The Hawban and Baq‟a members are re-examined at outcrop and in shallow 
subsurface coreholes. The Hawban member displays very poor reservoir quality. It 
comprises a chaotic interval of green-grey, argillaceous, very fine-grained and very 
poorly sorted sandy diamictites supporting very large boulder-sized, contorted clasts of 
sandstone derived from the underlying Sarah Formation. Palynologically the Hawban 
is characterized by a mixed assemblage of indigenous Hirnantian species and 
reworked older Ordovician (Sandbian-Katian) taxa from the Qassim Formation. These 
features indicate that the Hawban member was deposited in a glaciomarine setting 
and is associated with the last Gondwana-wide Hirnantian glacial re-advance.  
 
The overlying Baq‟a member consists of two units. The lower unit is a pale grey to 
purple silty shale containing very thin, very fine-grained sandstone interbeds of gravity 
flow origin that passes upwards in places into a relatively thin interval of fine-grained, 
wave rippled and thin-bedded sandstones. It is referred to informally as the Baq‟a 
Shale. Palynologically, it is characterized by marine taxa that are dominated by 
leiospheres. Reworked assemblages are much less significant in these deposits when 
compared with the Hawban member. This lower unit of the Baq‟a member is highly 
variable in thickness and geographic distribution and fills topographic lows on the 
irregular upper surface of the Hawban member. Deposition occurred in a post-glacial, 
shallow marine embayed environment that developed during rising sea level caused by 
the ongoing terminal retreat of the Hirnantian ice sheet.  
 
The upper unit of the Baq‟a member is sandstone-dominated and is referred to 
informally as the Baq‟a Sandstone. It consists of two distinct depositional packages. 
The lower of these packages has moderate reservoir quality. It has a sharp erosional 
contact with the underlying wave-rippled sandstones of the uppermost Baq‟a Shale. It 
comprises stacked, medium- to coarse-grained, moderately to poorly sorted trough 
cross-bedded sandstones that overstep both the Hawban member and the Baq‟a 
Shale in the outcrop. These sandstones are interpreted to represent deposition in a 
braided fluvial setting. This lower sandstone package fines upwards and is abruptly 
overlain by an upper sandstone package displaying good reservoir quality that consists 
of fine- to medium-grained, moderately well to well sorted sandstones that display sets 
of more ordered, tabular cross-bedding. The very highest levels of this upper 
sandstone package comprise thin bedded sandstones that have common bed-parallel 
grazing trails on their upper surfaces. These sandstones pass abruptly into dark grey 
shales of the Silurian Qusaiba Member of the Qalibah Formation, which is a prolific 
hydrocarbon source rock in Saudi Arabia.  
 
The lower of these two sandstone packages in the Baq‟a Sandstone represents a 
major basinward shift in facies over the Baq‟a Shale.  Its basal erosional contact is 
interpreted as a sequence boundary, occurring in response to isostatic uplift (rebound) 
and the terminal melting of the ice sheet. The upper package of sandstones is 
interpreted as reworking of the fluvial sandstones into stacked marine bars laid down 
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during rising sea level at the very end of the Ordovician glaciation, and the contact 
between the two sandstone packages thus represents a transgressive surface of 
erosion.  
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Challenges Exploring for Glaciogenic Ordovician Reservoirs in 
Murzuq Basin, Libya. 

 
A. Franco, R. Perona, R. Dwiyanti, J. Suarez, Repsol Exploración Murzuq S.A. (REMSA) 
Dat el Imad Tower Complex, Tower 3, 7th floor, Tripoli - Libya GSPLAJ. 

 
For more than ten years Repsol has been exploring in the Murzuq basin, SW Libya. 
The main blocks NC186 and NC115, encompassing an area of more than 8600 km2, 
are located in the central part of the basin. These blocks have a gross oil production in 
excess of 260,000 Bbls/day with cumulative production of more than 860 million 
barrels of oil coming from Ordovician reservoirs, 85% of which are glaciogenic 
Mamuniyat sandstones distributed in nine oilfields, and the rest in paleoburied hills 
carved by the Hirnantian glaciation. However, despite an extensive 3D seismic and 
well database including significant amounts of core and image logs, exploration of 
these targets remains characterized by notable uncertainties. These are mostly related 
to a combination of data quality limitations, complex depositional environment, and 
intrinsic physical properties of the reservoir rocks and seals. Typically Mamuniyat 
sandstones are clean quartz-rich sandstones of very good reservoir quality, with gross 
thicknesses exceeding 600 ft and very high net-to-gross ratio. Traps are usually four- 
and three-way structural closures but traps with a stratigraphic up-dip pinch out have 
been documented although they are difficult to predict. The depth of the Ordovician 
reservoirs ranges from 3500 ft to 5500 ft below the surface in the mentioned blocks. 
 
Based mainly on outcrop work the Upper Ordovician glaciogenic deposits in Murzuq 
basin (i.e., Melaz Shugran, Mamuniyat and Bir Tlacsin formations) have been divided 
by most researchers into four main units bounded by erosional surfaces that recorded 
two major cycles of ice advance and retreat. Subsurface correlation with these models 
is difficult to achieve in many cases due to high sand to shale ratio in the upper three 
units. The best reservoirs are found in the upper and middle units (Upper and Lower 
Mamuniyat). Chemostratigraphic analyses on many wells have identified correlatable 
subdivisions in the subsurface, some of which can be related to the outcrop but also 
there are sometimes significant geochemical similarities with the Lower Ordovician 
Ashebiyat Formation reflecting sediment recycling and obscuring the stratigraphic 
relationships. 
 
Limited stratigraphic work to characterize the paleovalley fill from seismic data has 
been successfully achieved. This is due to the low impedance contrast between the 
moderate porosity Ordovician sandstones (average 10-13%) and the surrounding non-
reservoir mudstones and silty sandstones. Additionally, the strong impedance contrast 
between the Rhuddanian organic-rich Hot Shale overlying leaner Tanezufft shales 
obscures the seismic image below it whilst the presence of large sand dunes at 
surface also decreases seismic quality mainly due to amplitude curtain effects. Overall, 
it is easier to map paleovalley walls, based on onlap relationships than to map the 
paleovalley floor. This is especially evident at Hot Shale level when it onlaps the 
paleohighs. 
 

The presence of paleohighs in the NC186-NC115 blocks is much more frequent within 
the Eastern and Central portions. The Ordovician deposits in these blocks can then be 
further subdivided in four main areas: 
 

1- South and Central eastern area: Mamuniyat deposits are bounded by 
paleohighs carved during the Hirnantian glaciation into Middle Ordovician 
Hawaz Formation shallow marine sandy shelf deposits, more than 700 ft high 
and more than 2 km wide with a NNW-SSE orientation, identical to that 
described in both Ghat and Gargaf outcrops. Palevalleys are around 5 km wide 
up to a maximum of 15 km. Thicker and cleaner medium to very coarse 
sandstones deposits are present whilst braided channel and delta plain are the 
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most abundant facies associations. Paleocurrent pattern derived from cross-
stratified sandstones in image logs are surprisingly variable, even when 
sandstones are deposited in deep paleovalleys. 

2- Northeastern area: Paleohighs are 10-25 km apart with an East – West 
elongation. 

3- Southwestern area: Mamuniyat sandstones were deposited in a braid-deltaic 
environment deepening to the NNW. Paleohighs are very infrequent, with an 
NNW-SSE elongation. 

4-  Northwestern area: Thinner generally finer grain sandstones form more distal 
Upper Ordovician deposits and even when thicker more proximal sandstone 
facies occur they are usually of poorer reservoir quality. This is also 
characterized by the presence of a predominantly transgressive, non-reservoir 
post-glacial Hirnantian age unit (Bir Tlacsin Formation), up to 200 ft thick, that 
is believed to impede hydrocarbon migration where it forms a continuous 
wedge between the Hot Shale and the Ordovician reservoirs. The depositional 
pattern of the Bir Tlacsin coincides loosely with that of the Hot Shale 
suggesting that this area acted as a depression from Hirnantian to Rhuddanian 
times at the onset of marine transgression marking the end of the glacial 
period. Melaz Shugran mudstones and silty sandstones are also thicker in this 
area reaching more than 600 ft with dominant facies associations being muddy 
slope and distal debris flows. 

 
Although regional ice-transport direction was towards the NNW in the uppermost 
Ordovician, a local westerly sediment transport direction, from the northeastern area is 
postulated based on E-W paleohigh orientation, thick Bir Tlacsin and Hot Shale, facies 
trends and some paleocurrent data. 
 
Most of the discoveries in the NC115-NC186 blocks are located in the southwestern 
and south-central eastern areas, aligned in a WSW-ENE trend, where extensive 
paleohighs, thick Mamuniyat sandstone deposits, rich mature Hot Shale and thick 
Tanezzuft top seal are present. The main reasons for exploratory well failure are 
related to the lack of reservoir and to the presence of degraded Mamuniyat reservoir, 
the majority of these failures being located in the northwestern area. Diagenesis plays 
an important role reducing Mamuniyat sandstone pore space through mechanical 
compaction, quartz overgrowth (averaging 17%) and authigenic clay precipitation 
(averaging 5%, predominantly kaolinite and illite). The main factor creating porosity is 
feldspar dissolution. 
 
Mamuniyat reservoir quality is the result of the combination of depositional 
characteristics overprinted by diagenesis related to formation of paleo-structures and 
hydrocarbon migration and re-migration events. The fact that oil shows are observed in 
most fields considerably deeper than the present-day oil water contacts suggest the 
presence of an original paleo-oil water contact before the tilting of the basin during the 
Alpine orogeny. 
 
Hawaz paleohills are easier to identify targets with less overall geological risk 
compared to the Mamuniyat play. However, these have been extensively explored and 
only a few might be left undrilled, some of them rather small. Efforts therefore need to 
be aimed at de-risking the Mamuniyat play by improving understanding of the 
depositional system and the diagenetic history to use it as predictive tool in 
exploration. 
 
The improvement of seismic image quality during the ongoing seismic acquisition 
campaign is one of the biggest challenges for the success of the current exploration 
phase that started late 2008. The main efforts are directed at the improvement of static 
solution in dune areas, optimizing processing the sequence, and field acquisition 
parameters 
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An Integrated Exploration Story From the Cambro-Ordovician of the Illizi 
Basin,Algeria. 
 
B.M. Roome, B.D. Ritchie, T.G. Parsons, R.J. Dixon, J.P.P. Hirst, T. Patton, B. Taylor, N. Philip, 
L. Wang, F. Sutherland, BP Exploration 

 
During the Lower Palaeozoic, the Saharan craton was part of the North-Western 
passive margin of Gondwana and was located close to the South Pole during the 
Cambrian and Ordovician (Stamplfi & Borel, 2002). A short-lived glaciation event 
occurred in the Late Ordovician. The ice sheet covered a large part of North Africa and 
resulted in a major phase of glacial erosion. This glacial erosion formed the tunnel 
valleys that we see in the outcrops of the Tassili N‟Ajjers today.  
 
The sediments deposited by the Late Ordovician glaciation are reservoirs for a major 
hydrocarbon exploration play in North Africa with gas and oil sourced from the 
overlying Silurian hot shales. In Amenas and Tin Fouye Tabankort fields in the Illizi 
basin and Elephant field in the Murzuq basin are examples of giant fields reservoired in 
these formations. Through studies of the outcrop, satellite imagery, borehole data and 
the seismic data we aim to be able to predict the location and distribution of the highest 
quality reservoirs for future exploration and optimum development of our hydrocarbon 
reservoirs. 

 
Figure 1. Location map showing Tassili N‟Ajjer and BP blocks in Libya and Algeria. Cambro-
Ordovician outcrops are grey, licence blocks are black outlines and BP Blocks are highlighted 

in green. 

 
 
Outcrop Analogues 
Ordovician syn-glacial tunnel valleys are described from the outcrops of the Tassili 
N‟Ajjer (SE Algeria) (Beuf et al., 1971; Eschard et al., 2005; Ghienne & Deynoux 1998) 
and other locations around North Africa and the Middle East. Examples of tunnel 
valleys in outcrop (Figure 2a) give an idea of the scale and geometry of valleys we see 
in North Africa subsurface the style of fill of the valleys that we see on seismic sections 
and in borehole data. 
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The use of Seismic to locate and describe the tunnel valleys 
On a regional scale, 2D seismic has been used to map out large scale trends in the 
location and distribution of tunnel valleys (Figure 2b). They can be recognised on 
seismic across Algeria and Libya and generally have a SE-NW orientation. Indications 
of glacial flow direction can be seen in outcrop (Beuf et al., 1971) documenting 
movement towards the North or North West. The regional trend of tunnel valleys is 
reasonably well understood from the 2D regional seismic but 3D seismic is required to 
study the features in any detail.  
 
Three-dimensional seismic data reveal a greater level of detail within the valleys. We 
can image the outlines of the valleys on time slices through the volumes which 
produce similar shapes and scales to the valleys seen in outcrop. Using 3D seismic 
interpretation software we can map out features within the valley and so investigate the 
size, geometry and continuity of some of the fills, however, calibration with wells is 
required to determine the reservoir characteristics. Outcrop data can be used as an 
analogue for some of these features but there is a large difference in the resolution of 
detail between the outcrop and seismic data.  
 
Further data can be extracted from 3D seismic attributes using Amplitude Variation 
with Offset (AVO) and Acoustic Impedance versus Gradient Impedance (AIGI) to 
predict facies ahead of the bit.  
 
Figure 2. Outcrop picture of a tunnel valley (a) compared to a seismic example of similar scale 

(b). 

 
 
 
Controls on Reservoir Presence and Quality 
Several reservoir targets exist within the Cambro-Ordovician section (Figure 3). Within 
the pre-Glacial section the Gres d‟Ajjer has reservoir potential. Within the syn-glacial 
section there are two main reservoir targets; the ice proximal traction deposits and high 
density turbidite deposits. The post-glacial sequence contains a further reservoir 
target, the shallow marine tidal sand-wave deposits. Though there are multiple 
reservoir targets they can be of limited lateral extent. The base Ashgill erosion surface 
plays an important role, both cutting out pre-glacial formations, and generating a 
topography which constrains the deposition of the syn-glacial sequence. The syn-
glacial section is further complicated by additional glacial erosion surfaces (GES) and 
the chaotic nature of syn-glacial deposition, though more laterally extensive deposits 
are often found near the top of the sequence as the valleys are overtopped. 
 
 
 
 
 

Figure 3. Cambro-Ordovician Stratigraphy for the Illizi Basin illustrating formations and key 
surfaces; Glacial erosion surface (GES), Isostatic rebound surface (IRS). 

 a 

 b Top Ordovician 

Basement 
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Within the syn-glacial section it has been shown that the primary control on reservoir 
quality is the depositional environment (Hirst et al 2002). Locally a strong overprint of 
quartz diagenesis is seen to reduce reservoir quality. 
 
Conclusions 
The late Ordovician glacial and pre-glacial Ordovician to Cambrian deposits of the Illizi 
basin are a significant exploration target. These complex reservoirs can present 
surprising results at both the exploration and development stages. Through detailed 
analysis and careful integration of all data types available significant advances can be 
made in determining the distribution of the highest quality reservoirs. 
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Groundwater Flow and Recharge in Complex Tunnel Valley Systems 
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Aquifers found in buried tunnel valleys are an important part of the basis for Danish 
water supplies. Recent investigations have shown that tunnel valleys frequently occur 
in complex systems of valleys either cross-cutting each other or eroding into each 
other generating series of cut and fill structures. The hydrogeology of such areas is 
therefore very complex. In order to construct credible hydrogeological models and 
appurtenant groundwater models the spatial distribution, the internal structures, and 
the lithology of the tunnel valleys and their surroundings have to be known in detail. 
However, this is unfortunately not always possible due to insufficient data quality and 
data density.  
 
This presentation will discuss the sensitivity of groundwater flow and recharge with 
respect to varying internal structures, lithology, and morphology within buried tunnel 
valleys. This is done by simulations using a set of synthetic groundwater models 
representing various types of buried valley hydrogeology. For some of the models 
inaccurate counterparts are set up and used to illustrate the consequences of 
simulating with models that have been developed from insufficient data sets. 
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Permo-Carboniferous glaciation, the biggest phanerozoïc one, is recorded in several 
Gondwanian basins located in Africa, Australia, and South America. Those basins 
were intensely studied due to their high petroleum potential. In Bolivia, Carboniferous 
is mainly exposed in the Subandean foothill zone, where folds-faulting constitute 
numerous structural traps. The foreland basin is undeformed and Carboniferous layers 
are well visible on seismic data. Carboniferous deposits could be more than 2 Km 
thick. The detailed study of subsurface data provides accurate and numerous 
information about Carboniferous deposits architecture and sedimentological 
environment evolution. 

 
Many unconformities are present in the seismic survey analysed. They could form 
paleovalleys more than 500 metres deep and ten‟s kilometres wide. We assume that 
those incisions are subglacial, and require an ice-sheet setting. But, exact physical 
processes generating those valleys remain uncertain. Previous sedimentological 
studies of glacial valleys concern objects of smaller scale in relation with over-
pressurized subglacial melt-water processes (i.e. tunnel valleys). However, as the ice 
is unable to maintain enough water pressure in the largest carboniferous Bolivian 
paleovalleys, an abrasion phenomenon is more expectable. The paleovalleys infill is 
generally a chaotic seismic facies overlain by an aggrading-prograding (to NNW) 
prism, respectively attributed to diamictites and/ or tillites passing to a fluvio-deltaïc 
system. Transparent facies is probably linked with subglacial setting or ice-sheet 
vicinity. The surmounting prism seems to be a depositional system supplied by an ice-
front. One of those ice-fronts had been recognized on the dataset gratefully to 
descriptions from studies of recent glacial stages. The ice retreat rate and the proximity 
of a glacial front would then influence the presence and location of aggrading 
proglacial fans (in front of the ice), aggrading fluvial deposits (downstream of fans), or 
prograding turditic deltas (in glaciomarine setting). Those sediments are essentially 
made of sandstones and thus present a good reservoir potential. This succession of 
erosions and fills, associated with glacial deposits, show us at least three major glacial 
stages containing a succession of several glacial and interglacial phases during 
Carboniferous period and the beginning of the Permian. 
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Deformation bands are planar structural elements that occur in porous sandstones 
(e.g. Fossen et al., 2007). They have attracted much attention in the past because of 
their low permeabilities and their potential impact on fluid flow in sedimentary basins 
(e.g. Fossen & Bale, 2007). Several studies have focused on the geometry and 
physical properties of deformation bands (e.g. Shipton et al., 2005, Milliken et al., 
2005). Often deformation bands show reduced grain-size as a consequence of 
“mylonitisation”. Deformation bands are not limited to sandstones, they also occur in 
unconsolidated sands, such as Quaternary sediments (Fossen et al., 2007).  
 
This paper presents an outcrop-based study on the 3D geometry of deformation bands 
that are developed in Pleistocene sands in northern Germany. In general, deformation 
bands are only exposed in two dimensions. Deformation bands are also below the 
resolution of standard geophysical methods. However, unconsolidated Pleistocene 
sands allow the outcrop to physically sliced to obtain information regarding the third 
dimension. The 3D geometry of deformation bands and their orientation were 
measured in the field and analysed by using digital outcrop photographs. From this 
data, a 3D model was created with GoCAD. We observe in three dimensions how the 
deformation bands branch and merge and show along-strike variation in thickness.  
 
The observed deformation bands show offsets in a range of decimetres and can be 
classified as deformation band faults, senso Mollema & Antonellini (1996). Quartz 
grain area within the deformation band ranges from less than 0.1 to 1.5 mm², with a 
pronounced negative (coarse) skew, which is identical to the grain-size distribution of 
the parent sediment. Together with the observation of two stages of calcite overgrowth 
(radial sparite and micritic) and that c-axes of the quartz grains are completely random; 
we suggest mylonitisation was very unlikely. Instead we propose the involvement of 
calcite-rich fluids enhancing grain-boundary sliding as the dominant deformation 
mechanism. 
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Mechanisms and Timing of Diagenesis in Polar Glacimarine Depositional 
Systems:  Insights from Pore Water AND Sediment Geochemistry of the AND-2A 
Drillcore, Victoria Land Basin, Antarctica 
 
T. D. Frank, Z.  Gui, Department of Geosciences, University of Nebraska-Lincoln, Lincoln, NE 
68588-0340 USA 

 
A new core recovered from the Victoria Land Basin (VLB), Antarctica by the ANDRILL 
(ANtarctic DRILLing) Project provides an opportunity to examine diagenetic processes 
and assess implications for reservoir development in polar, glacially influenced marine 
depositional systems.  During core recovery, 35 samples of pore water were extruded 
from whole-round core sections and subjected to a suite of isotopic and geochemical 
analyses.  Sediment samples were collected for petrographic examination and stable 
isotopic analysis of organic matter and carbonate cement.  Geochemical analysis of 
pore water revealed that connate seawater has been transformed into high-alkalinity 
brine that approaches 6X seawater salinity at 963.44 mbsf.  With the exception of 
sulphate, which is being removed via bacterial sulphate reduction, ions that behave 
conservatively in seawater remain in constant proportion with chloride.  These patterns 
suggest that the brine evolved from seawater via a process that removes H2O while 
leaving salts behind in the same proportions that they exist in seawater.  In the 
absence of marine evaporites or other evidence for long-term desiccation, the most 
plausible explanation for the presence of brine in this region of the VLB involves a 
water-rock exchange mechanism.  Petrographic observations from the AND-2A core 
reveal high concentrations of volcanic glass and other reactive igneous phases below 
~200 mbsf.  Previous work in other basins has shown that the hydration of volcanic 
glass and the formation of hydrous secondary minerals such as zeolite, layered 
silicates, and chlorite can produce brines at low temperatures and over geologically 
short time intervals.  Petrographic analysis confirms that much of the volcanic glass in 
the AND-2A core is undergoing hydration (devitrification) and reveals the presence of 
zeolite and chlorite overgrowths.  Isotopic data from intergranular carbonate cements 
provide additional insight into diagenetic processes.  Isotopic compositions of cements 

do not correspond to 18O and 13CDIC trends in pore water profiles.  The nature and 
magnitude of offsets indicate that intergranular cements were emplaced relatively 
early, prior to or coincident with organic matter degradation and well before the 
evolution of pore water to its present composition.  Results from the present study 
suggest that despite dramatic modification of connate waters in the VLB succession, it 
is the early diagenetic processes that have exerted the dominant influence on reservoir 
properties.   
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Throughout the Wintershall & BRGM campaign in 2007, conducted at the beginning of 
the 1st exploration phase for the Wintershall acreage Ta 5 & Ta 6 (68000 km²) 
extensive field mapping and shallow continuous coring led to the identification of 
stratigraphical records of the Neoproterozoic Marinoan and the Palaeozoic Hirnantian 
glacial episodes. 
  
The late Cryogenian Marinoan event (633 +/-1 Ma) is recorded by the Jbeliat Group 
comprised of diamictites including large boulders of granitic basement and lacustrine 
pelites. The preserved thickness of the Jbeliat Group sedimentary succession varies 
between 0 and 50m, depending on palaeomorphological variations. Glacial striation 
features, related to ice and ground moraine flow could be observed on top of the partly 
eroded El Mreiti Group, demonstrating a southerly advance of ice sheets. The post-
glacial sea level rise led to the deposition of the lowermost unit of the Azlaf Group, the 
baritic dolomites regarded as Cap Carbonate (5 – 10m thick). The Cap Carbonate is 
overlain by pelitic series (Azlaf Gp.) with intercalated tuffaceous layers at the bottom, 
which have been dated with volcanic zircons at 625 +/- 8 Ma. 
 
TOC values have been measured at the lowermost section of the Azlaf pelites, as they 
were considered as a potential analogue to the Silurian “Hot Shale” associated with the 
late Hirnantian deglaciation. The TOC values measured were negligible, which implies 
that the source rock potential of the lowermost Azlaf Group could not be proven. 
 
The Hirnantian glacial episode is recorded by the Tichit Group. A clear erosional 
unconformity between the underlying Cambro/Ordovician Erg Chech Group with 
incised valleys (15km*10km*30m) has been mapped. The Tichit Group in the study 
area shows a preserved thickness of up to 40m, depending on palaeomorphological 
variations of incised valley floors with local sedimentary dykes and its subsequent 
glacial infill. The sequence is characterized by coarse to conglomeratic clastics 
including a few large erratic boulders which have been transported towards northerly 
directions.  
 
As an analogue to the highly productive lowermost Llandovery (Rhuddanian) “Hot 
Shales” in the North African Palaeozoic basins, the hydrocarbon potential of the 
Silurian succession in the study area has been assessed on shallow well core 
samples. The source rock potential in the evaluated Silurian section is very low. Dating 
on graptolites revealed only Mid-Llandoverian to Wenlockian ages, which potentially 
could explain the lack of source rock potential.   
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Seismic images from the NW European continental shelves display a variety of 
features attributable to erosion, deposition and deformation associated with the late 
Cenozoic glaciations. These glaciogenic structures range in size from tens to several 
hundred kilometres long ice stream depressions, over tens of km long mega-scale 
glacial lineations, to several tens of km long, few km wide and hundreds of metres 
deep tunnel valleys and glacial tectonics affecting sediment thicknesses up to 300m, 
deformed into hundreds of metres long thrust blocks (Fig. 1), down to few tens of 
metres wide and metres deep iceberg scours that can be seen at several levels 
through the Plio-Pleistocene from the Dutch North Sea to the Atlantic Margin. 
 
This poster will show examples of the different manifestations of these features in 2D 
and 3D seismic data, emphasising their morphology and context with reference to the 
NW European glaciations.  
 
The implication of these structures in NW Europe is manifold; tunnel valleys serve as 
prolific aquifers onshore whilst glaciogenic sediments may contain hydrocarbons in 
hazard or reserves quantities or anomalously hard lithologies such as boulder clays 
that may pose a challenge to exploration drilling. The anomalous fluids and lithologies 
further cause imaging difficulties of both regional and local nature, leading to general 
seismic data quality issues as well as localised velocity pull up and push down 
phenomena that may hamper proper seismic imaging or reserves estimates of subtle 
closures in the underlying section. 
 

 
 

Fig. 1. Glacio-tectonic thrust structures crosscut by an inferred Elsterian tunnel valley in the 
easternmost Danish North Sea (Huuse et al. 2001: Marine Geology). The glacio-tectonic 

deformation was modelled numerically and found to have been generated by gravity spreading 
in front of an ice sheet located in southern Jutland (Andersen et al. 2004: J. Structural 

Geology). 
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Manchester, M13 9PL, England 

 
Recent high resolution (1-5 m) bathymetric surveying has provided detailed maps of 
ice flow markers such as grooves, flow aligned seafloor features and moraine sets, as 
ice moved across the Moray Firth into the North Sea basin during the most recent 
(Weichselian) glaciation. Extensive 3D seismic studies of late Pleistocene subglacial 
drainage networks across the North Sea indicate the extent, internal flow mechanics 
and subglacial hydraulics of the Northern British Ice Sheet during this stage. However, 
to date, the extent of early- and mid-Pleistocene glaciations into the North Sea have 
only been inferred from depositional and paleo-climatic records. 
 
Using industrially-acquired 3D seismic data we present several ice contact surfaces 
imaged at various depths within the Quaternary stratigraphic succession. Stratigraphic 
correlation with shallow (< 100 m) piston cores and deep ( > 600 m) cores and well 
logs from hydrocarbon exploration has been attempted but biostratigraphic control the 
Cenozoic succession is in very localised areas, poorly understood; indeed it is possible 
that a hiatus exists between the Paleocene and Quaternary in places. The surfaces 
are described thus: 
 
- The deepest surface is an erosional unconformity in the Inner Moray Firth several 
hundred metres below the seabed against which subcrop the gently eastward-dipping 
lower and upper Cretaceous and Paleogene formations. This surface presents 1-10 
km long groove flowsets which we conclude is most likely ice-stream scoured. Shallow 
cores yield deposits from at least three of the post mid-Pleistocene glaciations which 
suggest that the grooves were created by an early Pleistocene ice sheet. 
 
- Further out into the N Sea basin we find a shallower (400 m) north/south-trending set 
which we interpret as an early Pleistocene recessional suite of flowsets, superposed at 
each stillstand as an icestream decreased in its power; here the data coverage 
prevents an unequivocal interpretation of the direction and hence source of the ice. 
 
- A final shallower set is in the innermost region of the Moray Firth at 100 m depth and 
shows convergent northeastward-directed groove sets indicative of convergent flow of 
the Ness and Dornoch ice streams. This lies within Weichselian glacial deposits and 
shows ice flow direction during the most recent glaciation in keeping with suprajacent 
seafloor features and regional flow models. 
 
Also of note are seismic facies that often immediately overlie the unconformity which 
we interpret to include melt-out till, ribbed moraines and slope failure deposits. Further 
chronostratigraphic interpretation is not possible until suitable core is retrieved from 
these intermediate depths but such an exercise should enlighten our understanding of 
the Quaternary glaciations more generally. 

 



Glaciogenic Reservoirs and Hydrocarbon Systems 

 

December 2009  Page 82  

Sedimentological Architecture of Tunnel Valley Infill in Hamburg (NW Germany) 
 
Adriaan Janszen

1
, Andrea Moscariello

1
, Jürgen Ehlers

2
, Julien Moreau

3
, Mads Huuse

3
, Paul 

van der Vegt
4
, Philip L. Gibbard

4
 

 
1
Department of Geotechnology, Delft University of Technology, Delft, Netherlands  

2
Hamburg Geological Survey, Hamburg, Germany 

3
Geology and Petroleum Geology, University of Aberdeen, Aberdeen, UK 

4
Cambridge Quaternary, Department of Geography, University of Cambridge, Cambridge, UK 

 
In the Hamburg area (NW Germany), the three last Pleistocene glaciations resulted in 
a subsurface that has a highly complex architecture and sedimentology. Among the 
most characteristic features are deeply incised valleys that are up to 400 meter deep, 4 
kilometres wide and tens of kilometres long. The base of these valleys is often 
undulating and they begin and end abrupt. This indicates that these valleys were 
probably formed by overpressured meltwater below the Pleistocene ice-sheets; they 
are usually referred to as tunnel valleys. Similar valleys are known from the Southern 
North Sea, North America and Russia. During the Ordovician and Permo-
Carboniferous glaciations in North Africa and the Middle East, tunnel valleys were 
formed that now constitute important hydrocarbon reservoirs. 
 
The spatial distribution of these valleys, the processes that formed them, the reservoir 
quality of the infill and the presence of shale barriers within these Palaeozoic 
reservoirs are still very difficult to predict. For this reason the densely sampled, 
Pleistocene tunnel valleys in Hamburg are used as an analogue. For this purpose, the 
descriptions of 16.000 boreholes are available, with some of the boreholes also logged 
with Gamma Ray as well as Resistivity tools. Furthermore, two 2D seismic lines are 
available. 
 
Using this extensive dataset it is possible to construct a detailed stratigraphic 
framework. Furthermore it is possible to obtain a detailed understanding of 
sedimentary architecture and spatial distribution of lithologies. 
 
The logs allowed for a detailed correlation over short distances in order to establish the 
continuity of sand bodies and shale barriers. The seismic lines are used to constrain 
the lateral continuity of the valleys as well as the large-scale geometry of the infill. 
 
The final result is a 3D, high-resolution model of the subsurface of Hamburg that can 
be used to obtain a better understanding of the architecture of glycogenic deposits. 
The model might also be used to test some current hypotheses on the genesis of 
tunnel valleys. 
 

 



Glaciogenic Reservoirs and Hydrocarbon Systems 

 

December 2009  Page 83  

Facies Characteristics and Depositional Architecture of Upper Ordovician 
Glacimarine Fan Systems, Illizi Basin, Algeria 
 
J Lang

1
, R. J. Dixon

2
, D. P. Le Heron

3
, J. Winsemann

1 

 
1
Institut für Geologie, Leibniz Universität Hannover, Germany 

2
BP Exploration, Sunbury, UK 

3
Department of Earth Sciences, Royal Holloway University of London, UK 

 
Upper Ordovician glacigenic deposits are profoundly important as hydrocarbon 
reservoirs across North Africa, such as within the Illizi Basin of eastern Algeria. Within 
this basin, siliciclastic deposits of the Tiguentourine Field may be divided into pre-, syn- 
and postglacial successions, based on the analysis of 25 well logs, core descriptions 
and geophysical logs. Within the synglacial succession, two ice-advance-retreat 
sequences can be defined, mainly consisting of marine ice-contact fan deposits. The 
best reservoir properties within the glacigenic succession are attributable to the 
proximal and medial deposits of the ice-contact fans.  
 
The proximal marine ice-contact fan deposits consist of massive or low-angle cross-
bedded, coarse-grained sandstone and pebbly sandstone. They are interpreted as the 
deposits of turbulent, high-energy jet-flows, probably emerging from subglacial 
meltwater conduits. These jet-efflux deposits are up to 60 m thick and interbedded with 
deposits of cohesive and non-cohesive debris flows. The successions commonly 
display a fining-upwards trend and laterally interfinger with thick-bedded, massive fine-
grained sandstones and thin-bedded, planar-parallel or ripple-cross-laminated, mud-
prone, fine-grained sandstones. 
 
The jet-efflux deposits are overlain by fine-grained, thick-bedded massive sandstone. 
These mid-fan deposits build-up of the bulk of the glacimarine fans and are interpreted 
as underflows, generated at the point of flow-detachment, where meltwater jets 
become buoyant and large volumes of sediment fall-out from suspension. The mud 
content within the massive sandstones is highly variable and influences the reservoir 
quality. In the upper part of the fan succession massive sandstones are overlain by 
deposits of waning low-density turbulent flows and suspension fall-out, representing 
the most ice-distal deposits. The total thickness of the massive sandstones may 
exceed 100 m.  
 
Since the jet-efflux deposits form the most extensive reservoirs within the succession, 
it is important to understand their dimension and spatial distribution. Modelling of the 
subaqueous fans thickness (GOCAD) suggests that the thickness is primarily 
controlled by topography inherited from earlier subglacial erosion effects. Deposits of 
the marine ice-contact fan systems generally show a retrogradational stacking pattern 
from ice-proximal to ice-distal deposits. This pattern is attributed to the deposition in 
front of a retreating ice-sheet. 
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Pleistocene Glacigenic Deposits of the Danbury-Tiptree Ridge, Essex, England 
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Understanding the palaeoenvironment and palaeogeography of the deposition of 
sediments, together with the development of a model which illustrates the evolution of 
the regional landscape always provides more accurate assessment of the amount, 
quality, architecture and accessibility of exploitable minerals.  
 
The main aim of this project is to establish the relation between the evolution of the 
glacial meltwater deposits and the regional drainage pattern, especially evolution of 
the pre-diversion River Thames. Understanding the evolution of the area not only 
assists interpretation of the origin of the Danbury- Tiptree ridge and development of the 
model of its evolution, but clarifies the Pleistocene stratigraphy of southern East 
Anglia. 
 
The extensive outcrops of sands and gravels in the Danbury-Tiptree area, east of 
Chelmsford in Essex, England occur adjacent to the southeastern margin of the Middle 
Pleistocene Lowestoft Formation till sheet. They cap a substantial bedrock London 
Clay (Palaeogene) ridge and occur at the Anglian ice sheet margin (BGS 1975).  
Although, this area was glaciated only once during the Anglian (Elsterian, MIS 12) 
Stage, several ice-marginal local fluctuations probably occurred. The ice overrode pre-
existing fluvial sequences, particularly those of the pre-diversion River Thames 
(Bristow, 1985).  

 
Interpretation of the origin of the Danbury-Tiptree gravels remains controversial in spite 
of there having been a series of investigations over the last 150 years. The 
architecture of these gravels is not typical of ice-marginal features. Several hypotheses 
have been established concerning the origin and character of the gravel outcrops in 
the area. Their morphology and internal structure have been attributed to 
glaciotectonic deformation (Boswell, 1914, 1916; Harmer, 1928; Turner, 1937). On the 
other hand, deposits in the area have also been interpreted as being of non-glacial 
fluvial origin (Hey, 1980; Rose and Allen, 1977; Rose et al., 1976).  Clayton (1957; 
Clayton, 1960) has also claimed that the Danbury-Tiptree gravels represent outwash 
deposits.  

 
Not only traditional methods such as aerial photography analysis, fieldwork (section 
logging, leveling), as well as laboratory techniques (clast lithological analysis, particle-
size and shape analysis, clast fabrics and density, clay mineralogy analysis, thin 
section analysis,  as well as dating of sediments) and analysis of existing, published 
and unpublished data will contribute to the completion of the project. The more 
innovative technique of ground penetrating radar (GPR) has also been employed.  

 
The poster presented shows some preliminary results that have been obtained and 
reinterpretation of sediments will be outlined together with examples of the application 
of the GPR and its role in understanding the architecture of the sand and gravel 
resources.  The integration of traditional field investigation and laboratory methods 
together with the more recent GPR technique, greatly clarifies the prediction of the 
scale and rate of change of the reservoir of sand and gravel and also contribute to 
general palaeogeographical knowledge of the region.   
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The distribution of tunnel valleys in the German North Sea is mapped from more than 
25 000 km of 2-D and 3 000 km2 of 3-D seismic data. The number of identified tunnel 
valleys is much higher than previously known from former studies. Areas which could 
not be mapped so far because of a lack of data are now studied. The new map reveals 
that tunnel valleys are common features in the German North Sea but areas remain 
where they are absent (Fig. 1).  
 
At least three different generations of valley formation can be differentiated in the 3-D 
seismic data sets. The mapped valleys have widths of up to 8 km and lengths of up to 
66 km, thus forming impressive geomorphological features. They are incised down to 
400 m into the Neogene sediments and cut-and-fill structures within the tunnel valleys 
are imaged by high-fold 2-D seismic data indicating a re-use of existing tunnel valleys 
during subsequent ice advances and retreats. The valley fill of large tunnel valleys 
shows a typical pattern with a chaotic seismic facies at the bottom overlain by a high 
amplitude reflector and sub-horizontal to inclined low amplitude reflectors. This pattern 
correlates with results from on- and off-shore studies of tunnel valley infill and suggests 
coarse-grained sediments at the base overlain by fine-grained glaciomarine and/or 
glaciolacustrine sediments. The tunnel valleys in the eastern and central German 
North Sea are probably of Elsterian age, because the surrounding Dutch, Danish and 
onshore German tunnel valleys are of inferred or proven Elsterian age. 
 
The interpretation of 3-D seismic data also reveals subtle morphological features like 
iceberg scours. They occur at depth of 300-800 ms in the study area indicating iceberg 
movement in the southern North Sea before the onset of the main glaciations. The 
orientation of iceberg scours was mapped along four horizons and shows a mainly N-S 
orientation.  
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Figure 1: Inset shows location of study area in the southern North Sea. Outlines of mapped 
tunnel valleys are shown for all blocks in the German North Sea. Rose diagrams depict the 
orientation of tunnel valleys for three subregions (top left=A, B, C blocks, bottom centre=G 

block, right bottom=H, J, K, L, M blocks) and the whole study area (top center). 
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Glacial to Post-Glacial Epicontinental Sedimentary Environments: The Early 
Permian Grant Group, Canning Basin, Western Australia 
 
J. Martin, J. Redfern, A. Mory, B. P.J. Williams 

 
The most recent isotope and field research suggest glacial climatic conditions during 
the late Paleozoic Gondwanan ice age (LPGIA) peaked during the Asselian-Sakmarian 
(Early Permian). Glacial sedimentary rocks of this age can be found on every present-
day „fragment‟ of the supercontinent and attest that ice sheets were widely distributed. 
The stratigraphic record also suggests that peak glaciation was followed by 
widespread deglaciation, except in areas where local to regional conditions allowed 
preservation of glaciers/ice caps, such as the palaeo-orogenic belts of eastern 
Australia. 
 
The Grant Group, deposited during the Asselian-Sakmarian in the Canning Basin 
(Western Australia), provides a good example of the sedimentary response to the 
transition from peak- to post-glacial conditions within epicontinental environments. This 
study provides full descriptions and interpretations of outcrop and cored subsurface 
sections of the Grant Group that were used to reconstruct the paleoenvironments. The 
results, combined with a detrital zircon provenance data, allow a regional depositional 
model to be developed for the Grant Group, which may be a suitable analogue for 
hydrocarbon reservoirs deposited within similar settings, such as the Late Ordovician 
of North Africa. 
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The sedimentary architecture and facies distribution of glaciogenic deposits 
accumulated in the western part of Lake Geneva (Petit-Lac), investigated by high-
resolution 2-D reflection seismic and geotechnical boreholes, unravel the complex 
sedimentary history associated with the advance and withdrawal of Rhone glacier 
during the Last Glacial Maximum (LGM) cycle.  
 
This paper offers insights on the complex geometry of tunnel valley infill formed during 
the LGM ice advance and subsequent retreat, on the effects of subsequent 
sedimentation and deformation related to temporary ice readvances and recessions 
and on the pro-glacial lacustrine succession accumulated during the final ice 
withdrawal. Over sub-glacially deformed pre-glacial deposits a sequence of glacial 
diamicts consisting of lodgments and basal tills deposited below a grounding ice is 
preserved. These are overlaid by a variable thickness of diamictons interstratified with 
coarse poorly sorted gravels interpreted as the result of alternated deposition 
associated with an ice tongue close to the floating equilibrium and subglacial meltwater 
conducts (eskers). Thick sequences of proglacial turbidites with dropped boulders and 
pebbles and diamicton layers form most of the valley infill. Along the longitudinal valley 
axis their thickness changes dramatically as a result of glaciotectonic responsible of 
large scale deformations (thrust sheets) indicating at least two shorts stages and 
advances of the ice front at few kilometers of distance from each other. Overall the 
grain-size and amount of dropstones decrease upwards indicating the progressive 
withdrawal of the ice front. The upper part of the late glacial lacustrine sequence 
contains distal micro-turbidites with intercalation of aeolian deposits (loess). 
 
The data from the Petit-Lac demonstrate that high-resolution seismic investigations of 
Pleistocene sequences calibrated with boreholes data can provide valuable insights on 
stratigraphy of glaciogenic deposits, associated facies and their vertical and lateral 
variability. The latter together with the reconstructed internal architecture of the tunnel 
valley infill, represent an example of geological analogue which can assist the 
characterisation and modelling of glacial tunnel valleys found in older Palaeozoic, 
deeply buried, often poorly imaged glaciogenic sequences which represent target for 
hydrocarbon exploration and development in various parts of the world.  
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The glacial landscape of the Dobrzyn Moraine Plateau in central Poland contains a 
complex suite of enigmatic bedforms consisting of elongate and continuous sediment 
ridges occurring within an anabranched network of tunnel valleys terminating at a 
former ice margin marked by extensive glaciofluvial fans. The term 'glacial 
curvilineations' is proposed to describe these enigmatic bedforms which occur as fields 
of parallel, sinuous ridges separated by troughs. The regional pattern of glacial 
curvilineations replicates the morphology and pattern of tunnel valley margins and 
suggests a common genesis. Tunnel valleys and glacial curvilineations are eroded in 
interbedded diamictons and glaciofluvial sediments of the moraine plateau. We 
propose that tunnel valleys and glacial curvilineations are the products of subglacial 
meltwater erosion. Curvilineations are erosional remnants produced by longitudinal 
vortices within the tunnel valley-forming flows. Parallelism of curvilineations reflects 
spacing of turbulent structures within the subglacial flow. Tunnel valley margins also 
control the sinuosity of curvilineations by dictating both the path and curvature of 
longitudinal vortices. Arguments for meltwater erosion are strengthened by the 
presence of extensive glaciofluvial fans at tunnel valley termini: they are the 
depositional counterparts to the extensive subglacial fluvial dissection of the moraine 
plateau.  
 
Understanding curvilineation genesis may shed light on glacier hydrologic processes. 
Tunnel valleys develop abruptly in the plateau surface suggesting localized point-
sources of meltwater, such as drainage of subglacial and/or supraglacial lakes. The 
extent of tunnel valleys and lateral continuity of glacial curvilineations suggests broad 
sheet-like flows as wide as a few kilometres. 



Glaciogenic Reservoirs and Hydrocarbon Systems 

 

December 2009  Page 90  

Controls on the Sedimentary Architecture and Heterogeneity of a Large-Scale 
Glacial Outwash System: Skeiðarársandur, Iceland 
 
A.J. Russell

1
, A.R.G. Large

1
 & M.J. Munro-Stasiuk

2
  

 
1
School of Geography, Newcastle University, NE1 7RU, UK  

2
Kent State University. Kent, Ohio 44242, USA 

  
With an area of 1000 km2, and a volume of 100 km3, Skeiðarársandur in south east 
Iceland is the world‟s largest active outwash plain or „sandur‟. A number of proglacial 
rivers, with a combined non-flood discharge of 102-103 m3 s-1, convey sediment across 
the sandur directly to the North Atlantic. Skeiðarársandur is subject to frequent high 
magnitude (3-5 x 104 m3 s-1) glacier outburst floods or „jökulhlaups‟ from a number of 
sources. Skeiðarárjökull is a temperate surge-type glacier and is fed by the Vatnajökull 
ice-cap.   
 
This paper discusses the controls on the sedimentary architecture and heterogeneity 
of ice proximal and ice-contact deposits on Skeiðarársandur.  We discuss glaciofluvial 
erosional and depositional process-form relationships within sub- and en- and 
proglacial environments.   
 
At Skeiðarárjökull, sudden-onset, high- magnitude jökulhlaups exiting overdeepened 
subglacial basins have generated a variety of hydro-mechanical erosional forms at and 
beneath the glacier bed. We present geomorphological and stratigraphic evidence for 
subglacial jökulhlaup erosion in form of tunnel channels and also sub- glacier-bed 
erosion associated with confined fracture and channel networks. The spatial 
distribution of subglacial erosional forms is influenced by sub- and proglacial 
topography and the distribution of buried glacier ice. Zones of glacier bed erosion are 
also associated in many cases with hydrofracture-fill and esker ridges demonstrating 
interconnection of subglacial and sub-glacier bed (subterranean) jökulhlaup flow 
pathways. Our findings may help explain complexity with the sediment and landform 
record of formerly glaciated areas where tunnel channels are often found in 
association with subglacial deposits such as eskers.  
 
Notwithstanding short periods of surge-related advance, Skeiðarárjökull has retreated 
over the last century. Skeiðarársandur contains clear sedimentary evidence of glacier 
advance and retreat associated major changes in meltwater routing and storage in the 
proximal sandur. Historic recession of the snout of Skeiðarárjökull has had a major 
influence on meltwater routing, sediment flux and sedimentology within the proglacial 
area of Skeiðarársandur. The sedimentary impact of the spectacular November 1996 
jökulhlaup varied considerably depending upon proglacial topography. Since 1996 ice 
margin recession of up to 2 km has resulted in the formation of large decimetre deep 
proglacial lakes.  A recent jökulhlaup in 2004 had a predominantly erosional impact 
within the ice-proximal zone allowing proglacial river channels to incise sufficiently to 
keep pace with the rate of glacier surface lowering and remain coupled to the sandur. 
As the margin of Skeiðarárjökull continues to recede, proglacial fluvial discharge will 
increasingly be routed along the glacier margin flowing through a series of proglacial 
lakes. This change in glacier proximal meltwater routing is accompanied by a major 
change in depositional environment from incised distributary fluvial channels to 
subaqueous and deltaic sedimentation.  
 
Although the Skeiðarárjökull depositional system is relatively small compared with 
ancient glaciogenic systems, it provides one of the best modern analogues for high 
magnitude glaciofluvial erosional and depositional processes. Extremely well-
constrained timescales for erosion and deposition on Skeiðarársandur provide an 
invaluable insight into relatively large-scale processes operating at a location subject to 
a range of glaciohydraulic conditions.  
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The mapping of buried valleys in Denmark has revealed numerous intricate, cross-
cutting tunnel valleys in large parts of the country. Extensive use of the TEM-method 
has provided a detailed picture of the shape, size and orientation of the buried valleys. 
Data from test drilling and numerous water wells provide valuable control on the 
geophysical data by offering lithological information about both the valley in-fill and the 
eroded substrate. The buried valleys are incised into unconsolidated layers of clay, silt, 
and sand as well as into consolidated chalk and limestone. The depths of the valleys 
vary and the eroded substrate includes sediment ages ranging from Upper Cretaceous 
to Late Weichselian. 
 
More than 3500 km of buried valleys has been mapped in the Danish on-shore area 
and this large data set has enabled us to relate the morphology and the geographical 
distribution of the valleys to the properties of the substrate. The valleys occur in cross-
cutting or stacked generations, but frequent cut-and-fill settings indicate that valley 
erosion along pre-existing tunnel valley tracks also occurred. Each generation is 
believed to represent one glacial event including subglacial meltwater erosion, 
withdrawal of the ice sheet and pro-glacial sedimentation. 
  

Based on the geographical distribution of 
the buried valleys the Danish area has 
been divided into 4 subareas with 
different substratum lithology (Fig. 1.): 
 
Sub-area 1: Clay-dominated Quaternary 
sediments 
Sub-area 2: Consolidated chalk and 
limestone 
Sub-area 3: Paleogene clays 
Sub-area 4: Sandy and clayey Miocene 
sediments 
 
In sub-area 1 a large number of up to 200 
m deep and around 1 km wide buried 
tunnel valleys have been found. The 
valleys are eroded into thick sequences 
of predominantly clayey marine 
sediments. In sub-area 2 only a limited 
number of buried tunnel valleys are 

found. The valleys are eroded into chalk and limestone and are generally less than 
100 m deep. The pre- Quaternary substratum in sub-area 3 consists of impermeable 
Paleogene clays and the valley density is generally large. The valleys are around 1 km 
wide and attain depths up to around 200 m. In sub-area 4 the density of tunnel valleys 
appears to be lower than in sub-area 3 and at several locations the valleys are both 
broader and deeper than in sub-area 3. The substratum in this sub-area consists of 
both sandy and clayey Miocene sediments. 
 
The density of buried tunnel valleys is generally found to be higher in areas with a clay-
dominated substratum (sub-area 1 and 3) than in areas dominated by chalk/limestone 
(sub-area 2). This difference is supposed to be caused by differences in substratum 
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hydraulic conductivity. The clayey, low permeable substrate in sub-area 1 and 3 llows 
high basal water pressures to be established, thus facilitating subglacial melt water 
erosion at the ice-bed interface. Only few tunnel valleys are formed in sub-area 2, 
because the highly permeable substrate here enables the melt water to drain through 
the sediments below the glacier. Also the lower density of valleys in sub-area 4 as 
compared to sub-area 3 is believed to be a consequence of differences in the 
hydraulic conductivity of the substratum. 
 
While other factors may influence the morphology and geographical distribution of 
tunnel valleys the observations point towards a high influence from the hydraulic 
conductivity of the substratum. However,when comparing both the valley shape and 
the valley density of sub-area 2 with the other sub-areas, the erodibility of the 
substratum is also believed to constitute an important factor. 
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Glacial tunnel valleys are highly elongate depressions, carved by meltwater beneath 
the marginal zones of former ice sheets. Research in this area currently focuses on 
their potential as drinking water and hydrocarbon reservoirs and aims to predict and 
optimise production from these reservoirs. The mechanics behind tunnel valley 
formation and their infilling are poorly understood. Difficulties in accessing the sub-
glacial system of contemporaneous glaciers and the lack of detailed sedimentary 
record in outcrops as a consequence of the burial of the sediments have obstructed 
research of this highly complex sedimentary system.  
 
To date several models for the formation and infilling have been proposed for specific 
examples, but no generalised model exists. A co-ordinated effort is made by the 
Glaciogenic Reservoir Analogue Studies Project (GRASP) to investigate a variety of 
examples on different scales to build a comprehensive model of the Pleistocene North 
Sea glacial system. This will be compared to the ancient glacial rock record, both in 
terms of regional evolution and in terms of glaciogenic reservoir geometries. The work 
discussed here forms part of GRASP and focuses on the outcrop scale. General 
sedimentary models of tunnel valley sediments, with special interest on sedimentary 
processes and up- and downstream changes in sedimentary deposition, will be 
constructed. These general models will provide a tool for predicting sedimentary infill 
for hydrological and hydrocarbon prospecting purposes and will shed light on sub-
glacial hydrological processes. 
 
This study researches the tunnel valley deposits in East Anglia, England. Woodland 
(1970) mapped the elaborate Elsterian/Anglian tunnel valley system present in Eastern 
England. The tunnel valley system radiates outwards broadly parallel to the ice-sheet 
movement, but occasional high-angle, cross-cutting indicates multiple phases of 
formation. The largest of the East Anglian tunnel valleys carve into the chalk bedrock 
to a maximum 100 m below current sea level and contain 120 m of sedimentary 
infilling. The tunnel valleys display undulating thalwegs and have highly variable 
infilling. Their infill lithologies range from glaciofluvial gravels and sands through glacial 
diamictons, to glaciolacustrine/-marine and even interglacial deposits. Most of these 
tunnel valleys contain multiple erosional and depositional events that caused changes 
in meltwater flow and ice movement, creating a highly complex sedimentary infill. 
 
To date research on the Waveney valley, the Cam valley and the Cromer Ridge glacial 
channels has been initiated. These three sites were chosen because they represent 
variable scales, morphology and sediment infilling. The combination of dense borehole 
coverage and outcrops makes these sites ideal for investigation. At the field sites, 
investigation is based on outcrop observations, hand- and mechanised drilling and 100 
Mhz ground penetrating radar (GPR). Existing borehole records, provided by the 
British Geological Survey, are being digitised and subsequently analysed in three-
dimensional imaging software. The collective data will be used to create facies models 
for tunnel valley infillings and the surrounding sediments for each location. 
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In Denmark approximately 99% of the water supply is based on ground water. In some 
parts of the country these resources are found in glaciogenic aquifers located in buried 
quaternary tunnel valleys. These buried quaternary tunnel valleys have therefore been 
subject to intensive mapping. This has shown that the valleys typically have been 
created and modified during several glacial events resulting in a complex internal 
hydrogeology with multiple cut and fill structures. 
 
The administration of groundwater resources has largely been based on simulations 
using regional scale groundwater models. However, regional scale models have 
difficulties with accurately describing the complex geological structure of the buried 
valleys, which bears the risk of poor model predictions of local scale effects of 
groundwater abstraction. Therefore to enable effective administration of the 
groundwater resources new methods need to be investigated especially to simulate 
local scale groundwater flow in heterogeneous buried valleys that interact with 
surrounding regional groundwater systems. 
 
In this study the Modflow-LGR method is utilized to make local grid refinement within a 
regional scale groundwater model. The local grid refinement is made around a recently 
established well field which draws water from an aquifer in a buried quaternary tunnel 
valley system. A globally coarse model and a locally refined model are both calibrated 
and evaluated by identical split sample testing, where the calibration data consist of 
hydraulic head and stream discharge observations dating from before production 
started at the well field, while the evaluation data consist of head and discharge 
observations covering the first three years of production at the well field. The models 
are also used to run various prediction scenarios where the predictions are related to 
water balance, draw down, and flow paths, respectively. A comparison of the results 
obtained by the two models demonstrates the importance of applying local grid 
refinement in a geologically complex sub-area of a regional-scale groundwater model. 
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The Porta subaqueous ice-contact fan is located on the northern margin of glacial Lake 
Weser, south of the Porta Westfalica pass. The Porta fan overlies glaciolacustrine mud 
and patchy occurrences of till and is up to 55 m thick, 6.2 km wide and 6.5 km long. It 
is unconformably overlain by delta deposits.  
 
A total of 10 sand and gravel pits and 105 wells were examined to document the 
sedimentary facies. The field study was supplemented with a ground penetrating radar 
survey and a shear-wave seismic survey. All collected sedimentological and 
geophysical data were integrated into a high-resolution 3-D geological model 
(GOCAD) for reconstructing the spatial distribution of facies associations. 
 
The incipient fan deposition is characterized by high-energy flows of a plane-wall jet. 
These coarse-grained jet-efflux sediments are deposited in front of a large 1.2 km 
wide, 3.2 km long and up to 25 m deep flute-like scour, indicating the jet´s most 
proximal erosion and by-pass area that widens and deepens with distance 
downstream to the region of maximum turbulence (~ 5 times the conduit diameter). 
Sediments are characterized by highly scoured pebble to boulder gravel, deposited 
from hyperconcentrated turbulent flows. Rapid downflow evolution from 
hyperconcentrated flow dispersions to more fluidal flow conditions is indicated by the 
lateral transition from massive gravel to cross-stratified gravel which occurred 
approximately 700 m downflow of the zone of maximum turbulence. The elongate plan 
shape of these jet-efflux deposits indicates a high Froude number.  
 
The central fan zone is flanked by two marginal gravel lobes, deposited in front of 1.3-
2.5 km long, 0.8-1 km wide, and 7-20 m deep flute-like scours, indicating flow-splitting 
and the formation of marginal scours or incipient channels, allowing new jets to 
develop. In front of the shallow scour (>7 m) gravelly mouth bars deposits are 
exposed, interpreted as representing low-energy jet-efflux deposits. In response to 
continued aggradation, small jets developed at the periphery of these bar-like gravel 
deposits and filled in the low areas adjacent to the original superelevated regions, 
locally raising the depositional surface and characterized by large-scale trough-cross 
bedded sand and pebbly sand. 
 
The incision of an up to 1.2 km wide and 35 m deep channel into the evolving fan is 
attributed to a catastrophic drainage event, probably related to a dramatic lake-level 
fall in the range of 40-60 m. At the mouth of this channel highly scoured jet-efflux 
deposits formed under hydraulic jump conditions during flow expansion. Subsequently 
Gilbert-type deltas formed on the truncated fan margin.  
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Past Exploitation of Glaciogenic Gas Reservoirs Sourced by Pleistocene Marine 
Clays in Northern Denmark. 
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The exploitation of shallow hydrocarbon gas discovered in northern Jutland in 1865 
was not very well planned. Hundreds of slim holes, 70 to 120 m deep, were drilled in 
and around the city of Frederikshavn in the 1930s and 1940s mostly on the initiative of 
the landowners themselves for their household use. During World War II an effort was 
made to exploit the gas more systematically, but large scale production was hampered 
by the apparent limited size of the reservoirs. All in all some 40 million cubic metres of 
hydrocarbon gas was produced during the two decades.  
 
Samples obtained from a number of existing wells show that the gas consists mostly of 
methane (94.8-98.6 %), carbon dioxide (0.3-2.1%) and nitrogen (up to 3 %). The stable 

carbon isotopic ratios of methane, 13C: –65.3 to –68.4 ‰, clearly show the methane to 
be bacterial in origin. Furthermore, the relatively large scatter in isotopic values at 
different localities indicates the existence of several minor reservoirs with little or no 
interconnection.  
 
Organic matter analysis on drill core samples from the 200 m deep Apholm-1 well 
shows that source of the gas is most likely the organic rich Eemian-Early Weichselian 
marine clays. However, mapping of the gas reservoir distribution has largely been 
unsuccessful. Glacial stratigraphy based on foramifera assemblages in drill samples 
from a number of wells indicate that the original succession of marine layers have 
been greatly disturbed in the Frederikshavn area by the advancing glaciers of the Late 
Weichselian ca. 30 ka. Gas reservoirs also extend into the offshore area east of 
Frederikshavn, where some of the more shallow ones leak into the sea water causing 
formation of authigenic carbonates on the sea floor.  
 
Seismic mapping of the Kattegat area east and north east of Frederikshavn indicate 
that Pleistocene marine deposits have been moved and deformed in a manner similar 
to those that can be studied along the North Sea coast at Rubjerg Knude, ca. 45 km 
west of Frederikshavn. There, a magnificent example of glaciotectonic deformation of 
various sediments has been exposed by the continued erosion of North Sea. 
Assuming, a similar deformation pattern to exist for the subsurface deposits of the 
Frederikshavn area, it is obvious why previous mapping of reservoir distribution has 
not been successful.   
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Burlington House  
Fire Safety Information 

 
If you hear the Alarm 
 
Alarm Bells are situated throughout the building and will ring continuously for an 
evacuation.  Do not stop to collect your personal belongings. 
Leave the building via the nearest and safest exit or the exit that you are advised to by 
the Fire Marshall on that floor. 
 
Fire Exits from the Geological Society Conference Rooms 
 
Lower Library: 
 Exit via Piccadilly entrance or main reception entrance. 
Lecture Theatre 
 Exit at front of theatre (by screen) onto Courtyard or via side door out to  
 Piccadilly entrance or via the doors that link to the Lower Library and to the 
 main reception entrance. 
Piccadilly Entrance 
 Straight out door and walk around to the Courtyard or via the main  
 reception entrance. 
 
Close the doors when leaving a room.  DO NOT SWITCH OFF THE LIGHTS. 
 
Assemble in the Courtyard in front of the Royal Academy, outside the Royal 
Astronomical Society. 
 
Please do not re-enter the building except when you are advised that it is safe to do so 
by the Fire Brigade. 
 
First Aid 
 
All accidents should be reported to Reception and First Aid assistance will be provided 
if necessary. 
 
Facilities 
 
The ladies toilets are situated in the basement at the bottom of the staircase outside 
the Lecture Theatre. 
 
The Gents toilets are situated on the ground floor in the corridor leading to the Arthur 
Holmes Room. 
 
The cloakroom is located along the corridor to the Arthur Holmes Room. 
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