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Glaciogenic Reservoirs and Hydrocarbon Systems

PROGRAMME

Tuesday 1 December

08:30| Registration and Coffee
09.00 Welcome and Opening
Session OneéPreCambrian Glaciations angdfocarbon 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 S
Hydrocadn Potential in the Northern Taoudeni Basin, Mauritania
10:10| H. Jaege(University of Heidelberg)
Hydrocarbon Source Rock Potential of Neoproterozoic Glacial Deposits in N
Preglacial Versus Postglacial Source Rocks
10:30| Coffee and Poster Sessio
Session TwdEuropean 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 Glacier
12.00| J. Piotrowski (University of Aarhus)
Interactions Between Groundwater Flow, Ice Sheet Dynamics and Landform
Beneath the Odra Ice Lobe, Central European Lowland
12:20| S. Pedersen (Geological Survey of Denmark and Greenland)
Glaciodymaic Sequence Stratigrafiyemplified by Pleistocene Settings in Der|
12.40| J. Winsemanr.€ibniz Universitat)
Sedimentary Facies and Depositional Architecture of a Middle Pleistocene §
Contact Fan, Glacial Lake Weser\WestiGermgn
13:00| Lunch
Session Threddorth African Ordovicium
13.50| Keynote: D. Le Heron (Royal Holloway, University of London)
Outcrop Analogues of Glaciogenic Reservoirs From North Africa: New Resy
Kufrah Basin
14:30| W. Kouwe (Wintershall)

Pal®zoic glacially influenced deposition and deformation in the Kufra Basin,
Libya new insights from recent exploration efforts.
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14:50| J. Hirst (BP Exploration)
Sandstone Body Geometries Within the Ordov@liacid?i®uccession of Algeri
Examples of Density Flow Processes and Products in Outcrop and Subsurfe
15.10| S. RousseBeicipFranlab)
Sedimentology and Stratigraphic Architecture of Late OrdGlétiah Syata 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 Heterogeneit$adla Giageal
Outwash System: Skeidararsandur, 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 Recd
Europe as an Analogue for the Ord8yisiam 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 anddifee

Session Five: Arabian Palaeozoic

09:00

Keynote: J. Melvin (Saudi Aramco)
Heterogengiin Glaciogenic Reservoirs: Examples from the Ordovician and F
Carboniferous of Saudi Arabia

09:40

A. Moscariello (SGS)
Ordovician Glaciation in the Rub 6
Exploration Potential

10:00

A. Howie (Univetgiof Durham)
Linking OrdoviciaBi | ur i an AHot o Bl ack Shal e
Deglaciation.

10.20

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

10:40

Coffee and Posters

Session SixPleistocene Tunnel Valleys

11:10

F. Jargensen (GEUS) & P. Sandersen (Grontmij)
3D Electromagnetic Groundwater MiapgwgContributions to the Glacial Geolg
Demark

11:30

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

11.50

T. Kristensen (Ramboll Danmark & B). Huuse (University of Manchester)
Complex Erosion and Infill of Buried Pleistocene Tunnel Valleys and Associ
Velocity Eftts

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 SeverRleistaene Shelf Systems

13.40

J. Scourse (Bangor University)
Celtic Sea Linear Tidal Sand Ridges, The Irish Sea Ice Stream and the Fleu
Palaeotidal Modelling of a Gldoftlignced Transitional Passive Margin Depos
System

December 2009 Page 5



Glaciogenic Reservoirs and Hydrocarbon Systems

14:00| D. Praeg@GS)
A Subglacial Meltwater Drainage Pathway Across the Celtic Sea Continenta
Results from the IPY GLAMAR Campaign
14:20| M. Munrestasiuk (Kent State University)
Subsurface configuration of jokuihthuged hydrofractures and-estapestructure
derived from Ground Penetrating RadarSk&RRYyarsanduceland.
14.40| Coffee and Posters
Session Eighfalaeozoic Glaciations and Hydrocarbon Systems
15:00f Keynote: C. Fielding (University of Nebragkzoln)
The late Palaeozdie@astern Australia: a review with emphasis on petroleum
elements
15:20| J. Melvin & M. Miller (Saudi Aramco)
ReAdvance, Retreat and Rebound: Stratigraphic Response of the Sarah Fo
(Hawban and Baqgqo6a Me mb e ria)Hirnaotian) Glazia
in Central Saudi Arabia
16:00| A. Franco (REMSA)
Challenges Exploring for Glaciogenic Ordovician Reservoirs in Murzuq Basi
16:20| B. Roome (BP Exploration)
An Integrated Exploration story from the-Oedlolician dfe Illizi Basin, Algeria
16.40| Conference Close
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Poster Programme

T.Andersen (University of Aarhus)
Groundwat@&tow and Recharge&Ciomplex Tunnel Valley Systems

F.Bache (Université Pierre Et Marie Curie)
Sedimentary Recording of the Cadassi®aciatiomthe Chaco Foreland Basin,
Bolivia.

C. Branded_gibniz Universitat)
Deformation Bands in Unconsolidated Pleistocene Sediments

T. Frank (University of Nebrakkacoln)
Mechanismend Timing of DiagenesRalar Glacimarine DepoditBystéems: Insigh
from Pore Water and Sediment GeochenhistANEP#A Drillcore, Victoria Land Bg
Antarctica

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

M. Huuse (University of Manchester)
Seismitmags of Glaciogenic StructunesZeposits Offshore NW Europe

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

A. Janszen (Delft University of Technology)
Sedimentologidaichtecture of Tunnel Valley miamburg (NW Germany)

T. Laier (Geological Survey of Denmark and Greenland)
PastExploitatiorf Glagenic Gas Reservoirs Soukdetbistocenilarine Clays i
Northern Denmark

J. Lang (Leibniz Universitét)
Facieharacteristics and Depositional ArchitétpperoOrdovician Glacimarine
Systems, lllizi Basin, Algeria

K. Leszczynska (University of Cambridge)
Pleistocen@lacigenic Depositshee Danbuflyiptree Ridge, Essex, England

R. Lutz (BGR)
Geometrgnd Morphology Bleistocerieunnel Valleys The German North Sea

J. Matrtin
Glacialo PostGlacial Epicontinental Sedimentary Environments: The Early Pe
Group, Canning Basin, Western Australia

A. Moscariello (SGS)
Sedimentology and Inteknztitecture of the Pleistocend Befltunnel Valley (Lakg
Geneva, Switzerland)

J. Piotrowski (University of Aarhus)
Erosionddedforms Produced by Longitudinal foiSicbglacial MelteraFlows:
Enigmatic LandformshenRobrzyn Moraine Platealand
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P. Sandersen (Grontmij)
Substratur@ontrol on Tunnel Valley Formafimnimark

P. van der Vegt (University of Cambridge)
Glaciabedimentary Systems and Tunnel Valiegs Anglia, England

T. Vilhemsen (University of Aarhus)
OnThelmportance of Using Local Grid RefinenfRegioral &t Groundwater Mo
Covering @omplex Buried Valley Aquifer System

J. Winsemanri€ibniz Universitat)
Sedimentafacies and Depositional Architectuvidafia PleistoceBebaqueous k¢

Conact Fan, Glacladke WeseNorthWWesiGermany
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Tuesday 1 December
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Session One:
Pre-Cambrian Glaciations and
Hydrocarbon Systems
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Precambrian Gl aciations and the Earthoés Ol dest
J. Craig, Eni Exploration and Production Division, Milan, Italy

In collaboration with

D. Le Heron', J. Thurow?, B. Thusu®

1Royal Holloway, University of London

’MPRG, University College London

For the last 1 billion years the Earth has experienced alternating periods of

6greenhoustdusaenédd codliicreat e. The Late Precambrian
climate record appears to be <cyclical, with |
some 250 million years and intervening O6iceho

years. There is a strong correlation between global climate, sea level and the

di stribution of the worldbés major petroleum so
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 t
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..

RUSSIA
VOLGA « URAL. PROVINGE

POTWAR BASIN and
m MUALAR BASIN, PARISTAN

NOHTH AFRICA
TINDOUF BASN MOROCTE ANO ALGERIA

and PARAGUAY

Petroleum System :

© Potential
AUSTRALIA
© Producing/Proven e | MVADEUS. OFFICER AND MCARTHUR BABING
A .
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Figure 1: Late Mesoproterozoic and NeoproterozoiciEar |l y Cambrian (61l nfracar
Petroleum Systems of the World

It was a period of massive atmospheric, climatic and tectonic change, dominated by
the nfrgézeycles of t6h3e0 COMay)o gfehn awb a(l8l50Ear t ho
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 i 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
6Sturtianéd) and Younger (or OMarinoand)

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 fASnowball
at least, with basin development and rifting on a more local scale.
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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

December 2009 Page 12
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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 | ocally f#fApat chy o-ricd sosrterraclhin topographicopblacmlowg
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..

December 2009 Page 13
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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®, Y. Callec?, O. Reynolds*, O. Serrano?

'Wintershall Holding AG
’BRGM

Throughout the Wintershall & BRGM campaign in 2007, conducted at the beginning of
the 1% exploration phase for the Wintershall acreage Ta 5 & Ta 6 (68000 km?)
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 (51 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
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
Shaleso in the North African Pal aeozoic
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. Jager, T. Bechstadt, 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 maj petroesmour ce r o
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 riseof sea | evel foll owiaregeemidSnowbal |
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 bef or e, during and af t e rdue ttoh e 6O Mar i
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 o f 0 Ma r i -roposigiaciap demosits 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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Session Two:
European Pleistocene
Glaciations: Onshore
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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 O6buried vall eysbd, but
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 (Jgrgensen 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. Piotrowskil, P. Hermanowskiz, A. Piotrowski3,

1Department 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

2Department of Geomorphology, University of Silesia, Bedzinska 60,

PL-41-200 Sosnowiec, Poland

*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 km? 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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Glaciodynamic Sequence Stratigraphy i Exemplified by Pleistocene Settings in
Denmark

S.A. S. Pedersen, Geological Survey of Denmark and Greenland, Geocenter Copenhagen,
@ster 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, 0,11 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
Mgns 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 Lgnstrup, 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 Mg@ns Klint glaciotectonic complex.
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High-Resolution Facies Architecture of a Proglacial Delta: An Integration of
Outcrop Data and Shear Wave Seismics

Jutta Winsemannl, Christian Brandesl, Ulrich Polom?

Ynstitut fir Geologie, Leibniz Universitat Hannover, Germany
?Leibniz Institut fiir Angewandte Geophysik (LIAG), Hannover, Germany

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

December 2009 Page 22



Glaciogenic Reservoirs and Hydrocarbon Systems

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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Outcrop Analogues of Glaciogenic Reservoirs from North Africa: New Results
from Al Kufrah Basin

1 2 2 3 4
D. P. Le Heron , H. A. Armstrong , C. Wilson , J. P. Howard , L. Gindre

1

Department of Earth Sciences, Royal Holloway University of London, Egham, Surrey,
;I'WZOOEX, United Kingdom.

Department of Earth Sciences, Durham University, Science Labs, Durham, DH1 3LE, United
g(ingdom.

CASP, West Building, 181A Huntingdon Road, Cambridge, CB30DH, United Kingdom

4
StatoilHydro ASA, Research Centre, Arkitekt Ebbelsveg 10, Rotvoll, N-7005 Trondheim,
Norway.

Glacially-related sediments of Late Ordovician age are prolific hydrocarbon reservoirs
in areas such as the Murzuqg and lllizi 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
Shugran 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 i 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 6s exploration team integrated

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 T 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 int he outcrops of t he
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
O6Ri ppled Sandstone Unitd); this facies

Tassil.i NOAjjer (Beuf et al . 1971) . I n
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

Tassi

has
real

b e

where the antidunes brhaak dauwre stbg fdarnm sé hwi mph

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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Sedimentology and Stratigraphic Architecture of Late Ordovician Syn-Glacial
Strata from the Tiguentourine Field (lllizi Basin, Algeria)

S. Roussé 2, S. E. Sandvik®, P. Hirst®, B. Murat?, K. Saadi’, E. Leguerroué2

! BP/Statoil/Sonatrach, In Amenas Joint Venture, BP 513, Hassi Messaoud 30500, Wilaya de
Ourgla, Algerie

? BEICIP-FRANLAB, E&P Consultancy, 232 Av. Napoléon Bonaparte, 92500 Rueil Malmaison,
France.

® BP, EPT Geological Services, Building H, W 142 G, Sunbury-on-Thames.

In the lllizi 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.
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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;
(i) 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
andf aceted cl ast s, and tills evident. I n
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
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 war mer t han todayos cli
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.
e Geometry, including width, depth, sinuosity, transversal and longitudinal
profiles, aspect ratios (length/width, depth/width/length).
o Areal patterns: orientation, branching patterns, spacing, termination.
2. Increase our understanding of tunnel valleys:
e 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 Zarga
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 pal aédbualkldbeyws easemma ved
heterogeneity at thval laygedtepaossiat €. cdmmri se

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 Aturbidited s an-dualityodiamidite faces.
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.

we |

Al nterfluveodo faci es appe aatedto mwtrebtg@hasefdianpctt® r e r

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 Zarga 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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Ordovician Glaciation in the Rub 6 Adhali, Saudi Arabia: Geology, Geophysics &
Exploration Potential

C. Harveyl, A-H. Azzouni*, M. Hulver', A. Khalil*, A. Moscariello?, G. Pike", P. Spaak3, P. van
Mastrigtl, W. Voggenreiter1

'South Rub Al-Khali Company Limited, Al Khobar, Kingdom of Saudi Arabia

’SGS Horizon B.V., The Hague and Delft Technical University, Delft, The Netherlands
*Shell International Exploration & Production, The Hague, The Netherlands

Introduction

The South Rub 6al Khal i CdJoimt ®emtyre hetween $hell a n
Saudi Ventures Limited (50%) and Saudi Arabian Oil Company (50%) and was set up
in order to explore fornon-associ ated gas in the South Ru

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 bee
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
understandi ng of the Upper Ordovician 6Gl acial 6
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

I ncoc

b 6:

n d

pl

shal es. The Ordovician 0 GlaystiuagurabdipRlosasyandi nc |l ude s

three-way fault traps. Reservoir comprises glaciogenic sandstones of the Sarah and

the seal i s Qusaiba Member shale including
seals may be present in the form of a tight diamictite facies sometimes present at the

top of the Sarah. The geological mo d e | regq
Shal eo and/ or | ateral charge into buried

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 Zargqga
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-

domi nated shall ow maepresaning Ba anéetof Mteansgressive r

system tract. Above, the Qusaiba Member compr.i
Qusai ba Hot Shaledo recording maximum transgre
prolific source rock of all Palaeozoic hydrocarbon accumulations of Saudi Arabia.
Storm-dominated regressive deposits of the remainder of the Qusaiba section overlie

the AHot Shale. o

The regional palaeogeography of the Sarah r ema
al Khal i regi on. T Hien hds ttwopnajora diatictitS8sa withhan s e ¢
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.

Gl acial 6éTunnel 6 Vall eys

In northwestern Saudi Arabia, the Sarah/Zarga 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 networKks
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 st
associated proglacial deposits generated in recently deglaciated areas during the

Pleist ocene & Hol ocene. These valleys typically ¢
of kil ometres |l ong, and may preserve 1006s me
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 Aunderfill 0 model was f avo
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 Aoverfill o depositional model . Fi el
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 i n  mo st South Rub

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

d anal

are recognised. SRAKGs acreage is | ocated

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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Linking Ordoviciani7 Si | uri an fAHoto Bl ack Shale Depositi

Arabia to Deglaciation.

A. Howie®, H. A. Armstrong®, G. D, Abbott?, P. G. Biffi*, I. M. Makhlouf®.

1Department of Earth Sciences, University of Durham, Science Labs, Durham, DH1 3LE, UK

?School of Civil Engineering and Geosciences, Newcastle University, Newcastle upon Tyne, NE1 7RU,
UK

3ENI S.p.A Exploration and Production Division, Via Emilia 1, 20097 San Donato Milanese, Milan, Italy
4Department of Earth and Environmental Sciences, Hashemite University, Zarqga, Jordan

In keeping with current ideas on the origin of organic C-rich black shales, the Early

Pal aeozoic i hot shal eod hydrocar bon sour ce

hypothesized to have been deposited in association with continental margin oceanic
upwelling (LUning 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 lll 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;
60°S during the Late Ordovician i 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/AI 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
Stratigraphy of the Sanamah Member (Wajid Sandstone Formation).

A. Moscariello *? A-H. Azzouni 3, M. Hulver ®

'SGS, Geneva Switzerland
“Delft University of Technology, Delft, The Netherlands
*South Rub Al-Khali Company Limited, Al Khobar, Kingdom of Saudi Arabia.

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 1 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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Session Six:
Pleistocene Tunnel Valleys
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3D Electromagnetic Groundwater Mapping i New Contributions to the Glacial
Geology in Denmark

F. Jﬂrgensenl, P. B.E. Sandersen’

'GEUS - Geological Survey of Denmark and Greenland, Department of Groundwater and
Quaternary Mapping, Lyseng Alle 1, DK-8270 Hgijbjerg, Denmark,
2Grontmij | Carl Bro, Dusager 12, DK-8200 Arhus N, Denmark

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 i 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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