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Shear wave velocity – using rock physics to reduce uncertainty
Ermis Proestakis, Helle F. Christensen, Leonardo T. P. Meireles, Amirhossein Shamsolhodaei,
Tobias Orlander
By stacking recorded wave trains in a graphical strain-time-amplitude domain, we demonstrate that an early
shear wave feature marks a converted shear to compressional to shear wave and not the transmitted shear
wave. Elastic wave velocities of compressional and shear waves propagating through sedimentary rocks are
often coupled with bulk density to derive the rock stiffness. Acquiring the transit time of compressional and
shear waves often involves manual picking of wave arrival times from wave trains recorded in the laboratory
or by well-logging tools. Picking of the compressional wave arrival time is commonly accepted as
straightforward. Oppositely, detecting the shear wave arrival and picking its arrival time is often troublesome
because the transmitted shear wave partly converts to compressional waves and back to a secondary shear
waves, concealing the transmitted shear wave arrival in the wave train. We illustrate the difficulty of shear
wave detection in wave trains recorded on highly porous chalk plug samples from the Danish North Sea Basin
in laboratory settings. Wave trains were recorded on plugs dry, Tap-water, or Isopar-L saturated during
uniaxial strain compaction. The recorded shear wave trains showed two distinct features, which could be
interpreted as the transmitted shear wave first arrival, we denoted them as early and late arrivals. However,
as only one feature can mark the arrival of the transmitted shear wave, we propose a disclosure strategy
combining a graphical representation of stacked wave trains (Figure 1) with rock physical modelling.
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Figure 1 Example of stacked shear wave trains in the strain-time-amplitude domain from an oil-saturated chalk plug tested under
uniaxial strain compaction. At the bottom, zero amplitude contour lines are projected.
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Strain modeling in a chalk reservoir
Leonardo Meireles, Ida Fabricius
Traditionally, the interpretation of rock-mechanical test results and geomechanical reservoir performance
focus on describing stress. Rock strength is often defined as the peak stress attained before failure.
Nevertheless, while rock strength in chalk is strongly dependent on the saturating fluid, failure strains are
remarkably similar for different specimens and saturating fluids (Figure 1).
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Figure 1 - Geomechanical test results of upper Tuxen high porosity chalk samples saturated with water or oil (Isopar-L). Tests done at
oedometer conditions (εa=0)

We can assess how close the reservoir rock is to pore collapse by generating a strain log from conventional
petrophysical logs, including density, saturation, and sonic velocities, and comparing the strain along the
reservoir to geomechanical test results. Identifying pore-collapse susceptible zones that could fail during
natural depletion of the reservoir can improve completion design, planned trajectory of infill wells, and well
abandonment practices towards the end of life of the reservoir.

3

Danish Hydrocarbon Research and Technology Centre
Technology Conference 2021
Temperature effects on stiffness and strength of high porosity chalk – is
it significant?
Tobias Orlander, Ermis Proestakis, Amirhossein Shamsolhodaei, Helle F. Christensen
The answer is “No or only to minor degree”. Successful depletion and management of petroleum and
geothermal reservoirs depend on reliable mechanical rock failure/pore collapse estimates and the effective
stress field, where the rock frame stiffness controls the latter. Thus, we need quantification and
understanding of temperature-induced mechanisms to avoid introducing erroneous estimates of rock frame
stiffness and mechanical failure properties. Accordingly, we experimentally assessed temperature-induced
changes in stiffness and compaction properties of dry, oil, and tap-water saturated high porosity (≈ 44%)
Lower Cretaceous chalk from the Danish North Sea. The intention was to minimize geochemical fluid effects
and to test only at ambient and in situ temperatures. The results show minor to no effect of testing
temperature on static and dynamic frame stiffness as well as on the stress level leading to pore collapse
(Figure 1). We propose that the ratio of thermal expansion coefficient to temperature-induced decrease in
mineral stiffness is the governing factor behind the experimental observations.

Figure 1. Mean stress vs. axial strain during hydrostatic compaction of high porosity chalk Left: Oil saturated.
Rigth: tap-water saturated. Images show medical CT-scan taken before testing. Dashed and solid lines
represent testing at ambient and in situ (85 ˚C) temperatures, respectively. Black and white markers show
onset and pragmatic pore collapse for ambient and in situ (85 ˚C) temperature, respectively.
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Anatomy of the Valdemar structure – insights from 3D seismic data
Torsten Hundebøl Hansen & Ole Rønø Clausen, SeisLab, Department of Geoscience, Aarhus
University
In the Late Cretaceous and Paleogene, tectonic shortening caused mild basin inversion of several rift basins
in the Central North Sea. In the Danish Central Graben, inversion generated a group of anticlinal structures.
One of these, the Bo–Jens Ridge, now hosts the Valdemar oil reservoir in Lower Cretaceous carbonates.
In order to delineate the detailed structural evolution of the Valdemar area’s subsurface, we have mapped
faults and horizons, as well as analyzed seismic attributes, from a depth-converted 3D seismic data set. We
then perform quantitative structural analyses on the mapped elements in order to constrain our
interpretations. This poster presents our ongoing work.
During Late Jurassic rifting, a large N-S-striking normal fault formed in the area, localized by a deeper salt
anticline. The Bo–Jens Ridge developed when this fault experienced reverse reactivation along with folding
in its hangingwall during Late Cretaceous inversion. In its crest, small but abundant normal faults offset the
Cretaceous units, including the reservoir. Many of these faults formed during regional shortening and
folding, indicating an anomalous, local extensional regime. This was potentially caused by outer-arc
extension or gravitational collapse in the shallow part of the structure. Furthermore, the strike trend of the
faults, which is oblique to the axis of the larger structure, suggests a strike-slip component during
shortening. At depth, rift-related normal faults at Upper Jurassic level, coincide laterally with the location of
the Valdemar field. Through time, they likely provided conduits for fluid migration from Jurassic source
rocks toward the reservoir and surface.
This study presents a large-scale approach to analyzing the geology of the Valdemar field. It provides a
structural framework for studies using other types of data from the area, e.g. from cores and well logs.
Furthermore, it can improve our general understanding of structures related to basin inversion – structures
that often form traps in basins across the globe.

We kindly thank the Danish Underground Consortium (Total E&P Denmark, Noreco & Nordsøfonden) for providing data and for
granting permission to present our work. This research received funding from the Danish Hydrocarbon Research and Technology
Centre (DHRTC) under the Tight Reservoir Development programme. We also thank Schlumberger and Eliis for providing seismicinterpretation software and academic licenses for these.
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Bayesian pre-stack seismic inversion of the Lower Cretaceous for lithofluid classification
Kenneth Bredesen, Mads Lorentzen, Lars Nielsen and Klaus Mosegaard

A quantitative seismic interpretation study is presented for the Lower Cretaceous Tuxen reservoir in the Bo
and Bo South areas located in the Valdemar Field, Danish North Sea. A Bayesian pre-stack seismic inversion
predicted higher probabilities around the Bo area for the litho-fluid class representing the upper Tuxen unit
associated with high porosity and low water saturation. The results generally agreed with well-log
observations at the reservoir level and the anomalies conform to the Bo structure. In general, this type of
Bayesian inversion can be useful for boosting reservoir resolution, incorporating geological information and
classifying the seismic data into litho-fluid classes in a probabilistic manner. We can expect the inversion to
provide good results if the different litho-fluid classes exhibit separable elastic properties, the seismic data
have been properly conditioned to remove interfering noise, and representable wavelets and prior models
for the target interval can be estimated.
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Fault mapping in the Lower Cretaceous unit in the Danish North Sea
using a convolutional neural network – A case study
Mads Lorentzen, Kenneth Bredesen, Florian W. Smit, Lars Nielsen, Klaus Mosegaard

We use a pre-trained and simplified convolutional neural network (CNN) model to predict the faults in a poststack seismic data volume from the Valdemar Field located in the Danish North Sea. The CNN model has
been trained on 200 synthetic seismic cubes of dimensions (128×128×128) with assigned fault labels. The
output of the CNN model is a cube with assigned predicted fault probability. The CNN model is used to map
out faults along the key horizons in the Lower Cretaceous. Moreover, the CNN results are compared with a
traditional workflow that involves the seismic variance attribute and ant-tracking and a manual structural
interpretation.
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Mechanical stratigraphic controls on fracture evolution
Discrete Fracture Network modelling and sedimentary architecture of a
heterogeneousreservoir (Lower Cretaceous Valdemar Field, Central Danish North
Sea)
Aslaug C. Glad, Simon J. Oldfield and Michael J. Welch
Natural fractures exert a first-order control on the flow of hydrocarbons, groundwater and geothermal
resources as well as in contaminant containment. Furthermore, fractures can have asignificant impact
on permeability and flow in low matrix-permeability rocks such as chalk and marl. The Lower
Cretaceous succession of the Danish North Sea Basin represents a continuous succession of interbedded
deposits ranging from chalk to marl with a range of intermediate sedimentary facies. The sequence is
internally subdivided into four main units of varying mechanical properties, such as tensile strength,
strain, elastic stiffness and brittleness, which guide fracture development.
DHRTC’s new DFN Generator software simulates the growth of individual fractures to form a fracture
network. By explicitly modelling fracture nucleation, propagation and evolution, the resultant DFN
captures complex variations in network connectivity across large areas, of up to 10’sof square kilometers
(Figure 1). In this study, we present DFN models for the four main reservoir units across the Valdemar
Field, calibrated against data from sedimentary cores, image logs and well data.

N
Figure 1. DFN model covering the entire Middle-Upper Tuxen reservoir zone of the Valdemar Field,
Central Danish North Sea. Fracture evolution is illustrated in different stages with initial fractures
indicated by red. The middle stage fractures are shown by green colour and the latest stages of fracture
growth are indicated by blue. Strain (calculated on curvature) control the areas of fracturegrowth, so
that zones of greater strain will experience the earliest fracture growth. Field size is ca 100 km2.
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The relationship between natural fractures, sedimentary facies and
reservoir zones: the Lower Cretaceous Valdemar Field (Central Danish
North Sea)
Aslaug C. Glad, Frédéric Amour, Michael J. Welch Ole R. Clausen, Kresten Anderskouv,
Jon R. Ineson, Emma Sheldon, Hamid M. Nick
The Valdemar Field, Danish Central Graben, represents the only producing field from the Lower
Cretaceousin the Danish sector of the North Sea. The main reservoirs are confined to the Tuxen and Sola
Formations, and are defined as four reservoir units: Lower Tuxen, Middle-Upper Tuxen, Lower-Middle Sola
and Upper Sola. The reservoir intervals are of heterogeneous nature and composed of interbeds of five
main facies comprising chalk, slightly marly chalk, marly chalk, chalky marlstone and marlstone. Six types
of natural fractures are identified in the Valdemar Field based on core studies; cemented fractures,
deformation bands, open fractures with plumose structures and hackle marks, shear fractures, smalloffset shear fractures and rubble zones. The most dominant fracture type within all facies is the open
fractures with plumose structure and hackle marks followed by small-offset shear fractures, shear
fractures and rubble zones. Cemented fractures and deformation bands are less dominant. The smalloffset shear fractures, shear fractures and open fractures with plumose structures and hackle marks are
considered to be flow enhancing, while the remaining fractures are most likely neutral or flow reducing.
The flow-enhancing natural fractures have densities of 7.3/m in the chalk, 5.0/m in slightly marly chalk,
3.1/m in marly chalk, 4.8/m in the chalky marlstone while they are absent in the marlstone. The flowenhancing fractures have densities of 4.6/m in the lower Tuxen reservoir, 4.0/m in the middle-upper
Tuxen reservoir, 2.7/m in the lower-middle Sola reservoir, and 7.4/m in the upper Sola reservoir.
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IMPACT OF GAS LIBERATION EFFECTS ON THE PERFORMANCE OF
LOW PERMEABILITY RESERVOIRS

TRD-1 WORK PACKAGE H “RESERVOIR DRIVE FROM SECONDARY GAS CAP
DEVELOPMENT IN LOW PERMEABILITY RESERVOIRS”.
Nikolai Andrianov, Niels Marinus Bech, Carsten Møller Nielsen (GEUS)
Wael Al-Masri, Alexander Shapiro (DTU)

Production from the North Sea reservoirs often results in pressure decrease below the bubble point. The
gas is liberated from oil, in the form of bubbles or a continuous flowing phase. In such cases, the two
phases, gas and oil, flow in the reservoir simultaneously, and the flow is governed by the values of relative
permeabilities. One of the challenges in forecasting and history matching the performance of low
permeability reservoirs is related to uncertainties in relative permeabilities. In this work, we use a novel
experimental approach to determine the oil relative permeabilities below the critical gas saturation. A
mathematical model has been created to reconstruct both the gas and the oil relative permeabilities for the
whole saturation range. We apply the obtained relative permeabilities for the case of a low permeability
chalk reservoir in the North Sea, where differences in well productivities may be the results of liberated gas
as single bubbles or a continuous flowing phase. We demonstrate a reasonably good match can be
obtained to the historical well production data. Few cases where the match was not satisfactory are also
analyzed, and the difference may be attributed to an imprecise fluid model. The developed experimental
and modeling methodology may be applied to other reservoirs developed by the solution gas drive
mechanism.
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Produced gas re-injection in a Lower Cretaceous reservoir
Rasoul Mokhtari, Karen Feilberg
Lower Cretaceous oil reservoirs in the Danish part of North Sea, are deep and too tight reservoirs. The rock
is mainly chalk with some clay mineral as impurity. They mostly have a high porous but too tight rock in term
of permeability which makes applicability of any EOR method limited. It seems that the only feasible EOR
method could be gas injection, and one of the targeted gases for injection could be associated produced gas
which has a good compatibility with the reservoir fluids. Therefore, the aim of this research is to evaluate the
potential of produced gas re-injection on incremental oil recovery in a lower Cretaceous reservoir.
For this purpose, after evaluating several reservoir core materials by means of CT-imaging, a core plug
without any open longitudinal fracture was selected. Then this core was cleaned by injecting Toluene and
Methanol. Then the core was saturated with formation water and after that the irreducible water saturation
was achieved by displacing the water by oil. Then the core was aged for four weeks at reservoir condition.
The dead oil in the core plug then was displaced by Live oil and then the gas injection was conducted. The
experiment was done at 250 bar and 85 ᵒC.
The results showed that the breakthrough happens at less than 0.5 PV, and the ultimate recovery factor of
approximately 50% could be achieved by produced gas re-injection.
The plan for the future work is to conduct experiments using the same core (if the core survives), to evaluate
the effect of injection pressure and also the efficiency of Flu gas injection. It also could add a great scientific
and application value to repeat the experiments on other core samples to evaluate the repeatability of the
results and also the effect of rock quality. This significantly helps to have a clearer insight in terms of
application and upscaling.
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Reservoir Fluid Characterization on the Recombined Sample from
Lower Cretacious Reservoir in Valdemar Field
Prinu Narayanan, Yiqun Liu, Teresa Regueira Muniz, Erling Stenby, Wei Yan
Lower Cretaceous reservoir in the Valdemar field consisting of chalk formation exhibits reduced permeability,
were the current oil production is primarily attributed to solution gas drive. To sustain production over a
longer period, different Enhanced Oil Recovery (EOR) mechanisms are being investigated and the most
prominent is the gas injection due to its ability to recover the entire oil from the microscopic scale when
compared with the conventional water flooding.
In this study, we have tried to explore the potential possibility of using different injection gases such as
Carbon Dioxide, Flue Gas and Natural Gas as a screening criterion for EOR. To understand the phase
behavioral change on the recombined fluid, a routine PVT Experiment was performed followed by a partial
EOR such as Swelling Experiment to determine the saturation pressure profile and subsequent compositional
changes owing to the dissolution of injection gas at reservoir temperature. Based on the current PVT and
EOR data, Carbon Dioxide proves to be a more suitable candidate as an injection gas for the Lower Cretaceous
Reservoir. However, to further investigate the significance of the obtained results and substantiate the
thermodynamic properties between the selected injection gas and recombined fluid, Slimtube and Multi
Contact Experiments need to be considered.
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Simulation of Lab-Scale Gas Injection Experiments for a Lower
Cretaceous Reservoir
Seyedamir Mirazimi, Dan Olsen, Erling Stenby, Wei Yan
Results of vertical composite core flooding experiments with low-permeable tight chalk at different pressures
are used to history match dynamic simulation models constructed by Eclipse compositional simulator (E300).
The Soave-Redlich-Kwong (SRK) equation of state, tuned with routine PVT tests (CCE, DL, viscosity and
separator tests) and swelling data, is utilized to properly mimic the behavior of the live oil used in the
experiments and its interaction with the injected natural gas at different conditions.
Oil and gas production volumes as well as inlet and outlet pressures of the system are closely matched with
the experimental measurements, and effects of different parameters on the simulation results are studied in
order to determine the critical matching parameters. In particular, the “SOR” option of Eclipse is examined
to overcome the excessive vaporization of oil in conventional compositional simulation due to the local
equilibrium assumption.
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4D Forward Stratigraphic Modelling of a Lower Cretaceous Pelagic
Carbonate System
Implications for North Sea Tight Reservoirs

Florian SMIT 1, Samer BOU DAHER 2, Jon INESON 1, Emma SHELDON 1, Kresten
ANDERSKOUV 3
1

Geological Survey of Denmark and Greenland, Copenhagen, Denmark.

2 Division

of Global Solutions, Beicip-Franlab, Rueil-Malmaison, France.

3 Department

of Geosciences and Natural Resource Management (IGN), University of Copenhagen,
Copenhagen, Denmark.

The mud-grade chalk deposits of the Lower Cretaceous Tuxen and Sola Formations in the Danish Central
Graben contain significant amounts of hydrocarbons. Unlike the homogenous Upper Cretaceous Chalk
Group, the Lower Cretaceous is characterized by a heterogeneous succession of chalk and marl whereby the
clay exerts a major influence of on reservoir quality, but is difficult to predict away from wells. Furthermore,
seismic resolution within the reservoir section is too poor (60-80 m) to resolve the reservoir and its layering
architecture. Constructing static reservoir models based on statistics or deterministic workflows is therefore
challenging with the available dataset.
Fortunately, previous studies have shown that the chalk-marl cycles follow sequence stratigraphic principles,
e.g. clay pulses enter the basin during sea level falls and result in more marly lithologies, while during sea
level rises the clay input decreases and chalk content increases. This behaviour can be simulated in 4D, i.e.
3D space and time using Forward Stratigraphic Modelling (FSM), which aims at reconstructing sedimentation
patterns and final deposits by following physical principles of carbonate production and sediment transport.
This study documents the implementation of FSM on the Tuxen and Sola Formations (133.5 – 123.0 Ma),
resulting a an 4D multi-lithological facies model at a resolution of 0.1 Ma and with a 1 km grid spacing that
covers the Valdemar, Boje, Tyra and Adda fields. The model is calibrated against 20 wells within different
parts of the basin (lows and inversion highs), with thickness and facies calibration coefficient on average over
85%. We obtained the stratigraphic and spatial occurrence (thickness) of the Munk Marl Bed and
Fischschiefer members simulated as increased organic matter productivity. Due to the non-uniqueness of
the calibrated model given a set of parameter constraints, we also ran sensitivity analysis (100 models) to
identify those parameters that affect reservoir quality and thickness the most (carbonate production, clay
production, and palaeo-bathymetry). We then ran uncertainty analysis to calculate a P10-50-90 where net
chalk chickness is above 5 meter and net to gross above 75%, based on the 100 models. These results show
highest probability of chalks on inversion highs and adjacent slopes, with lowest probability in the basinal
lows.
The results of direct application to the static models of the different fields: 1) improve sub-seismic reservoir
architecture using the layering scheme and facies model from the best-fit calibrated model; 2) use the P1050-90 from uncertainty analysis for each facies, to populate reservoir cells with geostatistics. 3) investigating
the presence and absence of reservoir and baffle facies at the basin scale.
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Beast of (over)burden: Challenges, characteristics and possibilities
Thomas Guldborg Petersen
The overburden is often underappreciated when compared to its rock star cousin the reservoir. The
overburden however solves some crucial tasks when it comes to hydrocarbon exploitation, CO2-storage and
geothermal energy. The overburden is an integral part of the top sealing mechanism trapping either
hydrocarbon or CO2 even on geological time scales. Furthermore, a clay rich overburden such as the one
found in the Danish North Sea can be utilized to form a cheap and permanent solution for plug and
abandonment of aging oil fields, or to ensure effective sealing of redundant boreholes that would
potentially compromise the integrity of the top seal of fields upcycled to CO2 storage facilities. The
deposition of overburden is also responsible for increasing the burial depth of sedimentary basins, creating
the optimal thermal regime for maturation of source rocks and thermal blanketing of geothermal
reservoirs. Understanding the shallower part of the overburden is crucial in the green transition, where
offshore facilities such as energy islands and offshore wind farms will play a crucial role.
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Bitumen in the role of reservoir quality in the Lr. Cretaceous, North Sea
Arka Rudra, Hamed Sanei
Lithospheric Organic Carbon Group, Aarhus University
Solid bitumen is generated by bacterial degradation or during thermal maturation of lipids or by precipitation
from the migrating crude oils. They can alter the pore network of the reservoirs during various stages of basin
evolution. The lower Cretaceous sediments from the Boje-2C area are geochemically and petrographically
investigated. The reservoir is at low temperature with immature organic matter affected by oil migration.
Primary reservoirs include parts of the Upper Tuxen Fm, having highest 2-3 vol. % oil. At different lithounits,
the percentage of solid bitumen (corrected kerogen) varies, where the highest volume occurs in the relatively
clay-rich Munk Marl and Fischschiefer layers (Rudra et al., 2021). Diagenetic solid bitumen are identified
along with sporadic occurrences of late-oil solid bitumen (Sanei 2020). Solid bitumen can be remobilised
when planning for EOR or CO2 injection or act as seal in subsurface reservoirs. Identification and volumetric
calculation of solid bitumen can be implemented while making petrophysical calculations during exploration
or secondary recovery.

Sanei, H. 2020. Genesis of solid bitumen. Scientific Reports.
Rudra, A. et al. 2021. Organic matter characterization of the Lower Cretaceous tight reservoirs in the Danish
North Sea. International Journal of Coal Geology.
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Effect of Pyrite in water saturation evaluation of clay rich carbonate
reservoirs
Einar M. Storebø; Morten L. Hjuler; Leonardo T. P. Meireles; Ida L. Fabricius

In hydrocarbon reservoirs, log analysis and core measurements provide the fundament for water and
hydrocarbon saturation evaluation. In mixed mineral formations containing clay and metallic minerals, the
electrical resistivity logging tools used for water saturation calculations are significantly affected due to the
conductive nature of these minerals, which could result in an inaccurate saturation profile. In this study we
extend Archie`s equation for water saturation calculation in the Lower Cretaceous marly chalk formations
in the Danish North Sea. Using Hashin-Shtrikman bounds, we investigate the phase mixing in the formation,
providing a consistent and practical method for saturation evaluation in mixed mineral heterogeneous
formation containing conductive minerals.

HS upper and lower bounds (black continuous) and core matched HS lines weighted to fit Lower Sola and Upper Tuxen formation
(red doashed line) and Middle Tuxen and Lower Tuxen formation (black dashed line)
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Tracking the Tuxen from Adda to Tyra: fossils and sequences
Emma Sheldon, Jon R. Ineson & Kresten Anderskouv
Integration of nannofossil biostratigraphy, sequence stratigraphy and sedimentology has provided a
stratigraphic framework for the Lower Cretaceous of the Adda-Valdemar-Bo-Boje area. The framework is
crucial for constraining seismic interpretation and field modelling and has been directly implemented into
development evaluations of the Adda Field.
The Hauterivian to Aptian Tuxen and Sola Formations (nannofossil zones BC7-21) are typically thin over the
Adda structure. A major fault separating the Adda and Tyra areas was encountered by the TEB-23 well and
indicated thicker successions on the downthrown (Tyra) side of the fault, towards the south-west. We aim
to apply the stratigraphic concepts developed for the Adda area to the Tyra Field in order to further
understand the structural history and development to the south-west of the Adda area.
Our new study will incorporate new nannofossil biostratigraphic data and new well-log interpretation from
4 wells from the Tyra Field; E-1X, E-3X, E-8X (cuttings samples) & TEB-23 (core) to provide a new
stratigraphic model for the Lower Cretaceous of the Tyra area.
The Tuxen and Sola Formations include reservoir grade chalks and marly chalks which for decades have
been the focus of hydrocarbon exploration and production in the Danish Sector of the North Sea. However,
due to urgent focus on climate change and the termination of fossil fuel exploration in Denmark, the
knowledge accrued from this study of the Tyra Field will now be applied to field development.
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