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Abstract

Today the Arctic is one of the most important regions, where lots of oil and gas deposits are located. The Arctic contains
different ice formations that give rise to problems of the North seas’ exploring. The models ought to simulate the situations with
the presence of ice constructions and oil slices. The main goal is to find the difference between responses from oil slices and ice
formations. This paper represents the modeling results with ice cover and ice field. Wave patterns and seismograms are depicted
for each model. Different cases of installing the source of impulse and receivers are examined.
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1. Introduction

Development of the Arctic is caused by the necessity to elaborate many oil deposits; their supplies are estimated
by approximately 7.8 billion tons'. The considerable barrier on the way of oil extraction in the North seas is the
presence of different ice formations, ice cover, and icebergs, in particular’. Seismic exploration’ with present ice
constructions is more difficult and sparser in comparison with other oceans®. One of the main stages in planning the
geological survey works is mathematical modeling which allows to bring down the cost of carrying out seismic
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exploration significantly. In current research, the results of numerical experiments in seismic exploration in the
conditions of the Arctic shelf® are depicted.

The main problems of development of the Northern Sea Route with the extent 2200-2900 nautical miles from the
Novaya Zemlya to the Bering Strait are associated with difficult ice conditions and necessity of using powerful
icebreakers that can move into the ice cover with thickness up to 2 m (now the track has 7 icebreakers, diesel-
electric icebreakers and ice-class vessels). Ice hummocks, ice, and icebergs are often a serious impediment to these
ships. Large ice formations also represent a danger to stationary ice-resistant platforms and sea bed pipelines®”.

The movement of ice masses occurs under the influence of winds and streams. The ice cover is characterized by
the presence of icebergs, ice hummocks, drifting ice, cracks in the ice, and spring floods®'’. The presence of ice
hummocks materially affects on the ice surface roughness and leads to the increase of friction forces from wind and
streams. The average distance between sails of ice hummocks in various regions of the Arctic is about 200-300 m,
the height of the hummock sail can reach several meters, and the depth can reach a few tens of meters. The problems
of ice ridging are discussed in papers'' . The characteristic dimensions of icebergs are more than several times
bigger than the characteristic dimensions of ice hummocks. For example, during most part of the year the Pechora
Sea and the Kara Sea are covered with drifting ices, the speed of such ices may exceed 5 m/s, the thickness of plane
ice is up to 2 m, the thickness of draft ice hummocks is 20 m. Thus, the structure and parameters of ice cover of the
Northern seas are significant parameters determining the extreme loads at fixed and floating offshore oil and gas
industrial structures. Therefore, it is very important to model the dynamic processes in the air, water, and soil of the
Arctic, as well as the processing of observation results, prediction of ice conditions, and the estimation of further
stability of stationary platforms, sea bed pipelines, further security of icebreakers and ice-class vessels'®'".

The hydrocarbon exploration in the Arctic area has its own specificity. In particular, one of the layers, through
which the seismic signals propagate, is the sea'™ ", the other layer is the ice. The icebergs, ice hummocks, drifting
ice, and ice cover have also contribution to the measured or calculated responses in seismic prospecting. During
exploration work on land, one must take into account the effect from the permafrost. In addition to seismic
technology, the electrical exploration of hydrocarbons is an effective approach. The review of studies on this topic is
given in papers®"*.

The paper is organized as follows. Section 2 describes the basic mathematical models, including the central
equations and grid-characteristic method. Section 3 represents two models with ice cover and ice field and wave
patterns for each model. Section 3 provides the analysis of seismograms for these two models with different cases of
installation of source of impulse and receivers. Section 4 concludes the paper.

2. Mathematical models

232

The models of continuum described by the linear-elastic statements™** are represented by Eqs. 1-2, where p is

the density of the material, ¢, is the speed of P-waves into the material, ¢, is the speed of S-waves into the

material, v is the field of velocity in the material, ¢ is the field of the stress tensor.
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In order to simulate an oil slice and a slice of sea-water numerically, the approximation of perfect liquid® was
used. The total set of equations, describing the acoustic field of pressure p and components of velocity v, was being
tackled using Eqs. 3-4, where p is the density of the material, ¢ is the speed of acoustic waves into the material.
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Boundary conditions were realized with such given quantities as speed of boundary and outside force®®. In
addition, mixed boundary conditions®’, contact conditions of absolute adhesion, free sling, contact between liquid
and solid body were used. The grid-characteristic method'® was used for numerical solving of set of Egs. 1-2 and
Egs. 3-4. This method allows to build correct numerical algorithms while calculating points on boundaries and also
points, which lie on surfaces of division of two media with different densities and different Lame parameters. In all
calculations, the grid-characteristic scheme with third order of accuracy was applied”>?,

3. Models with ice cover and ice field

The great number of icebergs (almost uniformly arranged along the surface of water)>* and simple slice of ice 2-
3 m high are frequently met in the North seas. Their influence on wave patterns takes into account while searching
the underwater part of sea on oil accumulations. In such a way, the numerical experiments of influence of ice cover
and ice field (which means more or less uniform distribution of icebergs along all the surface of water) on wave
responses in the Arctic conditions were carried out. In all cases (in number of four), the step in space was 1 m, step
in time was 10 s. In whole, 15,000 steps in time were made. On each side, the non-reflective conditions®-3* were
considered. For all models, the impact was carried out with the help of Riker impulse.

In models, the slice of water 200 m high and a slice of soil 1000 m high were examined. The width of range of
integration was equal to 2000 m. The density of water was 1000 kg/m® and the density of soil was 2100 kg/m>. The
velocity of sound in water was equal to 1500 m/s, in the ground the velocity of longitudinal waves was 3000 m/s,
and the velocity of transverse waves was 1875 m/s.

First, two models with ice cover on surface of water and source of impulse both on the surface of ice and on
bottom of sea were examined. The density of ice was 917 kg/m’. The velocity of longitudinal waves in the ice slice
was equal to 3940 m/s and the velocity of transverse waves achieved 2493 m/s. The source of impulse was situated
in the center of all the range of integration. In addition, the model included (or didn't include) the oil slice at a depth
of approximately 700 m under the ground, which was 20 m in width. The density of the slice was 1800 kg/m’. The
velocity of longitudinal waves in it was equal to 2500 m/s, and the velocity of transverse waves was 2000 m/s.
Second, calculations of influence of ice field on wave responses and with a source of impulse situated both on the
surface of water and on the bottom of the sea were made.

The oil slice, like in the first two models, was present under the ground in the same place (or wasn't present). All
the parameters of ice and layer were taken the same. Icebergs in calculations were represented as triangular clutters
of ice at distance of 30 m from each other along all the surface of water. The schematic representation of all four
models is introduced in Fig. 1.
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Fig. 1. (a) the model with an ice cover and oil slice; (b) the model with an ice cover without an oil slice; (¢) the model with an ice field and oil
slice; (d) the model with an ice field without an oil slice.

The wave patterns at time 0.5 s and 0.36 s are depicted in Fig. 2. The models with a slice of ice and ice field with
a source of impulse on surface of ice and water at time 0.5 s are represented in Fig. 2a-2b, respectively. The models
with a slice of ice and ice field and a source of impulse on the bottom of the sea at time 0.36 s are shown in Fig. 2c-
2d, respectively. It is noticeable that a slice of ice, as well as an ice field, doesn't influence wave patterns

significantly. Only in the case of ice field there are lots of responses (from each iceberg) but they are completely
different from the response, coming from the oil slice.
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Fig. 2. (a) ice cover and oil slice, source of impulse on surface of ice; (b) ice field and oil slice, source of impulse on surface of water; (c) ice
cover and oil slice, source of impulse on the bottom of the sea; (d) ice field and oil slice, source of impulse on the bottom of the sea.

4. Seismograms for models with ice cover and ice field

Seismograms based on models with an ice cover and present/absent oil slice are represented in Fig. 3. Detectors
are situated both on the surface of water and on the bottom. In all cases, a source of impulse was on the surface of
water. In case of oil slice being present and detectors on surface of water (Fig. 3a), the diagram turned out to be
more distinct, and that's why it is easily distinguished from that without a slice (Fig. 3c). If detectors lie on the
bottom (Fig. 3b-3d), the seismograms with present and absent oil slice differ much more than in case, when
detectors are on the surface. As a result, the detectors on bottom are the most informative, while exploring
underwater slices on oil.

Seismograms for the model with an ice cover with a source of impulse on bottom are introduced in Fig. 4.
Detectors are situated only on surface of water. Diagrams in this case have a significant difference. In Fig. 4a, there
are extra wave lines, which point out to the presence of an extra slice. Comparing this way of establishing
equipment (source of impulse is on bottom, detectors are on surface), it will turn out to be more demonstrative while
revealing an oil slice than in case, when both, a source of impulse and detectors, are situated on surface.
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Fig. 3. (a) the oil slice is present, detectors are on the surface; (b) the oil slice is present, detectors are on the bottom; (c) no oil slice, detectors are
on the surface; (d) no oil slice, detectors are on the bottom.
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Seismograms for the model with an ice field and present/absent oil slice are introduced in Fig. 5. The source of
impulse was situated on surface of water. In case, when detectors lie on the bottom (Fig. 5a-5c), the difference
between present oil slice and its absence is better noticed than in case, when detectors are on the surface of water
(Fig. 5b-5d). Yet it is possible to differentiate cases of present and absent oil slice from all the seismograms, that's
why we can conclude that even great number of icebergs on surface of water (called an ice field) doesn't influence
spotting places of oil deposits considerably.

Seismograms for the model with an ice field and a source of impulse on the bottom are introduced in Fig. 6. The
detectors are situated on the surface. In this case the diagrams differ much more, concerning present/absent oil slice
than in the situation, when both, the source of impulse and detectors, are on the surface of water.

5. Conclusions

In this paper, the results of numerical modeling of wave propagation with the acoustic and linear-elastic slices
were represented. The problems of seismic exploration in the Arctic under different conditions were examined. In
particular, the results of computation of models with ice cover and ice field were represented through wave patterns
and seismograms for each model. In addition, cases of different installation of source of impulse and receivers were
examined. Based on the calculations obtained, it is possible to distinguish responses from different ice formations
from those from oil slices, avoiding the high cost of field experiments.
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Fig. 5. (a) the oil slice is present, detectors are on the bottom,; (b) the oil slice is present, detectors are on the surface; (c) no oil slice, detectors are
on the bottom; (d) no oil slice, detectors are on the surface.
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Fig. 6. (a) seismogram with the oil slice; (b) seismogram without oil slice.

References

1. Donskoy SE. The report of the minister of nature resources and ecology of the Russian Federation S.E.Donskogo. Scientific - Technical

problems of opening up the Arctic 2014;8-13.

2. Khaiduko VG, Lisitsa VV, Tcheverda VA, Reshetova GV. Numerical study of the seismic wave fields in the transition zone in winter. SEG

Technical Program Expanded Abstracts 2014;2(10);3503-3507.

3. Voinov OYa, Golubev VI, Petrov IB. Elastic imaging using multiprocessor computer systems. CEUR WorkshopProceedings 2016;1787;491-

495.

3. Baggeroer AB, Gregory L, Duckworth GL. Seismic exploration in the Arctic ocean. The Leading Edge 1983;2(10);22-27.

5. Gagnon RE, Wang J. Numerical simulations of a tanker collision with a bergy bit incorporating hydrodynamics, a validated ice model and

damage to the vessel. Cold regions. Science and Technology 2012.

6. Lee SG, Lun SH, Kong GY Modeling and simulation system for marine accident cause investigation. Collision and Graunding of Ships and
Offsore Structure. Amdahl, Ehlers and Leira (Eds). Taylor and France Group, London 2013;39-47.

7. Bekker AT, Sabobash OA, Seliverstov VI, Koff GI, Pipko EN. Estimation of Lomit Loads on Engeneering Offshore Structures Proceeding of
the Nineteenth International Offshore and Polar Engeneering Conference 2009;574-579.

8. Weiss J. Drift, Deformation and Fracture of Sea Ise. A perspective Across Scales. Springer 2013;83

9. Pavlov V, Pavlova O, Korsnes R. Sea ice fluxes and drift trajectories from potential pollution sources, computed with a statistical sea ice

model of the Arctic. Ocean Journal of marine Systems 2004;48;133-157.

10. Eik K. Iseberg drift modeling and validation of applied metocean hindcust data. Cold Region. Science and Technologhy 2009;57;67-90.

11. Garbrecht T, Luphes C, Augstein E, Wamser C. Influence of a sea ice ridge on low-level airflow. J. Geophysics. Res. 1999;104;2449-24507.

12. Shinohara Y. A redistribution function applicable to a dynamic sea ice model. J. Geophysics. Res. 1999;95;13423-13431.

13. Marchenko A. Thermodynamic consolidation and melting of sea ice ridges. Cold regions. Science and Technology 2008;52(3).

14. Shinohara Y. A redistribution foundation ice model. J. Geophysics. Res. 1990;95;13423-14431.

15. Gray J, Killworth PD. Sea ice ridging schemes. J. Physics. Oceanogr. 1996;26;2420-2428.

16. Julev SK, Belyaev K. Probility distribution characteristics for surface ari-sea turbulent heat Aluxes over the global ocean. Journal of Climate

2012;25(1);184-206.

17. Belyaev KP, Tuchkova NP, Cubash U. Response of a coupled ocean ice atmosphere model to data assimilation in the tropical zone of the

tropical zone of the Pacific ocean. Oceanology 2010;50(3).

18. Késer M, Dumbser M. An arbitrary high-order discontinuous Galerkin method for elastic waves on unstructured meshes — 1. The two-

dimensional isotropic case with external source terms. Geophys. J. Int. 2006;166(2);855-877.

19. Kédzer M, Dumbser M. A highly accurate discontinuous Galerkin method for complex interfaces between solids and moving fluids.

Geophysics 2008;73(3);T723-T725.

20. Kaser M, Igel H. Numerical simulation of 2D wave propagation on unstructured grids using explicit differential operators. Geophysical

Prospecting 2001;49(5);607-619.

21. Zhdanov MS. Geophysical Inverse Theory and Regularization Problems. Elsevier 2002.

22. Zhdanov MS. Inverse Theory and Applications in Geophysics. Elsevier 2015.

23. Petrov IB, Favorskaya AV, Sannikov AV, Kvasov IE. Grid-Characteristic Method Using High Order Interpolation on Tetrahedral
Hierarchical Meshes with a Multiple Time Step. Mathematical Models and Computer Simulations 2013;5(5);409-415.

24. LeVeque R. Finite volume methods for hyperbolic problems. Cambridge University Press; 2002.



Polina Stognii et al. / Procedia Computer Science 112 (2017) 1497-1505 1505

25. Landau LD, Lifshitz EM. Fluid mechanics. Pergamon Press; 1959.

26. Lin X, Yu X. A finite difference method for effective treatment of mild-slope wave equation subject to non-reflecting boundary conditions.

Applied Ocean Research 53 2015; 179-189.

27. Averna D, Tornatore E. Ordinary Laplacian systems with mixed boundary value conditions. Nonlinear Analysis:Real World Applications

2016;28;20-31.

28. Zhou Q, Diamessis PJ. Lagrangian flows within reflecting internal waves at a horizontal free-slip surface. Physics of Fluids 2015;27(12).

29. Golubev VI, Petrov IB, Khokhlov NI. Simulation of seismic processes inside the planet using the hybrid grid-characteristic method.

Mathematical Models and Computer Simulations 2015;7(5);439-445.

30. Favorskaya A, Petrov I, Khokhlov N. Numerical Modeling of Wave Processes during Shelf Seismic Exploration. Procedia Computer Science
2016;96;920-929.

31. Petrov I, Vasyukov A, Beklemysheva K, Ermakov A, Favorskaya A. Numerical Modeling of Non-destructive Testing of Composites.
Procedia Computer Science 2016;96;930-938.

32. Favorskaya AV, Petrov IB. Wave Responses from Oil Reservoirs in the Arctic Shelf Zone. Doklady Earth Sciences 2016;466(2);214-217.

33. Golubev VI, Petrov 1B, Khokhlov NI, Shul’ts KI. Numerical computation of wave propagation in fractured media by applying the grid-

characteristic method on hexahedral meshes. Computational Mathematics and Mathematical Physics 2015;55(3);509-518.



