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As the Arctic region requires costly and difficult to access surveys of the ground, numerical

modeling proves to be an effective way to study occurring processes in the area. Moreover, the

simulations of the seismic exploration can help identify the main signs of oil migration which

is crucial for the risk assessment of the deposit development. Therefore, the main goal of this

work is to conduct the forward modeling of the seismology in the offshore areas of the region in

order to determine the indicators of such processes. The present study, in particular, is aimed

at recreating of basic features of the region such as a layered ground with the gradual change in

material parameters and inclusion of a permafrost sheet. Furthermore, the boundaries between

layers are considered to be curvilinear. This complex problem was effectively solved using the grid-

characteristic method which allows for the accelerating of the calculations using OpenMP. As a

result of the computations, the reconstructed wave phenomena is analyzed based on the obtained

wave patterns and synthesized seismograms. The change in the responses from the oil reservoir in

the process of draining is identified which can further help interpret real measurements.

Keywords: numerical modeling, oil migration, marine seismology, grid-characteristic method,

Arctic region.

Introduction

Throughout the years, numerical modeling proved to be a great way to investigate natural

and anthropogenous processes, especially in the places of costly and difficult to access in situ

measurements such as the Arctic region [11, 15]. The area draws a lot of attention of the

researchers due to the significant mineral reserves and promising oil development. This proves

the necessity for conducting full-scale surveys of the subsurface areas of ground. For this purpose,

measurements are commonly conducted using seismology [23]. Harsh environmental conditions

incentify thorough investigation of the area before the preparations for the development of

the deposit can begin. Thus, it is essential to identify potential dissolution of the oil-bearing

formation which is still a poorly understood mechanism [1, 3]. As a result, numerical modeling

can help determine the indicators of this process in the obtained measurements which is the

purpose of this work.

However, this task is complicated by the series of unique qualities of the Arctic region which

are mainly defined by cold temperatures. As a result, one of the main characteristics of the

region is the presence of permafrost sheets, formed when the temperature constantly stays less

than 0◦C for a long period (from a couple to thousands of years) [20]. The layered ground is often

inhomogeneous which causes the inconstancy of its mechanical characteristics and the curvilinear

boundaries between the sheets. In order to account for the gradual change of the parameters, in

this work, the obtained in situ data [14, 16, 26] is used to determine their dependencies on the

depth. As a result, the computational domain was introduced consisting of the sea, water floor,

permafrost sheet and bottom dense clay layer which contained the oil reservoir that decreased in

size due to drain. This distinguishes the study from the previous works that use simpler settings

with constant parameters [2, 8] and linear boundaries between the layers [9, 18].
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The computer modeling was conducted using a software package RECT written in C++ and

dedicated to the solution of hyperbolic equations by applying the grid-characteristic method [5]

on structured grids. This method allows for effective solution of dynamic problems in objects

of complex shapes [6] and with different rheologies [7]. Moreover, the software supports several

means of parallelization, such as OpenMP [13], MPI [19], and CUDA [12] with the former one

used to accelerate calculations in this work. The package is developed by the Computational

Physics Department and the Informatics and Computational Mathematics Department of the

Moscow Institute of Physics and Technology. The article is organized as follows. Section 1 is

devoted to explanation of numerical setting including the governing system of equations in

Section 1.1, computational method in Section 1.2 and domain in Section 1.3. Obtained results are

discussed in Section 2, they consist of the wave patterns analyzed in Section 2.1 and seismograms

in Section 2.2. Conclusion summarizes the study and points directions for further work.

1. Numerical Setting

1.1. Governing System of Equations

In order to represent all layers of the computational domain, isotropic linear elasticity is used.

In the current work, the simulations are conducted in two-dimensional case. Three-dimensional

calculations require a lot of time and computational resources while showing results similar to

the plane problem [24]. The difference between these settings can be the result of the strong

asymmetry which is not considered in this work. Thus, it is still possible to determine the influ-

ence of the deposit dissolution on the seismic measurements. The governing system of equations

can be written in the following form:

ρ∂vx∂t = ∂σxx

∂x + ∂σyx

∂y + fx,

ρ∂vy∂t = ∂σxy

∂x + ∂σyy

∂y + fy,

∂σxx

∂t = (λ+ 2µ)∂vx∂x + λ∂vy∂y ,

∂σyy

∂t = λ∂vx∂x + (λ+ 2µ)∂vy∂y ,

∂σxy

∂t = µ(∂vx∂y + ∂vy
∂x ).

(1)

Here the velocity vector of medium points v = (vx, vy)
ᵀ and the stress tensor σ are unknown and

calculated after each time step. The material parameters are density ρ and Lame parameters

λ and µ, the equations also allow for introduction of external forces f = (fx, fy)
ᵀ. This model

reconstructs pressure and shear waves with velocities cp =
√

λ+2µ
ρ and cs =

√
µ
ρ . These velocities

and density fully define these equations.

1.2. Grid-Characteristic Method

For the solution of the hyperbolic problem (1), the grid-characteristic method [5] is used.

According to the procedure, the initial system is rewritten with introduction of the new vector

of unknowns u = (vx, vy, σxx, σyy, σxy)
ᵀ:

∂u

∂t
+Ax

∂u

∂x
+Ay

∂u

∂y
= g. (2)
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Here matrices Ai are introduced:

Ax = −




0 0 1/ρ 0 0

0 0 0 0 1/ρ

λ+ 2µ 0 0 0 0

λ 0 0 0 0

0 µ 0 0 0




, Ay = −




0 0 0 0 1/ρ

0 0 0 1/ρ 0

0 λ 0 0 0

0 λ+ 2µ 0 0 0

µ 0 0 0 0



. (3)

Next, coordinate-wise splitting and splitting on physical processes are performed. At first,

the step along the horizontal axis x is calculated, next, the step along the vertical axis y was

made. Finally, external forces were taken into account. For the solution of each of these equations,

the new variables, Riemann invariants ri = {rji }5j=1, were introduced. As the system (2) is

hyperbolic, matrices Ai, i = {x, y} can be presented in the form Ai = RiΛiLi, where Li is the

eigenvector matrix, Ri = L−1
i , and Λi = diag{0,−cs, cs,−cp, cp} is the eigenvalue matrix. Thus,

(2) can be rewritten as the system of one-dimensional transport equations with ri = Liu:

∂ri
∂t

+ Λi
∂ri
∂i

= 0. (4)

For the solution of each equation in (4), third order Rusanov scheme was applied [21],

monotonized using the grid-characteristic monotonicity criterion [10]:

[rji ]
n+1
m = [rji ]

n
m +

cji
2

([rji ]
n
m−1 − [rji ]

n
m+1) +

cji
2

2
([rji ]

n
m−1 − 2[rji ]

n
m + [rji ]

n
m+1)−

−c
j
i (1− c

j
i

2
)

6
([rji ]

n
m−2 − 3[rji ]

n
m−1 + 3[rji ]

n
m − [rji ]

n
m+1).

Here the Courant number is introduced cji = λj
iτ
hi

, and j ∈ [1, 5], λji is the corresponding

eigenvalue, hi is the spacial step. Condition cji < 1 guaranteed the stability of the calcula-

tions. One of the numerical problems which is common of the dynamic processes in the layered

media is the appearance of non-physical oscillations due to high gradients in the mechani-

cal properties. To deal with this issue, we introduce the grid-characteristic criterion in order

to monotonize the solution. When [rji ]
n+1
m ≤ min [rji ]

n
1 , [r

j
i ]
n
2 , the following correction was per-

formed: [rji ]
n+1
m = min [wji ]

n
1 , [r

j
i ]
n
2 . In case [rji ]

n+1
m ≥ max [rji ]

n
1 , [r

j
i ]
n
2 , another formulae was used:

[rji ]
n+1
m = max {[rji ]n1 , [r

j
i ]
n
2}. Here [rji ]

n
1 , [rji ]

n
2 are the grid function values at the time t = tn in

the nearest points to the characteristic which originates from the point (tn, xm). The introduced

scheme is explicit which made it possible to employ parallelism using the OpenMP technology.

This allowed for the significant acceleration of the calculations.

1.3. Computational Domain

In order to conduct simulations, the computational domain in a two-dimensional case was

created. It consisted of the around 100 m deep sea layer, and about 100 m wide seabed, 300 m

wide permafrost and a deepest dense soil sheet beneath it. The bottom layer contained an oil

deposit, which was gradually draining due to oil migration [1]. The layout for the problem

is presented in Fig. 1. The widths of the layers correspond to the mean values, registered in

this geographical region. The boundaries between all areas were significantly curvilinear. The

dissolution of the reservoir was represented as the gradual change of its size.
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Figure 1. Layout of the computational domain and elastic parameters of layers

1.3.1. Material parameters

To construct an adequate geological model, the ground was considered to be a vertically

inhomogeneous medium. The dependencies of the elastic parameters on depth obtained from

the experimental data [16] were used as a basis for formulation of the gradient corresponding to

each layer. All parameters remained within their characteristic values as noted in [16, 26]. The

final relations between the elastic parameters and the depth are presented in Figs. 2–3. In the

water layer, the change in the velocity of the pressure waves is associated with the temperature

gradient, often observed in the northern seas [14]. Thus, the pressure wave velocity changed

according to the similar trend. Moreover, in this layer, the density was equal to 1024 kg/m3,

and the shear wave velocity was set to 1 m/s.

Under the water, the transition from the thawed soil of the seabed to the frozen soil of the

permafrost layer was reproduced based on a gradual decrease in temperature. However, as the

temperature rises and stabilizes, the permafrost ends with a transition to a denser clay layer,

which was reflected in the density change. For the velocities of the pressure waves, a standard

power-law change in parameters at shallow depths was set. For greater depths, a linear increase

was used. Additionally, the shear wave velocity and density were changed linearly. The drying

of the deposit was modeled by a successive size reduction of the oil reservoir. Inside it, a small
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transition was considered from the upper oil layer to the water base and the thawed bottom of

the reservoir.

Figure 2. Elastic parameters in water and soil without a reservoir along the depth

Figure 3. Elastic parameters in a reservoir along the depth: oil layer on the surface of water
and wet soil

1.3.2. Grid parameters

There are two basic approaches to creation of computational grids. The first one consists of

using explicit contact conditions and creating grids for each area of the domain. According to

the second approach, one rectangular grid is created and in each node corresponding material

parameters are set. Both approaches allow for reproducing of all wave fronts and results in

similar wave patterns [8, 25], however, both also have downfalls.

The second method is characterized by an increase in the amplitude of individual waves.

There may also be a lack of smoothness in the incoming signals due to the step-wise nature

of the sections of geological media. For the first method, it is necessary to create curvilinear

grids, which, if constructed incorrectly, can distort the shape of the wave fronts. Additional

numerical errors can also be introduced by nonphysical boundaries within layers with inclusions
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when constructing structured grids. Such effects lead to the inability to compute the difference

between results obtained in different setups. This is a significant drawback as this technique is

often used for analyzing processes in dynamics, and is also employed in this work.

Moreover, the gradual nature of elastic parameters of the layers incentifies the usage of the

second approach. Thus, in order to save time, computational resources and make it easier to set

material parameters, one rectangular grid of 1000 × 900 cells was created. In order to account

for the curvilinear boundaries, the dependencies in Figs. 2–3 were interpolated on the grid for

each layer separately. Therefore, in each node, the elastic parameters of the corresponding areas

were set. To fulfill the Courant stability condition, the time step was set equal to 0.1 ms. The

total calculation time was 1 s. The top boundary of the domain was considered to be free, on

the other sides, characteristic absorbing conditions were placed. The seismic point source was

described as the 30 Hz Ricker pulse. Two different signal generator’s positions were compared:

on the water surface and on the seabed. The receivers were placed on the water surface and on

the seabed with the 2 m horizontal spacing.

2. Simulation Results

As a result of the calculations, spatial wave fields and synthetic seismograms were produced

(see Figs. 4–6).

2.1. Wave Patterns

The wave pattern analysis shows that the wave fronts generated by both sources are similar

to each other. However, it is noticeable that when the source position is set on the sea surface,

the amplitude of some waves decreases. This is related to the fact that, as water is an acoustic

medium, it partially absorbs some waves. Moreover, this is also the reason why there are no

surface waves, such as Rayleigh waves [17], observed on the upper boundary. However, when

the source is located on the seabed, surface Stoneley (also called Scholte) waves [22] appear and

propagate along the water floor.

As the position of the source at the seabed is closer to the reservoirs, the initial wave reaches

the deposit earlier. Nonetheless, in both cases, while propagating through the stratified medium,

this wave undergoes multiple reflections. Moreover, the gradient of elastic parameters seem to

result in appearance of additional oscillations in the wave. The narrow top layers create a wave

channel which leads to the formation of seismic ghost reflections [4] which can conceal the initial

wave rebounded from the deposit.

These reflections from the reservoirs are the crucial point of the seismology which help

identify the internal processes in the ground such as oil migration. It is worth noting that

all such reflections, as shown in Fig. 4, have a similar rounded shape which originate from the

borders of the layer. As the deposit dissolves, the shape transforms from the oval to the spherical

one. Moreover, when the size of the reservoir decreases, its upper boundary moves farther from

the day surface which is indicative of the change in the travel time that can be expected in

the considered setting. Overall, curvilinear boundaries account for asymmetry in the resulting

pictures.

Additionally, in Fig. 4, several computational artifacts are present. The point signal leaves

a noticeable cross-shaped trace in the wave patterns, especially in case of the generator on the

water surface. Moreover, non-physical reflections from the sides of the domain can appear due
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(a) Large reservoir (b) Medium reservoir (c) Smallest reservoir (d) No reservoir

(e) Large reservoir (f) Medium reservoir (g) Smallest reservoir (h) No reservoir

Figure 4. Wave fields. The top row is generated for the source in the water (T = 0.35 s),
the bottom row – for the source on the seabed (T = 0.3 s)

to the well known problem of the absorbing boundary conditions. However, these effects do not

influence the results significantly.

2.2. Synthesized Seismograms

All of the effects noted in the wave patterns can also be clearly identified in synthetic

seismograms (Figs. 5–6). When the position of the sources and the receivers coincide (first and

last rows in Fig. 5), the seismograms show the presence of the initial impulse above other signals.

Additionally, in case of the source in the seabed (first row), the noted Stoneley surface waves

are also present. However, when the signal generator is moved to the water surface, the signs of

these waves (third row) can also be seen, although they are not that prominent.

The second most distinguished signals are the first reflections of the initial wave from the

water surface and the seabed. These waves are followed by multiple responses formed by the

waves’ circulation between these boundaries. Thus, seismic ghost reflections [4] produce a lot of

noise in the seismograms and make the resulting seismograms almost indistinguishable between

each other as the oil deposit drains. Moreover, in case of the placement of the sources and

the signal receivers on the same surface, surface waves further conceal the rest of the picture.

Therefore, the most convenient position of the receivers should not coincide with the position of

the sources.

Additionally, the discovered non-physical reflections from the sides of the domain can also

hinder the analysis of the calculations. As a result, the difference between the settings can be

noted only about 0.5 s after the calculations in the central parts of each seismogram. Therefore,

they require further processing as it is hard to identify oil migration. To solve this problem,

the differences between the settings with and without reservoirs were calculated. In practice, in

order to trace down the occurring processes, this procedure can be performed after consecutive
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Figure 5. Synthetic seismograms. The top two rows represent the source in the seabed,
the bottom two rows – the source on the water. The first and the third rows obtained from

the receivers on the seabed, the second and the forth – from the water surface.
The first column corresponds to the case without reservoir, the second one – with the larger

reservoir, the third one – with the medium one, the fourth one – with the smallest one

measurements or when the general geometry of the seabed is well-known beforehand. As part of

numerical analysis, this technique allows us to investigate the signal from the reservoir separately

from other responses.

The resulting seismograms are presented in Fig. 6. The picture shows that the signals of

different reservoirs are very similar. In accordance with the wave patterns, the travel time de-

creases with the placement of sources closer to the oil deposit. Moreover, the dissolution of the

reservoirs also results in a slight decrease in the travel time. Another notable difference between

the settings previously shown in wave patterns is the change in the form of the reflection from

the reservoirs which coincides with the transformation of the shape of the responses on the seis-

mograms. At the same time, it becomes harder to identify the changes as the reservoirs become

smaller. So, we can conclude that it is crucial to obtain seismic measurements of the initial state

of the oil deposit for further gradual comparisons.

Conclusion

As the result of conducted simulation, the direct problem of marine seismology in the Arc-

tic during oil migration was solved. The distinctive feature of this work is the creation of the

computational domain that encompasses the basic features of the offshore areas, including the

permafrost ground, and the reflection of gradient change of elastic parameters in the layered

ground obtained in real measurements. The usage of the grid-characteristic method allowed for

effective solution of problem accelerated by the parallelization using OpenMP. Deposit dissolu-

tion was accounted for by the gradual decrease in the size of the reservoir.

Calculated wave patterns and synthesized seismograms not only showed the responses from

the reservoir but also demonstrated complex wave phenomena, such as surface waves and seismic
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Figure 6. Differences between seismograms with and without oil deposit. The placement of
the rows correspond to Fig. 5. The first column represents the setting with the larger reservoir,

the second one – with the medium reservoir, the third one – with the smallest reservoir.
Top one-third of each picture is not included

ghost reflections. Due to the presence of such waves, the obtained seismograms contain a lot

of noise and require further processing. Therefore, in situ measurements should be conducted

consecutively to register initial state of the oil deposit for further gradual comparisons. More

adequate estimations can be conducted based on the real data and specific deposits. The precise

reason for oil migration should also be taken into account, in order to be able to identify

particular attributes of the process. Comparison of the results of the simulations in the plane

problem to the three-dimensional case can also be noted as the direction for further work.
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