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Abstract

Introduction. The article is devoted to one of the problems in the oil and gas fields development — the correct geo-
logical models construction of the subsurface space. Researchers from various scientific groups around the world have
proposed various ways to improve the accuracy of the computer simulations used in this process. The purpose of this
study is to assess the degree of the day surface relief and the anisotropy of the geological section upper part influence
on the recorded seismic signal using a realistic model of the Orenburg field as an example.

Materials and methods. The seismogeological model describing the Orenburg geological section Lower Permian in-
terval is considered. The elastic properties of geological formations were estimated according to well data: density and
propagation velocities of longitudinal and transverse waves. There is a high contrast of P-wave velocities estimated
from sonic logs. The reservoir is confined to the lower layers in this model. It is composed of sulfate-carbonate media,
uniform in density and acoustic properties. Using the grid-characteristic method, zero-offset synthetic seismograms
were calculated. The choice of structural curvilinear computational grids made it possible to correctly consider the
relief of the day surface.

Research results. Two different models were compared in this work. The first model included the anisotropy of the
section’s upper part and the day surface topography. In the second model, the upper boundary of the computational
domain was flat, and the entire medium was considered within the framework of an isotropic linear elastic model. The
analysis of synthetic seismograms showed that the anisotropy inherent in this model does not significantly affect the
recorded seismic wave field. However, considering the relief of the day surface significantly shifts the times of arrival
of reflected waves.

Discussion and conclusion. The algorithm presented in the paper can be used to verify the field data processing graph,
since the assessment of the anisotropy of the medium is a standard step in building a velocity model. The presented

approach can be extended to 3D realistic dimensions models.
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AHHOTAINA

Beeoenue. Onnoit u3 npodieM pazpaboTku HedTerasoBbIX MECTOPOXKACHUI SBISETCS MOCTPOCHUE KOPPEKTHBIX
Te0JIOTHUECKUX MOJIeNel MOJIMOBEPXHOCTHOTO MpocTpaHcTBa. MccienosarensiMu U3 pa3iMyHbIX HAYYHBIX TPYIIT
BO BCEM MHpPE MPEAJIOKEHBI PA3IUYHBIE CIIOCOOBI MOBBIIICHHS TOYHOCTH KOMIBIOTEPHOTO MOJEIHPOBAHUS,
HCTIOJIB3YEMOTO B 3TOM Iporiecce. Llexap HacTosAIIero necne0BaHus — OLEHKA CTETICHN BIMSHUSA penbeda THEeBHOH
MIOBEPXHOCTH M aHU30TPOIIMU BEPXHEH YacTH reoJIOTHYEeCKOro pa3pe3a Ha perucTpUpyeMblid CeiCMUYeCKUi CUTHAI
Ha NpUMepe pearucTudHoi Moaenn OpeHOyprckoro MeCTopOXICHHUS.

Mamepuanvt u memoowt. PaccMoTpeHa ceficMoreojornieckast MO/ielb, ONMUCHIBAIONIAs HIDKHEIIEPMCKHII HHTepBal
OpeHOYyprcKOro TeoIOrunIeckoro paspesa. [1o CKBaXKMHHBIM JJAHHBIM OIEHEHBI YIIPYTHE CBOMCTBA T€OJOTHYECKUX
IUTaCTOB: IJIOTHOCTh M CKOPOCTH PAaCHPOCTPAHEHHs NPOAOJIBHBIX M IONEPEUHBIX BONH. OTMEUaeTcs BBICOKHHN
KOHTPACT CKOPOCTEH MPOIONBHBIX BOJH, OIEHEHHBIX IO JUarpaMMaM aKyCTHYECKOro KapoTaxka. PesepByap B
9TOI MOJIeNH NMPUYPOUYCH K HIDKHUM T1actaM. OH cIOXeH Cyab(paTHO-KapOOHATHEIMU CpeaMHy, OJHOPOIHBIMH 10
IUIOTHOCTH M aKyCTHYecKUM cBoicTBaM. C HMCHOIB30BAaHHEM CETOYHO-XapaKTEepPUCTHYECKOTO METoja ObLIM pac-
CUNTAHBl CHHTETHYECKHE CeHCMOTrpaMMBbl HYJIEBBIX ynaneHuil. BbIOOp CTPYKTYPHBIX KPHBOJIMHEHHBIX PacUeTHBIX
CETOK MO3BOJIMJI KOPPEKTHO MPOBECTH yUET pelibedha THEBHOI MTOBEPXHOCTH.

Pe3ynomamut uccnedoeanua. B pabote OBIIIO IPOBEAEHO COMOCTABICHIE ABYX Pa3IUYHBIX Moneleil. B meppyio
MOJeJb OblIa BKIIFOYEHA aHN30TPOIHS BEpXHEH YacTH paspesa u Tonorpadus JHEBHOH moBepXxHOCTH. Bo BTOpOit
MO/ICJIM BEPXHSIS IpaHuUIla pacueTHOH 001acTH ObLIA IIIOCKOH, M BCS Cpejla paccMaTpuBaiach B paMKaxX H30TPOITHOH
JUHEHHO ynpyroi Mojenu. AHaJIU3 CUHTETUYECKUX CEHCMOrpaMM IO0Ka3all, YTO aHU30TPOIHS, IPUCYIIasi STOU
MOJENIH, HE OKa3bIBAeT CYLIECTBEHHOI'O BIHUSHHUS Ha PETUCTpPUpYEMoOE celicMHuecKoe BOJHOBOE mose. OgHaKko
y4eT penabeda THEBHOM MOBEPXHOCTH 3aMETHO CIABUTACT BPEMEHA MPUX0/1a OTPAKCHHBIX BOJIH.

Obcyscoenue u 3axnrouenue. IlpencraBneHHbI B paboTe aarOpUTM MOXKET OBITh HCIIONB30BaH I Bepu(HUKaIHy Tpada
00pabOTKH TONEBHIX JAHHBIX, IOCKOIBKY OLCHKA aHM30TPOINH CPENbI ABISIETCS CTAaHAAPTHBIM IIarOM IIPH MTOCTPOCHUN
ckopocTHOU Mozienu. [IpeacTaBneHHbIi TOAX0 MOXKET OBITh PACIIMPEH Ha TPEXMEPHBIE MOJIENH PEATHCTUYHBIX Pa3MEpPOB.

KnrodeBble c10Ba: MaTeMaTHUECKOE MOJEIMPOBAHUE, CEHCMUYECKas pa3Be/IKa, CETOUHO-XapAKTEPUCTUUECKUH uHCc-

JICHHBII MCTO, aHU30TPOITHLIC CPECADI, Tonorpa(bm{ ﬂHCBHOﬁ MOBCPXHOCTU

®dunancupoBaHue. VccienoBanue BBINOIHEHO 3a cueT rpanra Poccuiickoro Hayunoro ¢onma Ne 19-71-10060,
https://rscf.ru/project/19-71-10060/.

Jist unrupoBanust. [IpsiMoe 4HCICHHOE MOIENMPOBaHHE: Tomorpadus JAHEBHOH MOBEPXHOCTH M aHH30TPOIUS
BepxHeil yactu paspesa / B. 1. TonyGes, A.B. IlleBuenko, A.B. Exumenko, B. IO. ITerpyxun // Computational
Mathematics and Information Technologies. — 2023. — T. 6, Ne 1. — C. 27-33.
https://doi.org/10.23947/2587-8999-2023-6-1-27-33

Introduction. The problem of considering the surface topography during seismic survey simulations attracts the
attention of many researchers. The trivial approach is based on the stair-step approximation of the top domain boundary
and finite-difference schemes [1] on rectangular grids. However, it leads to the appearance of additional source artifacts
due to diffraction. The rotated staggered-grid modification was proposed to align the grid to the boundary interface. [2].
The use of finite-difference schemes on deformed grids does not allow describing very steep slopes in relief [3]. In [4],
a pseudospectral method was proposed with the mapping of rectangular grids onto a curved surface, which also turned
out to be unstable near strongly inclined boundaries. Apparently, an acceptable solution is to use finite element methods
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on nonstructural grids [5]. The disadvantage of this approach is a significant increase in the computational complexity
of the task and the required RAM. In [6] an approach based on the combination of the discontinuous Galerkin with

the finite difference method was developed. It allows to cover only the thin subsurface layer with an unstructured grid,
while using the rectangular one in the rest of the geological model.

In elastic media with sharp variations of physical properties the grid-characteristic method can be effectively
used [7, 8]. The method of superimposed grids was combined with it, which makes it possible to correctly describe
curved boundaries [9]. This study uses a different approach. A separate curved grid is used to cover each geological
layer, together with the explicit statement of contact conditions between the individual layers. This method preserves the
advantages of the grid-characteristic method without leading to an excessive increase in the computational complexity
of the problem. The paper takes into account the thin-layering of the upper part of the geological section using the
widely used vertical transverse isotropic (VTI) model of the medium [10, 11].

The purpose of this work is to assess the degree of the daytime surface relief and the anisotropy of the upper
part of the geological section influence on the recorded seismic signal using the example of the Orenburg field’s
realistic model.

Materials and methods. A significant amount of seismic survey is related to the investigation of oil and gas basins.
These territories, being composed of sedimentary rocks, are thick strata of a thin layer interbedding. The formation
conditions of sedimentary rocks determine the difference in physical properties of each layer. The geological history of
each region determines the current position of the formed rock strata. Therefore, a characteristic feature is the presence
of layers, laterally extended, but thin related to used seismic wavelengths. It provides the possibility to describe this
geological medium by the VTI model. This model was formulated due to the registration of different velocities for
vertical and inclined seismic rays in 1930-th. In this work, the seismic-geological model describing the Lower Permian
interval of the Orenburg geological section was considered. The physical properties were evaluated based on borehole
data from the Orenburg oil and gas condensate deposit (Fig. 1 a). Two main parts of the model were distinguished: (1)
the thin-bedded upper interval corresponded to the Kungurian stage and (2) the lower one describing the Filippovsky
horizon and the Artinsk stage. The first one was represented by pure salts and the interbedding of rock salt, anhydrites,
and dolomites. A high contrast was noted in compressional wave velocities estimated by acoustic logging diagrams.
The typical value for rock salt was 4500 m/s, for anhydrites — 6300 m/s, and for dolomites — in the range from 4500 m/s
to 6500 m/s (Fig. 1 b). This interval affects kinematic characteristics of the wavefield and causes the anisotropy.

Figure 2 shows the field seismic data. The alternation of dolomite, salt and anhydrite layers induces dynamically
pronounced reflections. The section shows a complex geometry of the reflecting boundaries of the upper interval and
halokinesis processes, accompanied by the salt penetration into the overlying terrigenous strata. It can be assumed,
that in areas of the contrast subhorizotal layer location, the anisotropy parameters will be different from the ones of
salt diapirs. The reservoir in this model is confined to the lower strata. It is composed of sulfate-carbonate media,
homogeneous in its density and acoustic properties. The reflective boundaries in this interval have low contrast. This
fact is explained by the absence of acoustically rigid boundaries. According to the well logging, the interval is relatively
homogeneous (Fig. 1 @). Based on the above description, an elastic two-dimensional model was developed. A thin-

layered interval was described by the VT model to achieve the desired accuracy.

29



V. I. Golubev. Direct seismic modeling: day surface topography and shallow subsurface anisotropy

a)
1200 Salt 40 Anhydrite 120 Dolomite
1000 20 100
800 80
600 20 60
400 40
200 10 20
0 0 0
4000 4500 5000 5500 6000 6500 4000 4500 5000 5500 6000 6500 4000 4500 5000 5500 6000 6500
Cp, m/s Cp, m/s Cp, m/s
b)

Fig. 1. The field measurements’ results: a — Borehole data from the Orenburg oil and gas condensate deposit

(by TNG-Group); b — P-wave velocity histograms based on sonic data
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Fig. 2. The seismic section of the Orenburg deposit
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The hyperbolic system of governing PDEs can be written in the canonical form:
4+ Aq, + 44, =1

where the vector ¢ consists of all unknowns (velocity vector components and symmetrical stress tensor
components). The space-dependent matrices 4,, 4,, are defined by the material parameters. In order to solve system (1)
q,+Aq, = 0, we apply the splitting technique to this 2D equation system: ¢, + 4,4, =0 solve, firstly , secondly,
solve and, finally, solve ¢, = f. Thus, the multidimensional problem is reduced to a sequence of one-dimensional
ones. The final step with the right-hand side can be easily and efficiently done, since it solves an ODE in each grid

point. Each one-dimensional equation has the following form:
g, + Ag. =0.
The hyperbolicity of (1) ensures that matrix A4 has a full set of eigenvectors and can be represented as:

A4=Q7"AQ,

where matrix A is diagonal. The matrix A consists of eigenvectors of. Introducing the transformation to the Riemann
invariants, a set of independent transport equations is obtained: w= Qg The following relation is used for each

equation: w, + Aw, =0, where the subscript I mark components of the vector:
w,(x, 1+ 1) = w,(x = 1,1,2),

After each one-dimensional step we return back to the original unknowns by: ¢ = Q.

The critical difference between implementations of this method on rectangular grids and on structured curvilinear
grids is that in the first case there are only two fixed directions along which the matrices Q have a simple form and
can be written analytically (even in case of space-dependent coefficients and matrices). In the case of the curvilinear
mesh each point has a local coordinate system (&, n) along grid lines and matrix Q and its inverse have to be found
numerically (by an iterative procedure).

Research results. The wavefield in the described geological model was successfully simulated. The deformed
grid was generated by the UNAMALLA software (Barrera et al. (2009)) and covered the region of 10 km x 5 km. The
solution of one-dimensional transport equations was done by the Rusanov numerical scheme. The spatial time step was
approximately 2 m. The time step was chosen to satisfy the CFL stability condition. Two different cases — with the
anisotropy and topography and without both of them — were compared (Fig. 3). The careful synthetic data analysis
reveals that the anisotropy inherent in this model doesn’t influence the seismic wavefield significantly. On the contrary,

the topography shifts noticeably arrival times of reflected waves.

Time, s
0 0
1 1
2 2
0 a) 0
1 1
a)

2

0 b)

Fig. 3. Seismograms for the isotropic model with the flat day surface (a)

and for the VTI model with the proper topography (b)
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Discussion and conclusions. In this work the importance of the day surface topography and the shallow subsurface
anisotropy influence on seismic survey data was discussed. The real Orenburg oil and gas condensate deposit was
considered for the sake of clarity. The grid-characteristic method on structured grids was successfully applied to take
into account anisotropy and topography of the model. The calculated wavefields reproduce the main features of the
original seismic section, which indicates the model adequacy. The numerical simulations results represent a sufficient
influence of considered facts on the day surface signal.

The presented algorithm can be used for the real data processing graph verification, since the VTI anisotropy estimation
is a standard step while building a depth-velocity model [13]. The presented approach can be directly extended for

real-scale three-dimensional problems.
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