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CALCULATION OF SEDIMENTARY DEPOSITS ELASTIC CONSTANTS
IN TRICLINIC APPROXIMATION ACCORDING TO VSP DATA

(Reviewed by the editorial board member O. Menshov)

This article attempts to define a complete component set of elastic constants tensor matrix in triclinic symmetry approximation and
to evaluate the nature of seismic waves azimuthal anisotropy using field seismic surveys data. Elastic constants are determined by
inverting the indicatrixes of radial and phase velocities with different polarization. Symmetry group of sedimentary strata is defined
using acoustic tensor and elastic constants tensor. The basis of the standard acoustic coordinate system was the three right mutually
orthogonal vectors of the acoustic tensor. Fedorov method is used for approximation of the elastic constants tensor to transversely
isotropic medium, which provides not only a quantitative assessment of elastic constants matrix components but also allows us to
estimate the deviation degree of real anisotropic medium elastic constants from those typical of transversely isotropic medium, the

latter being the most similar to it.

Introduction

The phenomenon of seismic wave velocity anisotropy in the
geological medium has long been the focus of researchers'
attention. At present, the increasing interest in azimuthal seismic
anisotropy is stimulated by the rapid development of three-
component (3C) wide azimuth 3D seismic methods.

The existence of seismic anisotropy indicates that a real
geological medium tends to possess an innate ordering of
various geological and physical nature [1, 5, 6, 7, 13]. It is
obvious enough that all the parameters of azimuthal seismic
anisotropy are determined by the symmetry type of structural
elements order in the geological medium. This follows from
the Neumann-Curie's principle [1, 2, 5, 6, 8, 10, 15, 16]
implying that the structural symmetry of the ordered
geological medium determines the symmetry type of the
elastic constants tensor. The elastic symmetry in turn limits
all the azimuthal anisotropy parameters of seismic waves in
ordered geological media.

Method of inversion

To solve this problem we use a modified invariant-
polarization method, which determines the full components
set of elastic constants matrix in the standard acoustic
coordinate system while making numerical calculations by
measuring the radial and phase velocities of elastic waves
with different polarization. The method has been described
in detail [1, 3, 5, 6, 11].

Inversion problem can be formulated as follows: to
define the elastic constants of the geological medium by
inverting the azimuthal dependence of the radial and phase
velocities of elastic waves with different polarization
specified during field seismic surveys. To solve the
problem we used a nonlinear least-squares method. The
objective function ®(x ) is as follows:

] 2
i)=Y v -y (1)
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where V“, V" are the experimental and calculated values

of velocities with different polarization (e, r = 1,2,3; 1 —
quasi-longitudinal, 2,3 — quasi-transverse "quick " and
"slow ") in the m-th direction measurements, x is vector of
the unknown parameters with N dimensions, which
includes 21 components of elastic constants matrix |,
density and components of the wave normal vector
(if radial velocity is used). In determining components of
the wave normal vector 7, given the conditions of their
orthogonality, for numerical calculations of the radial
velocity wave vector, its components were limited:
w+ni+nl=1 (2)
Phase velocities and polarization vectors of elastic
waves were derived from the Green-Christoffel equation [9]:

(Fi] -pv’s, )U] =0, (3)

where I';, =C,,nn, — Christoffel tensor; v — phase velocity;

n, — components of the wave normal vector; C,;, — tensor

of elastic constants; U, - components of elastic

displacement vector; p —density; §, — Kronecker delta.

To determine the complete component set of tensor
matrix elastic constants of sedimentary deposits in
triclinic approximation, we used the results of field VSP
observations, which had been held in the South Elbe
region (the Caspian basin) [12] and Pierre shale data
[18]. Sedimentary deposits, which have been the subject
of research, are referred to the upper layers of the Lower
Cretaceous. The technique of experimental seismic
surveys combined observations of reflected and refracted
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waves on the surface and observations of direct waves in
wells [12, 14, 17].

The above data show that stereo projections of all
azimuthal anisotropy parameters of elastic waves (Figure 1)
are strictly consistent with the symmetry type of sedimentary
strata. In this case, there are certain features in the spatial
behavior nature of these parameters.

It should be emphasized that obtained patterns of
azimuthal  anisotropy  parameters  distribution in
sedimentary strata are in good agreement with the
laboratory research of core samples by an ultrasonic pulse-
phase invariant-polarization method published in a number
of papers [1, 4].

Conclusions

Symmetry and a complete component set of tensor matrix
elastic constants and elastic pliabilities in a standard acoustic
coordinate system (Table 1) have been defined for the first

time by inverting the radial velocity indicatrixes of quasi-
longitudinal, "quick" and "slow" quasi-transverse waves
obtained from the VSP data [12].

The elastic constants of clay strata were proved to have a
planar triclinic symmetry; whereas the carbonates and shale
Pierre turned out to have an axial rhombic symmetry. The
value of elastic anisotropy integral coefficient is nearly 22%.

The stereo projections of seismic wave anisotropy
parameters indicate that the spatial character of seismic
wave azimuthal anisotropy is determined entirely by the
matrix symmetry of the elastic constants tensor. There
have been revealed distinct directions (longitudinal normal
and acoustic axes) at different depths of clayey and
calcareous shale strata.

Table 1

Elastic constants (C, , GPa — in the numerator) and elastic pliabilities S TPa™ (in the denominator) of sedimentary deposits

mn

mn?’

in working coordinate system (WCS) and standard acoustic coordinate system (SACS) calculated by seismic data inversion

Matrix indices. mn Sand and clay deposits Clay deposits Carbonate deposits
’ wcs SACS wcs SACS wcs SACS
1 9.15 9.18 9.16 8.82 17.79 17.79
280.9 255.2 238.5 238.2 86.7 86.7
22 10.00 9.41 10.04 9.57 14.00 14.00
141.1 233.0 135.5 175.4 95.7 95.7
33 7.34 7.14 7.28 7.02 13.85 13.85
438.5 506.7 379.4 398.0 134.0 134.0
44 0.62 0.87 0.71 0.94 3.47 3.47
1837.9 1609.1 1507.6 1330.2 288.2 288.2
55 0.98 1.02 0.86 0.88 3.41 3.41
1058.1 1004.4 1181.3 1171.8 293.3 293.3
66 1.67 1.76 1.52 1.81 2.71 2.71
685.3 700.1 672.0 656.3 369.0 369.0
12 1.99 2.25 1.90 2.37 5.00 5.00
53.9 53.8 41.0 24.0 -25 -2.5
13 6.14 5.92 5.81 5.55 9.30 9.30
-269.3 -245.5 -217.4 -197.4 -5.7 -5.7
23 4.01 4.36 3.95 4.28 7.00 7.00
-125.6 -216.5 -109.4 -140.9 -4.7 4.7
14 0.10 -0.74 0.29 -0.73 0 0
104.4 334 98.7 43.9 0 0
15 0.03 -0.01 0.04 0.09 0 0
53.2 -16.4 28.6 -22.1 0 0
16 -0.38 0.29 0.15 0.79 0 0
94.0 48.2 -1.9 -35.8 0 0
24 -0.17 0.82 -0.02 0.56 0 0
88.5 -294.2 50.4 -138.2 0 0
25 0 -0.11 -0.14 0.05 0 0
27.7 -5.1 37.3 -23.8 0 0
26 0 -0.81 -0.02 -0.76 0 0
327 158.8 9.1 70.8 0 0
34 0.21 -0.47 0.32 -0.54 0 0
-194.6 2721 -169.0 141.4 0 0
35 0.16 -0.06 0.14 -0.01 0 0
-88.4 30.3 -66.6 36.5 0 0
36 0.06 0.46 0.20 0.43 0 0
-114.2 -198.0 -17.6 -42.3 0 0
45 -0.05 0.04 0.02 0.03 0 0
166.1 -36.3 -10.7 -74.9 0 0
46 -0.26 0.02 0.13 -0.37 0 0
329.8 -226.4 -116.1 168.6 0 0
56 -0.13 0.19 -0.05 0.18 0 0
123.5 -115.6 46.2 -140.8 0 0
Elastic symmetry Planar triclinic Planar triclinic Axial rhombic
A % 21.6 | 21.6 2192 [  21.98 13.08 | 13.08
Density, g/lcm® 2.300 2.193 1.986

A — integral coefficient of elastic anisotropy



ISSN 1728-2713

FEOJIOrIS. 4(63)/2013

~ 23 ~

1,999
4 3
- (=]
&
& Fos27
g
a) b)

095 1,15 o
1,05 1
07 0.95
"S5 0,85 o
g,w 0.75 :
il o 0735 1,068
E' = 0.55
e \';:’ 253 l0.45
&
&
=
=2
%@

. 1.3
KT 1,35

Figure 1. Stereo projections of the values distribution for sand and clay strata:
a) indicatrix of quasi-longitudinal wave, contours in kmes™; b) indicatrix of "quick" quasi-transverse wave, contours in kmes™;
c) indicatrix of "slow" quasi-transverse wave, contours in kmes™; d) difference between the phase velocity values of " quick" and "slow"
quasi-transverse waves, contours in kmes™; e) deviation angles of quasi-longitudinal wave elastic displacement vector
from the direction of wave normal, contours in degrees; f) differential coefficient of elastic anisotropy, contours in %
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PE3YJNIbTATU YACEJNIbHMX PO3PAXYHKIB MPYXXHUX CTAIIMX OCAOOBUX MNMOPIA
B TPUKNIHHOMY HABNIMXKEHHI 3A JAHUMU CMTOCTEPEXEHb BCI

B yiti cmammi HasedeHull npuknad eu3HayeHHs1 MO8HO20 Habopy KOMMOHEHM Mampuyi meH3opa MPYXHUX MocmilHux e HabnuxeHHi mpu-
KniHHOI cumempil ma npoeedeHa oyiHka xapakmepy a3umMymanbHOIi aHizomponii celicMiYHUX Xeusb 3a pe3y/bmamaMu Mosbo8ux CelcMiYHUX
docnidxeHsb. pyxHi cmani eausHa4eHi wnsixom iHeepcii iHOukampuc npomeHesux abo ghasoeux weudkocmeli pi3zHoi nonspusayii. Fpyna cumempii
ocadoeoi moewi eusHayeHa 3a OOMOMO20/0 aKyCMUYHO20 MeH30pa i meH30pa MpyXHuUx cmanux. 3a 6a3uc cmaHdapmHoOi aKkycmu4Hol cucmemu
KoopAuHam o6paHo npaey mpiliky efacHUX 83a€EMHO OPIMO2OHaIbHUX 8eKmopie aKkycmu4Ho20 meH3opa. [ns anpokcumauyii meH3opa npyxXHux
nocmiliHux nonepe4yHo-i30MpPonHUM Hab/IUXeHHSIM eukopucmosyembcsi Memod ®edopoea, sikuli 3abe3neyye He nuwe KinbKiCHY OUiHKY KOMMo-
HeHm Mampuuyi NpyXHux nocmiliHux, ane U 0o3eosisie oyiHuUMu cmyniHb €iOXusIeHHs1 NPYXHUX CMasnux peajbHO20 aHi30mponHozo cepedosuwia
@id Halibnux4020 G0 HLO20 nonepe4YHo-i30MpPOoNHO20 cepedosulia.

Bnepwe wnsixoMm iHeepcii npomeHesux i ghazoeux iHOUKampuc kea3ino30oexHbol, "weudkoi" ma "noeinbHoi" Keasinonepe4Hux xeusnb ocado-
8oi mosuwji, siki ompumMaHi Memooom eepmukasibHo20 celicMi4yHo20 npodgpintosarHsi (BCI1), suzHa4eHa cumempisi i nosHuli Ha6ip KOMMOHEeHM meH-
30pHOI Mampuyi NpyXHux cmanux ocadoeux nopid. CumMmempiss MeH30pPHOI Mampuuyi NPYXHUX cmanux niwaHo-2auHUcmof i 2nuHucmoi moeuwi
eusigusiacsi niaHallbHOK MPUKIIHHOM, a Kap6oHamHOi moewi ma 2/IUHUCMO20 CrIaHU — aKciaslbHOK i NaHanbHOK PoM6iyHOM. 3anponoHosa-
Hul iHeapiaHmHo-nonsipusayiliHuli celicMiyHUl Memod eu3Ha4YeHHsI cumempii i NPy)XHUX cmanux eiGkpueae Ho8i Mo)siueocmi Npu AoCliOKeHHI
ynopsidkoeaHo20 2eosioz2iyHo20 cepedosuwa memodamu 3D celicmopo3egidku i 6yde cnpussmu cymmeeomy nidsuweHHo eghekmueHocmi celicmo-
po3ei0Ku npu nowykax Hagpmu i 2a3y 8 ck/ladHUX 2e0J102i4HUX yMOBax.

Bynu nobydoeaHi cmepeo npoekyii napamempie aHizomponii celicMiYyHUX xeusb, siki ceid4amb NPo me, W0 NPocmopoesull xapakmep asumy-
masnbHoI aHizomponii celicMiYHUX Xeusb MO8HICMIO 8U3Ha4YaeMbCSsl cuMempielo Mampuyi meH3opa NpPyXHUx cmanux. B anuHucmux i kap6oHam-
HUX moewax ma 2/IUHUCMUX CIaHUsIX Ha Pi3HUX 2nubuHax icHyromb ocobnuei HanpsiMKu — No3008)XXHLOI HOpMani i akycmuyHux ocell.

3pobneHa ouyiHka Noxubok anpokcumauii NpyXHoi cumMempii mosw, ModesisiMu rnornepeyHo-i30mpornHoi i pom6iyHoi cumempii. [oka3aHo, W0 anpoKcu-
Mayiss Mampuyi npyHuUXx nocmiliHUX MpUKTiHHOI cumempii 6inbw cumempuYyHUMU MOQGesISIMU, 30KpeMa PoM6i4HOI ma rnonepe4YHo-i30MpPOornHoi cumempii,
He nluwe cromeoproe xapakmep a3umMymarsibHOI aHizomponii celicMiYHUX xeusb, ane U CIPUYUHSIE 3Ha4Hi MOXUGKU NMpu oyiHIO8aHHIi a3uMymarsbHOI aHi3o-
mponii celicmiyHux weudkocmel. Lje Moxxe cymmeeo ennueamu Ha docmoeipHicmsb pe3ynsmamie 3D celicMopo3eioKu.
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PE3YNbTATbI YACJEHHBIX PACHETOB YMPYI'NX NOCTOSAHHBIX OCAAQOYHbIX MOPOA
B TPUKNUHHOM NPUBJIMXXEHNU NO AAHHBIM HABNIOAEHUU BCI

B amoli cmambe npueedeH npumep onpedesieHusi MosH020 Habopa KOMIIOHEHM Mampuubl MeH30pa ynpyaux MoCMOsIHHbIX 8 MPubuXeHuUuU
MPUKNuUHHOU cuMMempuu u npogedeHa oyeHKa xapakmepa a3uMymasbHOl aHu3omponuu celicMu4eckux 80JIH Mo pe3y/ibmamam fnoJsiesbix celic-
Muyeckux uccriedoeaHull . Ynpyaue nocmosiHHble onpedesieHbl nymeM UH8ePcUU UHOUKampuc slyYyeebix unu ¢a3oebix cKkopocmel passiudHol
nonspusayuu . Fpynna cuMmempuu ocado4Hol monuwu onpedesieHa ¢ NMOMOWbLIO aKyCMUYeCcKo20 MmeH3opa U meH30pa ynpyaux MoCMOSHHbIX.
Basucom cmaHndapmHol akycmuyveckoli cucmembl koopduHam ebi6paHO rpasyro mpoliky co6cmeeHHbIX 83aUMHO OPMO2OHasIbHbIX 8€KMOPOE8
akycmuyecko2o meH3opa. [jns annpokcumayuu meH3opa yrnpyaux nocmosiHHbIX MonepeyHo-u30MmponHbIM NPubIuXeHUeM Ucnosib3yemcsi Memod
®édopoea, komopkblli obecne4ueaem He MOJILKO KOJIUYECMEEHHYI0 OUEHKY KOMITOHEeHM Mampuuybl yrpyaux nocmosiHHbIX, HO U rnoseosisiem ouye-
HUMBb cmeneHb OMKJ/IOHEHUs1 yrpyaux MoCMOsIHHbLIX peasibHOlU aHU30mpornHol cpedsl om 6nuxaliwel K Heli monepe4YHo-U30mpornHol cpeodsbl.

Bniepebie nymem uHeepcuu siy4eebix U ¢ha3oebix UHOUKampuc kea3unpodosbHol, "6bicmpol” u "MedneHHOU" Kea3unonepe4HbiX 80sIH 0cadoyHouU
mosuwiu, nosty4eHHbIX MeMoOOM 8epMUKalbHO20 celicMu4ecko20 npogunuposaHusi (BCI), onpedeneHa cummempusi U nosiHbIli HA6op KOMITOHEHM MeH-
30pHOU Mampuubl! ynpyaux nocmosiHHbIX 0cadoYHbIX Mopod. CuMMempusi MeH30pPHOLU Mampuybl Yrpyaux MOCMOSIHHbLIX NecYaHo-2/IuHUCMoU U 2/1UHU-
cmoii monuju oka3sanack n/1aHa/lbHO MPUKITUHHOU, a Kap6oHamMHOU MOoJIWU U 2/TUHUCMOR20 C/laHya — aKkcuasibHoOl U nnaHanbHoli pom6uyveckoli. lMped-
JI0)KeHHbIU UH8aPUaHMHO-MOISIPU3ayUOHHbIU celicMuyYecKuli Memod onpedesieHUsi CUMMempuU U yrpyaux MocmMosiHHbIX OMKpbieaem HO8ble 803MOXHO-
cmu npu uccsiedogaHuu yrnopsidoyeHHOU 2eosro2udeckoli cpedbl Memodamu 3D celicmopa3eedku u 6ydem criocob6cmeosams Cyu,ecCmeeHHOMY rMosbiule-
Huto aghghekmueHocmu celicMopa3eedku npu Mmouckax Heghmu u 2a3a 8 CJIOKHbIX 2€0J102U4ECKUX YCII08USIX.

Bbinu nocmpoeHbl cmepeo nNpoekyuu napamMempoe aHU30MpPOMNuuU celicMUYeCKUX 80JIH, Komopbie ceudemesibCMeyom O MOoM, Ymo npo-
cmpaHcmeeHHbIl xapakmep a3umMymasnbHOU aHU30MpPONnuu celicMUYeCcKUX 80JIH MOIHOCMbIO onpedesisemcsi cuMMempuell Mampuybl meH3opa
ynpyaux nocmosiHHbIX. B enuHucmsbix u kap6oHamHbIX moJsiwax u 2/IUHUCMbIX CllaHyax Ha pa3Hbix a2/ly6uHax cywecmeyiom ocobbie Hanpaesie-
Husi — npodosibHOU HOPMasu U aKkycmu4yeckux ocel.

lMpou3eedeHa oyeHka nozpewHocmell annmpoKcuMayuu ynpyaol cuMMempuu mosnuw, ModessiMu fnonepeyHo-u3ompornHol u pombéuyeckol
cummempuu. lMoka3aHo, YMO anNPoOKcUMayusi Mampuybl Ynpya2ux MoCMOsIHHbIX MPUKIUHHOU cuMMmempuu 6osiee CUMMempPUYHbIMU MOOEeJISIMU, 8
4acmHocmu pomb6uyeckol U nonepe4yHo-u3omporHol cuMMempuu, He MOJIbLKO UCKaXKaem Xxapakmep a3umMymarsbHol aHU30mponuu celicMu4ecKux
80JIH, HO U esledem 3a coboli 3HaYumeJsibHble Mo2PewHOCMU Mpu oyeHKe a3uMymarsnbHol aHuU3omponuu celicMu4eckux ckopocmel. 3mo Moxem
cyw,ecmeeHHO rnoeusimb Ha docmoeepHocmb pe3ynbmamoe 3D celicmopa3eedku.





