Wave Motion 50 (2013) 1271-1282

Contents lists available at ScienceDirect

Wave Motion

journal homepage: www.elsevier.com/locate/wavemoti

Inversion for weak triclinic anisotropy from acoustic axes

Vaclav Vavrycuk
Institute of Geophysics, Academy of Sciences, Bocni II, 141 31 Praha 4, Czech Republic

ARTICLE INFO ABSTRACT
Article history: Acoustic axes are directions in anisotropic elastic media, in which phase velocities of two or
Received 8 November 2012 three plane waves (P, S1 or S2 waves) coincide. Acoustic axes are important, because they

Received in revised form 23 November
2012

Accepted 26 November 2012
Available online 7 December 2012

can cause singularities in the field of polarization vectors and anomalies in the shape of
the slowness surface. The maximum number of acoustic axes in triclinic anisotropy is 16,
and their directions depend on anisotropy parameters in a complicate way. Under weak
anisotropy approximation this dependence simplifies and the directions of acoustic axes
Dedicated to V. Alshits can be used for the inversion for anisotropy parameters. The maximum acoustic axes under
weak anisotropy is 16, the minimum number of acoustic axes is zero. In the inversion, we
can retrieve 13 combinations of anisotropy parameters provided we use directions of 7

ﬁiﬁﬂfg’ilxis acoustic axes at least. Under weak anisotropy approximation, the directions of acoustic
Anisotropy axes are insensitive to strength of anisotropy; hence we cannot invert for absolute values of
Elastic waves weak anisotropy parameters, but only for their relative values. Numerical tests have shown
Wave polarization that the inversion is applicable only to very weak anisotropy with strength of less than 5%,
Weak anisotropy provided that the acoustic axes used in the inversion are determined with an accuracy of

0.1° or better. In this case the inversion yields an average error for elastic parameters of
less than 10%. In order to invert for the total set of 21 anisotropy parameters it is necessary
to combine the measurements of the directions of the acoustic axes with measurements of
other attributes of elastic waves in anisotropic media.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Acoustic axes (singularities, degeneracies) are directions in anisotropic media, in which phase velocities of two or three
plane waves (P, S1 or S2 waves) coincide. Such directions are very important, because they can cause singularities in the
field of polarization vectors (see Fig. 1) and anomalies in the shape of the slowness surface [ 1-5]. Acoustic axes are frequently
associated with caustics and anti-caustics on the wave surface [6-8], with triplications and with energy focusing [7,9-11].
They also pose complications in tracing rays [12,13] and in wavefield modelling because of the coupling of waves [14-19].

We distinguish several types of acoustic axes [20-24]: they can form either single isolated points classified as kiss, conical
or wedge singularities, or they can combine into line singularities. The most typical acoustic axis in triclinic anisotropy is
the conical singularity. This singularity is stable, while the other singularities are unstable. The stable singularity is defined
as the singularity, which can change slightly its direction but it cannot split or disappear under any small perturbation of
elastic parameters. The unstable singularity is split into stable singularities or disappears under any small perturbation of
elastic parameters. The maximum number of isolated acoustic axes in triclinic anisotropy is 16 [25-27] as in monoclinic
and orthorhombic symmetries [28]. The directions are calculated by solving two coupled polynomial equations of the sixth
order in two variables [20,23,27]. Obviously this implies that the positions of acoustic axes are complicated functions of
anisotropy parameters.
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Fig. 1. The field of polarization vectors on the slowness surfaces near a conical singularity for the S1 and S2 waves. The polarization vectors are projected
into the plane perpendicular to the polarization vector of the non-degenerate wave in the singularity. The topological charge of the singularity is —1/2.
The dot marks the position of the singularity.

Properties of elastic waves in anisotropic media often simplify under the assumption of weak anisotropy [8,29-34]. Under
weak anisotropy, the shapes of slowness and wave surfaces and the behaviour of waves are usually much simpler and
modelling of propagating waves is easier than in strong anisotropy. The weak anisotropy is also a reasonable assumption
valid for many real materials including most rocks and geological structures in the Earth [29,35,36]. As regards the acoustic
axes, Vavrycuk [37] has shown that surprisingly their calculation remains complicated also under weak triclinic anisotropy.
The maximum number of acoustic axes remains 16 as in strong triclinic anisotropy. The only difference compared with
strong triclinic anisotropy is that instead of solving two coupled equations of the sixth order it is sufficient to solve two
coupled equations of the fifth order. This somewhat simplifies the problem and speeds up the calculations, though not
substantially. Although the weak anisotropy approximation does not simplify the problem of calculating the acoustic axes
significantly, it can find some useful applications. In this paper, I shall show that the weak anisotropy approximation can be
particularly advantageous in the inversion for anisotropy parameters from the directions of the acoustic axes.

2. Calculation of acoustic axes in strong triclinic anisotropy

The Christoffel tensor I'(n) is defined as [22,38,39]
Tx(m) = aynny, (1)

where ajyy are the density-normalized elastic parameters and n is the unit vector defining the slowness direction. The
Einstein summation convention over repeated subscripts is applied. For physically realizable media, the elastic parameters
ajji satisfy the stability conditions (Helbig [24, Eqgs. (5.5)-(5.10)]) and the Christoffel tensor I'(n) is positive-definite for all

directions n. The Christoffel tensor I'(n) has three eigenvalues G™ and three unit eigenvectors g™, which are calculated
from

hig =c"g™, M=1,23, ()

where M denotes the type of wave (P, S1 or S2). The eigenvalue corresponds to the squared phase velocity, G = c?, and the
eigenvector defines the polarization vector of the wave.
Acoustic axes are directions, in which two eigenvalues of I'(n) coincide
M) #G6?m) = 6% m). (3)

Exceptionally, all three eigenvalues can coincide, but such acoustic axis is very rare and it will not be considered here. Using
the spectral decomposition of I'(n) and applying the condition for the acoustic axis (3), we obtain [40]

T = (67— 6?) glg,” + 6P, (@)
and subsequently

QijaSiS1 = &gk + Jjks (5)

where s = n/+/G®@ is the slowness vector of the degenerate wave and g = gV (G(” — G(2>) /G® is the eigenvector of

the non-degenerate wave of a generally non-unit length. Vectors s and g may be real- or complex-valued. Eq. (5) is a system
of six quadratic equations in six unknowns: s = (s, s, 53)7 and g = (g1, £, £3)". The number of solutions is 26 = 64. If we
take into account that solutions of different signs: +s, &g, correspond to the same acoustic axis, the maximum number of
acoustic axes is reduced from 64 to 16.
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Fig. 2. A sketch of slowness surfaces for P and S waves for isotropic media (a) and for P, S1 and S2 waves for weakly anisotropic media (b). The dots in (b)
mark the positions of the acoustic axes.

Eliminating eigenvalues and eigenvectors in Eq. (4), we obtain [20]:

(1 — Iy) Ti3lys — I (I — Ty) =0, (6a)
(I'i — Iy3) Tiplos — I3 (I — Ty) =0, (6b)
(Py — Iy3) Tplys — o3 (I — I'fy) = 0. (6¢)

Eqs. (6a)-(6c¢) are suitable for calculating the acoustic axes numerically. They represent a system of sixth-order equations
for three unknown components of the unit direction vector n: nq, n, and ns. The three Egs. (6a)-(6¢) are not independent;
hence we solve only two of them. We obtain 72 solutions, which are real- or complex-valued. Taking into account that +n
describes the same direction, the number of directions reduces from 72 to 36. Since the maximum number of acoustic axes
is 16, 20 solutions of Eqs. (6a)-(6c) are spurious and must be eliminated [27].

3. Calculation of acoustic axes in weak triclinic anisotropy

3.1. Weak anisotropy approximation

Weak triclinic anisotropy with elastic parameters a;;; is obtained by perturbing an isotropic medium in the following
way:

0
Qjjki = aijkl +e bijk[a (7)

where
A jz
ady = (o —28) 88 + B> (8udii + udi) = ;51']'514 + > (8udin + Sudjr) - (8)

Parameters « and S define the P and S velocities in an isotropic background medium, A and p are the Lamé constants, p is
the medium density, tensor by, defines the perturbations from isotropy into triclinic anisotropy, and ¢ is a small quantity
which measures anisotropy strength. In order to keep ¢ within a reasonable range of values, tensor b;j; should be scaled to
have a norm comparable to the norm of ;.

For ¢ = 0 in (7), weak anisotropy reduces to isotropy. The Christoffel tensor T in (1) is degenerate with eigenvalues
G = ¢? and G® = G® = B2, which are independent of direction n. Consequently, the P- and S-wave slowness surfaces
are fully detached, GV > G®, and the S1 and S2 waves have coincident phase velocities in all directions n, G® = G®,
For a small non-zero ¢, the P wave remains detached from the S1 and S2 waves, but the global degeneracy of the S1 and
S$2 waves is removed, and the phase velocities of the S1 and S2 waves can coincide only in selected directions (see Fig. 2).
Hence, under weak anisotropy we can observe just acoustic axes of the S1 and S2 waves. The acoustic axes of the P and S1
waves and the triple acoustic axes of the P, S1 and S2 waves cannot be observed.

3.2. Farra equations

Using perturbation theory for a degenerate Christoffel eigenvalue problem [30,32], we can express the difference between
the S waves in weak anisotropy as follows (Vavryc¢uk [8, Appendix A]):

AG=C? _c® — \/[M(zz) _ M(33)]2 4 4[M23]2, (9)
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where
(1K) 17, (1L)
M®D — & mom - K,L=2,3 (10)
p2—a?’ ’ T
m™ = I} gO(r)g,?(s), r,s=1,2,3. ()

Vector g = n is the P-wave polarization vector in the isotropic background, and vectors g°® and g°® form an
arbitrary frame of perpendicular unit vectors lying in the plane with normal n. The condition for an acoustic axis, AG = 0,
yields in the first-order approximation:

m® = m® and m® —o. (12)

Consequently, we obtain

aganity (gjo(2>g?(2) gpw)gl?o)) =0, (132)
auning’ Pg” = 0. (13b)

Since Egs. (13a)-(13b) are valid identically for the isotropic background, the equations hold also when elastic parameters
ajji are substituted by perturbation parameters bjjy.

3.3. Linearization of the Darinskii equations

An alternative approach how to specify acoustic axes in weak triclinic anisotropy is to linearize Eq. (4). To do so we have
to linearize equations for eigenvalues G and eigenvectors g for the Christoffel tensor I' along an acoustic axis [8,30]:

G(D = QjjkNiningn; = 052 4+ ¢ b,j,dn,-njnknl, (14)
1 1
G? = ¢¥ = 3 (i —6") = 5 (@i — Qyim MMM
1
=B+ 3% bijkmnjng (Sim — Ming) , (15)

M

g =n+ 5 € bjmkunmn; (8 — nin) , (16)

O(2 —
where we have used
Li=Tr(T) =GP +6? +6® =6 +262. (17)
Quantities G and G® = G® are eigenvalues of the Christoffel matrix I for the P waves and for the degenerate S waves
along the acoustic axis, and vector gV is the P-wave polarization vector along the acoustic axis. Consequently, we obtain

GV —-c¥ =0 p*+ - sbykmn]nk(snmm—alm) (18)

1
gi(ngl(]) =nn + f&‘ bjopknonpnj (8ieny + Syeny — 2ningeny) . (19)

B2
Inserting (18) and (19) into (4) and (5) we obtain
bpjtrip1r (284581 — 8kt + Mimudj + njmdy — 20 S
= 2ninidy + njmening) =0, i,1=1,2,3, (20)

where we have omitted all higher-order terms of €. Eq. (20) represents a system of 6 equations in three unknowns ny, n,
and ns. Since ny, n, and ns3 are the components of unit vector n, only two components of n are independent.

3.4. Linearization of the Khatkevich equations

Acoustic axes in weak triclinic anisotropy can be calculated also linearizing Egs. (6a)-(6c). Inserting (7) and (8) into
Eqs. (6a)-(6¢c) we obtain [37]:

g(e®—B ) 1 (biwi, n1, na, n3) + €% (o — B%) Py (byu, n1, n2, n3) + €°P3 (by, n1, na, n3) = 0, (21a)
3 (a2 ) Q] (bljkls ng, Ny, n3) + 82 (a2 - ﬂz) QZ (bljkls ni, Ny, n3) + 83Q3 (bljkla ni, Ny, n3) = Oa (21b)
(

& 052 ) Ry (bijkls nqy, Ny, 1’13) + 82 (052 — ,32) R, (bijkh ny, ny, Tl3) + 83R3 (b,‘jk,, nq, Ny, n3) =0, (21C)
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where polynomials P;, Q; and R; are of the first order, polynomials P,, Q, and R, are of the second order, and Pz, Q3 and R3
are polynomials of the third order in byy.

If we assume ¢/ (oz2 - /62) — 0 (but not equal to zero), we can neglect the higher-order terms in ¢ in Egs. (21a)-(21c)
and keep only the linear terms in €. Then we obtain:

Zpijuivj =0, (22a)
ij
> ait'y' =0, (22b)
ij
Z r,—;u’bj =0, (22¢)
ij

where pj;, g; and rj; are linear combinations of perturbation parameters bjj,, see Vavry€uk [37, Appendix B], and u = ny/n3
and v = ny/ns. Indices i and j run from zero to five and their sum is less than or equal to five. Eqs. (22) were derived under
the assumption that no acoustic axis lies in the coordinate planes.

3.5. Calculation of acoustic axes

The most suitable equations for calculating acoustic axes in weak triclinic anisotropy are the Khatkevich linearized
equations (22a)-(22c). The equations represent a system of three polynomial equations of the fifth order in two unknowns.
However, the three Egs. (22a)-(22c¢) are not independent; hence we solve only two of them. We obtain 16 real- or complex-
valued solutions that lie out of coordinate planes. The real-valued solutions correspond to acoustic axes of homogeneous
waves (with a real slowness vector). The complex-valued solutions correspond to acoustic axes of inhomogeneous waves
(with a complex slowness vector); see Vavrycuk [27]. If the number of the solutions is less than 16, some of the acoustic
axes lie in the coordinate planes. In this case, the coordinates should be rotated to move them out of the coordinate planes
and the equations should be solved again.

The Darinskii linearized equations (20) represent a system of six equations in two unknowns. Similarly as for the
Khatkevich equations, the six equations are not independent; hence we solve only two of them. However, the equations
are of the sixth order in n, and thus less suitable for calculating the acoustic axes than the Khatkevich equations. Similarly,
the Farra equations (13a)-(13b) are not very suitable for calculating the acoustic axes. The equations contain vectors g’®
and g°®, which should be eliminated. Using, for example, the following frame of vectors,

1 1
@ = (n,,—n,0)7 and g'® = —_— (nin3, nanz, —nj — ”%)T ; (23)
n? + n3 n? + n’

we obtain one polynomial equation of the sixth order in n from (13a), and one polynomial equation of the fifth order in n
from (13b). Note that the exact directions of the acoustic axes are calculated by Eqgs. (6a)-(6c), which represent a system of
polynomial equations of the sixth order in n. Hence, approximate equations by Darinskii and by Farra bring no advantage,
because solving the approximate equations is as involved as solving the exact equations.

4. Inversion for anisotropy

The equations for the directions of acoustics axes in strongly anisotropic media are non-linear functions of elastic
parameters a;. However, under weak anisotropy, the equations become linear. This is advantageous when solving the
inverse problem: the determination of anisotropy from the directions of acoustic axes. Hereinafter, I shall formulate the
inverse problem using the Farra equations, and linearized Darinskii and Khatkevich equations. On numerical examples, I
shall calculate anisotropy from the directions of acoustic axes using all mentioned approaches and compare their accuracy.

4.1. Independent anisotropy parameters in the inversion

Eqgs.(13),(20) and (22) can be used in the forward problem to seek the directions of acoustic axes from known anisotropy
parameters, but they can also be used in the inverse problem to calculate anisotropy parameters from the known directions
of acoustic axes. As expected, we cannot invert for the isotropic background, only perturbations into anisotropy can be
calculated. In the inversion for anisotropy, the equations represent a system of linear homogeneous equations for coefficients
of perturbation matrix by. The matrix contains 21 parameters, but not all of them stand in the equations independently.
Some of the parameters appear in combinations; hence the inversion can yield only the following 14 parameters:

eV = bys, e? = by, e? = bsg, e® = by — bes.
69 — b b, £©® = by — by, ¢? = by — by, e® — by — bys, (24)
e@ = bss — bys, 10 — bsg — bis, M = bss — bas,
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(12) 1 (13) 1
e = 3 (by2 + b33) — ba3 — 2bge, e = 3 (b11 + b33) — b3 — 2bsg,

1
M = 3 (b11 + by) — b1y — 2bge.

Since the system of equations is homogeneous, one parameter must always be fixed to get a non-trivial solution. Thus we
cannot retrieve absolute values, but only normalized values of the parameters. In other words, we cannot invert for strength
of anisotropy.

4.2. Formulation of the inverse problem

Since only two equations are independent for each acoustic axis, we have to know at least seven directions of acoustic
axes to obtain a properly determined system of equations. For seven acoustic axes, we obtain 14 equations. One equation
can be omitted to get 13 equations for 13 unknowns. If we know a smaller number of axes, the system of equations is
underdetermined and additional knowledge on anisotropy must be supplied for the system to be solvable. For example, we
can add phase velocities or polarization vectors of P waves at acoustic axes. If we know the directions of seven or more
acoustic axes, the problem is overdetermined and anisotropy can be calculated using the standard least-squares method.

Egs. (13), (20) or (22) can be expressed as follows:

Ax = c, (25)
where
1 T
x= — [6D, 6@ 6D 6@ 60 O 0 ¢® O 10 (D 02 03] (26)
£

is the 13 x 1 vector of unknown elastic parameters defining weak triclinic anisotropy, and A is the 2N x 13 matrix and c is
the 2N x 1 vector, which are defined as follows

AD) o
A® @

A=| . |, ce=| . [ (27)
AN Y

N denotes the number of acoustic axes. Quantities A” and ¢ are the 2 x 13 matrix and 2 x 1 vector, respectively, which are
calculated for the ith acoustic axis. Matrix A and vector c are specified in Appendix A for the Farra equations, in Appendix B
for the linearized Darinskii equations, and in Appendix C for the linearized Khatkevich equations. The elastic parameters
come out as

x=A""c, 28
(28)

where A~! stands for the least-squares inversion of matrix A. As mentioned, Eq. (28) is solvable provided N > 7 (A is the
14 x 13 matrix). If N < 7, we have to complement Eq. (25) by other equations for the inversion for anisotropy to be feasible.

5. Numerical tests

In this section, I shall test the efficiency of the inversion for anisotropy using the above equations. I shall generate
synthetic triclinic anisotropy and calculate the number and directions of acoustic axes. The directions of the axes will be
inverted for anisotropy and the retrieved anisotropy parameters will be compared with the exact values.

The following tests will be performed: (1) Inversion for anisotropy of varying strength to determine the range of
applicability of the inversion. (2) Inversion for anisotropy from approximate directions of the acoustic axes to test the
sensitivity of the inversion to noise in the data. From this, the minimum accuracy required to measure the directions in
experiments will be estimated. (3) Inversion for anisotropy performed using three different sets of equations to decide
which method is the most efficient.

Weak triclinic anisotropy is calculated by Egs. (7) and (8) with the P and S velocities of the isotropic background
o = «2/§ km/s, and 8 = 1 km/s, and with the following two perturbation matrices expressed in the Voigt notation (in
km~/s?):

1.26 —-1.02 -1.11 0.69 0.48 0.78
—-1.14 0.81 0.51 1.17 —-0.66
0.00 —-0.24 -0.84 —1.38

096 —1.23 1.08 |’

1.23 —-0.45

0.00

b — (29)
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a b

Fig. 3. A polar plot of positions of acoustic axes for Anisotropy A (a) and Anisotropy B (b). The vertical axis is marked by the plus sign. For anisotropy
parameters bjj, see (29) and (30). Other parameters: o = V3 km/s, B = 1km/s,and ¢ = 0.1.

—0.09 033 -1.32 -0.57 1.14 —-1.44
0.21 -0.24 0.81 1.44 1.50
0.00 0.87 -0.18 0.00

® _
b = 0.90 -0.84 0.45 (30)
—-1.32 -0.51
0.00

The anisotropy model defined by Eq. (29) will be referred to as Anisotropy A, the anisotropy model defined by Eq. (30) will be
referred to as Anisotropy B. Inserting (29) and (30) into (24) and (26) we obtain the following exact values of the anisotropy
parameters, for which we shall invert

xPat@® — 11,139, 1.000, —0.417, 0.889, 1.139, —0.861, —0.694,
—1.222, —1.861, —2.000, —0.667, —1.278, 1.611]", (31)

xPact® — 13111, —1.667, 1.889, —3.333, 4.889, —5.333, —0.222,
4.889, 6.000, —5.333, 5.556, —1.278, —4.722]". (32)

Parameter ¢ in (7) runs from 0.0001 to 0.1, and it thus covers a wide range of anisotropy strength. Both anisotropy models
have eight real-valued acoustic axes and their directions depend only very slightly on . For directions of acoustic axes for
e = 0.1, see Fig. 3. We invert for anisotropy from the directions of all eight acoustic axes; hence, we use 16 independent
equations in (25) and (28). Matrix A and vector c are specified in Appendix A for the Farra equations, in Appendix B for the
Darinskii equations, and in Appendix C for the Khatkevich equations. We invert from the exact directions of the acoustic
axes as well as from the directions, which slightly deviate from the exact ones, to test the stability of the inversion. The
deviations were generated randomly and varied within a wide range of values to mimic observations of different accuracy.
For each specific accuracy, 2000 realizations of noisy directions of acoustic axes were generated and inverted for anisotropy.

The relative error of each inversion was calculated as the average error e of all components of vector xPP/X,
1 13 x;-:xact _ X?PPFOX
Xanct

- 100%. (33)

13 i=1

The relative error of the inversions for each accuracy of the directions of acoustic axes was calculated as the average
error over all 2000 random realizations of noisy directions. The relative error of the inversion is studied as a function of the
P-wave anisotropy strength a” calculated as

max min
=" 200 (34)
Cmax + ClTlll‘l
where ¢™* and c™" mean the maximum and minimum phase velocities of the P wave over all directions of propagation.

Fig. 4 shows the relative error of anisotropy parameters as a function of anisotropy strength. The inversion is performed
from exact directions of the acoustic axes, and we invert for anisotropy models A and B. As expected, if strength of anisotropy
increases, the elastic parameters are retrieved with lower accuracy. Fig. 4 also shows that different equations used in
the inversion yield a different accuracy. For both anisotropy models, the highest accuracy is achieved if we use the Farra
equations. The Darinskii and Khatkevich equations yield less accurate results. However, the efficiency of the equations
depends on the model and the results of the inversion cannot be easily generalized on the basis of just two anisotropy models.
Moreover, the efficiency of the equations also depends on noise in the data. This is exemplified in Fig. 5, where the results
of the inversion from inaccurate directions of acoustic axes are shown. The mean error in the directions is 0.1°. The figure



1278

V. Vavrycuk / Wave Motion 50 (2013) 1271-1282

a 100 EEERRTT| BT L REEERT b 100 Ll Linn R
s A s z

10 5 E 10 o E

S 1 L S 1 L
s 17 3 s 19 3
fin} 1 £ i 1 F
0.1 L 0.1 4 L

0.01 e 0.01 e

0.01 0.1 1 10 0.01 0.1 1 10

P-wave anisotropy [%]

P-wave anisotropy [%]

Fig. 4. Errors of calculated elastic parameters as a function of the P-wave anisotropy strength for the Farra (dotted line), Khatkevich (solid line) and
Darinskii (dashed line) equations for Anisotropy A (a) and Anisotropy B (b). The inversion was performed using exact directions of acoustic axes.
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Fig. 5. Errors of calculated elastic parameters as a function of the P-wave anisotropy strength for the Farra (dotted line), Khatkevich (solid line) and
Darinskii (dashed line) equations for Anisotropy A (a) and Anisotropy B (b). The inversion was performed using approximate directions of acoustic axes.
The average deviation A of the approximate directions was 0.1°.

indicates that noise in the directions of acoustic axes can prevent from accurate retrieving of anisotropy parameters. This
applies to the whole range of anisotropy strength including extremely weak anisotropy. Fig. 5 also indicates that the accuracy
of the inversions is remarkably different for Anisotropy A but it is very similar for all three approaches for Anisotropy B. In
Anisotropy B, the Farra, Darinskii and Khatkevich equations yield accuracy which is roughly the same for the interval of
anisotropy strength 0.01%-1%. For higher anisotropy strength, the efficiency of the equations starts to differ.

Figs. 6-8 show a detailed comparison of the relative errors of anisotropy parameters as a function of anisotropy strength
for models A and B. The errors are shown for the inversion from exact directions (curve a) and from directions of limited
accuracy (curves b-f). Again, the errors of the inversion increase with increasing strength of anisotropy. If the anisotropy
strength is higher than 10%, the inversion fails. This applies to all three different sets of equations used in the inversion. This
limitation follows from applying the weak anisotropy approximation. As expected, the errors also increase with decreasing
accuracy of the directions of acoustic axes. If an average deviation between the exact and noisy directions of acoustic axes
used in the inversion is higher than 1° (curve f), the inversion yields errors ranging from 20% to 80%, irrespective of the
strength of anisotropy. This indicates rather high demands of the inversion on the accuracy of acoustic axes. To get results
with accuracy better than 5%, the acoustic axes must be determined with an accuracy of 0.1° or better, and the anisotropy
strength must be less than 1%. To achieve such a high accuracy is not probably feasible in real experiments.

6. Conclusions

In principle, it is possible to invert for weak anisotropy parameters from directions of acoustic axes. The minimum
number of acoustic axes, which can be inverted for weak anisotropy, is seven, and we can retrieve 13 combinations of
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elastic parameters. Under the weak anisotropy approximation, the directions of acoustic axes are insensitive to strength of
anisotropy; hence we cannot invert for absolute values of weak anisotropy parameters, but only for their relative values.
Numerical tests have shown that the inversion is applicable to very weak anisotropy with strength of less than 5%, provided
that the acoustic axes used in the inversion are determined with an accuracy of 0.1° or better. In this case, the inversion
yields an average error of elastic parameters less than 10%. The tests have also revealed significant differences between
different linearized equations: the Farra equations, the linearized Darinskii equations or the linearized Khatkevich equations.
The efficiency of the equations depends on the positions of the acoustic axes on the sphere and on their accuracy. This
dependence is complicated, and no simple rule indicates which method is preferable for the inversion.

If the studied weak anisotropy possesses less than seven real-valued acoustic axes or if they are not measured with a
sufficient accuracy, we cannot invert for the total set of 13 combinations of anisotropy parameters from acoustic axes only.
Since both conditions are quite restrictive being not fulfilled in many cases, we have to incorporate additional equations in
the inversion. For example, we can incorporate measurements of phase velocities in selected directions. The combination of
the directions of the acoustic axes with measurements of other attributes of elastic waves in the inversion is advantageous
also for the sake of improving the accuracy of the weak anisotropy parameters and retrieving other anisotropy parameters
which cannot, in principle, be obtained from acoustic axes including the strength of anisotropy.
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Appendix A. The Farra equations

Using Eqs. (13) we obtain the following components of submatrix A?) and of vector ¢ specified for the ith acoustic axis:

A} = n3 (n] —nin — nj + n3n3), Ay = n, (n} — 3nin — nj + n3n3),
A} = nq (nf —nin — nj + 3n3n3), Ay = mynans (nf 4+ nj —n3),

= manans (12 18+ 7). =y (13 4+ 0 ndd)
Ay =nnj (—nf —nj +2n3), Ag = niny (nf 4+ n3 — 2n3),

Ag = ny (—nt — ninj + ninj — n3n3), Ajo = nins (nf — 3n3),

Py = s (37— ), Py = —monam (124 72).

A}y = ninans (nf +n3)

2 _ 4 2.2 2.2 4 2.2 4 2
AT = 2nyny (—n} — 2nin3 4 2ninj — nj + 2n3n5 — ny —nj),

2 _ 22 2 4 22 2
A3 = 2nyns (2nin3 + nf + 2n5 — 2n3n5 — n3),

2 _ 4 522 22 2 2
A5 = 2mpn3 (20§ + 2n3n3 — 2nin3 — n} + n3),

2_ _ 42 2.4 222 22 6 42 24
Ay = —nin; — 2nn, + 2ny{nyn; + ning — n, + 2n,n5 — n3n;,
2_ _ 6 4.2 42 24 2202 2.4 209
A5 = —nj — 2n7n; + 2nin; — nin, + 2n{nyn; — n{n; + njn;,
2 _ 52 2_ 2. 2 2 _ 22 2 o4 209
Ag = 2ninans (—nf —n3 +n3 4+ 1), A3 = 2nyns (—nin3 — n} —nj + n3n3),
2 4_ 202 202 92 2 2 2_ 2 2
Ay = 2nins (—nf — nin3 + ninj — n3), A§ =2nnins (—nf —n3 +nj+ 1),
2 _ 202 2 2 2 _ 2 2.2 2
Al = 2mny (2nin3 + nj — n3), A7y = 2mny (—n} + 2n3n3 + n3)
2 5222 2 2 92202 2
AT, = —2m3n3 (nf +n3), A7y = —2nmin3 (nf + n3),
1 a1 a1 Al a1l Al a1 Al a1 Al a1 Al gl
a0 _ |41 A A A A As A Ay Ay Ay A Ap Ay
Tl a2 a2 A2 a2 2 a2 a2 A2 a2 A2 p2 a2
AT A A A A A A7 Ag Ay Ay Ay Ap Ay
2_ 2
() _ | mnans (nf —n3)

2.2 (12
—2nin3 (n3 + 1)

where superscript i denotes the sequential number of the acoustic axis, and n is the direction vector of this axis. Inserting

submatrices A?’ and vectors ¢ into (27) we construct matrix A and vector c required in the system of linear equations (28).

Appendix B. The linearized Darinskii equations

Using Eq. (20), we obtain the following components of submatrix A® and of vector ¢ specified for the ith acoustic axis:
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A} =2nin, (4n7nd +nf — 1),

A} = 2myn; (4n] — 3nf + 1),

Al = 4nin3 +nt — 30203 — nd +n3,
Ay =2mpn3 (—2mn3 —nt —2n5 + 1),
Ay = —4n3nins,

A} =2nny (=2mn3 —nf + 1),

Py = 208 (-2 + 1),

A5 = 2myn; (4n5 — 3n3 + 1),

A% = 4njn3 +nj — 3n2n3 — n3 +n?,
A} = —4ninins,

A3 =2nins (—2mnj — 2nf —nj + 1),
Al =2mny (—2nin; —n3 + 1),

Ry = 2030 (< £ 1)

1 a1 a1 a1 a1 a1 a1 Al gl
a0 |[A A A AL A A A A A
ALA A AL AT A A A A
2.2 (12
O — 2n3n; (nf — 1)

)

2nin; (n = 1)

Ay =2nins (4nin +n% — 1),

A} = 4n2nnd 4 w2} + i + dndn — nd —
Ay = 4Aningny (—nf + 1),

Ag = 2mn3 (—2n7 + 3nf — 1),

Al = 2mny (—2n} + 3n7 — 1),

A}, = —2mn} (n? + 1),

AT =2mn, (4n3n5 +nj — 1),

A} = 2mpn3 (4nins +nj — 1),

A2 = A+ ] + 4+ rnd —
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1 1 1
All A12 A13
2 2 2
All A12 A13

where superscript i denotes the sequential number of the acoustic axis, and n is the direction vector of this axis. Inserting
submatrices A® and vectors ¢ into (27) we construct matrix A and vector ¢ required in the system of linear equations (28).

Appendix C. The linearized Khatkevich equations

Using Eqgs. (22) and specifying coefficients pj;, q;; and r;; according to Appendix B of Vavrycuk [37], we obtain the following
components of submatrix A? and of vector ¢ specified for the ith acoustic axis:

A} =n3 (n} — nin — nj + n3n3), Ay = ny (n] — 3ninj — n3 + n3nj)
A} = ny (n] — nind —n3 + 3n3n3), Ay = nynans (nf +nj —n3),

A = mns (2~ 12+ 1), A =y (1203 44— r2n).
Ay =nyn5 (—nf — nj + 2n3), Ag = niny (n} + n3 — 2n3),

Ay = n (—nf — ninj + ninj — n3n3), Al = nins (nf — 3n3),

A} = n3ns (3n] — n3), Al = —nmpnz (n +n3),

Py = mrns (1 +78)

A} =n3 (n] — 3nin3 + n3nj — nj), A3 = ny (nf —nind 4+ n3nj —nj),
A = ny (n} — nin3 + 3n3n3 — n3), A; = nynans (nf —nj +n3),

A2 = 2mnyns (—nj +nj), A% = ny (nin3 4+ ninj — n3nj +nj),
Ay = —mn3 (n} +n3), A5 = miny (n} - 3n3),

Ay =ny (—nf+nj), Al = ninz (n§ —2n3 +nd),

A}, =n3ns (nf +n3), Al = —nimpns (] +n3),

2 2_ 2
Al; = nynans (nf —n3),
1l
A A
2
AT A

Ay Ay A
2 2 2
A2 A2 A

As Ay Ay Ag
2 2 2 2
AG A7 AS A9

1 1 1 1
AIO All A12 Al3
2 2 2 2
A]O All A12 A13

)

—mynans (nf — n3)
2
1
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where superscript i denotes the sequential number of the acoustic axis, and n is the direction vector of this axis. Inserting
submatrices A? and vectors ¢ into (27) we construct matrix A and vector ¢ required in the system of linear equations (28).
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