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1 Introduction

Seismic anisotropy is a common property of rocks and geological structures in the
Earth crust and in the upper mantle (Babuska and Cara 1991; Rabbel and Mooney
1996; Silver 1996; Savage 1999). It may be caused by sediment layering, by stress-
aligned systems of microcracks, cracks or fractures, or by the textural ordering of
rock-forming minerals. Anisotropy affects propagation of seismic waves as well as
radiation of waves by seismic sources. So far seismologists have focused mainly on
studying wave propagation in anisotropic media (e.g., Musgrave 1970; Helbig 1994
Cerveny 2001; Vavryéuk 2001b, 2003), and on observing the effects of anisotropy
on seismic waves (BabusSka and Cara 1991) as the directional variation of seismic
velocities or shear-wave splitting, detected and measured in situ (Kaneshima et al.
1988; Crampin 1993; Savage 1999) or in the laboratory on rock samples (Kern and
Schmidt 1990; Pros et al. 1998; Mainprice et al. 2000; Svitek et al. 2014).

However, equally important is the way in which anisotropy affects the radiation
of waves from seismic sources. This comprises calculating the Green’s functions
(Burridge 1967; Ben-Menahem and Sena 1990a, b; Gajewski 1993; Vavrycuk 1997,
Psencik 1998; Cerveny 2001; Vavrycuk 2007), seismic moment tensors and focal
mechanisms in anisotropic media (Sileny and Vavry&uk 2000, 2002; Vavry&uk 2005).
For example, Kawasaki and Tanimoto (1981) and Vavrycuk (2005) pointed out that
shear faulting in anisotropic media can produce mechanisms with non-double couple
(non-DC) components. Since the non-DC mechanisms of earthquakes are frequently
observed (Miller et al. 1998), the problem, whether anisotropy contributes to them
or not, is not only of theoretical interest but also of practical relevance. Anisotropy as
a possible origin of non-DC mechanisms has been mentioned and discussed also by
other authors (Kawakatsu 1991; Frohlich 1994:; Julian et al. 1998; Vavrycuk 2002,
2004, 2006; Rossler et al. 2003; Vavrycuk et al. 2008).
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Since the effects of anisotropy on focal mechanisms and moment tensors are
still not well known and often neglected, I present a review of basic properties of
moment tensors in anisotropic media. The review covers theory, numerical mod-
elling and several applications to earthquakes on various scales including acoustic
emissions measured in the lab, microearthquakes in the upper crust and large deep-
focus earthquakes in a subducting slab. The goal is to point out errors introduced
when seismic anisotropy is neglected in moment tensor inversions, and a possibility
to study seismic anisotropy using accurately determined moment tensors.

2 Theory

2.1 Moment Tensor in Anisotropic Media

Moment tensor M of a seismic source in an anisotropic medium is expressed as (Aki
and Richards 2002, Eq. 3.19)

M;; = uScijrving, (1)

where u is the slip, S 1s the fault area, ¢;ji; are the elastic stiffness parameters of
the medium surrounding the fault, v is the slip direction, and n is the fault normal.
Introducing source tensor D as

usS
Dy = B3 (veng + vpng) . (2)

and taking into account the symmetry of ¢;jz;, we can express Eq. (1) in the following
form

M;; = ¢ijrr Dy (3)
which resembles the Hooke’s law
Tij = Cijki€ki (4)

expressing the relation between stress and strain tensors 7;; and ¢;; in elastic media.
Therefore, Eq. (3) can be called as “the generalized Hooke’s law at the source™.
Source tensor D defines geometry of dislocation at the source being an analogue to
strain tensor ¢;;. Moment tensor M defines the equivalent body forces acting at the
source being an analogue to stress tensor ;.

Equation (3) can equivalently be expressed in matrix form as

m = Cd, (5)
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where C is the 6 x 6 matrix of the elastic parameters in the two-index Voigt notation,
where the pairs of the subscripts in the four-index tensor ¢;;, are substituted in the
following way: 11 — 1,22 — 2,33 — 3,23 — 4,13 — 5and 12 — 6 (see Musgrave
1970, Eq. 3.13.4). Quantities m and d are the 6-vectors defined as

m = (M. May, M3z, Mas, My3. Mpp)" . (6)

d=uS vy, navy, n3v3, LoV3 + N3V, N1V3 + N3V, NV + NV )T. (7)

Source tensor D is expressed by the components of vector d as follows:

2d, d d;
D=_| d, 2d, d, |. (8)
dy d, 2d,

The moment tensor M of a seismic source in an isotropic medium reads (Aki and
Richards 2002, Eq. 3.21)

M;‘j = }LDkk(Sjj + QJHDU', (9}
with the trace
Mg = (3L +211) Dy, (10)

where A and o are the Lamé constants describing the isotropic medium surrounding
the fault, and §;; is the Kronecker delta.

2.2 Eigenvalues and Eigenvectors of Tensors M and D

Tensor M has a diagonal form expressed by three eigenvalues M, M» and M;

M, 0 0 |
MY — | 0 M, 0 |.where M; > M, > M;. (11)
0 0 Ms

In isotropic media, Eq. (11) reads

| _(l+,u)n-v+pt 0 0
M€ — ;1§ 0 AN -V 0 . (12)
(A+p)n-v—pu

where n - v 1s the scalar product of two unit vectors n and v,

sebastiano.damico@um.edu.mt



32 V. Vavrycuk

Fig. 1 Model of a
shear-tensile earthquake.

Vector u is the slip vector,
vector n 1s the fault normal,
and « is the slope angle.

Angle B is defined as
B =(90° —a)/2

T-axis

n-v=nv +navy+n3v3. (13)

A diagonal form of tensor D is independent of elastic properties of the medium
being expressed as

D, 0 0 | n-v+10 0

diag s

D = 0O Dy O =5 0 0 0 ) (14)
_O 0 D3_ - 0 On-v—1

The determinant of D is zero and the trace of D is
Dy =uSn-v) =uSsina, (15)

where « 1s the slope angle defined as the deviation of the slip vector n from the fault
plane (VavryCuk 2001a, b, 2011).

The eigenvectors of tensors M and D specify the coordinate systems in which these
tensors are diagonalized. The eigenvectors of M are denoted as the P, T and B axes and
correspond to minimum eigenvalue M3, maximum eigenvalue M, and intermediate
eigenvalue M,, respectively. Physically, the P, T and B axes are directions of the
maximum compressional, maximum tensional and intermediate stresses generated
at the source.

The eigenvectors of moment tensor M are generally different from those of source
tensor D. However, the both coordinate systems coincide in isotropic media. In this
case, the B axis 1s perpendicular to fault normal n and slip direction v. The P and T
axes lie in the plane defined by vectors n and v (Fig. 1) being expressed as

+ N
= u,b:n@v,p:u1 (16)
In + v| In—v

where p, t, and b are the directional vectors of the P, T and B axes, respectively, and
symbol ® denotes the vector product.
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Fig. 2 Model of shear (a), (3)
tensile (b) and compressive

(¢) faulting. Vector u is the
slip vector, « is the slope
angle

(b) Tensile faulting

Shear faulting

i

Compressive

(c) faulting u
#

2.3 Tensile Faulting in Isotropic Media Versus Shear
Faulting in Anisotropic Media

For shear faulting, slope angle « is zero (Fig. 2a) and Eqgs. (12) and (14) for M and
D further simplify in isotropic media to

+10 0 +10 0O
diag __ diag_E
M =uuS| 00 0 [,D =5 00 0 (17)
00—l 00 -1

being known as the double-couple (DC) tensors.

For tensile/compressive faulting (Fig. 2b, c¢), slope « is non-zero and tensors
M and D of a source in isotropic media contain also non-double-couple (non-DC)
components. The non-DC components are usually decomposed into the isotropic
(ISO) and compensated linear vector dipole (CLVD) parts (see VavryCuk 2015). For
tensor D. the relative amounts of ISO and CLVD depend on the slope angle: for
tensor M, the ISO and CLVD depend on the slope and on the ratio of the P- and
S-wave velocities vp/vs.

For moment tensors in anisotropic media, the problem is more involved. In
anisotropic media, even shear faulting on a planar fault produces a generally non-DC
moment tensor. This is caused by the elasticity tensor in Eq. (3) which is formed by
21 elastic parameters. However, the moment tensor is simplified for anisotropy of
higher symmetry. For example, under orthorhombic symmetry, M is also a pure DC
provided that fault normal n coincides with the symmetry axis and slip u lies in the
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Fig. 3 The source-type plots for the moment tensors (a) and source tensors (b) for shear-tensile-
compressive faulting in isotropic media. Red dots—the source tensors, black dots—the moment
tensors. Isotropic media in (a) are characterized by various values of the vp/vg ratios (the values
are indicated in the plot). The dots in (a) and (b) correspond to the sources with a specific value
of the slope angle (i.e. the deviation of the slip vector from the fault). The slope angle ranges from
—90° (pure compressive crack) to 90° (pure tensile crack) in steps of 3°. For a detailed explanation
of properties of the source-type plot, see Vavrycuk (2015). After Vavrycuk (2015)

symmetry plane (but not along the symmetry axis). However, the orientation of the
DC can deviate from the plane defined by the fault normal and slip direction (see
VavrycCuk 2005).

The properties of the moment and source tensor decompositions for shear and
tensile sources in isotropic and anisotropic media are illustrated in Figs. 3 and 4.
Figure 3 shows the source-type plots for shear-tensile-compressive sources with a
variable slope angle « (i.e. the deviation of the slip vector from the fault, see Vavrycuk
201 1) situated in an isotropic medium. The plot shows that the scale factors of the ISO
and CLVD components are linearly dependent for both moment and source tensors.
For the moment tensors, the line direction depends on the vp/vs ratio (Fig. 3a); for
the source tensors, the line is independent of the properties of the elastic medium
and the ISO/CLVD ratio 1s always 1/2 (Fig. 3b). This property of the source tensors
is preserved even for anisotropic media.

On the contrary, the moment tensors can behave in a more complicated way in
anisotropic media. Figure 4 shows the [SO and CLVD components of the moment
tensors of shear (Fig. 4a) or shear-tensile (Fig. 4b) faulting in the Bazhenov shale
(Vernik and Liu 1997). This complicated behaviour prevents a straightforward inter-
pretation of moment tensors in terms of physical faulting parameters. Therefore, first
the source tensors must be calculated from moment tensors and then interpreted.
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Fig. 4 The source-type plots for the moment and source tensors for shear (a) and shear-tensile-
compressive (b) faulting in anisotropic media. Red dots—the source tensors, black dots—the
moment tensors. The black dots in (a) correspond to 500 moment tensors of shear sources with
randomly oriented faults and slips. The black dots in (b) correspond to the moment tensors of shear-
tensile sources with strike = 0°, dip = 20° and rake = —90° (normal faulting). The slope angle

ranges from —907 (pure compressive crack) to 907 (pure tensile crack) in steps of 3°. The medium

in (a) and (b) is transversely isotropic with the following elastic parameters (in 10° kg m~'s™?):

c11 = 3881, ¢33 = 27.23, ca4 = 13.23, ce6 = 23.54 and ¢13 = 23.64. The medium density is
2500 kg/m?>. The parameters are taken from Vernik and Liu (1997) and describe the Bazhenov shale
(depth of 12,507 ft.). After Vavrycuk (2015)

2.4 Inversion for Geometry of Faulting

In order to determine fault normal n and slip direction v from moment tensor M and
from matrix of elastic parameters C, we have to calculate vector d from Eq. (5),

d=C"'m. (18)

and subsequently we construct source tensor D using Eq. (8). Diagonalizing D, we
obtain eigenvalues D; and Ds, and eigenvectors e, e, and e3. The slope angle «

between the fault plane and slip direction is determined from the trace of D, see
Eq. (15)

] D1+D3

i - Tr(D) = ———= 19
sina = — r (D) D — D, (19)

Vectors n and v are determined from the eigenvectors and eigenvalues of D

sebastiano.damico@um.edu.mt




36 V. Vavrycuk

|

n = Dile; +/|D e), 20

m( | D ey | Dses (20)
|

v = VIDler — W/ 1Dsles ). 21

m( | D1 e; | 3|3) (21)

For shear sources (n_Lv),

us uS
Tr(D) =0, D, = 5 and D; = —7, (22)
hence
| 1
n=—(e +e3),v=——1(e —e3). (23)

V2 V2

[t follows from the symmetry of fault normal n and slip direction v in Eq. (2) that
the solution for n and v is ambiguous and the plus and minus signs in (20-21) and
(23) can be interchanged.

2.5 [Inversion for Anisotropy

[T elastic parameters of the medium are not known, we can invert moment tensors M
jointly for the source tensors D of individual earthquakes and for elastic parameters
C in the focal zone using the following equation

Cd =m. (24)

The right-hand side of Eq. (24) represents observations (i.e. a set of moment
tensors), and the left-hand side of Eq. (24) 1s unknown being a product of unknown
elastic parameters C and unknown geometry of faulting d for a set of earthquakes.
The elastic parameters C are common for all earthquakes, while vector d is specific
for each earthquake.

Since source tensor D is formed by a dyad of vectors v and n, it should always
have one zero eigenvalue, and subsequently its determinant must be zero:

Det (D) = 0. (25)
[f faulting is shear, tensor D is constrained to have also zero trace
Trace (D) = uS (n-v) =0. (26)

Equations (25-26) can be used for defining the misfit function in the inversion
for anisotropy. If we know moment tensors of many earthquakes that occurred at the
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Table 1 Elastic parameters of the dry and water-filled crack models

Model | Cyy Ca C33 Cag Css Ce6 C12 Ci3 Cas
Dry 53.51 53.51 33.35 14.28 14.28 17.86 17.79 12.32 12.32
cracks

Water- | 56.62 56.62 56.11 14.28 14.28 17.86 20.90 20.75 20.75
filled

cracks

Elastic parameters Cjj are in 107 kg m~! s72

same source area, we can invert for elastic parameters c;; minimizing the sum of
absolute values of Det(D) for all earthquakes. This can be applied to shear as well as
non-shear earthquakes. If we are confident that the studied earthquakes are shear, we
can minimize the sum of absolute values of Det(D) and Trace(D) for all earthquakes.
The method can be modified to be applicable also to the inversion of moment tensors
constrained to have the zero trace (see VavryCuk 2004).

The extent and quality of a set of moment tensors limits the number of anisotropic
parameters, which can be inverted for. A general triclinic anisotropy is described by
21 elastic parameters c¢;jx;. However, two of them must always be fixed to overcome
the problem of coupling between elastic parameters c¢;jx, slip u and fault area S
in Eq. (26) under shear faulting. Hence, for isotropy, which is described by two
parameters, no information on the medium can be gained from moment tensors of
shear earthquakes, but the vp/vs ratio can be determined from moment tensors of
tensile/compressive earthquakes (Fig. 3a).

3 Numerical Modelling

A sensitivity of moment tensors to seismic anisotropy is exemplified on two models
displaying effective transverse isotropy (TI) produced by presence of preferentially
aligned cracks. Figure 5 shows phase velocities for the dry and water-filled crack
models (see Hudson 1981; Shearer and Chapman 1989) and Table 1 summarizes
their elastic parameters. Anisotropy strength of the P, SV and SH waves is 23.5, 1.3,
and 11.2% for dry cracks, and 3.5, 11.0 and 11.2% for the water-filled cracks.

3.1 Non-DC Components Produced by Shear Faulting

As mentioned above, shear faulting in anisotropic media can generate non-DC com-
ponents in moment tensors. The non-DC components depend on type and strength
of anisotropy and on the orientation of faulting. Figure 6 shows the ISO and CLVD
percentages for a fixed geometry of faulting: the fault normal is along the z-axis
and the slip along the x-axis. Such faulting generates no ISO and CLVD for TI with

sebastiano.damico@um.edu.mt



38 V. VavryCuk

Dry cracks Water-filled cracks
4.4 4.5
O .
£ 4.2 =
=, § =, | p
2 44 = I
S | S 4.4
© 3.8 © ]
> i >
® 36- P 5
1Y) Y] i
- 7 -
D- 3.4 T T | T T | T T D- 4.3 T T | T T | T T
0 30 60 90 0 30 60 90
angle [degrees] angle [degrees]
2.6 2.6
w . SH w - SH
g 2.5 g 25
2 i = I
8 2.4+ 8 24
2 T 2 1 sV
o 2.3 - SV o 2.3
4] 4 4] i
s s
2.2 T | T | T T 2-2 T T | T T | T T
0 30 60 90 0 30 60 90

angle [degrees] angle [degrees]

Fig. 5 Phase velocities of P (upper plots) and S (lower plots) waves as a function of the deviation
of the wave normal from the symmetry axis for the model of dry cracks (left-hand plots) and
water-filled cracks (right-hand plots)

a vertical symmetry axis. However, if the symmetry axis is inclined, the ISO and
CLVD become non-zero. The values of the ISO and CLVD are shown as a function
of direction of the symmetry axis for the dry crack model (Fig. 6, left-hand plots)
and the water-filled crack model (Fig. 6, right-hand plots).

For the model of dry cracks, the percentages of the ISO and CLVD are in the
intervals: (-20.7, 20.7) and (-16.1, 16.1), respectively (see Table 2). For the model
of water-filled cracks, the percentages of the ISO and CLVD are in the intervals: (0.6,
0.6) and (-19.9, 19.9), respectively. Hence, the shear source produces remarkable
non-DC components in both anisotropy models. For dry cracks, both ISO and CLVD
are high. On the contrary, water-filled cracks produce a high CLVD, but almost zero
[SO. Despite the different percentages of the ISO in both models, their directional
variation 1s similar. Interestingly, the directional variations of the CLVD are quite
different for both models, the variation for water-filled cracks being more complicated
than for dry cracks.
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Fig. 6 The percentages of the non-DC components generated by shear faulting in the dry crack
model (left-hand plots) and water-filled crack model (right-hand plots) with an inclined symmetry
axis. Geometry of faulting is fixed: n = (0, 0, I)T, v = (I, 0, O)T. Points inside the circle
correspond to TT with a varied orientation of the symmetry axis. The plus sign marks the TI with
the vertical symmetry axis, the points along the circle correspond to the TI with the horizontal
symmetry axes. The colour indicates the value of the non-DC component. Equal-area projection is
used. The CLVD and ISO percentages are calculated by using Eq. (8) of Vavrycuk (2001a)

3.2 Spurious Rotation of a Fault Normal and Slip Direction

Fault plane solutions are usually calculated under the assumption of an isotropic
focal area. If the focal area is anisotropic, the procedure yields distorted results.
The errors owing to neglecting of anisotropy are illustrated for the dry crack model
(Fig. 7, left-hand plots) and for the water-filled crack model (Fig. 7, right-hand
plots). The upper/lower plots in the figures show the deviation between the true and
approximate fault normals/slip directions. The approximate values were calculated
from the eigenvectors of the moment tensor using the following standard formulae:

approx __

n (27)

o (p+1),
Vo
approx __

= (p—1t). 28
v ﬁ(p ) - (28)

sebastiano.damico@um.edu.mt



40 V. Vavrycuk

Table 2 Average velocities, anisotropy strength and non-DC components produced by shear fault-
ing in the crack models

Model |vp Vg ap asy asg CLVDMAX | [SOMAX| DCMIN | sMAX
[km/s] | [km/s] |[%] | [%] [e] [70] [%] [%] [°]

Dry 3.92 2.33 23.5 1.3 11.2 16.1 20.7 64.3 6.4

cracks

Water |4.42 2.39 3.5 11.0 11.2 19.9 0.6 79.8 6.4

filled

cracks

ap, asv, asy denote the anisotropy strength for the P, SV and SH waves The percentage of anisotropy
strength is defined as a = 200 (UMAX — UM"N),’(UM“"X + ‘UMIN), where vVMX and VMV are the

maximum and minimum phase velocities of the respective wave. CLVDMAX 1SOMAX DCMIN 4pd
SMAX gre the maximum absolute values of the CLVD and ISO, the minimum value of the DC and the
maximum deviation of the approximate fault normal and slip direction from true values observed in
the specified anisotropy, respectively. The DC, CLVD and ISO percentages are calculated by using
Eqgs. (8a—c) of Vavrycuk (2001a)

where p and t are the unit eigenvectors of the moment tensor corresponding to the P
and 7 axes. Because of the ambiguity of the solution for the fault normal and slip, we
selected the pair of n“PP"* and v*PP"%* which approximated the true vectors better.

Figure 7 shows that the maximum deviation between the true and approximate
fault normals and slips attains coincidently a value of 6.4° for both crack models.
This indicates that the deviation is not sensitive to strength of the P-wave anisotropy.
which is different in the models, but rather to strength of the S-wave anisotropy. The
maximum deviation of 6.4°, corresponding to the S-wave anisotropy of 11.2%, is not
very high, but it can still introduce a non-negligible bias in carefully determined focal
mechanisms. Similarly as for the CLVD, the directional variation of the deviations
is more complicated for water-filled cracks than for dry cracks.

4 Applications

Let us illustrate the sensitivity of moment tensors to seismic anisotropy on three real
datasets covering a broad range of scales: (1) acoustic emissions generated in the lab,
(2) microearthquakes produced by fluid injection in the Earth’s crust, and (3) large
deep-focus earthquakes in the Tonga subduction zone.

4.1 Acoustic Emissions in Anisotropic Rocks

Laboratory experiments are advantageous for the analysis of sensitivity of moment
tensors to seismic anisotropy because: (1) they are carried out under controlled con-
ditions; (2) the physical parameters of the rock sample can be accurately monitored;
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| :

Fig. 7 The deviation between the true and approximate fault normals (upper plots), and between
the true and approximate slip directions (lower plots) for the dry crack model (left-hand plots) and
water-filled crack model (right-hand plots) with an inclined symmetry axis. The centre of the circle
corresponds to the TI with the vertical symmetry axis, the points along the circle correspond to
the TT with the horizontal symmetry axes. The colour indicates the angular deviation. Equal-area
projection is used. The deviation is in degrees
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(3) the rock samples can display various levels of anisotropy, and (4) the loading
of the rocks samples produces large sets of acoustic emissions (AEs) suitable for a
robust statistical analysis.

Stierle et al. (2016) analysed acoustic emission data measured by Stanchits et al.
(2006) during triaxial compression experiments on a granite sample. The cylindrical
sample (diameter 50 mm, length 100 mm) was subjected to a differential stress cycle
at horizontal confining pressure of 40 MPa. During the cycle, the sample was loaded
by axial vertical compression up to a maximum differential stress of 500 MPa. The
AE activity and velocity changes were monitored by twelve P-wave and eight S-
wave piezoelectric sensors. The ultrasonic measurements of the P-wave velocity
revealed that the originally isotropic sample became anisotropic under axial loading.
The P-wave velocity decreased in the horizontal direction and slightly increased in
the vertical direction during loading (Fig. 8a). Concurrently, the P-wave attenuation
increased in the horizontal direction and slightly decreased in the vertical direction
(Fig. 8d). After unloading, the sample became again isotropic. The strength of the
P-wave anisotropy developed during the loading cycle increased up to 24%.
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Fig. 8 a Vertical and horizontal P-wave velocities, b applied axial stress and acoustic emission
rate, and ¢ volumetric strain measured by Stanchits et al. (2006). Plot d shows the relative hori-
zontal attenuation (blue line) and the relative vertical attenuation (red line) derived from ultrasonic
transmission data after Stanchits et al. (2003, their Eq. 3). The horizontal confining pressure was
40 MPa during the loading cycle. After Stiele et al. (2016)

The moment and source tensors of observed AEs (Fig. 9) were calculated using
three velocity models: anisotropic attenuating model, isotropic attenuating model
and anisotropic elastic model. The parameters of velocity anisotropy of the sample
were taken from ultrasonic measurements (Fig. 8a). The results revealed that neglect-
ing the velocity anisotropy had a significant impact on the retrieved moment tensors.
The P/T axes of the source tensors (Fig. 10b, upper plot) were highly scattered. By
confrast, if anisotropy was considered and the source tensors correctly calculated
(Fig. 10a, c, upper plots), the P/T axes were physically reasonable and in correspon-
dence with the applied stress regime.
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Fig. 9 Waveforms of an AE. Red vertical lines mark P-wave arrivals. The inset shows how P-wave
amplitudes, used in the moment tensor inversion, were measured. After Stiele et al. (2016)

The non-DC components of the moment and source tensors were stable in all three
inversions (Fig. 10, source-type plots). The ISO and CLVD components were pre-
dominantly positive indicating that mainly tensile (opening) cracks were activated.
The scatter in the CLVD component was higher than that in the ISO component indi-
cating that the errors in the velocity model mainly disturbed the CLVD component.
Stierle et al. (2016) also proved that the moment tensor inversion applied to a large
dataset of AEs can be utilized to determine anisotropic attenuation parameters of the
rock sample.

4.2 Microearthquakes Induced During the 2000
Fluid-Injection Experiment at the KTB Site, Germany

The site of the KTB superdeep deep drilling borehole in Germany is characterized
by a complex and heterogeneous crystalline crust (Emmerman and Lauterjung
[997) consisting of inclined alternating felsic and mafic layers, with mainly biotite
gneiss and amphibolite (Rabbel et al. 2004). Field mapping, regional geophysics,
and borehole results indicate that the region can be viewed as a block of steeply
dipping foliated rocks with a uniform N330°E strike (Berkhemer et al. 1997; Okaya
et al. 2004). In such rocks, preferred orientations of minerals prevail, and the crust
may display a significant anisotropy which might be as high as 10-15% for P waves,
and similar or even higher for S waves (BabuSka and Cara 1991).
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Fig. 10 Moment and source tensor inversions of observed AEs. The P axes (red circles in focal
spheres) and 7" axes (blue plus signs in focal spheres) and the non-DC components (black dots in
diamond plots) are calculated for the source tensors (upper plots) and moment tensors (lower plots)
of AEs in: a anisotropic attenuating model, b isotropic attenuating model, and ¢ anisotropic elastic
model. The CLVD and ISO percentages are calculated by using Eq. (8) of Vavrycuk (2001a). After
Stierle et al. (2016)

In 2000, a 60-day long-term fluid injection experiment was performed at the KTB
site (Baisch et al. 2002). About 4000 m® of water were injected into the well head
to induce microseismicity. The entire borehole was pressurized and the well head
pressure gradually increased during the experiment from 20 to 30 MPa. The seis-
micity was monitored by a surface network of 40 three-component seismic stations
and by one downhole three-component sensor at a depth of 3.8 km, situated at the
nearby pilot hole (Fig. 11). A total of 2799 induced microearthquakes were detected
at the downhole sensor, and 237 of them were located using records at the surface
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Fig. 11 The temporary seismic network operating during the 2000 injection experiment. a Map
view of the network. The position of the KTB main hole is indicated by the dot. b Cross view of
the main and pilot holes (view from the south). After Bohnhoff et al. (2004)

stations (Baisch et al. 2002). Fault plane solutions have been calculated for 125
events by Bohnhotf et al. (2004) and full moment tensors for 37 selected events by
VavryCuk et al. (2008). The retrieved moment tensors displayed significant non-DC
components.

Vavrycuk et al. (2008) adopted four alternative anisotropy models, published by
Jahns et al. (1996) and Rabbel et al. (2004) obtained from VSP data, sonic logs
and from laboratory measurements, and inverted the non-DC components of the
moment tensors for the optimum orientation of anisotropy. The anisotropy orientation
was sought over a sphere in a 5° grid of spherical angles. The misfit function was
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Fig. 12 A comparison of
retrieved orientations of
anisotropy axes from
moment tensors for several
alternative models of
anisotropy with the
orientations of anisotropy
published by Rabbel et al.
(2004, a model for the depth
range of 0—8 km). After
Vavrycuk et al. (2008)

calculated by using Eq. (25) as the sum of determinants of source tensors of all
earthquakes under study. Hence, no a priori assumption about any specific type of
faulting was made, and the inversion was applicable not only to shear but also to
non-shear earthquakes.

The moment tensors retrieved by VavrycCuk et al. (2008) contained about 60% of
the DC component and 40% of the non-DC components. The ISO and CLVD compo-
nents were mutually uncorrelated. The errors of the non-DC components produced
by noise and by limitations of input data were suppressed by analysing only the most
reliable moment tensors determined for excellent ray coverage of the focal sphere.
The optimum orientation of the symmetry plane of transverse isotropy inferred from
the non-DC components was nearly vertical (see anearly horizontal symmetry axis in
Fig. 12) with a strike typical for many major lithological units in the area (Rabbel et al.
2004; Okaya et al. 2004). After removing the anisotropy effects from the non-DC
components, the distribution of the ISO of the source tensors significantly narrowed
(Fig. 13). The ISO and CLVD of the source tensors became correlated with the corre-
lation coefficient of 0.6 for the most confident source tensors (VavryCuk et al. 2008).
This indicated that the non-DC components originated jointly in seismic anisotropy
and 1n tensile faulting due to the fluid injection.

4.3 Deep-Focus Earthquakes in the Tonga Subduction Zone

Deep-focus earthquakes are particularly suitable for studying the sensitivity of
moment tensors to seismic anisotropy because: (1) they occur in subducting slabs,
which are assumed to be anisotropic (Fukao 1984; Kendall and Thomson 1993;
Hiramatsu et al. 1997; McNamara et al. 2002); (2) the surrounding mantle is nearly
isotropic, (3) the moment tensors of deep earthquakes are determined with a high
accuracy; and (4) they often display non-DC components (Dziewonski et al. 2001,
2003: Sipkin 1986). It is speculated that anisotropy in the slab is caused by an align-
ment of metastable olivine and its polymorphs wadsleyte and ringwoodite, or the
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tenors (left-hand plots) and source tensors (right-hand plots). The CLVD and ISO percentages are
calculated by using Eq. (8) of Vavrycuk (2001a). For details, see Vavrycuk et al. (2008)

ilmenite form of pyroxene (Anderson 1987; Mainprice et al. 2000). The intra-slab
anisotropy can also be induced by strain due to large stresses generated when a rigid
slab encounters the 670 km discontinuity (Wookey et al. 2002).

Vavrycuk (2004, 2006) analysed the moment tensors of deep earthquakes in the
Tonga-Kermadec subduction zone, which is the most active zone in the world and
offers a largest dataset of moment tensors of deep earthquakes. The deep part of the
Tonga subduction zone consists of two differently oriented slab segments (Fig. [4a):
the northern segment within latitudes 17-19° S, and the southern segment within
latitudes 19.5-27° S. Both segments are seismically active at depths from 500 to
700 km. The mechanisms of deep-focus earthquakes reported in the Harvard moment
tensor catalogue (Dziewonski et al. 2001, 2003) contain CLVD components that
behave differently in both segments. The mean absolute value of the CLVD i1s 12%
for the northern segment and 16% for the southern segment (Fig. 14b). The complex
behaviour of the CLVD is explained by spatially dependent seismic anisotropy in the
slab.

The inversion for anisotropy from the non-DC components of moment tensors
performed by VavryCuk (2004, 2006) pointed to orthorhombic anisotropy in the both
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Fig. 14 a Epicentres of earthquakes in the Tonga subduction zone. Blue and red dots mark the
deep-focus earthquakes with depth>500 km in the northern and southern segment, respectively.
Green dots mark the other earthquakes in the region (depth> 100 km). b Histogram of the CLVD
of moment tensors for the deep earthquakes in the southern cluster. The CLVD percentages are
calculated by using Egs. (8a—c) of VavryCuk (2001a). After Vavrycuk (2004)
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Fig. 15 Inversion for orthorhombic anisotropy using moment tensors of deep-focus earthquakes
in the southern segment. a Misfit function for the symmetry axes of orthorhombic anisotropy
normalized to the misfit for an isotropic medium and displayed in the lower hemisphere equal-area
projection. The optimum directions of the symmetry axes of anisotropy are marked by circles. b
A comparison of slab, stress and anisotropy orientations. The directions of the slab normal (x), of
the principal stress axes (triangles) calculated from focal mechanisms, and of the symmetry axes of
anisotropy (circles) calculated from moment tensors. The lower-hemisphere equal-area projection
is used. The dashed line shows the intersection of the slab with the hemisphere Modified after
Vavrycuk (2004)

slab segments. The anisotropy was of a uniform strength of 5-7% for the P waves
and of 9-12% for the § waves, and was oriented according to the orientation of
each segment and the stress acting in it (Fig. 15 for the southern segment). The
spatial variation of velocities was roughly similar in both segments (Fig. 16 for the
southern segment). The retrieved anisotropy might have several possible origins.
[t can be: (1) intrinsic, caused by preferentially aligned anisotropic minerals such
as wadsleyite, ringwoodite, ilmenite or others, (2) effective, caused, for example,
by intra-slab layering, or (3) partly apparent, produced by systematic errors in the
moment tensors due to neglecting 3D slab geometry and the slab/mantle velocity
contrast when calculating the Green functions in the moment tensor inversion.
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Fig. 16 Spatial variation of [km/s]
the velocity in the southern
slab segment predicted by
the optimum anisotropy
model for the P (a), S1 (b)
and 52 (¢) waves. Lower
hemisphere equal-area
projection is used. Directions
of the symmetry axes are
marked by circles. After
Vavrycuk (2004)
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S Discussion and Conclusions

Moment tensors are quite sensitive to seismic anisotropy of rocks. Neglect of
anisotropy in the moment tensor inversion reduces the accuracy of the retrieved
DC and non-DC components of the moment and source tensors. The errors in the
non-DC components are mainly projected into the CLVD component, which usually
displays about three times higher scatter than the [ISO component.
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Shear faulting on planar faults in anisotropic media can produce non-DC mech-
anisms. The amount of the CLVD and ISO depends on strength and symmetry of
anisotropy and on the orientation of faulting. The fault plane solutions in anisotropy
are characterized by the same ambiguity in identifying a fault normal and slip direc-
tion as in isotropy. The moment tensor corresponding to shear faulting in anisotropy
has eigenvectors (P, T and B axes) that can deviate from those in isotropy. If anisotropy
is neglected at a focal area, the fault plane and slip calculated under the isotropic
assumption can deviate from true ones.

Shear faulting in anisotropic rocks present in the Earth’s crust, Earth’s mantle or in
the subduction zones can produce mechanisms with significant non-DC components.
The CLVD can typically attain values up to 30%, and the ISO up to 15%. The fault
plane solutions calculated under the assumption of i1sotropy typically deviate from the
true solutions by the angle of 5°~10°. However, for strongly anisotropic rocks such
as some shales or shists, the CLVD and ISO can be much higher, and the isotropic
procedure for determining the fault plane solution can completely fail (VavryCuk
2005).

[f the focal zone is anisotropic, the moment tensors can be utilized for determining
parameters of anisotropy. The inversion of moment tensors for anisotropy is advan-
tageous because it yields a local value of anisotropy just in the focal area. Hence
it should, in principle, be capable of retrieving the anisotropy of a focal area that
is surrounded by a differently anisotropic or by isotropic medium. The case when
the surrounding medium is differently anisotropic is particularly complicated for
standard methods, because the effects of focal anisotropy can easily be masked by
those of the surrounding medium. In addition, the inversion of moment tensors for
anisotropy is very robust. If a large set of high-quality moment tensors is available,
the inversion can retrieve the orientation and strength of anisotropy even for low
anisotropy symmetries as for orthorhombic symmetry. For example, the method was
capable to retrieve the orientation and strength of the P, S1 and 52 anisotropy in the
Tonga subduction zone (VavryCuk 2004, 2006).
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