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Abstract The decomposition of moment tensors into
isotropic (ISO), double-couple (DC) and compensated
linear vector dipole (CLVD) components is a tool for
classifying and physically interpreting seismic sources.
Since an increasing quantity and quality of seismic data
allow inverting for accurate moment tensors and
interpreting details of the source process, an efficient
and physically reasonable decomposition of moment
and source tensors is necessary. In this paper, the most
common moment tensor decompositions are revisited,
new equivalent formulas of the decompositions are de-
rived, suitable norms of the moment tensors are
discussed and the properties of commonly used
source-type plots are analysed. The Hudson skewed
diamond plot is introduced in a much simpler way than
originally proposed. It is shown that not only the Hud-
son plot but also the diamond CLVD-ISO plot and the
Riedesel-Jordan plot conserve the uniform distribution
probability of moment eigenvalues if the appropriate
norm of moment tensors is applied. When analysing
moment tensor uncertainties, no source-type plot is
clearly preferable. Since the errors in the eigenvectors
and eigenvalues of the moment tensors cannot be easily
separated, the moment tensor uncertainties project into
the source-type plots in a complicated way. As a conse-
quence, the moment tensors with the same uncertainties
project into clusters of a different size. In case of an
anisotropic focal area, the complexity of moment
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tensors of earthquakes prevents their direct interpreta-
tion, and the decomposition of moment tensors must be
substituted by that of the source tensors.
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1 Introduction

The moment tensor describes equivalent body forces
acting at a seismic point source (Burridge and Knopoff
1964) and is a basic quantity evaluated for earthquakes
on all scales from acoustic emissions to large devastat-
ing earthquakes. The most common type of the moment
tensor is the double-couple (DC) source which repre-
sents the force equivalent of shear faulting on a planar
fault in isotropic media. However, many studies reveal
that seismic sources often display more general moment
tensors with significant non-double-couple (non-DC)
components (Julian et al. 1998; Miller et al. 1998). An
explosion is an obvious example of a non-DC source,
but non-DC components can also be produced by the
collapse of a cavity in mines (Rudajev and Sileny 1985;
Sileny and Milev 2008), by shear faulting on a non-
planar (curved or irregular) fault (Sipkin 1986), by
tensile faulting induced by fluid injection in geothermal
or volcanic areas (Ross et al. 1996; Julian et al. 1997)
when the slip vector is inclined from the fault and causes
its opening (Vavrycuk 2001, 2011) or by seismic anisot-
ropy in the focal area (Kawasaki and Tanimoto 1981;
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Vavrycuk 2005; Roessler et al. 2004, 2007). Complica-
tions also arise if the source is situated at a material
interface (VavryCuk 2013).

In order to identify which type of seismic source is
physically represented by the retrieved moment tensor,
Knopoff and Randall (1970) proposed decomposing the
moment tensors into three elementary parts: the isotro-
pic (ISO), double-couple (DC) and compensated linear
vector dipole (CLVD) components. Although the mo-
ment tensor decomposition is not unique and many
other decompositions have been proposed, the
decomposition of Knopoff and Randall (1970) proved
to be useful for physical interpretations and became
widely accepted. This decomposition was further devel-
oped and applied by Sipkin (1986), Jost and Herrmann
(1989), Hudson et al. (1989), Kuge and Lay (1994),
Vavrycuk (2001, 2005, 2011) and others. Furthermore,
Hudson et al. (1989) and Riedesel and Jordan (1989)
proposed graphical representations of the DC and non-
DC components in order to identify visually the most
appropriate physical source corresponding to the re-
trieved moment tensor (for a geometric comparison of
both approaches, see Tape and Tape 2012b).

Since an increasing quantity and quality of seismic
data allow inverting for accurate moment tensors and
interpreting the details of the source process, an efficient
and physically reasonable decomposition of moment ten-
sors is necessary. This has recently motivated several
authors to revisit the existing decompositions (Chapman
and Leaney 2012; Zhu and Ben-Zion 2013) and source-
type plots (Chapman and Leaney 2012; Tape and Tape
2012a, b) and to develop their modifications. In this
paper, I summarize the physical conditions imposed on
the moment tensor decompositions and present new
equivalent formulas for the most common moment tensor
decompositions. I introduce the Hudson skewed diamond
plot in a much simpler way than originally proposed. I
compare several alternative moment tensor decomposi-
tions and source-type plots and discuss their advantages
and drawbacks. I show differences in moment and source
tensors (also called the potency tensors) and point out the
significance of the source tensor decomposition for earth-
quake source interpretations in anisotropic media.

2 Orientation and type of source

The seismic moment tensor M is a symmetric tensor
which can be decomposed using eigenvalues and an
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orthonormal basis of eigenvectors in the following way:

M = Mee; + Mere; + Mjezes, (1)
where
M>M>>M; (2)

and vectors e;, e, and e; define the T (tension), N
(intermediate or neutral) and P (pressure) axes,
respectively.

Using spectral decomposition (1), we separate two
basic properties of the moment tensor: the orientation of
the source defined by three eigenvectors, and the type
and size of the source defined by three eigenvalues.
Since the eigenvalues are independent, the type of the
source can be represented as a point in three-
dimensional (3-D) space (Riedesel and Jordan 1989)

m = Me| + Mye;, + M;es, (3)

where vectors e;, e, and e; define a coordinate sys-
tem in this space. In order to get a unique represen-
tation, the eigenvalues must be ordered according to
Eq. (2). Consequently, the points representing the
source type cannot cover the whole 3-D space but
only its wedge called the ‘source-type space’. The
choice of the coordinate system and the metric of
the source-type space differ for individual moment
tensor decompositions.

3 Standard moment tensor decomposition
3.1 Definition of ISO, DC and CLVD

In this decomposition, moment tensor M is diagonalized
and further restructured to form three basic types of a
source: the isotropic (ISO) and double-couple (DC)
sources, which have a clear physical interpretation (see
Section 3.3), and the compensated linear vector dipole
(CLVD) source, which is needed for the decomposition
to be mathematically complete (Knopoff and Randall
1970; Dziewonski et al. 1981; Sipkin 1986; Jost and
Herrmann 1989; Hudson et al. 1989):

M = Mjso + Mpc + McLvp
= MsoEis0 + MpcEpc + McLvpEcLvp, (4)

where E]SO, EDC and ECLVD are the ISO, DC and CLVD
elementary tensors (also called the base tensors), and
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MISOa MDC and MCLVD are the ISO, DC and CLVD CISO 1 MISO
coordinates in the 3-D source-type space. The elemen- Covp | = i Mcivp |, 9)
tary tensors read: Cpc Mpc
1 0 0 where M reads
Egso= (0 1 0], (5)
0 0 1 M = [Miso| + [McLvp| + Mpc, (10)
1 0 0 and scale factors Cigo, Cpc and Cepyp satisfy the fol-
Epc= |0 0 0|, lowing equation:
0 0 -1
L |Ciso| + |Ccrvp| + Cpe = 1. (11)
(2 0 0
E- _ l 0 -1 0 Equations (6—10) imply that Cpc is always positive
CLVD ™ » 0 0 -1 ’ and in the range from 0 to 1; Ccpyp and Cigo are in the
) range from —1 to 1. Consequently, the decomposition of
1 1 0 0 M can be expressed as:
Eqowp== |0 1 0],
210 0 =2 M = M (CisoEiso + CpcEpc + |Cervp[EcLvp), (12)

where Ecpyp is E¢pyp or Ecpyp depending on whether
My+M3-2M>>0 or M,+M;5—2M,<0, respectively.
Hence, the CLVD tensor is aligned along the axis with
the largest magnitude deviatoric eigenvalue. The base
tensors have ordered eigenvalues according to Eq. (2).
This condition is needed for the base tensors to lie in the
source-type space (i.e. in the space filled by moment
tensors with ordered eigenvalues). The norm of all base
tensors calculated as the largest magnitude eigenvalue
(i.e. the maximum of |M}], i=1,2,3) is equal to 1. This
condition is called the unit ‘spectral norm’ and physi-
cally means that the maximum dipole force of the base
tensors is unity.

Equations (4) and (5) uniquely define values Migo,
Mpc and Mcpyp expressed as follows:

1

MISO:§(M1 + M, + M3), (6)
2
Mcrvp :g(Ml + M3-2M,), (7)
1
Mpc :E(Ml—M3—|M1 +M3—2M2|), (8)

where Mcryp also includes the sign of the elementary
CLVD tensor. If the elementary CLVD tensor is consid-
ered with its sign as in Eq. (4), then Mcpyp should be
calculated as the absolute value of Eq. (7).

In seismological practice, however, we do not evalu-
ate values Miso, Mpc and Mcryp in Egs. (6-8) but
rather scalar seismic moment M and relative scale fac-
tors Ciso, Cpc and Ccpyp defined as:

where M is the norm of M calculated using Eq. (10)
and represents a scalar seismic moment for a general
seismic source. The absolute value of the CLVD term
in Eq. (12) is used because the sign of CLVD is
included in the base tensor Ecryp. Equation (12)
can be used also for composing M from known scale
factors Cigo, Cpc and Ccryp and scalar moment M
(see Appendix A).

Note that Egs. (6-8) look different from those pub-
lished by Jost and Herrmann (1989) but are equivalent.
Also, Hudson et al. (1989) use different formulas and
notation, but the resultant 7k decomposition is the same
as the CLVD-ISO decomposition except for the sign of
the CLVD axis (for details, see Section 6.1).

3.2 Definition of the scalar seismic moment

Although the decomposition into M;go, Mpc and Mcrvp
using base tensors (5) is quite common and is used by
many authors, the definition of scale factors Ciso, Cpc
and Ccpyp in Eq. (9) is more ambiguous because of the
variability of the definitions of scalar seismic moment M.
In the above approach, M is defined by Eq. (10) as the
sum of spectral norms of the individual components of
moment tensor M. The same value of M is produced by
the norm proposed by Bowers and Hudson (1999)

M = |[Misol| + |[Mpev|, (13)

where ||[Mjso|| and ||[Mpgy/|| are the spectral norms of the
isotropic and deviatoric parts of moment tensor M,
respectively.
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Note that the simplest option when M is calculated as
the spectral norm of complete moment tensor M:

M = max(|M,], |M|, [M3]) (14)

cannot be applied in Eq. (9) because it leads to the
violation of Eq. (11) if Cigo and Ccpryp are of
opposite signs. For example, Vavrycuk (2001,
2005) uses the spectral norm of M defined in
Eq. (14) for calculating Cisp, but factors Ccryp
and Cpc must then be scaled by another constant
to satisfy Eq. (11):

~ Miso McLvp CDC:MDC) (15)

M w o M

where

— M M
M:| cLvp| + Mpc

. (16)
1-|Mso / M

If Cigo and Ccryp are of the same signs,
Egs. (15-16) yield the same scale factors Cigo,
Cpc and Ccryp as when applied norms defined in
Eq. (10) or Eq. (13).

Nevertheless, a consistent scaling of the ISO, DC and
CLVD components by the spectral norm of M can still
find applications, for example, when constructing the
Hudson skewed diamond source-type plot (see
Section 6.1).

On the contrary, Silver and Jordan (1982) prefer
defining M in a quite different way—using the Euclid-
ean (Frobenius) norm:

1
M\/z(M§+M§+M§), (17)

where factor 1/2 is used for consistency with the
standard definition of the scalar seismic moment
(Aki and Richards 2002, their Eq. 3.16). For the
pure DC source, norms (10) and (17) yield the
same moment M; hence, they apparently seem to
be equally suitable for being used in the moment
tensor decomposition. However, using the Euclidean
norm for M in the above decomposition is mathe-
matically inconvenient and introduces difficulties
because it is inconsistent with the definition of
the norms of the base tensors (5). A mathemati-
cally consistent decomposition based on exclusive-
ly using the Euclidean norm will be described in
Section 5.2.
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3.3 Physical properties of the decomposition

The decomposition of the moment tensor is performed in
order to physically interpret a set of nine dipole forces
representing a general point seismic source and to easily
identify some basic types of the source in isotropic media:

* The explosion/implosion is an isotropic source, and
thus it is characterized by Ciso==1 and by zero
Ccrvp and Cpc.

» Shear faulting is represented by the double-couple
force and characterized by Cpc=1 and by zero Cigo
and Ccpyp.

* Pure tensile or compressive faulting is free of shear-
ing and thus characterized by zero Cpc. However, the
non-DC components contain both ISO and CLVD.
The ISO and CLVD components are of the same
sign: they are positive for tensile faulting but negative
for compressive faulting (Vavrycuk 2001, 2011).

e The shear-tensile (dislocation) source defined as the
source, which combines both shear and tensile
faulting (Vavrycuk 2001, 2011), is characterized by
non-zero ISO, DC and CLVD components. The
positive values of Cigo and Ccpyp correspond to
tensile mechanisms when the fault is opening during
rupturing. The negative values of Cigo and Ccryp
correspond to compressive mechanisms when the
fault is closing during rupturing. The ratio between
the non-DC and DC components defines the angle
between the slip and the fault.

* Shear faulting on a non-planar fault is characterized
generally by a non-zero Cpc and Ccpyp. The Cigo is
zero because no volumetric changes are associated
with this type of source.

3.4 Graphical representation of the decomposition

The moment tensor decomposition can be displayed and
easily interpreted using a diamond source-type plot
(Fig. 1). The plot shows the position of the source in
the CLVD-ISO coordinate system in which the DC
component is represented by the colour intensity. A
source with pure or predominant shear faulting is locat-
ed at the origin of coordinates or close to it. Explosions
and implosions are located at the top and bottom vertex
of the diamond, respectively. Pure tensile and compres-
sive cracks are plotted at the margins of the diamond.
Points along the CLVD axis correspond to faulting on
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Fig. 1 The diamond CLVD-ISO
plot with the positions of the basic
types of seismic sources. The
arrows indicate the range of the
possible positions of moment
tensors for pure tensile or
compressive cracks

compressive
crack

ISO

explosion

tensile

CLVD

implosion

| | | | '_

0.1

non-planar faults and points in the first and third quad-
rants of the diamond correspond to shear-tensile sources.

For pure tensile and shear-tensile sources, the ISO/
CLVD ratio depends on the elastic properties of the
medium surrounding the source (Vavrycuk 2001,
2011). In isotropic media, this ratio is:

Ciso _3 (V_P>2—1. (18)

Ccivp 4 \vs

Hence, the point representing pure tensile faulting in
Fig. 1 (black dot) can be close to Cjgo=1 (corresponding
to an explosion) for high values of vp/vg but also close to
Ccrvp=1 for low values of vp/vs. The limiting cases are:
vp vp - 2

— > ® and —=—, 19
s Y (19)

describing fluids and the lower limit of stable solids (A=
—2/3 ), respectively. Similar conclusions can be drawn
for pure compressive faulting.

Note that the above-mentioned basic types of sources
cannot be located in the second or fourth quadrants of

02 03 04 05 06 07 08 09 1
DC

the diamond source-type plot. Moment tensors in this
area may indicate errors of the moment tensor inversion
due to noise in data, limited data coverage, an inaccurate
velocity model, a more complicated source model or
faulting in anisotropic media.

As mentioned earlier, in isotropic media, Cigo==1
and Cpc=1 correspond to an explosion/implosion and
to shear faulting, respectively. Their physical meaning is
thus straightforward. However, the moment tensor with
CcLvp==1 does not correspond to any simple physical
seismic source, and the presence of CLVD in moment
tensors often causes confusions and poses questions as
to whether it is necessary to introduce the CLVD. The
decomposition described earlier indicates that the
CLVD component is required to render the decomposi-
tion mathematically complete, and the CLVD cannot
thus be avoided. Although it has no simple physical
meaning itself, it can be interpreted physically in com-
bination with the ISO component as a product of tensile
faulting. In the case of a pure tensile crack, the major
dipole of the CLVD component is aligned with the
normal to the crack surface, and the volume change
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associated with the opening crack is described by the
ISO component. However, in the case of shear-tensile
faulting, the CLVD major dipole need not be normal to
the fault, and also the orientation of DC component is
not simply related to the fault plane.

4 Source tensor decomposition

A simple classification of sources based on the mo-
ment tensor decomposition is possible in isotropic
media only. In anisotropic media, the problem is
more complicated. The moment tensor of an
explosive/implosive source is characterized by
Ciso==1 in isotropic as well as anisotropic media,
but the moment tensor of an earthquake source is
affected not only by the geometry of faulting but also
by the elastic properties of the material in the focal
zone. Depending on these properties, the moment
tensors can take a general form with non-zero ISO,
DC and CLVD components even for simple shear
faulting on a planar fault (Vavrycuk 2005). For this
reason, physical interpretations of earthquake sources
(i.e. shear-tensile dislocation sources) in anisotropic
media should be based on the decomposition of the
source tensor, which is directly related to the geom-
etry of faulting.

The source tensor D of a dislocation source (also
called the potency tensor, see Ben-Zion 2001,
2003; Ampuero and Dahlen 2005) is a symmetric
dyadic tensor defined as (Ben-Zion 2003; Vavrycuk
2005):

uS
Dy = 7 (Skl’ll + Sﬂ’lk), (20)

where unit vectors n and s denote the fault normal and
the direction of the slip vector, respectively, u is the slip
and S is the fault size. In anisotropic media, the relation
between the source and moment tensors reads
(Vavrycuk 2005, his Eq. 4):

M = cijuDy, (21)
and in isotropic media
M = Dby + 21Dy, (22)

where ¢, is the tensor of elastic parameters, and A and
u are the Lamé’s parameters. While the moment and
source tensors diagonalize in anisotropic media in
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different systems of eigenvectors and thus their relation
is complicated, the eigenvectors of the moment and
source tensors are the same in isotropic media and their
decomposition according to the formulas in Section 3.1
yields similar results.

The properties of the moment and source tensor
decompositions for shear and tensile sources in iso-
tropic and anisotropic media are illustrated in Figs. 2
and 3. Figure 2 shows the source-type plots for shear-
tensile sources with a variable slope angle (i.e. the
deviation of the slip vector from the fault, see
VavryCuk 2011) 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/vg ratio (Fig. 2a).
For the source tensors, the line is independent of the
properties of the elastic medium and the Ciso/Ccrvp
ratio is always 1/2 (see Fig. 2b and Appendix B).
This property is preserved even for anisotropic me-
dia. On the contrary, the moment tensors can behave
in a more complicated way in anisotropic media.
Figure 3 shows the ISO and CLVD components of
the moment tensors of shear (Fig. 3a) or shear-tensile
(Fig. 3b) faulting in the Bazhenov shale (Vernik and
Liu 1997). This complicated behaviour prevents a
straightforward interpretation of moment tensors in
terms of the physical faulting parameters. Therefore,
first the source tensors must be calculated from mo-
ment tensors and then interpreted. If the elastic prop-
erties of the medium in the focal zone needed for
calculating the source tensors are not known, they
can be inverted from the non-DC components of the
moment tensors (Vavrycuk 2004, 2011; Vavrycuk
et al. 2008). Note that the retrieved medium parame-
ters do not refer to local material properties of the
fault but to the medium surrounding the fault and
depend on the wavelength of the analysed radiated
waves.

5 Alternative decompositions

Obviously, moment and source tensor decompositions
can be proposed in many alternative ways. They differ
in the definition and scaling of the base tensors. Here we
list several alternative approaches and mention their
pros and cons.
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a) ISO

DC

01 02 03 04 05
Fig. 2 The source-type plots for the moment (a) and source (b)
tensors for shear-tensile faulting in an isotropic medium charac-
terized by various values of the vp/vg ratio (the values are indicated
in the plot). Red dots source tensors, black dots moment tensors.

5.1 A new simplified moment tensor decomposition

The properties of the decomposition described by
Eqgs. (6-10) depend on the scaling of base tensors

a) ISO

CLVD

DC

01 02 03 04 05 O

Fig. 3 The source-type plots for pure shear (a) and shear-tensile
(b) faulting in an anisotropic medium. The black dots in a corre-
spond 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
—90° (pure compressive crack) to 90 ° (pure tensile crack) in steps

06 07 08 09

The dots 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°

which control the fractional amounts of the ISO, DC
and CLVD components present in a general moment
tensor. If the normalization is properly modified, the
final moment decomposition formulas can be

CLVD

.6 07 08 09

of 3°. The red dots in a and b show the corresponding source
tensors. The medium is transversely isotropic with the following
elastic parameters (in 10° kg m! sfz): ¢11=58.81, ¢33=27.23, c44=
13.23, c66=23.54 and c;3=23.64. The medium density is
2,500 kg/m®. The parameters are taken from Vernik and Liu
(1997) and describe the Bazhenov shale (depth of 12.507 ft)
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simplified. For example, if we adopt base tensors as
follows:

1 00
2
E150:§ 0 1 0}, (23)
0 0 1
1 0 0
Epc=1({0 0 0 |,
0 0 -1
2 (2 0 0
EéLVng 0 -1 01,
0 0 -1
2 [1 0 0
EELVD:§ 0 1 0/,
0 0 -2

the relative ISO, DC and CLVD scale factors read

CISO 1 M1 +M2+M3
Ccrvp =5 M + M;=2M, ,(24)
Cpc Ml—M3—|M1 —|—M3—2M2|
where
1
M =S (IMy +M> + Ms| + M1 ~Ms), (25)

and the ISO/CLVD ratio for shear-tensile faulting in
isotropic media reads

Cso 3 <VP>2 1
S . 26
Ccvp 8 \vs 2 (26)

The other properties of the decomposition:
explosion/implosion producing C;so==1, shear faulting
being characterized by Cpc=1, and pure tensile faulting
producing no DC, remain unchanged (see Fig. 4). The
formula for M is identical with Eq. (12,) but the scalar
seismic moment M is now defined by Eq. (25). Note that
if we adopt Eq. (25) as the formula for the tensor norm,
the norms of the base tensors in Eq. (23) are equal to 1
similarly as for the standard moment tensor decomposi-
tion. Also, the scalar seismic moment for the pure DC
source coincides with the standard definition. The dis-
advantage of this decomposition, however, is that the
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magnitude of dipole forces is different for different
elementary source tensors, so that the physical insight
into the decomposition is not as straightforward as for
the standard decomposition.

5.2 Euclidean moment tensor decomposition

The decomposition into the ISO, DC and CLVD com-
ponents can also be performed by normalizing base
tensors Eiso, Epc and Ecpyp using the Euclidean
(Frobenius) norm:

1
IE| = \/ 5 Ewbi =1, (27)

where the summation over repeated indices is ap-
plied. The coefficient 1/2 is used in Eq. (27) to
produce the scalar seismic moment consistent with
the standard definition for the pure DC source. Ac-
cording to Chapman and Leaney (2012), the base
tensors are defined as:

) 511 00
Eigo = 3 0 1 0}, (28)
0 0 1
1 0 0
Epe =0 0 0 |,
0 0 -1
1|t 0 0
Ecivp = —% 2 0],
V3 0 0 1

where the asterisk is used to distinguish between the
base tensors defined in Eq. (28) and in Eq. (5) used in
the standard decomposition. Both sets of base tensors
differ in two basic aspects: in the normalization and in
the definition of the CLVD tensor. The CLVD tensor in
Eq. (28) is rotated to lie along the N axis but not along
the P or T axes as in Eq. (5). The modification of the
CLVD is needed for the base tensors to form an orthog-
onal system:

(El*so)kz (E]*)C)k[ = (El*so)kz (EELVD)H

= (Epc)y (EcLvp) g = 0, (29)
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a)

CLVD

ISO

CLVD

DC

0.1
Fig. 4 The source-type plots for shear-tensile faulting in isotropic
media (a, b) and for pure shear (¢) and shear-tensile (d) faulting in
anisotropic media for the simplified decomposition (see
Section 5.1). The dots in a and b correspond to the shear-tensile
sources with the slope angle ranging from —90° (pure compressive
crack) to 90° (pure tensile crack) in steps of 3°. The black dots in a
correspond to the moment tensors; the red dots in b correspond to

and thus applying the Euclidean norm to be meaningful.
The Euclidean norm produces Miso, M1 vp and Mpe as
follows:

" 1
Mlso:%(Ml-f'Mz + M3), (30)
Meyp = 2\/—(M1 + M3—2M,), (31)
* 1
Mpe == (M—M3). (32)

2

(o)

) ISO

CLVD

CLVD

02 03 04 05 06 07 08 09

the source tensors. The black dots in ¢ correspond to 500 moment
tensors of shear sources with randomly oriented faults and slips.
The black dots in d correspond to the moment tensors of shear-
tensile sources with strike=0°, dip=20° and rake=—90° (normal
faulting). The red dots in ¢ and d show the corresponding source
tensors. The medium in ¢ and d is transversely isotropic (see the
caption of Fig. 3)

. . £
Scalar seismic moment M reads:

2 2 g2
M (M7 +M; + M3)

| =

—_—

M%so + Myp + M)

The scale factors Ciso, Cérvp and Che are
defined as:
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. * * 2

C;so | s1gn(M ISO) (M ISO) ,

cLVD | — 2 sign(M CLVD) (M CLVD) )

Cpe | () (M)’

DC
(34)

in order to satisfy
|Crsol + ‘CZLVD’ +Cpc =1, (35)

similarly as for the standard decomposition (11).

Let us briefly discuss the mathematical and physical
consequences of the decomposition based on using the
Euclidean norm. Despite the attractive mathematical
properties of the Euclidean norm, applying this norm
to the moment tensor decomposition leads to conse-
quences which are rather undesirable and might disqual-
ify this decomposition from being routinely employed
in seismological practice. The reasons are as follows:

1. As mentioned earlier, the major dipole of the CLVD
base tensor lies along the N axis in order to satisfy the
orthogonality condition (29). However, this condition
applies to the full 3-D space but not to the source-type
space. As a consequence, the newly defined CLVD base
tensor does not satisfy the ordering of eigenvalues pre-
scribed by Eq. (2) and does not lie in the source-type
space. If we decompose any general moment tensor
using base tensors Efso, Epc and E¢yp:

M = Mo + Mpc + M yp

= ;SO E;Fso +MI*)C E;)c +MELVD EZLVD? (36)

we find that the last term on the rhs M vp is ‘unstable’
because it lies outside the source-type space. If M¢ryvp
is further decomposed as an individual tensor, its eigen-
values must be reordered according to Eq. (2), and
M¢yp subsequently splits into another non-zero Mpc
and M¢yp. This property violates the basic condition
imposed on the base vectors (tensors) in linear vector
spaces.

2. As a consequence of the previous point, the relative
scale factor C¢pyp can never attain the value of 1 even
for any of the following pure CLVD moment tensors:
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L2 0 0]
My=2 [0 -1 0|, (37)

0 0 -1

L [0 0]

My=— |0 2 0|,

0 0 —1]

L [0 0]

M3:§ O _1 0 5

0 0 2]

because, first, their eigenvalues have to be ordered, and
after that they can be decomposed. Their scale factors
are Cipyp=1/4 and ChH=3/4.

3. The spectral norm (10) used in the standard decom-
position keeps the magnitude of the largest eigenvalue
equal to 1. This physically means that the predominant
linear vector dipoles in all base tensors have the same
magnitude. Hence, the scale factors Ciso, Ccryp and
Cpc measure directly the relative magnitudes of the
dipole forces in the source. For example, if the moment
tensor is composed of the following Mjso and Mpc
tensors:

1 0 0
Miso=|0 1 0] , (38)
0 0 1
1 0 0
Mpc=2[0 0 0|,
0 0 -1

then Cpc is obviously twice larger than Cigo, Cpc=2/3
and Cigo=1/3. However, applying the Euclidean norm
leads to Cp larger than Cisg by a factor of 8/3: Chc=8/
11 and Cgo=3/11. This might complicate a physical
insight into the decomposition.

4. Defining the major dipole of the CLVD along the N
axis causes the moment tensor for pure tensile (or com-
pressive) faulting to contain a non-zero DC component
(see Chapman and Leaney 2012, their Eq. B12a). If the
vplvg ratio is 1.73, the DC percentage is 18 %. This
property is awkward because it violates the basic re-
quirement imposed on moment tensor decompositions
that the presence of shear faulting is measured by the
amount of DC. Consequently, we expect pure tensile
faulting to generate no DC since it is free of shearing.
Obviously, a decomposition which does not respect
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such conditions complicates the physical interpretations
of a seismic source.

5.3 Crack-plus-double-couple model

Minson et al. (2007) analysed non-double-couple mech-
anisms of volcanic earthquakes on Miyakejima, Japan,
and introduced a model which combines shear faulting
with crack opening, calling this model the ‘crack-plus-
double-couple’ (CDC) model. The authors further de-
veloped a non-linear scheme for directly inverting for
the parameters of this source model from seismic obser-
vations. Since the model does not describe all source
types, only two eigenvalues of moment tensor M are
independent. For this reason, the authors do not distin-
guish between ISO and CLVD components and calcu-
late just the percentages of the DC and non-DC compo-
nents using the following formula:

M
€ 100%, (39)

Cnonf = o, s
P Mo+ Mc

where M, and M are the scalar moments of the shear
and tensile cracks defined as

1 0 O
Mpc =Mo|0 0 0 |, (40)
0 0 -1
1 0 0
Mrack = M ¢ 0 1 /\_;92# ;
0
A

where A and p are the Lamé coefficients of the medium
in the focal zone.

If we compare the CDC model with the other previ-
ously developed models, we find that the CDC model is,
in fact, similar with the tectonic model of Dufumier and
Rivera (1997) or with the shear-tensile model of
Vavry¢uk (2001, 2011). Hence, the CDC, tectonic and
shear-tensile models can all be treated in a standard way
using the decomposition of the moment and source
tensors into the ISO, DC and CLVD components as
described in Sections 3 and 4. The standard decompo-
sition has particularly two basic advantages compared to
the CDC model. Firstly, it is not necessary to assume a
priori that the source is described by the shear-tensile
model. This type of a source is recognized by the linear
dependence between the ISO and CLVD scale factors

when analysing moment tensors of the shear-tensile
sources in the same (isotropic) focal area. Secondly,
the CDC decomposition cannot be applied without
knowledge of the vp/vg ratio (or equivalently of the
Poison ratio) in the focal area. The standard decompo-
sition does not require knowing this value. It is even
possible to determine this value from the ISO/CLVD
ratio (see Eq. (18)).

However, the idea of inverting for the parameters of
the shear-tensile source model directly from seismic
observations in order to stabilize the inversion is original
and valuable since it was applied later also by other
authors (Vavrycuk 2011; Stierle et al. 2014a, b).

5.4 Other decompositions

When seismologists started to analyse general moment
tensors, many alternative approaches of decomposing
the moment tensors into ‘elementary’ force systems
were proposed. Ambiguities mostly appeared in
decomposing the deviatoric part of the moment tensor.
It was decomposed, for example, into three DCs, into
major and minor DC, into two DCs with the same Taxes
or into the DC and variously oriented CLVDs (for a
review, see Julian et al. 1998). Over time, these decom-
positions were mostly abandoned because they proved
unsuitable for mathematical or physical reasons. Let us
summarize a few of the main reasons:

1. The source-type space is a wedge in full 3-D space.
Therefore, decomposing the moment tensor into ISO
and three DCs is an unnecessary overparameterization
with no clear advantage.

2. Except for the moment tensor decompositions de-
scribed in Sections 3.1 and 5.1, no other approach offers
decomposing the moment tensors into elementary force
systems which all lie in the source-type space. If any of
the elementary force systems is outside the source-type
space, the decomposition introduces mathematical dif-
ficulties because these force systems cannot be consid-
ered as the base vectors in this space. This means that
the individual components of the moment tensor violate
the ordering condition (2), and when further analysed,
they split into other components. Mathematically, this
means that the decomposition is not a linear transforma-
tion within the source-type space.

3. The decompositions fail to be sufficiently general for
physical interpretations. For example, the decomposi-
tion of the deviatoric part of the moment tensor into a
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major DC and some minor residual component is justi-
fied and appropriate if the analysed moment tensor
describes shear faulting on a planar fault in isotropic
media. The major DC would correspond to the true
shear faulting, and the residual component would rep-
resent errors due to the inversion or due to data limita-
tions. However, if the source represents shear-tensile
faulting or pure tensile faulting, this decomposition is
not helping in the interpretations because it cannot be
used for identifying this type of a source. This applies
also to the other mentioned decompositions.

6 Alternative source-type plots

All moment tensors fill a source-type space which is a
wedge in the full 3-D space. The magnitude of the
vector in this space is the scalar moment, and its direc-
tion defines the type of the source. In order to identify
the type of the source visually, it is convenient to plot all
unit vectors of the source-type space in a 2-D figure
using some projection. We distinguish three basic kinds
of the source-type plots depending on the norm applied
to the source-type space (see Fig. 5):

1. Diamond CLVD-ISO plot. If the norm is defined as
the sum of the spectral norms of the individual tensor
components using Eq. (10), we map points which cover
partly the surface of two pyramids with a common
hexagonal base (see Section 3.4).

2. Hudson’s skewed diamond plot. If the spectral norm
(Eq. 14) is used, we map points which cover partly the
surface of a cube (see Section 6.1).

3. Riedesel-Jordan lune plot. If the Euclidean norm
(Eq. 17) is used, we map points which cover partly the
surface of a sphere (see Section 6.2).

If we assume a random distribution of moment ten-
sors in the source-type space, the three above-mentioned
surfaces of unit distance are covered by the moment
tensors uniformly. The projections of these surfaces into
2-D plots are chosen to conserve this property.

6.1 Hudson’s skewed diamond plot
Hudson et al. (1989) introduced two source-type plots: a

diamond 7+ plot and a skewed diamond u—v plot. The
7k plot is the diamond CLVD-ISO plot described in
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Section 3.4 but with the opposite direction of the CLVD
axis. The skewed diamond plot is introduced in order to
conserve the uniform probability of moment tensor ei-
genvalues normalized by spectral norm (14). If we as-
sume that the eigenvalues can attain values between —1
and +1 and satisfy the ordering condition (2), all points
then fill a volume forming a wedge inside a cube (see
Tape and Tape 2012b, their Fig. 5). The unit vectors fill
two half-faces on this cube (see Fig. 6a, b). In the upper
half-face (yellow colour), the normalized eigenvalue M
equals 1, while in the lower half-face (red colour), the
normalized eigenvalue M3 equals —1. The dashed line
in Fig. 6b shows the deviatoric sources:

M, + M, +M; =0. (41)

The two half-faces in Fig. 6b are further skewed, the
dashed line defining deviatoric sources (axis #) and the
dotted line connecting the explosive and implosive
sources (axis v) to be mutually perpendicular and of unit
length. The moment tensor with eigenvalues M;, M, and
Mj is projected into the u—v plot using the following
simple equations:

uz-%(ﬂlﬁ-ﬁ_ls—m_h), (42)

1

VZE(A_ﬁ + M, +J\_/I3>,
where

. M,
" max(|M ], [Ma], [M5])’

i=1,2,3. (43)

Equation (42) is similar to Egs. (6—7) for the standard
decomposition into the CLVD and ISO except for scal-
ing. It is emphasized that the eigenvalues in Eq. (42) are
normalized to their maximum absolute magnitude, hence
M, =1 for the upper half-face (in yellow colour) and
M; = —1 for the lower half-face (in red colour). Equa-
tion (42) ensures that the skewed diamond u—v plot
satisfies the requirement of the uniform probability dis-
tribution function (PDF) for sources with random eigen-
values because the coordinates u and v depend linearly on
M, Ms and M. Note that in contrast to Hudson’s
original derivation which is rather complicated and treats
the individual quadrants of the plot separately, the pre-
sented formula is simple and valid for all quadrants.

Figure 7 shows the mapping of a regular grid in Cigo
and Ccpyp calculated using Egs. (6-10) into the
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a)

Fig.5 Surfaces of unit vectors in the source-type space. The norm
of moment tensor is defined as: a the sum of spectral norms of the
base tensors (see Eq. (10)), b the spectral norm of moment tensor

diamond 7k plot and into the skewed diamond u—v plot.
Figure 7a proves that the 7k plot is the CLVD-ISO plot
with the reversed CLVD axis. Figure 7b shows that the
CLVD-ISO grid is deformed in the first and third

M (see Eq. (14)), and ¢ the Euclidean norm of moment tensor M
(see Eq. (17)). The colours are used for improving the 3-D visu-
alization and have no physical meaning

quadrants of the u—v plot. This is the reason why the
sources satisfying the spectral norm (14) display a uni-
form PDF in Fig. 7d but a non-uniform PDF in Fig. 7c.
In contrast, the sources satisfying the norm defined by
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[1,1,

[1,-1,-1] [1,1,-1]

[-1,-1,-1]

[-4/3, -1/3]

v

[0,1]

[0,-1]

Fig. 6 A geometric interpretation of the Hudson’s skewed dia-
mond source-type plot. a The cube representing the volume of the
moment tensor eigenvalues. b Half-faces corresponding to M;=1
(in yellow colour) and M;=—1 (in red colour). ¢ The skewed

Eq. (10) display a uniform PDF in Fig. 7¢ but a non-
uniform PDF in Fig. 7f. Hence, the norms must be
applied consistently when generating and decomposing
the moment tensors as well as when plotting the source

types.
6.2 Riedesel-Jordan lune plot

A different approach is suggested by Riedesel and
Jordan (1989) who introduced a compact plot displaying
both the orientation and type of source on the focal
sphere. The moment tensor is represented by a vector
of the eigenvalues of M in a coordinate system formed
by the eigenvectors of M (P, T'and N axes):
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[1,1,1]

1]

[-1,-1,-1]

[4/3,1/3]

diamond u—v plot. The dashed line defines the positions of the
deviatoric sources; the dotted line is the ISO axis. The arrows in b
and ¢ show the orientation of axes of the individual eigenvalues

m =M e, + Mye, + M;es. (44)

The vector is normalized using the Euclidean norm
and thus projected on a part of the sphere called the
‘lune’ (Tape and Tape 2012a) which covers one sixth of
the whole sphere (see Fig. 5¢). This surface is projected
using a lower-hemisphere equal-area projection into a 2-
D plot (see Fig. 8a). However, as pointed out by Chap-
man and Leaney (2012), this representation is not opti-
mum for several reasons. Firstly, vectors characterizing
positive and negative isotropic sources (explosion and
implosion) are physically quite different, but they are
displayed in the same area on the focal sphere in this
projection. Secondly, the analysis of uncertainties of a
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ISO

a)

Fig. 7 The Hudson’s diamond 7 plot (a, ¢, ) and the skewed
diamond u—v plot (b, d, f). The CLVD  means the reversed CLVD
axis. The dots in a and b show a regular grid in Cso and Ccryp
from —1 to 1 with step of 0.1. The dots in ¢ and d show 3,000
sources with randomly generated moment tensors satisfying the
spectral norm (14). The dots in e and f show 3,000 sources with

moment tensor solution by plotting a cluster of vectors
m includes both effects—uncertainties in the orientation
as well as in the source type. This is fine if the moment
tensor is non-degenerate. However, difficulties arise
when the moment tensor is degenerate or nearly

b) ISO

randomly generated moment tensors satisfying the norm (10).
Plots d and e indicate that the distribution of sources is uniform
if the moment tensors are generated and decomposed using the
same norm. On the contrary, if the norms are mixed, the distribu-
tion of sources is non-uniform (see plots ¢ and f)

degenerate because small perturbations cause significant
changes of eigenvectors.

The mentioned difficulties can be avoided by fixing
the coordinate system. If we fix the coordinate axes in
the form:
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. ( 111 )T

3 = \/§ ) \/6 ) \/Z )
in the north-east-down coordinate system, we obtain the
plot (Fig. 8b) suggested by Chapman and Leaney (2012)
which resembles the CLVD-ISO diamond source-type plot

(Fig. 1) but adapted to a spherical metric. The basic source
types are characterized by the following unit vectors:

a)

N x

deviatoric
solutions

Fig. 8 The Riedesel-Jordan source-type plot. a The original
compact plot proposed by Riedesel and Jordan (1989) displaying
both the orientation of the moment tensor eigenvectors (P, Tand N
axes), basic source types (ISO, CLVD, DC) and the position of the
studied moment tensor (red dot). b—d A modified Riedesel-Jordan
plot proposed by Chapman and Leaney (2012). The dashed area
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eIso :%(el +e+e3)=(1,0,0), (46)
€pc = %(61_83) = (0707 I)Tv (47)

2/1 1
€cLVD = \/;<5e1_e2 +§e3> = (0, I,O)Ta (48)

b) )

in b shows the area of admissible positions of sources. The dots in
¢ show a regular grid in Cigo and Ccryp from —1 to 1 with step of
0.1. The dots in d show 3,000 sources defined by the moment
tensors with randomly generated eigenvalues normalized by the
Euclidean norm of M. Plot d indicates that the distribution of
sources is uniform



J Seismol (2015) 19:231-252

247

T
- 2(1 1 1 V3
€cLvp = \/%(561 +§e2—e3) = (07_ 77) :

(50)

0o

The basic properties of this projection are exempli-
fied in Fig. 8c, d: Fig. 8c shows the mapping of a regular
grid in Cigo and Ccryp calculated using Egs. (6-10),
and Fig. 8d indicates that the PDF of sources with
eigenvalues M;, M, and M5 randomly distributed over
the lune is uniform. Obviously, if the moment tensors
are normalized using other than the Euclidean norm, the
PDF of sources in the Riedesel-Jordan plot will be non-
uniform, for example, when points uniformly distribut-
ed on the cube are projected on the sphere.

As discussed in Section 5.2, the coordinate sys-
tem in the decomposition with the Euclidean norm
meets difficulties. The ISO and DC axes lie in the

Fig. 9 Distribution of random sources in four different source-
type plots. a The diamond CLVD-ISO plot using the standard
decomposition (see Section 3.1), b the diamond CLVD-ISO plot
using the simplified decomposition (see Section 5.1), ¢ the
Hudson’s skewed diamond plot (see Section 6.1), and d the

source-type space, but the CLVD axis (with the
CLVD’s major dipole oriented along the N axis) lies
outside this space. As a consequence, the CLVD
does not lie in the source-type plot and the CLVD
scale factor can never attain a value of +1 but only
of £1/4 at the most. Another difficulty with this
decomposition mentioned in Section 5.2 is that the
tensile crack is characterized by a non-zero DC
component.

The above-mentioned problems with the CLVD
scaling can be removed if the CLVD axis in the
Riedesel-Jordan plot is rescaled by the multiplication
factor of 4. Consequently, base tensors E¢yp or Ecryp
defined in Eq. (5) will attain values of Ccpyp==1,
similarly as in the standard decomposition. In addition,
it might appear to be more practical to stretch the
CLVD axis and to transform the lune plot into a
circular plot.

Riedesel-Jordan plot (see Section 6.2). The dots show 3,000
sources defined by the moment tensors with randomly generated
components in the interval from —1 to 1. The distribution of
sources is non-uniform for all source-type plots

@ Springer



248

J Seismol (2015) 19:231-252

6.3 Analysis of moment tensor uncertainties using
source-type plots

Source-type plots are often used for assessing uncer-
tainties of the ISO, DC and CLVD components of
moment tensors. In this section, we compare several
source-type plots and discuss how the errors are
projected into them.

The idea behind using the source-type plots for
assessing errors is simple. The moment tensor is not
plotted just as one point corresponding to an optimum
solution but as a cluster of acceptable solutions. The size
of the cluster measures uncertainties of the solution.
Obviously, this approach is reasonable if the same size
of a cluster corresponds to the same uncertainties inde-
pendently of the position of the cluster in the source-
type plot. Most seismologists assume that this property
is uniquely satisfied in the skewed diamond plot because

a)

ISO

CLVD

C) IS0

Fig. 10 Distribution of pure DC sources contaminated by random
noise in four different source-type plots. a The diamond CLVD-—
ISO plot using the standard decomposition, b the diamond CLVD—
ISO plot using the simplified decomposition, ¢ the Hudson’s
skewed diamond plot, and d the Riedesel-Jordan plot. The dots
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randomly generated eigenvalues cover uniformly this
plot (Fig. 7d). However, this is not quite true for two
reasons. Firstly, if the appropriate norm of eigenvalues is
applied, the other source-type plots also display a uni-
form PDF for randomly generated cigenvalues (see
Sections 6.1 and 6.2). Secondly, when the uncertainties
of the individual moment tensor components are
analysed, the moment tensor is not in the diagonal form.
After diagonalizing the moment tensor, the errors are
projected into the errors of eigenvalues in a rather com-
plicated way. This is demonstrated in Fig. 9, which
shows sources with moment tensors having all six inde-
pendent components randomly distributed with a uni-
form probability in the interval from —1 to 1. The figure
indicates that some source types are quite rare, in par-
ticular, sources with high explosive or implosive com-
ponents. This observation is common for all source-type
plots and confirms the well-known fact that the

b)

ISO

CLVD

d) IS0

show 1,000 DC sources defined by the elementary tensor Epc (see
Eq. 4) and contaminated by noise with a uniform distribution
between —0.25 and 0.25. The noise is superimposed to all tensor
components



J Seismol (2015) 19:231-252

249

distribution of eigenvalues for random matrices is not
uniform (Mehta 2004).

More realistic sources are modelled in Figs. 10 and
11: the pure DC and ISO sources defined by tensors Epc
and Eigo using Eq. (5) are contaminated by random
noise with a uniform distribution in the interval from
—0.25 to 0.25. The noise is superimposed to all six
tensor components, and 1,000 random moment tensors
are generated. As expected, the randomly generated
moment tensors form clusters, but their shape is differ-
ent for different projections, and their size depends also
on the type of source. For the DC source (Fig. 10), the
maximum PDF is in the centre of the cluster which
coincides with the position of the uncontaminated
source. In the diamond CLVD-ISO plot (Fig. 10a) and
Hudson’s skewed diamond plot (Fig. 10c), the cluster is
asymmetric, being stretched along the CLVD axis. A
more symmetric cluster is produced in the diamond
CLVD-ISO plot (Fig. 10b) when the simplified decom-
position is applied (see Section 5.1) and in the Riedesel—
Jordan plot (Fig. 10d). However, the symmetry of the

a)

ISO

CLVD

C) )

cluster is apparent in the Riedesel-Jordan plot because
the CLVD and ISO axes are of different lengths. A
significantly higher scatter of the CLVD components
compared to the ISO components in the moment tensor
inversions has been observed and discussed also in
Vavrycuk (2011). For the pure ISO source (Fig. 11),
the clusters are smaller than for the DC source, and the
maximum PDF is outside the position of the uncontam-
inated source. This means that the ISO percentage is
systematically underestimated due to the errors of the
inversion for highly explosive or implosive sources.
This is interesting and should be taken into account
when interpreting real observations.

Finally, we conclude that the comparison of various
source-type plots did not prove a clear preference for the
Hudson skewed diamond plot or for any other plot in
error interpretations. A uniform probability of moment
eigenvalues in the source-type plots does not provide
any specific advantage in the error analysis. Moment
tensors displaying the same uncertainties can project
into clusters of a different size.

O
N

CLVD

DC

Fig. 11 The same as Fig. 10 but for the pure ISO source contaminated by random noise

@ Springer



250

J Seismol (2015) 19:231-252

7 Discussion

The standard decomposition into ISO, DC and CLVD
components described in Section 3 and its modification
proposed in Section 5.1 are the only decompositions
which define the base vectors (tensors) within the source-
type space. This property implies that the individual parts
of the decomposed moment tensor are uniquely defined
and can exist as individual source types. Consequently,
the base vectors are mapped inside the source-type plot.
Since the source-type space is a wedge in 3-D space, the
base vectors of the source-type space cannot form an
orthogonal basis.

The base vectors of other decompositions such as the
decomposition into the ISO and three DCs, the ISO and
the major and minor DCs or the ISO and two DCs with
the same 7 axes do not form a vector basis inside the
source-type space. This is somewhat inconvenient be-
cause some of the decomposed parts of the moment
tensors are not defined in the source-type space and thus
cannot exist independently as individual types of source.
This also applies to the approach of Chapman and
Leaney (2012), who proposed the ISO, DC and CLVD
decomposition using the Euclidean norm and the CLVD
with the major dipole oriented along the N axis. As a
consequence, relative scale factor C¢pyp can never
attain the value of £1 for any moment tensor but only
+1/4. This decomposition has also some other unde-
sirable properties, for example, pure tensile faulting in
isotropic media yields a non-zero DC component. This
is against physical intuition since the DC is usually
considered to be a measure of the amount of shear
faulting in seismic sources.

In analysing the general moment tensors, we face
the following key problems: how to define the scalar
seismic moment and what is the most appropriate
norm of the moment tensor in the moment tensor
decompositions. The standard decomposition de-
fines the scalar moment as the sum of spectral norms
of the individual moment tensor components. In
principle, the scalar moment could be defined also
as the spectral norm of complete moment tensor M.
However, this definition introduces difficulties in the
moment tensor decomposition because it can pro-
duce the sum of the ISO, DC and CLVD relative
scale factors higher than 1 (provided the ISO and
CLVD parts are of opposite signs). Another possi-
bility is using the Euclidean norm for defining the
scalar moment and consequently for decomposing
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the moment tensors. However, applying the Euclid-
ean norm is also tricky. This norm is appropriate for
orthogonal spaces, for example, when working in
the 6-D space of full moment tensors. But the
source-type space of ordered eigenvalues of moment
tensors is a wedge of the full 3-D space, and thus it
is not orthogonal.

Different approaches to the moment tensor decom-
position project into constructing various source-type
plots used in interpretations. We show that the Hudson
skewed diamond plot can be introduced in a much
simpler way than originally proposed by Hudson et al.
(1989). The plot can readily be constructed using the
ISO and CLVD components scaled to the spectral norm
of moment tensor M. The plot conserves the uniform
distribution probability of moment eigenvalues, but the
analysis indicates that it does not provide any essential
advantage for error interpretations. Interestingly, also
other source-type plots such as the diamond plot or the
Riedesel-Jordan lune plot conserve the uniform distri-
bution probability of moment eigenvalues if the appro-
priate norm is adopted. But again, this provides no clear
benefit in the error analysis because the errors of the
eigenvectors and eigenvalues of the moment tensors
cannot be easily separated. Hence, the source-type plots
should be viewed as a rather simple tool for visualizing
the basic classification of sources. A detailed and accu-
rate analysis of seismic sources should always be per-
formed using the complete moment tensors. For these
reasons, the most straightforward and comprehensible
approach for the first source-type interpretations is prob-
ably the simple diamond CLVD-ISO plot.

Acknowledgments I wish to thank Jan Sileny and an anony-
mous reviewer for their detailed and constructive comments which
helped to improve the paper significantly. The study was support-
ed by the Grant Agency of the Czech Republic, Grant No.
P210/12/1491.

Appendix A. Calculation of moment tensor M
from the scalar moment M and the ISO, DC
and CLVD scale factors

The eigenvalues of moment tensor M are calculated
from scale factors Ciso, Cpc, Cervp and scalar seismic
moment M defined in Egs. (6-10) using the following
simple formulas:
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for C, >0 1
cvb Dpc = (Dy=Ds=|Dy + Ds=2D3))
M = M(Ciso + Cpc + Ccrvp), |
1 zzuS(l—|n-S|)7 (BS)
My =M -
2 <C1so 2 CCLVD> ; (A1)
1 1
Mz =M CISO_CDC_ECCLVD , D= 5 (|ID1so| + [Dervp| + Doc)
1
and for CCLVD <0 = Eus(l + |Il'S|)7 (B6)
Mi=M (CISO + CDC—% CCLVD> , so the scale factors Cigo, Cpc and Cepyp read
CISO 2n-s
1 A2 1
My=M <CISO_§ CCLVD>7 (42) Cevp | = 30+ ns]) 4n-s . (B7)
Cpc 3(1-|n-s|)

M3 = M(Ciso—Cpc + Ccrvp)-

Appendix B. The ISO, DC and CLVD decomposition
of the source tensor

Source tensor D of the shear-tensile model

S
D:%(ns+sn)

uS 2n151 nisy +nosy  n1s3 + n3sy
=— | n1Sy +nysy 2178 nys3 + n3sy
ni1s3 +n3sy NSy + n3sy 2n3s3
(B1)

has the following diagonal form (see Vavrycuk 2005, his
Appendix B):

s+1 0 0
' S n-s +
degz% o 0 o0 |, (B2)
0 0 ns—1

where n-s is the scalar product of two unit vectors n
and s. Vector n is the fault normal, and s is the
direction of the slip vector. The maximum eigenvalue
Dy =% (n-s+1) is positive or zero, the minimum
eigenvalue D3 =% (n-s—1) is negative or zero.
Using Eqgs. (6—10) we obtain

1

1
Diso = E(Dl + D, +D3) = gMS(lPS)7 (B3)

2 2
DCLVD = g (Dl + D3—2D2) = guS(n-s), (B4)

It follows from Egs. (B3-B4) that the ISO/CLVD
ratio is 1/2 independently of the slope angle «, calculat-
ed as sina=n-s (see Vavrycuk 2011).
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