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Abstract. In the last three or four years moment tensors
have been obtained for most earthquake sources with seis-
mic moments M,>102* dyne - cm. Fault-plane solutions
are published by NEIS for earthquakes with M,>6.0. In
some cases the orientation of the best-fitting double couple
of the moment tensor differs from that of the fault-plane
solution. Using Euklid’s norm of a matrix, the differences
of the two source orientations are quantified as a distance
parameter D.

120 earthquakes (January 1981-March 1983) are se-
lected for a systematic study comparing the best-fitting dou-
ble couple from the moment tensor inversion and the ordi-
nary fault-plane solution. The assumption that the differ-
ences in source orientation increase with an increase of the
non-double-couple contribution to the source is not valid
for the 120 events. 11.5% of the events have small devia-
tions from the double couple and large differences between
the orientations from fault-plane solutions and moment
tensors, while the 2.5% of the events with large deviations
from the double couple show small differences in the source
orientations derived by the two methods. None of the events
has large deviations from the double couple and large differ-
ences between the orientations. Results are discussed with
respect to source properties.

Key words: Moment tensor — Fault-plane solution — Non-
double-couple contribution

Introduction

For more than two decades the fault-plane solution based
on first P-wave motions has been the most important tech-
nique to derive focal mechanisms of earthquakes. The dou-
ble-couple model, a principal requirement for this tech-
nique, proved to be acceptable for most of the observations.
Hundreds of earthquake mechanisms have been studied in
this way (e.g. Anderson et al., 1974; Banghar and Sykes,
1969; Forsyth, 1972; Ichikawa, 1971; Isacks et al., 1969,
1981; Johnson and Molnar, 1972; Katsumara and Sykes,
1969; Molnar, 1973; Molnar and Sykes, 1969; Ritsema,
1964, 1965, 1966; Stauder, 1968, 1975; Stauder and Boll-
inger, 1966; Sykes, 1967). These investigations supplied fun-
damental arguments for the new global tectonic model.

In the early 1970s more general formulations of seismic
source mechanisms were obtained. Gilbert (1970) intro-
duced the concept of the moment tensor, which depends
on strength and orientation of the seismic source. It con-
tains all information about the seismic source which can
be obtained from far-field observations (Aki and Richards,

1980). Gilbert (1970) demonstrated the linear relation be-
tween moment tensors and seismograms. If the transfer
function of the elastic medium is known, it is possible to
invert source parameters from seismograms. Gilbert and
Dziewonski (1975) were the first to calculate moment ten-
sors of two deep South American earthquakes. In the fol-
lowing years the technique of inversion itself became the
main point of interest. Mendiguren (1976), McCowman
(1976), Aki and Patton (1978) and Kanamori and Given
(1981) used surface-wave data: the technique was applied
to body waves by Ward (1980), Strelitz (1980) and Langston
(1981).

Routine determinations of moment tensors (Sipkin,
1982) and Centroid-Moment Tensors (CMT) (Dziewonski
et al.,, 1981) were the first steps to utilize the advantages
of inversion techniques for the study of global tectonics.
The work of Dziewonski and Woodhouse (1983), Giardini
and Woodhouse (1984) and Giardini (1983) proved the ap-
plicability of the CMT concept in order to study seismic
sources.

However, the question arises as to what the relations
between results of the inversion techniques and fault-plane
solutions are and whether the differences between both
kinds of source description can be interpreted. An answer
to this question may help to elucidate the rupture process
of special events and to find out whether the moment tensor
concept can fully replace the fault-plane solution technique.
The purpose of this study is a systematic comparison be-
tween published CMTs and fault-plane solutions for the
time interval January 1981-March 1983.

Differences in source orientations

In a number of recent publications, moment tensors and
fault-plane solutions of special events have been compared.
Dziewonski and Woodhouse (1983) calculated the CMT
of 201 earthquakes in 1981. One of the earthquakes dis-
cussed in detail was the event of May 25, 1981, off the
west coast of the South Island of New Zealand with the
seismic moment M,=2.7 x 102° dyne cm. The fault-plane
solution, on the basis of first P-wave motions, is reported
by NEIS as a reverse fault. The best-fitting double couple
of the CMT is of strike-slip type. If the N31°E-striking
and 66°SE-dipping plane of the CMT solution is assumed
to be the fault plane, the right-lateral motion agrees well
with the expected relative motion between the Pacific and
Indian plates.

Choy et al. (1983) analysed teleseismic data of the Janu-
ary 9, 1982, New Brunswick event. The multichannel signal
enhancement method and the multichannel vector deconvo-



lution method were applied. The differences for strike and
slip are 14° and 21°, respectively. The dip angles of the
fault planes are identical. The preferred fault-plane solution
has nearly the same dip and slip angles of the fault plane
compared to the results of inversion but deviates by 31°
and 45° in the direction of strike.

Barker and Langston (1983) compared fault-plane solu-
tions and moment tensors of Mammoth Lake, California,
earthquakes. They found first-motion readings of teleseis-
mic recordings to be inconsistent with mechanisms deter-
mined from local and regional P-wave first motions. Never-
theless, the inversion of only a few teleseismic body waves
gave radiation patterns of moment tensors which are consis-
tent with most of the first P-wave motions in all distances.

The validity of the double-couple model (DC), i.e. the
pure shear dislocation with a constant slip direction on
a plane discontinuity, is a basic requirement of the fault-
plane solution technique. This precondition is not funda-
mental to the calculation of moment tensors. The only con-
dition in the CMT calculation that is usually assumed is
a vanishing isotropic component:

trM]=0

where M is the moment tensor. The source is not con-
strained to be a double couple (Dziewonski et al., 1981).
Therefore, the intermediate eigenvalue E, of the three eigen-
values E,, E,, E; does not need to equal zero, as required
for the plane shear models.

The ratio of the intermediate eigenvalue E, and the larg-
est eigenvalue

le|=— L2
Max (| E,|, | E:)

is a quantitative measure for the non-double-couple contri-
bution to the total moment tensor. The absolute value of
¢ is 0 for plane shear and 0.5 for the largest possible devia-
tion from a double couple. The latter case is interpreted
by Knopoff and Randall (1970) as corresponding to a linear
vector dipole or equivalently — following Gilbert (1970) —
as the special case of equal minor and major double couples
into which the tensor is decomposed.

Dziewonski and Woodhouse (1983) found |¢|-values
ranging from 0 to 0.35 for shallow sources (£#<50 km),
0<1/e|£0.4 for intermediate depth (50 km< /<300 km)
and 0=<|¢|<0.3 for deep events (A>300 km). The range
of |e|-values reveals that about 20% of the events have
significant non-double-couple contributions with |¢|>0.2.
For those earthquakes with large non-double-couple contri-
butions, the validity of the plane shear model has to be
questioned and it may be supposed that these deviations
from the DC source give different orientations of the fault
planes from fault-plane solutions and from the moment
tensor calculation, respectively.

Distance parameter

For a systematic comparison of fault-plane solutions and
moment tensors, the differences between the two source
orientations must be quantified. Therefore, Euklid’s norm
of a matrix A is introduced as a measure of distance. The
norm is defined as the square root of the trace of the matrix
product of AT and A, where AT is the transpose of A:

||A]|=(er[AT-AD*2.
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The normalized matrix A, is defined as:
A

Al

The distance parameter for two solutions, which are repre-
sented by matrices A and B, containing the six independent
elements of the moment tensor is:

D(A, B)=||A,—B,||
where
0<D<Z2.

If two solutions for instance have the same strike and dip
angles of the fault plane and differ by 90° in the value
of the slip angle, the distance parameter is D=1. Reverse
sense of motion, which is equivalent to a 180° difference
in slip angle, results in the maximum distance parameter
D,..,=2. For the latter case, the directions of the principal
axes P and T, corresponding to the smallest and largest
eigenvalue, respectively, are exchanged.

Comparison of orientations

The Centroid-Moment Tensors of Dziewonski and Wood-
house (1983) and Dziewonski et al. (1983 a, b) represent a
large data base of homogeneous inversion results for world-
wide seismicity. Nearly 600 CMTs of earthquakes (January
1981-March 1983) have been computed from body- and
mantle-wave data of the Global Digital Seismograph Net-
work (GDSN). For comparison, fault-plane solutions are
taken from the monthly listings of NEIS. The lower magni-
tude bound for routine fault-plane solutions is M,=6.0.
Among these data, 120 earthquakes are used in this com-
parison. Date, origin time (NEIS), depth of the centroid
source in kilometres and the scalar seismic moment in dyne-
cm are listed in Table 1 together with the quantities D and
lel.
The distance parameter D has been calculated between the
moment tensor corresponding to the douple-couple orienta-
tion of the fault-plane solution and the moment tensor of
the best-fitting double couple of the Centroid-Moment Ten-
sor. The six independent values of the moment tensor corre-
sponding to the fault-plane solution were determined from
the angles of orientation of the source, ¢, J, 4 (Aki and
Richards, 1980), where ¢, 6 and A are strike, dip and slip
angle, respectively. Figure 1 shows the relation between D
and ||, where |¢| is calculated from CMT eigenvalues.
Only four events have distance parameters D>1.0.
These are indicated by small arrows identified with the
event number. The P- and T-axes of events Nos. 3 and
4 (both January 23, 1981) are exchanged with respect to
those of the moment tensor: the distance parameters reach
nearly the maximum value (D> 1.9). By a classification of
|e] and D values, Fig. 1 is divided into six ranges denoted
by i—vi. The non-double-couple contribution is divided into
three classes:

low |g]: 0.0 <Z|e|<0.17
intermediate |g]: 0.17=|¢|<0.33
high |e|]: 0.33=|¢]|

and the distance parameter is divided into two classes:

low D: 0.0 £D <0.5
high D: 0.5 =D.
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Table 1. Distance parameters D between the fault-plane solution (NEIS) and the best double couple of Centroid Moment Tensors
(Dziewonski et al., 1981) are listed for 120 earthquakes from January 1981 to March 1983. In addition, the non-double-couple contribution
of the CMT, depth and seismic moment are given

No. Date Time h M, exp D le] Region
(h min s) (km) (dyne-cm)
1 18 01 81 1817 24 20 3.69 26 0.07 0.06 Honshu
2 19 01 81 151101 10 1.17 26 0.48 0.19 Iran
3 2301 81 2113 51 15 0.99 26 1.94 0.01 Sichuan
4 2301 81 2154 42 10 2.98 26 1.92 0.14 Atl. Indian Ridge
5 2402 81 20 53 38 20 1.29 26 0.08 0.04 Greece
6 04 03 81 21 58 06 29 3.48 25 0.10 0.24 Greece
7 06 03 81 19 42 59 24 1.18 26 0.62 0.02 Central Am.
8 24 04 81 21 50 06 44 2.25 26 0.13 0.04 Vanuatu Island
9 2704 81 1817 34 10 7.53 25 0.08 0.07 Maquarie Island
10 2505 81 052514 20 2.70 27 0.46 0.10 South Island N.Z.
11 03 06 81 054244 10 8.07 25 0.07 0.06 South Atlantic Ridge
12 06 07 81 0308 24 58 2.59 27 0.29 0.25 Loyalty Island
13 07 07 81 2110 57 10 2.46 26 0.29 0.02 Mid Atlantic Ridge
14 1507 81 07 59 08 30 5.76 26 0.15 0.04 Vanuatu
15 28 07 81 172224 20 6.68 26 0.95 0.21 Iran
16 01 09 81 09 29 31 20 1.94 27 0.64 0.06 Samoa Island
17 03 09 81 053544 36 7.54 25 0.56 0.01 Kuril Island
18 17 09 81 08 23 24 30 1.64 26 0.17 0.14 Loyalty Island
19 16 10 81 032542 40 511 26 0.33 0.09 Chile
20 2510 81 032215 32 7.00 26 0.00 0.07 Mexico
21 03 11 81 1347 34 10 5.15 25 0.14 0.00 Oregon
22 06 11 81 16 47 49 15 0.91 26 0.52 0.20 Papua
23 07 11 81 0329 51 66 3.26 26 0.32 0.21 Chile
24 22 11 81 150520 29 5.27 25 0.02 0.03 Cuzon
25 1212 81 04 52 37 15 4.49 25 0.58 0.03 Ryukyu Island
26 19 12 81 1410 50 22 2.41 26 0.00 0.06 Aegean Sea
27 2412 81 04 3320 19 2.11 26 0.05 0.02 Kermadec
28 26 12 81 1705 32 30 4.57 26 0.01 0.08 Kermadec
29 2712 81 1739 13 22 3.34 25 0.07 0.12 Aegean Sea
30 0101 82 18 51 01 37 9.00 25 0.17 0.02 Bonin Island
31 0301 82 14 09 50 10 4.76 26 0.27 0.01 Mid Atlantic Ridge
32 0701 82 08 42 50 15 7.93 24 0.90 0.25 Gilbert Island
33 09 01 82 12 53 51 10 1.94 24 0.99 0.18 Brunswick
34 1101 82 06 10 06 17 4.96 26 0.02 0.01 Philippine Island
35 18 01 82 192724 9 9.38 25 0.13 0.10 Aegean Sea
36 2401 82 06 08 56 19 1.05 26 0.05 0.04 Philippine Island
37 20 02 82 1326 50 10 1.92 26 1.00 0.20 Santa Cruz
38 2002 82 19 18 20 30 6.06 25 0.25 0.38 Honshu
39 1103 82 103227 36 7.43 25 0.47 0.27 Sumbawa Island
40 2103 82 023207 37 2.64 26 0.58 0.07 Hokaido
41 06 04 82 19 56 53 43 1.44 26 0.13 0.14 Mexico
42 02 05 82 1119 38 20 4.52 25 0.02 0.00 Kermadec
43 310582 1021 15 19 7.15 25 0.10 0.06 Komandorsky
44 310582 1518 55 23 5.86 25 0.03 0.02 W. Caroline Island
45 02 06 82 1237 34 11 3.95 25 0.95 0.07 Tonga
46 07 06 82 06 52 37 11 2.90 26 0.21 0.01 Mexico
47 07 06 82 10 59 40 19 2.66 26 0.17 0.01 Mexico
48 19 06 82 06 21 58 52 1.05 27 0.47 0.07 El Salvador
49 22 06 82 04 18 40 473 1.77 27 0.05 0.07 Banda Sea
50 30 06 82 01 57 34 21 4.45 26 0.16 0.12 Kuril Island
51 04 07 82 01 20 06 552 1.25 26 0.20 0.17 Ryukyu Island
52 07 07 82 1043 03 10 4.60 26 0.06 0.25 Maquarie Island
53 2307 82 1423 53 27 3.92 26 0.03 0.00 Honshu
54 03 08 82 06 04 39 17 6.15 24 0.11 0.16 Mariana
55 0508 82 2032 52 24 3.20 26 0.01 0.02 Santa Cruz
56 07 08 82 20 56 22 18 5.57 25 0.21 0.15 Bali
57 12 08 82 02 13 08 33 6.02 25 0.08 0.06 New Ireland
58 14 08 82 14 27 40 114 1.40 25 0.33 0.08 Papua
59 17 08 82 222224 23 3.98 25 0.17 0.04 Mediterranean Sea
60 19 08 82 1559 01 25 1.19 26 0.32 0.04 Panama
61 2208 82 03 42 36 56 3.05 24 0.07 0.02 Vanuatu Island
62 2308 82 16 40 19 10 2.25 24 0.57 0.16 Honshu
63 26 08 82 052259 92 1.13 25 0.01 0.03 Equador

64 0309 82 01 3200 10 1.56 25 0.00 0:05 Kuril Island



Table 1 (continued)

115

No. Date Time h M, exp D el Region
(h min s) (km) (dyne-cm)
65 03 09 82 233939 10 5.50 25 0.07 0.09 Tonga
66 04 09 82 133114 10 1.45 25 0.04 0.09 Fiji Island
67 06 09 82 01 4702 156 2.02 26 0.54 0.20 Honshu
68 1509 82 202255 167 3.28 25 0.60 0.24 Peru
69 17 09 82 132824 561 1.73 25 0.09 0.05 Fiji Island
70 28 09 82 1514 36 42 4.93 25 1.22 0.27 Fiji Island
! 0510 82 09 14 32 10 8.71 24 0.56 0.12 Vanuatu Island
72 0510 82 213912 10 2.78 24 0.97 0.06 South Atlantic Ridge
73 07 10 82 07 15 56 521 1.33 26 0.09 0.06 Banda Sea
74 1111 82 0043 45 29 2.59 25 0.09 0.30 Sumatera
75 14 11 82 08 29 20 110 2.60 24 0.02 0.00 Kamchatka
76 16 11 82 172553 10 1.45 25 0.34 0.10 Vanuatu Island
77 18 11 82 14 57 52 190 8.19 25 0.25 0.04 Ecuador
78 19 11 82 042713 10 1.06 26 0.28 0.01 Peru
79 031282 222959 229 6.13 25 0.24 0.04 Vanuatu Island
80 051282 0548 25 65 4.02 24 0.29 0.18 Solomon Island
81 1312 82 09 12 48 10 2.52 25 0.32 0.10 W. Arab. Penin.
82 16 12 82 00 40 48 33 6.11 25 0.25 0.06 Hindukush
83 171282 024303 94 6.34 25 0.11 0.05 Taiwan
84 1912 82 17 43 54 29 1.98 27 0.16 0.06 Tonga Island
85 2012 82 02 58 10 10 3.28 25 0.19 0.12 Tonga Island
86 28 12 82 06 37 42 22 2.09 25 0.01 0.10 Honshu
87 28 12 82 1349 29 25 1.57 25 0.06 0.03 Philippine Island
88 010183 0531 56 172 3.16 25 0.08 0.00 Peru
89 08 01 83 112129 53 3.00 25 0.13 0.08 Tonga
90 10 01 83 123221 565 4.78 24 0.13 0.24 Sant. Estero
91 16 01 83 221012 230 8.26 25 0.04 0.04 Papua
92 1701 83 12 41 29 10 2.35 26 0.06 0.15 Greece
93 18 01 83 152336 28 5.08 25 0.72 0.24 Sandwich Island
94 24 01 83 08 17 39 36 2.06 26 0.52 0.14 Mexico
95 24 01 83 16 34 08 32 8.52 24 0.44 0.24 N. Atlantic Ocean
96 2401 83 2309 21 73 1.71 26 0.23 0.42 Andaman Island
97 26 01 83 16 02 21 224 3.66 26 0.14 0.39 Kermadec
98 310183 2117 31 10 1.89 24 1.16 0.03 Gilbert Island
99 070283 182317 52 1.62 25 0.08 0.05 Kermadec
100 1202 83 084713 23 3.19 25 0.17 0.12 Philippine Island
101 14 02 83 0023 19 35 1.30 25 0.03 0.13 Caroline Island
102 14 02 83 0320 04 19 7.12 25 0.04 0.07 Alaska
103 14 02 83 08 10 04 40 1.00 25 0.11 0.16 Alaska
104 1902 83 2014 23 566 1.11 25 0.10 0.30 Philippine Island
105 20 02 83 10 49 54 39 3.7 25 0.12 0.12 Philippine Island
106 250283 22 03 56 217 3.56 24 0.03 0.06 Papua
107 26 02 83 07 10 59 45 3.62 25 0.04 0.01 Kuril Island
108 2702 83 1214 21 73 1.52 25 0.04 0.06 Honshu
109 28 02 83 05 44 24 28 1.52 25 0.02 0.14 Kuril Island
110 08 03 83 17 06 37 85 8.38 24 0.01 0.05 Windward Island
111 1003 83 0027 48 37 1.23 25 0.02 0.12 Kuril Island
112 1103 83 031042 58 4.83 24 0.22 0.10 Papua
113 1203 83 00 53 40 11 1.51 25 0.03 0.23 Banda Sea
114 1203 83 01 36 36 16 9.25 25 0.32 0.09 Banda Sea
115 1503 83 19 58 30 21 6.58 25 0.06 0.10 Philippine Island
116 18 03 83 09 05 50 70 4.63 27 0.13 0.11 New Ireland
117 2003 83 134549 65 4.13 25 0.50 0.08 New Ireland
118 2103 83 07 44 18 52 1.18 26 0.01 0.05 Tonga
119 2303 83 06 09 29 49 4.46 25 0.05 0.18 Solomon Island
120 2303 83 235107 33 2.23 25 0.10 0.14 Greece
The percentages of events in the ranges are: 78% of the events (range i and iv) are well explained by
range i (low D, low |e|) 66.6% the double-couple model, while 2.5% show large non-dou-
range ii (low D, intermediate |¢|) 11.5% ble-couple contributions. Intermediate |¢|-values are found
range iii (low D, high |¢g]) 2.5% for 19% (range ii and v). 11.5% (range iv) of the events
range iv (high D, low |g]) 11.5% show large differences in the source orientations derived
range v (high D, intermediate |¢]|) 7.4% by the two methods, though the non-double-couple contri-
range vi (high D, high |¢|) 0.0%. butions is small. A striking feature of Fig. 1 is the emptyness
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Fig. 1. The distance parameters between fault-plane solutions, FPS
(NEIS), and the best-fitting double couple of Centroid Moment
Tensors, CMT (Dziewonski et al., 1981), of 120 earthquakes are
shown as a function of the non-double-couple contribution of the
CMTs. The arrows at the top indicate those events with D>1.0.
The numbers are those of Table 1

of range vi, i.e. no event with large |¢| and large D is found
among the 120 earthquakes. Nevertheless, 2.5% have small
distance parameters and large non-double-couple contribu-
tions (range iif). In Figs. 2 and 3 the distance parameters
are plotted versus the logarithm of the scalar seismic mo-
ment, M, in dyne-cm, and versus depth of the centroid.
The large scatter of distance parameters in the four orders
of magnitude of M, give no indication for any dependence
of D on the strength of the earthquake. From Fig. 3 it
may be suggested that the averaged values of D decrease
with increasing depth. This speculation can only be verified
after more data of intermediate and deep earthquakes are
incorporated.

Discussion and conclusions

The fault-plane solution technique and the Centroid-Mo-
ment Tensor determination use different spatio-temporal
dimensions of the seismic source. The fault-plane solution
technique uses the direction of the very first P-wave motion
from the vertical component. The first-motion readings
contain only information about the situation at rupture
initiation, whereas the inversion of entire waveform for the
optimum point source, like the Centroid-Moment Tensor,
is an average over the whole spatio-temporal dimension
of the source. If, for example, the earthquake is divided
into two or more successive subevents, the ordinary fault-
plane solution will only represent the orientation of the
first subevent. The moment tensor is a mean solution for

98 70 3 4
10— $ é
° o °
°
0,81
°
°
5 ] °
g 06 . °° °
« ° ° °
: oo
8 o °® ° o
s °
2 044
o
a
8 [} oo ) e
° ° °
°
ge °
0.2- ° ° o
8o o oo . .
° a°° o0 o ° ° °
°© o o %
° ® % 9% & °
o o ° [} &® ° ]
. ’a owm °p
0-0 T o|ﬂ o0 T lo n? a T T
24 25 26 27 28
Log Mg

Fig. 2. The distance parameters between fault-plane solutions and
the best-fitting double couple of Centroid Moment Tensors are
plotted as a function of the logarithm of the scalar seismic moment.
M, is taken in dyne cm. The notation is the same as in Fig. 1

all events if the inversion process is not constrained to form
two or more events. Therefore, in a seismotectonic interpre-
tation of source orientations, the influence of the method
used must be kept in mind.

The 19% of events in ranges iv and v show that large
distance parameters exist in spite of small or intermediate
non-double-couple contributions. This may be an indica-
tion for a change of fault-plane geometry or slip direction
after the initiation of rupture. The 11.5% in range iv show
that the large distance parameters can not be attributed
to the deviation from the plane shear mechanism. The
events Nos. 38, 96 and 97 in range iii represent the case
that the orientation of the fault-plane solution fits quite
well with the orientation derived from the moment tensor,
though the large |e|-value indicates striking differences to
the simple plane shear model. If the large |e|-values are
no effect of the procedure, for example due to lateral-inho-
mogenities in the source region, a multiple rupture process
on one or more focal planes with stable orientation may
cause this effect.

Although the inversion of moment tensors is a very
powerful and objective tool in the determination of source
parameters, it cannot replace the fault-plane solution com-
pletely. In the case of a complicated and multiple rupture
process, fault-plane solution and, in addition, master event
techniques and forward modelling of waveforms (Bruestle,
1985) have to be applied for a detailed analysis of the source
mechanism.

The distance parameter D proved to be a good measure
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the best double couple of Centroid Moment Tensors are shown
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for a comparison of source orientations of earthquakes ob-
tained by different methods. In this study results of two
methods applied to one earthquake have been examined.
The distance parameter may also be used for other pur-
poses. For example, applied to a cluster analysis it can
help to discriminate between earthquake mechanisms of dif-
ferent types and to test whether an event belongs to a cer-
tain group of source mechanisms or not.
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