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Abstract There has been considerable discussion as to how to assess when non-double-couple (NDC)
components of seismicmoment tensors represent real sourceprocesses. Weexplore this questionby compar-
ing moment tensors (MTs) of earthquakes in three global catalogs, which use different inversion procedures.
Their NDC components are onlyweakly correlated between catalogs, suggesting that they are largely artifacts
of the inversion. Amonotonic decrease in theNDC components’ standard deviationwithmagnitude indicates
increased reliabilityof theNDCcomponents for largerearthquakes. Thestandarddeviationbegins todecrease
for large NDC components exceeding 60 %, suggesting that they represent real source processes. Randomly
generatedNDC componentswith the samemean and standard deviation as in theMT catalogs only reproduce
some of this decrease. Thus NDC components of large earthquakes and NDC components that exceed 60 %
are likely to represent real source processes.

1 Introduction
Moment tensors provide a general description of seis-
mic sources which may include components that dif-
fer from slip on planar faults, represented by double-
couple (DC) force systems. Non-double-couple (NDC)
components include isotropic components and com-
pensated linear vector dipoles (CLVDs). CLVD compo-
nents describe three force dipoles with one twice the
magnitude of the others, yielding no volume change.
Following the deployment of large digital seismic net-
works and the automatic derivation of moment tensors
(MTs) after an earthquake, it was observed that many
MTs had NDC components (Frohlich, 1994) whose ge-
ologic meaning has been debated (Sipkin, 1986; Miller
et al., 1998).
Vavryčuk (2001, 2011) showed that the ratio of

isotropic and CLVD components arising during the in-
version depends on the ratio of the seismic velocities
of P and S waves at the source. Thus, constraining
the isotropic component also reduces the appearance of
spurious CLVD components.
Additionally, the isotropic components of earth-

quake MTs are generally small (Kawakatsu, 1991; Okal
et al., 2018). Therefore, catalogs usually constrain the
isotropic component during the inversion to be zero
and report only deviatoric MTs (Dziewonski andWood-
house, 1983; Ekström et al., 2012). Because CLVD com-
ponents are the only possible NDC components in devi-
atoric MT catalogs, we use the terms interchangeably.
Some earthquakes in specific geologic environments,

notably volcanic ones, have NDC components that have
been interpreted to represent real source processes
(Kanamori and Given, 1982; Ross et al., 1996; Nettles
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and Ekström, 1998; Shuler et al., 2013a,b; Gudmunds-
son et al., 2016; Sandanbata et al., 2021; Rodríguez-
Cardozo et al., 2021). Other NDC components reflect
near-simultaneous rupture on nearby faults with differ-
ent geometry (Hayes et al., 2010; Hamling et al., 2017;
Scognamiglio et al., 2018; Yang et al., 2021; Ruhl et al.,
2021) or a rupture with changes in geometry (Wald and
Heaton, 1994; Cohee andBeroza, 1994; Pang et al., 2020).
However, NDC components can also be artifacts of the
MT inversion without geologic meaning (Ammon et al.,
1994; Chapman, 2013).
Determining the origin of NDC components of earth-

quakes reportedbyMTinversionswithout additional in-
formation about the geologic setting of the earthquake
is challenging. Rösler and Stein (2022) examined a large
moment tensor dataset to assess how NDC components
vary between earthquakes. Their general consistency
with magnitude and faulting type and hence geologic
environment suggests that most NDC components are
artifacts of the inversion procedures used in compiling
different catalogs.
However, several studies argue that there exists a

threshold above which NDC components represent real
source processes. Vavryčuk’s 2002 study of M < 3
events in Bohemia placed this threshold between 20 %
and 40 %. Stierle et al.’s 2014 analysis of M < 4.1 after-
shocks of the 1999 Izmit earthquake found that spuri-
ousNDC components can reach 15 %, andAdamová and
Šílený’s 2010 modeling study determined that spurious
components can exceed 20 %. In this study, we consider
earthquakes worldwide with 4.4 ≤ Mw ≤ 8.6 and use
the differences between NDC components in different
catalogs to assess their reliability and thus the issue of
a possible threshold to derive criteria for the distinction
between artifacts of the inversion and real source pro-
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cesses.

2 Methodology
The Global CMT (GCMT) Project (Ekström et al., 2012),
German Research Centre for Geosciences (GFZ), and
U.S. Geological Survey (USGS, Hayes et al., 2009) cata-
logs report deviatoric moment tensors for a global dis-
tribution of earthquakes. We compile a dataset of 5000
earthquakes common to all three catalogs from July
2011 to December 2021 (Fig. 1), and identify MTs de-
scribing the same event by similar source times (±60 s),
locations (difference less than 1◦), and magnitudes
(Mw ± 0.5). We use the USGS catalog’s definition of the
scalar moment as the Euclidean norm of the moment
tensor (Silver and Jordan, 1982)

(1)M0 =

√√√√1
2

3∑
i=1

3∑
j=i

M2
ij ,

where Mij represent the six independent moment ten-
sor components. This definition is equivalent to using
the square root of the sums of the squares of the eigen-
values of the deviatoric moment tensor, λ′

i. This def-
inition differs from that in the GCMT catalog, which
uses the scalar moment of the best-fitting DC. From the
scalar moment, we calculate the earthquake’s moment
magnitude following Kanamori (1977) as

(2)Mw = 2
3 (log10 M0 − 9.1) ,

where M0 is in N · m.

Figure 1 Location and focal mechanisms of the 5000
earthquakes used in this study. The earthquakes occurred
betweenJuly 2011andDecember2021. Shownare the focal
mechanisms in the Global CMT Project catalog.

For each earthquake, theNDCcomponent in each cat-
alog is obtained as the ratio of the absolutely smallest
and absolutely largest eigenvalues of the MT (Giardini,
1984),

(3)ε = λ′
3

max(|λ′
1|, |λ′

2|) ,

where λ′
1 > λ′

3 > λ′
2 (Hudson et al., 1989). The NDC

component is usually reported in moment tensor cat-
alogs as 2ε with values from −100 % to 100 % (Jost and
Herrmann, 1989). The mean NDC component for an
earthquake is calculated as the mean of the NDC com-
ponents in the three catalogs

(4)ε = 1
3

3∑
i=1

εi ,

where the index i represents the three different cata-
logs. The NDC’s standard deviation is

(5)σ2ε =

√√√√4
3

3∑
i=1

(εi − ε)2
.

To classify earthquakes by faulting type, we calcu-
late the plunge of the P-, N- (also called B-), and T-axes
from the eigenvectors of themoment tensors (Frohlich,
1992). An earthquake is considered a normal faulting
earthquake if the plunge of its P-axis satisfies sin2 δP ≥
2/3 (δP ≥ 54.75◦), strike-slip if its N-axis plunge ex-
ceeds 54.75◦, and a thrust fault if its T-axis plunge ex-
ceeds 54.75◦ (Saloor and Okal, 2018). If the plunge of
none of the axes exceeds the threshold, we consider an
earthquake to have oblique faulting.

3 Results

The NDC components in our dataset 2|ε| have a sim-
ilar distribution with magnitude in all three catalogs
(Fig. 2). The decrease with magnitude has been ob-
served by Rösler and Stein (2022), who, using a large
dataset compiled frommultiple global and regional MT
catalogs, found an average NDC component of 23.2 %
that varies only slightly with magnitude.
However, the values of the NDC components 2ε for

earthquakes in the three catalogs are only weakly cor-
related between catalogs (Fig. 3), consistent with find-
ings by Frohlich and Davis (1999). The correlation coef-
ficients vary between 0.49 for the NDC components re-
ported in the GMCT and USGS catalogs, and 0.39 for the
GFZ and USGS catalogs. Hence the standard deviation
of the NDC components for each earthquake in the cat-
alogs is a measure of the NDC component’s consistency
and can be used to assess the reliability of its determi-
nation. Fig. 4a shows that the standard deviation among
the three catalogs σ2ε decreases significantly with the
magnitude of an earthquake, suggesting a more consis-
tent determination ofNDCcomponents for larger earth-
quakes.
Rösler et al. (2021) found that the source processes of

large earthquakes are more reliably determined, which
is consistent with our dataset. Because the size of the
NDC components varies only slightly for earthquakes of
different magnitudes (Fig. 2), the decrease in their stan-
dard deviation cannot be due to their size, and we at-
tribute it to the magnitude of the earthquakes. Thus,
NDC components of large earthquakes are more reli-
ably determined than the ones of small earthquakes,
possibly due to moment tensor inversions for larger
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Figure 2 Distribution of NDC components with magnitude in the three MT catalogs. Also shown are the mean NDC com-
ponent and the 95 % confidence intervals, calculated as twice the standard deviation of the mean. The distribution in all
catalogs is similar, with NDC components decreasing with magnitude.

Figure 3 Correlation of NDC components between each two of the three catalogs. Despite slight variations, the correlation
between NDC components in different catalogs is weak, hinting at large uncertainties in their determination.

earthquakes being carried out using longer period seis-
mic waves for which the velocity models agree bet-
ter than for the shorter period seismic waves used for
smaller earthquakes.
Similarly, Fig. 4b shows a decrease of the standard

deviation for NDC components larger than 60 %. This
observation may support the existence of a threshold
above which NDC components represent real source
processes. However, a complexity arises for large NDC
components because, by definition, these cannot ex-
ceed 100 %. When the mean of the NDC components
from the three catalogs is large in absolute value, the in-
dividual measurements tend to be closer than average.
An extreme example illustrates this effect: If the NDC
component has an average (among the three catalogs)
of 99 %, the largest variation that could occur among the
three individual values is for 100 %, 100 %, and 97 %, and
for these values the standard deviation is below 1.75 %.
A related phenomenon is found in the binomial distri-
bution in statistics, where the standard deviation de-
creases as the probability parameter increases beyond
50 %.

To explore the possible impact of this ceiling effect,
we conducted a simulation in which we randomly gen-
erated NDC components with the same mean as the
observed triple from the three catalogs and the same
standard deviation as the entire dataset. To do this, we
first generated three sets of 5000 random values x, y,
and z independently from a Gaussian distribution with
zero mean and the standard deviation as in our dataset
(σ = 13.3 %). We then set Xi = εi + axi − byi − bzi,
Yi = εi − bxi + ayi − bzi, and Zi = εi − bxi − byi + azi for
all i = 1, 2, . . . , 5000 with a = (2/3)1/2, b = (1/6)1/2, and
εi being themean NDC component for each earthquake
among the three catalogs. The resulting X, Y , and Z
each havemean εi, standard deviation σ, and equal cor-
relations so that the variance of their sum equals zero,
i.e., V (X +Y +Z) = 0. The triples provide a set of three
catalogs whose NDC components have the same mean
and standard deviation as the observed datasets.
Fig. 5a shows that the standard deviation σ2ε of these

randomly generated NDC components does not vary
with the size of the NDC components. However, this
dataset contains values for which individual NDC com-
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Figure 4 Standard deviation amongNDC components in different catalogswith a)magnitude of the earthquake and b) size
of the NDC component, and 95 % confidence intervals for mean standard deviations. The standard deviation, a measure of
their reproducibility, decreases significantly with magnitude, suggesting more reliable determination of NDC components
for large earthquakes. The standard deviation decreases similarly for the largest NDC components.

ponents exceed 2|ε|> 100 %, which violates the defini-
tion of NDC components. Recall that the NDC com-
ponent depends on the size of the absolutely smallest
eigenvalue λ′

3. If λ′
3 becomes larger in absolute value

than one of the other eigenvalues λ′
1 or λ′

2 where 2|ε|>
100 %, the eigenvalues switch order and the NDC com-
ponent decreases in size and approaches a DC source
again.

Discarding earthquakes for which individual NDC
components Xi, Yi, or Zi exceed the ceiling of 100 %
truncates the random dataset to values which are phys-
ically possible. Because individual NDC components
of 2|ε|> 100 % are more likely for large mean NDC
components, the bin of largest NDC components with
2|ε|> 80 % is expected to be the most affected by this
truncation. Fig. 5b shows that this process eliminates
the triples of randomNDC components with the largest
standard deviation, leading to a decrease in standard
deviation for the bin of largest NDC components while
leaving other bins practically unchanged. This decrease
is similar to that in the observed dataset (Fig. 4b). Re-
peating this experiment 10 000 times results in an av-
erage decrease in standard deviation of 3.3 % for this
bin (Fig. 5c), which is smaller than in the observed
dataset. Instead of discarding earthquakes with NDC
components larger than 100 %, it is also possible to in-
clude themwith smallerNDC components in this exper-
iment. This can be done in different ways: if we limit
the largest NDC components to 100 %, we increase the
smallest NDC component by the same amount bywhich
the largestNDCcomponent exceeded 100 %, to preserve
the mean of each triple. Repeating this experiment
10 000 times results in an average decrease in standard
deviation of 2.0 % in the largest size bin after modifica-
tionof theNDCcomponents exceeding 100 %. Reducing
the largest NDC components to values below 100 % by
an amount corresponding to which those NDC compo-
nents exceeded 100 % is equivalent to a decrease inNDC
components when the smallest eigenvalue λ′

3 continues
to increase and switches order with another eigenvalue.
To preserve themean of each triple of NDC components

in this case, we increase the smallest NDC component
by twice the amount by which the largest NDC compo-
nent exceeded 100 %. Repeating this experiment 10 000
times results in a decrease in standard deviation of 3.1 %
for the bin of largest NDC components, comparable in
size to discarding tripleswhere individual values exceed
values allowed by their definition, which resulted in a
decrease of 3.3 % in standard deviation. The standard
deviation can be minimized when also modifying the
intermediate NDC component: Assuming |Xi|≥ |Yi|≥
|Zi|, we calculate d = sgn(Xi)(|Xi|−100 %) and replace
Xi by Xi − 2d, Yi by Yi + gd, and Zi by Zi + (2 − g)d,
where g = 1 − (Yi − Zi)/(2d). If the new value of Yi

exceeds 100 %, we reduce it to 100 % and increaseXi ac-
cordingly. In this case, the standard deviation decreases
by 4.0 % after 10 000 repetitions in the largest NDC com-
ponents bin.
Therefore, this ceiling effect produces a distribution

of standard deviation σ2ε with size of the NDC com-
ponent similar to that in the MT catalogs, but with
a smaller decrease in the bin of largest NDC compo-
nents. The observed dataset shows a standard devi-
ation of 6.0 % for NDC components larger than 80 %,
7.3 % smaller than the standard deviation for the com-
plete dataset of 13.3 %. Moreover, the ceiling effect does
not reproduce the observed decrease in standard de-
viation for the bin of second largest NDC components
between 60 % and 80 %, where the random NDC com-
ponents only show an insignificant change. We hence
conclude that the largest NDC components are, on aver-
age, more reliably determined. However, the threshold
above which NDC components can be considered reli-
able, based on the significant decrease in standard devi-
ation among NDC components in different catalogs lies
at around 60 %. This value ismuch larger than proposed
in earlier studies.
Rösler and Stein (2022) noticed small differences in

the size of NDC components of earthquakes with dif-
ferent faulting types. Consistent with their observa-
tion, thrust-faulting earthquakes have the smallest NDC
components on average of all different faulting types
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Figure 5 a) Standard deviation of randomly generated NDC components from a Gaussian distribution with the samemean
and standard deviation as the MTs in our dataset. The standard deviation is constant over the range of sizes of NDC compo-
nents. b) Some randomly generated NDC components exceed 100 % (marked in red). Discarding these values decreases the
standard deviation for the largest NDC component bin (2|ε|> 80 %). c) Repeating this experiment 10 000 times yields a 3.3 %
average decrease, smaller than for the observed NDC components.

in our dataset (Fig. 6a). Their standard deviation σ2ε

between catalogs varies as well, with that for thrust-
faulting earthquakes being the smallest (Fig. 6b). This
is expected because the standard deviation of a Gaus-
sian distribution with zero mean determines the mean
of the absolute values. Therefore, it is unsurprising that
the standard deviation of the different faulting types σ2ε

reflects the average size of NDC components 2|ε|, which
suggests that the reliability between NDC components
does not vary between faulting types.

Figure 6 a) Mean NDC components of earthquakes with
different faulting types in the three catalogs and theirmean
for each faulting type. The 95 % confidence interval is too
small to be shown in the plot. b) Standard deviation of NDC
components between catalogs for earthquakes with differ-
ent faulting types. The standard deviation reflects the aver-
age size of theNDC components because the standard devi-
ation of a Gaussian distribution with zeromean determines
themean of the absolute values. Therefore, the variation in
standard deviation between faulting types does not reflect
varying reliability.

4 Discussion and Conclusions

The moment tensors in global MT catalogs result from
different inversion procedures. These procedures may
vary in the stations used for the inversion, the indi-
vidual weights given to the stations, the frequency of
seismic waves analyzed, the processing of waveforms,
and the inversion algorithm. Although the inversion re-
sults are also influenced by the Earth models used for
the generation of Green’s functions, the moment ten-
sors in the three catalogs in this study were all calcu-
lated using Earth model PREM. The standard deviation
between the NDC components in different catalogs is
therefore a measure of their consistency and thus, pre-
sumably, their reliability. In this study, we use a dataset
of 5000 MTs of earthquakes common to the catalogs of
the Global CMTProject, the GFZ, and the USGS to assess
the reliability of their NDC components.
The standard deviation of observedNDC components

decreases for NDC components that are larger than
60 %. Generating random NDC components with the
same mean and standard deviation as the observed
dataset shows that the decrease in standard deviation
for the largest NDC components can be only partially
explained by the constraint that NDC components must
satisfy 2|ε|< 100 % rather than a higher reliability of
large NDC components. We therefore conclude that the
largestNDCcomponents are generallymore reliably de-
termined, and the threshold above which NDC compo-
nents in global MT catalogs likely represent real source
processes is about three times larger the observed av-
erage of NDC components of around 20 %. Hence our
sense is that an NDC component greater than 60 % is
likely to reflect a real source process, although different
moment tensor inversions may yield different results.
Smaller NDC components are likely to be artifacts, and
thus need further investigation before they can be con-
sidered real source processes.
The standard deviation between NDC components

in different catalogs decreases monotonically with the
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Figure 7 a) Standard deviation of the randomly generated NDC components in Fig. 3 with magnitude. The standard devia-
tion is constant over allmagnitudes. b) Discarding values forwhich individual NDC components exceed 2|ε|> 100 % does not
have influenceon the standarddeviation inanymagnitudebin. c) Repeating this experiment10 000 times shows thatdeleting
large NDC components does not affect the standard deviation in the largest magnitude bin. Therefore, randomly generated
NDC components cannot reproduce the observed decrease in standard deviation for the largest earthquakes, which suggests
an increased reliability of NDC components for large earthquakes.

magnitude of an earthquake (Fig. 4a). Figs 7a and 7b
show that the randomly generated NDC components
exceeding 100 % are distributed arbitrarily among the
magnitude bins. They are most likely to fall into the
magnitude bins with the most earthquakes and hence
the smallest magnitude bins. In contrast to the distri-
bution with size, the distribution of random NDC com-
ponents with magnitude does not create a ceiling ef-
fect. Additionally, large earthquakes have, on average,
smaller NDC components (Fig. 2). As a consequence,
the largest magnitude bin is, in most cases, unaffected
byNDCcomponents exceeding a size of 100 % anddelet-
ing them from the dataset or modifying them has no in-
fluence on the standard deviation in anymagnitude bin.
Repeating the experiment 10 000 times shows no differ-
ence in standard deviation in the largestmagnitude bin.
Therefore, in the absence of ceiling constraints, the ob-
served decrease in standard deviation for NDC compo-
nents of large earthquakes reflects the magnitude of an
earthquake. As a consequence, the better agreement
between catalogs suggests a higher reliability of NDC
components of large earthquakes.
The variation of the NDC’s standard deviation be-

tween faulting types does not reflect a variation in reli-
ability, and is a consequence of the varying size of NDC
components between faulting types. Therefore, only
the variation of NDC componentswith earthquakemag-
nitude and size appears to indicate at a variation in reli-
ability of the NDC component.
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