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Abstract

Non-double-couple (NDC) components of seismic moment tensors (MTs) may indicate complex
source processes differing from slip on a fault for earthquakes in specific geologic environments,
reflect the combined effect of double-couple sources on multiple faults with different geometries,
or be artifacts of the MT inversion without geologic meaning. Hence there has been considerable
discussion in the literature as to how to assess when NDC components are real rather than arti-
facts. Several authors have proposed varying thresholds above which NDC components are likely
to be real. We explore this question using a much larger global dataset and earthquake magnitude
range by comparing the moment tensors of earthquakes in three global catalogs, which use dif-
ferent inversion procedures. The NDC components of MTs for 5000 earthquakes with

4.4=sMw=8.6 common to the catalogs of the Global CMT Project, German Research Centre for

Geosciences (GFZ), and U.S. Geological Survey (USGS) are only weakly correlated between
catalogs, suggesting that they are largely artifacts of the inversion. A monotonic decrease in the
NDC component’s standard deviation with magnitude indicates increased reliability of the NDC
components for larger earthquakes. The standard deviation with size of the NDC components
begins to decrease for NDC components exceeding 60%, suggesting that the threshold for NDC
components representing real source processes is much larger than previously proposed. This
decrease appears to be partially a consequence of the definition of the NDC components: Ran-
domly generated NDC components with the same mean and standard deviation as in the three
MT catalogs show that large NDC components are more likely to exceed values that are excluded
by their definition. The remaining NDC components have a smaller standard deviation, reproduc-
ing the decrease in standard deviation in the three MT catalogs for the largest NDC components.
However, this decrease is smaller than that observed. Thus NDC components of large earth-
quakes and NDC components that exceed 60% are likely to represent real source processes. The
variation of standard deviation between earthquakes with different faulting types is a consequence
of the variation of the size of the NDC components between faulting types.
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Introduction

Moment tensors provide a general description of seismic sources which may include components
that differ from slip on planar faults. Following the deployment of large digital seismic networks
and the automatic derivation of moment tensors (MTs) after an earthquake, it was observed that
many MTs had non-double-couple (NDC) components (Frohlich, 1994) whose geologic meaning
has been debated (Sipkin, 1986; Miller et al., 1998).

Because the isotropic components of MTs are generally small (Kawakatsu, 1991; Okal et al.,
2018), catalogs usually constrain the isotropic component during the inversion to be zero and
report only deviatoric MTs (Dziewonski and Woodhouse, 1983; Ekstréom et al., 2012). Constrain-
ing the isotropic component also reduces the appearance of spurious compensated linear vector
dipole (CLVD) components (Vavryéuk, 2001). CLVD components describe three force dipoles
with one twice the magnitude of the others, yielding no volume change (Knopoff and Randall,
1970). Because CLVD components are the only possible NDC components in deviatoric MT cat-
alogs, we use the terms interchangeably.

Some earthquakes in specific geologic environments, notably volcanic ones, have NDC compo-
nents that have been interpreted to represent real source processes (Kanamori and Given, 1982;
Ross et al., 1996; Nettles and Ekstrom, 1998). Other NDC components reflect near-simultaneous
rupture on nearby faults with different geometry (e.g. 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 ge-
ometry (Wald and Heaton, 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 earthquakes reported by MT inversions without
additional information about the geologic setting of the earthquake is challenging. Résler 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 proce-
dures used in compiling different catalogs.

However, several studies argue that there exists a threshold above which NDC components rep-
resent real source processes. VavryCuk’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 aftershocks of the 1999
Izmit earthquake found that spurious NDC components can reach 15%, and Adamova and
Sileny’s (2010) modeling study determined that spurious components can exceed 20%. In this

study, we consider earthquakes worldwide with 4.4sMw=8.6 and use the differences between
NDCs in different catalogs to assess their reliability and thus the issue of a possible threshold.

Methodology
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The Global CMT (GCMT) Project (Ekstrom et al., 2012), German Research Centre for Geosci-
ences (GFZ), and U.S. Geological Survey (USGS) catalogs provide deviatoric moment tensors
for a global distribution 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 describing the same
event by similar source times (+ 60s), locations (difference less than 1°), and magnitudes (Mw *
0.5). We use the USGS catalog’s definition of the scalar moment as the Euclidian norm of the
moment tensor (Silver and Jordan, 1982)

M

Mw
|Mw

1
==

which is equivalent to the square root of the sums of the squares of the eigenvalues Al This
definition differs from that in the GCMT catalog, which uses the scalar moment of the best-fitting
double-couple. From the scalar moment, we calculate the earthquake’s moment magnitude

MW - g(logloMo - 91)

For each earthquake, the NDC component in each catalog is obtained as twice the ratio of the
smallest and absolutely largest eigenvalues of the MT,

_ 23
max(|A1}123])

where 1; > A3 > A,. The mean NDC component for an earthquake is calculated as the mean of
the NDC components in the three catalogs,

ZE == 2(61 + 62 + 63),

and the NDC’s standard deviation is

4—3 —2
o= E_Z(Ei—e) :
=1

To classify earthquakes by faulting type, we calculate the plunge of the P-, N-, and T-axes from
the eigenvectors of the moment tensors (Frohlich, 1992). An earthquake is considered a normal

faulting earthquake if the plunge of its P-axis satisfies sin? &p 2 2/3 (&p 2 54.75°), strike-slip if its

N-axis plunge exceeds 54.75°, and a thrust fault if its T-axis plunge exceeds 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.

Results
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The NDC components in our dataset have a similar distribution with magnitude in all three cata-
logs (Fig. 2). The decrease with magnitude has been observed by Résler and Stein (2022), who,
using a large dataset compiled from multiple 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 for earthquakes in the three catalogs are only
weakly correlated between catalogs (Fig. 3), consistent with findings by Frohlich and Davis
(1999). Hence the standard deviation of the NDC components for each earthquake in the catalogs
is a measure of the NDC component’s reproducibility and can be used to assess the reliability of
its determination. Figure 4a shows that the standard deviation among the three catalogs de-
creases significantly with the magnitude of an earthquake, suggesting a more consistent deter-
mination of NDC components for larger earthquakes.

Résler et al. (2021) found that the source processes of large earthquakes are more reliably de-
termined, which is consistent with our dataset. Because the size of the NDC components vary
only slightly for earthquakes of different magnitudes (Fig. 2), we attribute the decrease in their
standard deviation to the magnitude of the earthquake, indicating that NDC components of large
earthquakes are more reliable than the ones of small earthquakes.

Similarly, figure 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 be-
cause, by definition, these cannot exceed 100%. When the mean of the NDC components from
the three catalogs is large in absolute value, the individual measurements tend to be closer than
average. An extreme example illustrates this point. 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 distribution in statistics, where the standard deviation
decreases as the probability parameter increases beyond 50%.

To explore the possible impact of this effect, we conducted a simulation in which we randomly
generated 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 (o = 13.3%). We then set Xi = m; + ax;— by, — bz,, Y;
=m; - bx; + ayi— bz;, and Z; = m; - bx;— by; + az; for all i=1, 2, ..., 5000 with a = (2/3)"2, b = (1/6)"?,
and m; being the mean NDC component for each earthquake among the three catalogs. The
resulting X, Y, and Z each have mean m, standard deviation o, and equal correlations 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.

Figure 5a shows that the standard deviation 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 components exceed 2|¢| > 100%, which violates the definition of NDC compo-
nents. Recall that the NDC component depends on the size of the smallest eigenvalue As. If A3
becomes larger in absolute value than one of the other eigenvalues A+ or A, where 2|¢| = 100%,
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the eigenvalues switch order and the NDC component decreases in size and approaches a DC
source again.

Discarding NDC components for which individual values exceed the ceiling of 100% truncates the
random dataset to values which are physically possible. Because individual NDC components of
> 100% are more likely for large mean NDC components, the bin of largest NDC components
with 2|¢] > 80% is expected to be most affected by this truncation. Figure 5b shows that this
process eliminates the triples of random NDC 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). Repeating this experiment 10,000 times results in an average decrease in standard deviation
of 3.3% for this bin (Fig. 5¢), which is smaller than in the observed dataset. Instead of discarding
NDC components larger than 100%, it is also possible to include them as smaller NDC compo-
nents in this experiment. This can be done in different ways: If we limit the largest NDC compo-
nents to 100%, we increase the smallest by the amount the largest NDC component 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 modification of the
NDC components exceeding 100%. Reducing the largest NDC components to values below
100% corresponding by the amount those NDC components exceeded 100% is equivalent to the
decrease in NDC component when the smallest eigenvalue A3 continues to increase and switches
order with another eigenvalue. To preserve the mean of each triple of NDC components in this
case, we increase the smallest NDC component by twice the amount by which the largest NDC
component 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 discard-
ing triples where individual values exceed values allowed by their definition, which results in a
decrease of 3.3% in standard deviation. The standard deviation can be minimized when also

modifying the intermediate NDC component: Assuming |Xi| 2 |Yi| 2 |Zi|, we calculate d = sgn(Xi)
(IXi| - 100%) and replace Xi by Xi - 2d, Yi by Y; + gd, and Zi by Z; + (2 - g)d, where g = 1 - (Y -
Z)I(2d). If the new value of Y; exceeds 100%, we reduce it to 100% and increase X; accordingly.

In this case, the standard deviation decreases by 4.0% after 10,000 repetitions in the largest NDC
components bin.

Therefore, this ceiling effect produces a distribution of standard deviation with size of the NDC
component similar to that in the MT catalogs, but with a smaller decrease in the bin of largest
NDC components. The observed dataset shows a standard deviation of 6.0% for NDC compo-
nents larger than 80%, 7.3% smaller than the standard deviation for the complete dataset of
13.3%. Moreover, the ceiling effect does not reproduce the observed decrease in standard devi-
ation for the bin of second largest NDC components between 60-80%, where the random NDC
components only show an insignificant change. We hence conclude that the largest NDC compo-
nents are, on average, more reliably determined. However, the threshold above which NDC com-
ponents can be considered reliable, based on the significant decrease in standard deviation
among NDC components in different catalogs, lies at around 60%. This value is much larger than
proposed in earlier studies.

Résler and Stein (2022) noticed that the size of NDC components varies with faulting type. Con-
sistent with their observation, thrust-faulting earthquakes have the smallest NDC components on
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average of all different faulting types in our dataset (Fig. 6a). Their standard deviation between
catalogs varies as well, with thrust-faulting earthquakes having the smallest (Fig. 6b). This is ex-
pected because the standard deviation of a Gaussian distribution with zero mean determines the
mean of the absolute values. Therefore, it is unsurprising that the standard deviation of the differ-
ent faulting types reflects the average size of NDC components, which suggests that the reliability
between NDC components does not vary between faulting types.

Discussion and Conclusions

Global MT catalogs use different inversion procedures to derive solutions for the source pro-
cesses of earthquakes. These procedures may vary in the stations used for the inversion, the
individual weights given to the stations, the frequency of seismic waves, the processing of wave-
forms, and the inversion algorithm. The standard deviation between the NDC components in dif-
ferent catalogs is a measure of the difference between them and hence their reproducibility. In
this study, we use a dataset of 5000 MTs of earthquakes common to the catalogs of the Global
CMT Project, the GFZ, and the USGS to assess the reliability of NDC components of seismic
MTs.

The standard deviation of observed NDC components decreases for NDC components that are
larger than 60%. Generating random NDC components with the same mean and standard devi-
ation 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|e| < 100% rather than a higher reliability of large NDC components. We therefore conclude that
the largest NDC components are generally more reliably determined, and the threshold above
which NDC components in global MT catalogs likely represent real source processes is about
three times larger the observed average 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 considered real.

The standard deviation between NDC components in different catalogs decreases monotonically
with the magnitude of an earthquake (Fig. 4a). Figures 7a and b show that the randomly gener-
ated 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 distribution with size, the distribution of random NDC
components with magnitude does not create a ceiling effect. Additionally, large earthquakes have,
on average, smaller NDC components (Fig. 2). As a consequence, the largest magnitude bin is,
in most cases, unaffected by NDC components exceeding a size of 100% and deleting them from
the dataset or modifying them has no influence on the standard deviation in any magnitude bin.
Repeating the experiment 10,000 times shows no difference in standard deviation in the largest
magnitude bin. Therefore, in the absence of ceiling constraints, the observed decrease in stand-
ard deviation for NDC components 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.
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The variation of the NDC’s standard deviation between faulting types does not reflect a variation
in reliability, and is a consequence of the varying size of NDC components between faulting types.
Therefore, only the variation of NDC components with earthquake magnitude appears to indicate
at a variation in reliability of the NDC component.
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Data and Resources

The moment tensors used in this study were compiled from publicly available data sets. GCMT
solutions are from https.//www.globalcmt.org (last accessed June 2022). The USGS and GFZ
catalogs were downloaded using the Python package ObsPy and its International Federation of
Digital Seismograph Networks webservice client (June 2022). A list of the earthquakes used in
this study including their moment tensors in different catalogs is available as an electronic sup-
plement.
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List of Figure Captions

1.

Location and focal mechanisms of the 5000 earthquakes used in this study. The earthquakes
occurred between July 2011 and December 2021. Shown are the focal mechanisms in the
Global CMT Project catalog.

. Distribution of NDC components with magnitude in the three MT catalogs. Shown are the mean

NDC component and the 95% confidence interval, calculated as twice the standard deviation
of the mean. The distribution in all catalogs is similar, with NDC components decreasing with
magnitude.

. Correlation of NDC components between each two of the three catalogs. Despite slight varia-

tions, the correlation between NDC components in different catalogs is weak, hinting at large
uncertainties in their determination.

. Standard deviation among NDC components in different catalogs with a) magnitude of the

earthquake and b) size of the NDC component, and 95% confidence intervals for mean stan-
dard deviations. The standard deviation, a measure of their reproducibility, decreases signifi-
cantly with magnitude, suggesting more reliable determination of NDC components for large
earthquakes. The standard deviation decreases similarly for the largest NDC components.

. a) Standard deviation of randomly generated NDC components from a Gaussian distribution

with the same mean and standard deviation as the MTs in our dataset. The standard deviation
is constant over the range of sizes of NDC components. 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|¢| >80%). ¢) Repeating this experiment 10,000
times yields a 3.3% average decrease, smaller than for the observed NDC components.

. a) Mean NDC components of earthquakes with different faulting types in the three catalogs and

their mean 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 different
faulting types. The standard deviation reflects the average size of the NDC components be-
cause the standard deviation of a Gaussian distribution with zero mean determines the mean
of the absolute values. Therefore, the variation in standard deviation between faulting types
does not reflect varying reliability.

. a) Standard deviation of the randomly generated NDC components in figure 3 with magnitude.

The standard deviation is constant over all magnitudes. b) Discarding values for which individ-
ual NDC components exceed 2|¢| > 100% does not have influence on the standard deviation
in any magnitude bin. c) Repeating this experiment 10,000 times shows that deleting 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 compo-
nents for large earthquakes.
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Earthquakes common to all catalogs
(Global CMT focal mechanisms)

30°N

Figures

1. Location and focal mechanisms of the 5000 earthquakes used in this study. The earthquakes
occurred between July 2011 and December 2021. Shown are the focal mechanisms in the
Global CMT Project catalog.
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Correlation of non-double-couple components
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2. Distribution of NDC components with magnitude in the three MT catalogs. Shown are the mean
NDC component and the 95% confidence interval, calculated as twice the standard deviation
of the mean. The distribution in all catalogs is similar, with NDC components decreasing with

magnitude.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.
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NDC components with magnitude and size
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. Standard deviation among NDC components in different catalogs with a) magnitude of the

earthquake and b) size of the NDC component, and 95% confidence intervals for mean stan-

dard deviations. The standard deviation, a measure of their reproducibility, decreases signifi-
cantly with magnitude, suggesting more reliable determination of NDC components for large

earthquakes. The standard deviation decreases similarly for the largest NDC components.

16



Reliability of Non-Double-Couple Components in Seismic Moment Tensors

Reliability of synthetic NDC components with size
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4. a) Standard deviation of randomly generated NDC components from a Gaussian distribution
with the same mean and standard deviation as the MTs in our dataset. The standard deviation
is constant over the range of sizes of NDC components. 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|¢|] >80%). ¢) Repeating this experiment 10,000
times yields a 3.3% average decrease, smaller than for the observed NDC components.
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NDC components with faulting type
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. @) Mean NDC components of earthquakes with different faulting types in the three catalogs and
their mean 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 different
faulting types. The standard deviation reflects the average size of the NDC components be-
cause the standard deviation of a Gaussian distribution with zero mean determines the mean
of the absolute values. Therefore, the variation in standard deviation between faulting types

does not reflect varying reliability.
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Reliability of synthetic NDC components with magnitude
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6. a) Standard deviation of the randomly generated NDC components in figure 3 with magnitude.
The standard deviation is constant over all magnitudes. b) Discarding values for which individ-
ual NDC components exceed 2|¢| > 100% does not have influence on the standard deviation
in any magnitude bin. c) Repeating this experiment 10,000 times shows that deleting 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 compo-
nents for large earthquakes.
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