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Abstract Compilations of earthquake moment tensors from global and regional catalogs find pervasive
non-double-couple (NDC) components with a mean deviation from a double-couple (DC) source of around
20%. Their distributions vary only slightly with magnitude, faulting mechanism, or geologic environments.
This consistency suggests that for most earthquakes, especially smaller ones whose rupture processes are
expected to be simpler, the NDC components are largely artifacts of the moment tensor inversion procedure.
This possibility is also supportedby the fact thatNDCcomponents for individual earthquakeswithMw < 6.5 are
only weakly correlated between catalogs. We explore this possibility by generating synthetic seismograms for
the double-couple components of earthquakes around the world using one Earth model and inverting them
with a different Earthmodel. Tomatch thewaveformswith a different Earthmodel, the inversion changes the
mechanisms to include a substantial NDC component while largely preserving the fault geometry (DC com-
ponent). The resulting NDC components have a size and distribution similar to those reported for the earth-
quakes in the Global Centroid Moment Tensor (GCMT) catalog. The fact that numerical experiments replicate
general features of the pervasive NDC components reported in moment tensor catalogs implies that these
components are largely artifacts of the inversions not adequately accounting for the effects of laterally vary-
ing Earth structure.

1 Introduction
Moment tensors (MTs) are a general description of
earthquake sources, providing information beyond a
double-couple (DC) force system representing slip on
a fault plane (Gilbert, 1971). The deployment of global
digital seismic networks allowed development of large
catalogs of moment tensors (e.g., Ekström et al. 2012).
These catalogs have become an important tool in stud-
ies worldwide, including analyzing global platemotions
and deformation in plate boundary zones and within
plates.
As MT catalogs were developed (Dziewonski et al.,

1981), it became clear that many earthquakes showed
non-double-couple (NDC) componentswhose origin be-
came a topic of investigation (Sipkin, 1986; Frohlich,
1994). This effect is evident along many plate bound-
aries (Fig. 1). For example, along the Mid-Atlantic
ridge, many earthquake mechanisms deviate from the
DC mechanisms for pure strike-slip on transforms and
normal faulting on ridge segments (Tréhu et al., 1981).
A NDC component is identified by decomposing a

moment tensor. Diagonalization of the MT yields a
tensor with eigenvalues λ1, λ2 and λ3 on its diagonal,
where λ1 > λ3 > λ2. Subtracting a diagonal matrix
with components equal to the isotropicmoment M iso

0 =
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(λ1 + λ2 + λ3) /3, representing the source’s volumetric
change, yields the deviatoric moment tensor typically
reported in catalogs. The deviatoric MT has no net vol-
ume change because its trace, the sum of its eigenval-
ues, λ′

1 + λ′
2 + λ′

3 = 0.
The decomposition of this deviatoric MT into a DC

and a NDC component (Knopoff and Randall, 1970) de-
scribes the NDC component as a compensated linear
vector dipole (CLVD), three force dipoles with one twice
themagnitudeof theothers, yieldingnovolumechange,

(1)

 λ′
1 0 0

0 λ′
2 0

0 0 λ′
3

 = (λ′
1 + 2λ′

3)

 1 0 0
0 −1 0
0 0 0


+ λ′

3

 −2 0 0
0 1 0
0 0 1

 .

For a pure double couple, λ′
3 = 0 and λ′

1 = −λ′
2. The

ratio of the smallest and absolutely largest eigenvalues

(2)|ε|= |λ′
3|

max(|λ′
1|, |λ′

2|)

quantifies the size of the NDC component, the deviation
from a DC source (Dziewonski et al., 1981).
NDC components can arise in several ways. Some ap-

pear to reflect intrinsically complex source processes
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Figure 1 The sourcemechanisms of the 62337 earthquakes in the Global CentroidMoment Tensor (GCMT) catalog between
1976 and 2022. Many mechanisms show a substantial non-double couple (NDC) component.

that differ from slip on a planar fault for earthquakes
in specific geologic environments, notably volcanic
areas (e.g., Kanamori and Given, 1982; Ross et al.,
1996; Nettles and Ekström, 1998; Shuler et al., 2013a,b;
Gudmundsson et al., 2016; Sandanbata et al., 2021;
Rodríguez-Cardozo et al., 2021). Others are additive, re-
flecting the combined effect of near-simultaneous rup-
ture on multiple faults with different geometries (e.g.,
Kawakatsu, 1991; 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 and Beroza, 1994; Pang
et al., 2020). Alternatively, they may be artifactual (Mc-
Namara et al., 2013; Ammon et al., 1994), results of the
inversionwithout geologicmeaning, generatedbynoise
in the waveforms (Šílený et al., 1996; Jechumtálová and
Šílený, 2001), inappropriate seismic station coverage
(Cesca et al., 2006; Ford et al., 2010; Vera Rodriguez
et al., 2011; Domingues et al., 2013), or not accounting
for laterally varying Earth structure during the inver-
sion (Šílený, 2004; Cesca et al., 2006; Rößler et al., 2007).
By comparingMTs in the Global CMTProject (GCMT)

and U.S. Geological Survey (USGS) catalogs, Rösler et al.
(2021) found that the distribution (e.g., mean and stan-
dard deviation) of NDC components in different cata-
logs are quite similar. However, the actual values are
only weakly correlated for events with Mw < 6.5. Be-
cause the catalogs use different inversion procedures,
the poor correlation between theNDC components sug-
gests that they are artifacts. Moreover, using a large
dataset compiled frommultiple global and regional MT
catalogs, Rösler and Stein (2022) found that for earth-
quakes with magnitudes 2.9 < Mw < 8.2, NDC compo-

nents are common,with an average value of 2|ε|= 23.2%
that varies only slightly with magnitude. They argued
that this consistency indicates that NDC components
are unlikely to reflect rupture on multiple faults, which
is more likely to occur for large earthquakes (Quigley
et al., 2017). They also found only small differences in
NDC components between earthquakes with different
faulting mechanisms, or in different geologic environ-
ments. These results are interesting in that NDC com-
ponents are often assumed to be most likely in volcanic
and thus extensional environments (Ross et al., 1996;
Julian and Sipkin, 1985; Miller et al., 1998; Nettles and
Ekström, 1998). Hence the consistency suggests that
for most earthquakes, especially smaller ones, the NDC
components do not reflect complex rupture processes
and are therefore artifacts of the moment tensor inver-
sion.
Studies have identified the influence of Earth struc-

ture on moment tensor inversions (Henry et al., 2002;
Hjörleifsdóttir and Ekström, 2010), and attempts have
been made to reduce the uncertainties introduced by
lateral heterogeneity in the Earth in inversions based
on one-dimensional (1D) Earthmodels (Vasyura-Bathke
et al., 2021; Phạm and Tkalčić, 2021). Apart, mo-
ment tensor solutions based on Green’s functions gen-
erated for three-dimensional (3D) Earth models for re-
gional earthquakes have been calculated (Hingee et al.,
2011; Hejrani et al., 2017; Zhu and Zhou, 2016; Wang
and Zhan, 2020; Liu et al., 2004; Jechumtálová and Bu-
lant, 2014; Covellone and Savage, 2012), which, in some
cases, were improved using rotationalmotions (Donner
et al., 2020). Sawade et al. (2022) compiled the CMT3D
moment tensor catalog for global earthquakes with Mw
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≥ 5.5 using a 3D Earth model for the inversion. Its NDC
components are smaller on average than the ones in the
GCMTcatalog, showinghow spuriousNDCcomponents
can be reduced in inversions accounting for lateral vari-
ations in the structure of the Earth.
The availability of multiple moment tensor catalogs

with different inversion procedures allows us to quan-
tify this phenomenon on a global scale, and we explore
whether the distribution of NDC components can be
generated by the MT inversion process by generating
synthetic seismograms for pure DC source processes
and invert them using an approach that simulates the
effect of uncertainties in the Earth structure assumed
for the inversion.

2 Methodology
For our study, we model earthquakes selected from the
Global CentroidMoment Tensor (GCMT) catalog, which
contains about 60,000 earthquakes since 1976 (Ekström
et al., 2012). We classify earthquakes by their faulting
type, following Frohlich (1992). We calculate the plunge
of the P- (most compressive), N- (null), and T-axes (least
compressive) from the eigenvectors of themoment ten-
sors. An earthquake is considered a normal faulting
earthquake if its P-axis plunge satisfies sin2 δP ≥ 2/3
(δP ≥ 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, an earthquake is con-
sidered oblique faulting. Of the earthquakes in the cat-
alog up to the year 2022, 34.9%have thrustmechanisms,
24.5% are strike-slip, 22.2% have normal faultingmech-
anisms, and 18.4% have oblique-faulting mechanisms.
We thereforemodel nine earthquakeswith thrustmech-
anisms, six with strike-slip mechanisms, five with nor-
mal faultingmechanisms, andfivewith oblique faulting
mechanism, consistent with the fractions in the GCMT
catalog. We choose these 25 earthquakes as representa-
tive of the geologic environment they occurred in, with
a geographical distribution over all continents to avoid
bias due to Earth’s elliptical shape and its rotation (Fig.
2). 22 of them have depths of less than 30km, similar
to the vast majority of earthquakes in the GCMT cata-
log. To avoidmagnitudebias, wemodel the earthquakes
with amomentmagnitudeofMw 7.0, whichensures that
they are detected at stations around the world, but can
be modeled as a point source.
The one-dimensional Preliminary Reference Earth

model (PREM, Dziewonski and Anderson, 1981) is used
by the three global MT catalogs of the Global CMT
Project (Dziewonski et al., 1981; Ekström et al., 2012),
the USGS (Hayes et al., 2009) and the Deutsches Geo-
ForschungsZentrum (GFZ, Joachim Saul, personal com-
munication, 2022) in their inversion procedure. To sim-
ulate the deviation of the Earth model used in the in-
version from the actual Earth structure, we perturb the
one-dimensional model for the generation of synthetic
seismograms. We calculate synthetic seismograms by
way of normal mode summation for a spherically sym-
metric non-rotating Earth and include the effects of at-
tenuation and self-gravitation for both the spheroidal

and toroidal components from angular order 0 to 8000
with a period range of 0 to 20 mHz and a sampling
rate of 1/s. The first 200 dispersion branches are also
included in the synthetic seismogram calculation, and
the moment tensor is incorporated by convolving the
eigenfunctions with the moment tensor components
obtained for the DC component from the MTs as re-
ported in the GCMT catalog. We then invert them us-
ing Green’s functions generated for the unperturbed
PREMmodel. AnyNDC component in the resultingmo-
ment tensors is thus an artifact of the inversion result-
ing from the difference in Earth structure. This pro-
cess simulates current methodology for global catalogs
in which MTs are found using one-dimensional (later-
ally homogeneous) Earth models. Although ideally the
analysiswould involve generating and inverting seismo-
grams for three-dimensional (laterally varying) Earth
models, our approach using a range of perturbations
allows quantifying the effect of laterally varying Earth
structure in the inversion.
We perturb the elastic and anelastic structures of the

Earth model independently while retaining the elastic
moduli K, the bulk modulus, and µ, the shear modulus
(Dahlen and Tromp, 1998, Section 3.6.2) in each layer
from the PREMmodel. We determine µ and K from the
PREM P- and S-wave velocities vpv and vsv, and density
ρ using

(3)

vsv =

√
K

µ
⇒ µ = v2

svρ

vpv =

√
K + 4

3 µ

ρ
⇒ K = ρ

(
v2

pv − 4
3 v2

sv

)
.

Next, we perturb the P-wave velocity vpv by randomly
choosing its value from a Gaussian distribution with
mean vpv and standard deviation 1, 3, 5, and 10%, which
reflect theuncertainties in the velocities (Dalton andEk-
ström, 2006). Keeping K and µ constant, we then deter-
mine the new density in each layer as

(4)ρnew =
K + 4

3 µ

v2
pv, new

from which we determine the new S-wave velocity as

(5)vsv =
√

µ

ρnew
.

Of the 185 layers in the model PREM, nine in the up-
per mantle are anisotropic. For those, η (Dahlen and
Tromp, 1998, Section 8.9) which relates the horizontal
P-wave velocity to the vertical S-wave velocity is given,

(6)η = F

ρold

(
v2

ph, old − 2v2
sv, old

) ,

from which we obtain F = ηρold

(
v2

ph, old − 2v2
sv, old

)
.

The new horizontal P-wave velocity is then

(7)vph, new =

√
F

ηρnew
+ 2v2

sv, new.
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Figure 2 Earthquakes and seismic stations used in this study. The location and origin time of the earthquakes are listed in
Table 1. Consistent with the fractions in the Global CentroidMoment Tensor (GCMT) catalog, nine of the 25 earthquakes have
a thrust faulting mechanism, six have a strike-slip faulting mechanism, five have a normal faulting mechanism, and 5 have
an oblique faulting mechanism. The 150 seismic stations in the Global Seismographic Network (GSN) network provide good
worldwide station coverage.

Number Date Time Latitude Longitude Depth Mw Faulting Type
1 2005-10-08 03:50:40.8 34.54 73.59 12.0 7.58 thrust
2 2010-05-09 05:59:41.6 3.75 96.02 37.2 7.25 thrust
3 2011-03-11 06:15:45.0 36.13 140.23 29.0 7.89 thrust
4 2015-09-16 22:54:32.9 -31.57 -71.67 17.4 8.27 thrust
5 2016-04-16 23:58:36.9 0.35 -79.93 22.3 7.78 thrust
6 2018-02-25 17:44:44.1 -6.07 142.75 12.0 7.47 thrust
7 2020-06-23 15:29:04.3 15.88 -96.01 21.5 7.38 thrust
8 2021-03-04 19:28:33.2 -29.72 -177.28 33.9 8.07 thrust
9 2021-08-14 11:57:43.5 55.18 -157.64 25.0 7.00 thrust
10 2004-12-23 14:59:04.4 -49.31 161.35 27.5 8.08 strike-slip
11 2015-02-13 18:59:12.2 52.65 -31.9 25.2 7.07 strike-slip
12 2016-08-29 04:29:57.9 -0.05 -17.83 26.8 7.10 strike-slip
13 2019-07-06 03:19:53.0 35.77 -117.6 12.0 7.03 strike-slip
14 2020-01-28 19:10:24.9 19.42 -78.76 23.9 7.69 strike-slip
15 2021-05-21 18:04:13.6 34.59 98.24 12.0 7.42 strike-slip
16 2006-02-22 22:19:07.8 -21.32 33.58 12.0 7.01 normal
17 2007-01-13 04:23:21.2 46.24 154.52 12.0 8.10 normal
18 2015-12-04 22:25:00.1 -47.62 85.09 28.9 7.10 normal
19 2018-12-05 04:18:08.4 -21.95 169.43 17.8 7.53 normal
20 2020-10-30 11:51:27.4 37.91 26.78 12.0 6.99 normal
21 2000-11-16 04:54:56.7 -3.98 152.17 24.0 8.00 oblique
22 2006-10-15 17:07:49.2 19.88 -155.93 48.0 6.71 oblique
23 2013-09-24 11:29:48.0 26.97 65.52 12.0 7.70 oblique
24 2013-11-17 09:04:55.5 -60.27 -46.4 23.8 7.78 oblique
25 2021-01-11 21:32:59.0 51.28 100.44 13.9 6.79 oblique

Table 1 List of earthquakes used in this study as reported in theGCMT catalog, indicating their origin time, location, depths,
magnitude, and faulting type.

The new horizontal S-wave velocity vsh is not re-
stricted by the elastic constants and can thus be per-
turbed independently, similarly to the vertical P-wave
velocity vpv. Because the values related to anelastic
structure are much less understood than the elastic
structure (Karaoǧlu and Romanowicz, 2018), the anelas-

tic structure is perturbed by randomly choosing a value
from Gaussian distributions whose means, 1/Qκ and
1/Qµ, are the inverse of the original P- and S- wave qual-
ity factors, andwhose standard deviations of 25, 50, and
75% thereof are typical for the variations found in atten-
uation tomography studies (e.g., Dalton and Ekström,
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Figure 3 Comparison of the elastic structure of the Earth models used in this study, based on perturbation of model Pre-
liminary Reference Earth Model (PREM)

2006).
Using these perturbed Earth models (Fig. 3), we

generate three-component seismograms for the 150
stations of the Global Seismographic Network (GSN,
Ringler et al., 2022) fromone hour before the event time
until 8000 s after it. This guarantees that the surface
waves are included in the synthetic seismograms for all
stations. For each earthquake we use the fifty closest
stationswhich have an epicentral distance of at least 10◦

to avoid near-source effects (Aki and Richards, 2002).
To invert the seismograms, we use Green’s func-

tions generated for the unperturbed PREM model and
perform a least-squares centroid MT inversion in a
Bayesian framework using BayesISOLA (Vackář et al.,
2017). BayesISOLA finds the moment tensor elements
that give the best-fitting match to the synthetic seismo-
grams in a full-waveform inversion from a linear com-
bination of the Green’s functions with the moment ten-
sor elements as coefficients. We use frequencies from
0.002 to 0.01Hz (i.e., periods between 100 and 500 s),
as commonly used for global moment tensor inver-
sions of large earthquakes (Ekströmet al., 2012;Duputel
et al., 2018; Kanamori andRivera, 1993; Kanamori, 2008;
Hayes et al., 2009), and the covariancematrix of Green’s
functions (Hallo and Gallovič, 2016) to estimate the ef-
fects of uncertainty in the Earth model. We fix the cen-
troid location to the point for which the synthetic seis-
mograms are generated but invert for centroid time in
the range of ±15 s about the centroid time of the syn-
thetic event. We do not allow station-specific time de-
lays as used in the inversion procedures of the GCMT
catalog (Dziewonski et al., 1984). BayesISOLA calcu-
lates the best solution for the moment tensor as well
as the posterior probability density function describing
the uncertainty of the MT elements. Although the un-
certainty might be useful to distinguish whether result-
ing NDC components are real or artifacts of the inver-
sion, we only use the best solution in the comparison of
the results with GCMT catalog, similar to the reported

MTs in this catalog.
Similar to theprocedure of theGCMTcatalog, we con-

strain the isotropic component of theMTs during the in-
version so that the resulting MTs are purely deviatoric
(λ′

1 + λ′
2 + λ′

3 = 0). However, in contrast to the GCMT
procedure, we use longer period seismic waves. GCMT
uses surface waves between 50 s and 150 s and mantle
waves between 125 s and 350 s (Ekström et al., 2012). We
do not use surface-waves delay dispersionmaps, but the
inversion procedures are comparable inmost of param-
eters.

3 Results
Figure 4 shows an example of the seismic waveforms
generated for the DC component of earthquake 12 in
figure 2 at station II.SUR in Sutherland, South Africa,
for a perturbed Earth model. Inversion of these seis-
mograms using the unperturbed model PREM results
in a moment tensor with an 8.7% artifactual NDC com-
ponent, such that the waveforms generated for the re-
sultingMT are nearly indistinguishable from those gen-
erated for the DC MT and the perturbed Earth model.
Thus inversionwith a different Earthmodel changes the
mechanism to best match the waveforms at all stations
by introducing a substantial NDC component. Repeat-
ing the process twelve times using different perturbed
models to generate synthetic seismograms and invert-
ing them with the unperturbed model yields a range of
focal mechanisms (Fig. 5) with varying artifactual NDC
components, averaging 4.4% for a perturbation of 5% in
the elastic structure.
The DC component of theMT— the fault geometry —

is generally retrieved well, as measured by the angle Φ
in space required to rotate one set of a moment tensor’s
principal axes into the ones of another (Kagan, 1991).
The angles are generally small, with an average value of
7.8◦, less than the differences betweenmoment tensors
of the GCMT and the USGS for earthquakes of this mag-

5
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Figure 4 a) Stations for the moment tensor inversion of synthetic seismograms generated for the mid-Atlantic ridge earth-
quake of March 14, 1994. We used the fifty closest stations of the GSN network with an epicentral distance of at least 10◦. b)
Synthetic seismogram at station II.SUR (Sutherland, South Africa) generated for the DC component of themoment tensor for
a perturbedmodel PREMwith standarddeviation of 5% in the seismic velocitieswith periods of 100 to 500 s. c) Synthetic seis-
mogram generated for the moment tensor resulting from the inversion performed using Green’s functions generated for the
unperturbed model PREM, compared to the input synthetic seismogram in b). Matching the waveform produces a spurious
NDC component.

Figure 5 Inversion results for the mid-Atlantic ridge earthquake of March 14, 1994. Synthetic seismograms were gener-
ated for a pure double-couple (DC)mechanism and twelve different perturbedmodels based on Preliminary Reference Earth
Model (PREM) and inverted using the unperturbedmodel. The resulting moment tensors (MTs) have very similar DC compo-
nents, but substantial non-double couple (NDC) components (shown as twice as large) that differ in polarity and size.

6
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Figure 6 Inversion results for five inversions of each of the 25 earthquakes with five different perturbations of the elastic,
and four different inversions of the anelastic structure. a) The resulting non-double-couple (NDC) components (2ε) depend
primarily on the perturbation of the elastic Earth structure, with anelastic structure having little influence on the size of the
NDC components. b) The angle required to rotate one moment tensor’s set of principal axes into another (Φ) shows similar
dependence on perturbations of the elastic and anelastic structure. The fault geometry is retrievedwell, with rotation angles
generally being smaller than 20◦.

nitude (Rösler et al., 2021). However, the NDC compo-
nents vary significantly in polarity and in size between
-17.1 and 5.6%.

Carrying out five inversions for each of the 25 earth-
quakes with five different perturbations of the elastic
and four perturbations of the anelastic structure each
yields 2500 inversions. The resulting NDC components
depend primarily on the perturbation of the elastic
structure of the Earth model (Fig. 6a). Similarly, the
deviation in fault geometry (Fig. 6b) depends little on
the perturbation of the anelastic structure, further illus-
trating the relative importance of elastic and anelastic
Earth structure on seismic waveforms (Dahlen, 1982).
The values for the rotation angle are generally small,
indicating that the DC component is recovered rela-
tively accurately by inversions that poorly represent the
actual Earth structure, whereas the NDC components
have large uncertainties and are often artifacts of the in-
version.

The NDC components reported in the GCMT cat-
alog average 23.5% for all earthquakes. However,
earthquakes with Mw > 6.5 have, on average, smaller
NDC components (17.2%), which are determined with
greater precision (Rösler et al., 2021, 2023). The NDC
components in our experiment resulting from inade-
quate representation of the Earth structure in the inver-
sion are generally smaller than those of the earthquakes
in the GCMT catalog when perturbing the elastic (Fig.
7a) and the anelastic Earth structure (Fig. 7b) indepen-
dently. However, a perturbation of 10% in the elastic
structure and 75% in the anelastic structure together re-
produces the mean and standard deviation of the dis-
tribution of the NDC components in the GCMT catalog

(Fig. 7c), making it possible to explain the NDC com-
ponents in the GCMT catalog as resulting from not ac-
counting for laterally varying Earth structure. Perturb-
ing the elastic structure of theEarthmodel alone by 10%
without perturbing the anelastic structure results in an
average NDC component of 19.5%, only slightly smaller
than the observed NDC components in the GCMT cata-
log. However, uncertainties in the anelastic structure
are large (Karaoǧlu and Romanowicz, 2018) and can
reach 75% for seismic waves with periods of 100s as
used in this experiment (Dalton and Ekström, 2006).

4 Discussion and Conclusions

Generating synthetic seismograms for the DC compo-
nents of 25 arbitrarily selected earthquakes in theGCMT
catalog using one Earth model and inverting them with
another Earth model gives rise to MTs with NDC com-
ponents because the inversion changes the mechanism
to include a substantial NDC component. Perturbing
both elastic and anelastic Earth structure yields a dis-
tribution of NDC components similar to that of NDC
components reported for the earthquakes in the GCMT
catalog. This process shows the sensitivity of MTs to
the effects of variable Earth structure. This behavior
is expected to be similar, but larger, for shorter periods
than the > 100 s we present, which is presumably why
smaller earthquakes have larger NDC components than
larger earthquakes in global MT catalogs.
These results for global datasets are generally sim-

ilar to those derived for regional data. Stierle et al.
(2014b) found that unconstrained MT inversions allow-
ing an isotropic component produce largerNDCcompo-
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Figure 7 Distribution of non-double couple (NDC) components generated by inverting seismograms generated using a
model with perturbed elastic (a) and anelastic (b) structure using unperturbed Preliminary Reference Earth Model (PREM). A
combined perturbation of elastic and anelastic structure (c) generally reproduces the distribution of NDC components in the
Global Centroid Moment Tensor (GCMT) catalog.

nents than constrained inversions. Stierle et al. (2014a)
found that the aftershocks of the Mw 7.4 Izmit earth-
quake in 1999 had average NDC components of 19.6%.
For the earthquakes of a swarm in 1997 in Czech Repub-
lic, Vavryčuk (2002) and Horálek et al. (2002) reported
a mean deviation from a DC source of 17.3%. These
studies found earthquakes with NDC components of up
to 57.0% and 49.8%, respectively. The MT inversion in
both studies used Green’s functions generated for re-
gional 1D Earth models, using the P- and S-wave ampli-
tudes to stabilize the inversion, thus giving confidence
that these NDC components represent real source pro-
cesses.
NDC components of some earthquakes reflect com-

plex source processes differing from slip on a planar
fault or the combined effect of DC sources on multi-
ple faults with different geometries. However, the fact
that our numerical experiment replicates general fea-
tures of the pervasiveNDC components reported inmo-
ment tensor catalogs implies that these components
are largely artifacts of the inversions not adequately ac-
counting for the effects of laterally varying Earth struc-
ture.
This effect seems similar for the other MT catalogs

we examined, which show comparable NDC compo-
nents. TheMTs in all global catalogs were derived using
the one-dimensional Earth model PREM. However, the
GCMT catalog corrects seismic waveforms for laterally
varying Earth structure along the great-circle path of
surface waves (Dziewonski et al., 1984). This approach
changes the phase spectra, but not the amplitude spec-
tra, and thus does not fully represent the expected ef-
fects of 3D structure.
NDC components are often attributed geologicmean-

ing based on their size (Vavryčuk, 2002; Stierle et al.,
2014a) without further investigation about their origin.
Large NDC components and NDC components of large
earthquakes are in fact more reliably determined in
MT inversions based on 1D Earth models (Rösler et al.,
2023) and are thus more likely to represent real source

processes. However, based on the results of our nu-
merical experiment, the threshold above which they
can be considered real source processes based only on
their size must be placed at 2σ from their global av-
erage of 23.5% at 61.7%, consistent with the results of
Rösler et al. (2023). Earthquakes with real, but smaller
NDC components exist, but require further knowledge
about the geologic setting of the fault rupture occurred
on, or knowledge from multiple MT inversions with
different Earth models to confirm the significance of
NDC components. MT inversions of global catalogs can
be improved and artifactual NDC components reduced
by using Green’s functions generated for a 3D Earth
model. However, Šílený and Vavryčuk (2002) found that
isotropic and compensated linear-vector dipole (CLVD)
components are overestimated for DC sources when in-
verting events with waveforms recorded in anisotropic
structures but assuming isotropy. Therefore, the best
estimates of NDC components require a laterally vary-
ing Earth model including anisotropy (Hjörleifsdóttir
and Ekström, 2010; Sawade et al., 2022).
The results here, combined with the poor correlation

betweenNDC components in different catalogs, suggest
that the pervasive NDC components reported in mo-
ment tensor catalogs are largely artifacts of the inver-
sions not adequately accounting for the effects of later-
ally varying Earth structure. More realistic estimates of
NDC components will thus require inversion methods
that better model the effects of lateral variability which
increase computational cost and are less applicable for
routinely determined MTs.
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