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Abstract Geodynamic tomography, an imaging technique that incorporates constraints fromgeodynam-
ics andmineral physics to restrict the potential number of candidate seismicmodels down to a subset consis-
tent with geodynamic predictions, is applied to a thermal subduction model. The goal is to test its ability to
recover structures harboring complex deformation patterns. The subduction zone is parameterized in terms
of four unknown parameters that define its thermal structure: slab length L, thickness R, temperature Tc,
and dip angle θ. A temperature-dependent viscosity is prescribed with an activation coefficientE controlling
the sensitivity. Using the full forward approach to geodynamic tomography, we generate anisotropic surface
wave dispersion measurements as synthetic data. We retrieve the five unknown parameters by inverting the
synthetics corrupted with random uncorrelated noise. The final output is an ensemble of models of L, R,
θ, Tc, and E cast in a posterior probability distribution with their uncertainty limits. Results show that the
parameters are tightly constrained with the apparent existence of a single misfit minima in each of them, im-
plying the implicit retrieval of the complete patterns of upper mantle deformation, and the 21-independent
coefficients defining elastic anisotropy. Eachmodel realization, however, fails to swarm around its true value.
Such results are attributed to the inability of the surrogate model to accurately replicate the correct forward
model for computing anisotropy due to the complexity of the deformation patterns considered. Nevertheless,
this proof of concept shows a self-consistent method that incorporates mantle flowmodeling in a seismic in-
version scheme.

Non-technical summary Seismic tomography is an active area of research in seismology that pri-
marily deals with the imaging of the Earth interior. Here, seismic data are used to recover the heterogeneous
structure of the Earth at a given resolution in a process known as inversion. However, seismic inversionmeth-
ods have to be constantly improved to accurately map these heterogeneities in order to correctly interpret
them in terms of recent deformationmechanismswithin the Earth. We introduce geodynamic tomography; a
new imaging technique that infers thepresent-day temperatureandmantle flowpatterns fromthe inversionof
surfacewavemeasurements. Wedemonstrate thismethod in a subduction zone setting (an earthquakeprone
area where materials making up a tectonic plate are recycled into themantle) by recovering some properties
that define its thermal structure: length, thickness, angle of subduction, and slab core temperature.

1 Introduction
Backed by numerous seismic tomography studies at the
global (e.g. Montagner and Tanimoto, 1991; Panning
and Romanowicz, 2006) and regional scale (e.g. Mon-
tagner and Jobert, 1988; Debayle and Kennett, 2000),
the Earth’s uppermantle exhibits large scale anisotropy
which have been mainly attributed to the development
of the crystallographic preferred orientation (CPO) of
olivine aggregates as they get advected by mantle flow
(see Long and Becker, 2010, for a comprehensive re-
view).

In practice, observations of seismic anisotropy rely
on the simplification of the full elastic tensor (i.e. a

∗Corresponding author: jkvmagali@gmail.com

fourth rank tensor of elasticity with 21 independent
coefficients) because seismic waves are only sensitive
to a limited number of coefficients. Tilted transverse
isotropy (TTI) is one of the most convenient ways to
simplify the elastic tensor, if not the most. In such
a symmetry, the elastic constants can be defined by
the five Love parameters A0, C0, F0, L0, and N0, and
two angles that define the dip and the azimuth, re-
spectively, of the symmetry axis (Love, 1927). Partic-
ularly for S−wave anisotropy, further simplifications
can be defined to reduce the model dimensionality. On
one end, we have horizontal transverse isotropy (HTI)
where the axis of symmetry is horizontal. Also called
azimuthal anisotropy, here S−wave speeds vary with
propagation direction. On the other, we have verti-
cal transverse isotropy (VTI) where the axis of symme-
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try is vertical as a consequence of azimuthal averag-
ing. Also called S−wave radial anisotropy, this prop-
erty causes shear wave speeds to vary with polariza-
tion orientation instead. In theory, constraining the tilt
of anisotropy is possible (Montagner and Nataf, 1988),
and in practice has already been implemented in the
regional scale (Xie et al., 2015, 2017). However due to
sparse azimuthal sampling, non-uniqueness of the solu-
tions, and finite frequency effects brought by tilted lay-
ers, this may make its implementation discouraging.

Surface waves provide unique constraints to large
scale anisotropy in the upper mantle. S−wave ra-
dial anisotropy, for instance, can be recovered through
joint inversions of Love and Rayleigh wave veloci-
ties (Babuska and Cara, 1991). Likewise, azimuthal
anisotropy can be effectively constrained by adding
the azimuthal terms of surface wave velocities in the
data vector(Smith and Dahlen, 1973). Similar to what
was previouslymentioned, surfacewaves are effectively
sensitive to 9 depth functions of the elastic constants
when poor azimuthal coverage is taken into account: 5
for radial anisotropy given by the previouslymentioned
Love parameters; and 4 for azimuthal anisotropy given
by Gc, Gs, and Bc, Bs, whose kernels are identical to
that of S− and P−waves, respectively (Montagner and
Nataf, 1986).By itself however, 9 unknown parameters
are still an excessive amount to be inverted for, and still
can be difficult to resolve. Because of this, velocity and
anisotropy ratios are imposed ad-hoc for regularization
(Obrebski et al., 2010, 2011) which may potentially bias
the results. Moreover due to its limited sensitivity to
the elastic tensor, we are left with a rudimentary under-
standing ofmantle deformation processeswhen relying
on tomographic images alone. Thus, complete knowl-
edge of the full elastic tensor is imperative to capture
the complete patterns of upper mantle deformation.

2 Background: Geodynamic tomogra-
phy

Geodynamic tomography, as reported in Magali et al.
(2021b), is a novel approach to the tomographic prob-
lem whose two key features are the reduction of the
number of unknowns and the removal of symmetry re-
lations to the elastic tensor through the incorporation
of geodynamic and petrological constraints. Due to its
high non-linearity , the solutions to the tomographic
problem are appraised based on a Bayesian probability
framework (i.e. the posterior).

Under Bayesian inference, geodynamic tomography
may not be a conventional inverse problem per se be-
cause it proposes a set of unknown parameters, com-
putes the forward model, and compares the estimated
to the observed data thousands of times. The efficient
search for plausible solutions is carried out through a
Markov chain Monte Carlo (McMC) algorithm. Here,
McMC ultimately tends to sample a restricted area of
high probability density and operates according to a
random-walk behavior. At this point, the chain is said
to be converged; meaning that the target posterior has
been successfully approximated.

As of its current implementation, the method only
inverts local surface wave phase velocity dispersion
curves and their azimuthal variations for the retrieval
of the thermal structure. In practice, dispersion curves
can be obtained by stacking 2-D surface wave velocity
maps with period, and then recovering a plot of phase
velocities versus period at a given geographical loca-
tion (e.g. Nakanishi and Anderson, 1983; Romanowicz,
2002). As such, it is under the assumption of geody-
namic tomography that dispersion curves (which are
also a product of inversion) are readily available. Al-
though there have been a growing number of stud-
ies that implement probabilistic approaches to invert
for the thermal (and chemical) structure from multi-
ple data types, which include surface wave dispersion
measurements such as in Afonso et al. (2013b,a), and
Bissig et al. (2021), geodynamic tomography incorpo-
rates mantle flow modeling followed by texture evolu-
tion computations to constrain strain-induced seismic
anisotropy, and potentially the medium rheology.

Given a temperature field and assuming a strictly
temperature-dependent viscosity, mantle flow models
are obtained using an instantaneous approach. In this
approach, it is not necessary to include the conserva-
tion of energy in solving the equations of viscous fluid
flow. As a result, a steady-state assumption in the flow
is implied when tracing flow streamlines backwards in
time. Instantaneousmodelswith a steady-state assump-
tion may be valid if we interpret the temperature field
as its present-day structure, and assume that the time-
scale for the development of strain-induced anisotropy
inmantleminerals is much faster than the variations of
mantle flowvelocitieswith time. Because of this, geody-
namic tomography is not suitable to invert for the evo-
lution history of the temperature field.

For each flow line traced, undeformed aggregates
composed of a discrete number of crystals are placed at
a position in the streamline corresponding to the first
time step. Texture evolution modeling is then imple-
mented to track the strain evolution of the aggregates
along the streamline. The texture evolution model cur-
rently implemented in our forward problemuses an ‘av-
erage field’ formalism (Kaminski et al., 2004). Here, un-
like finite-element approaches where the aggregate is
explicitly deemed as a spatially extended body, it is not
necessary to keep track of the interaction among crys-
tals. Instead, the crystals within the aggregate are finite
and are treated as a collective entity in ahomogeneously
isotropic medium whose properties are the weighted
meanof theproperties of each crystal. The output of the
texture evolution model is the full elastic tensor. This
tensor can be decomposed intomuch simpler forms for
easier interpretation. For instance, it can be decom-
posed into a VTI medium using the method of Montag-
ner and Nataf (1986) to obtain radial anisotropies in P−
and S−waves.

Magali et al. (2021b) highlights the success of geo-
dynamic tomography in the recovery of the complete
patterns of uppermantle deformation from anisotropic
surface wave measurements in the most simple cases
(i.e. instantaneous flow induced by spherical tempera-
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ture anomalies). This paper explores the ability of the
method to capture more complex deformation patterns
in the guise of a 3-D instantaneous flowacross the upper
mantle induced by subduction, and so directly serves as
an extension toMagali et al. (2021b). To do so, wemodel
thermal subduction by applying a continuous parame-
terization of the subducting slab in terms of hyperbolic
tangent basis functions on top of a background tem-
perature field. The basis function depends on four pa-
rameters which would be treated as unknowns: (1) slab
length L, (2) slab thickness R, (3) dip angle θ, and (4)
slab temperature Tc. For the medium rheology, we em-
ploy a temperature-dependent viscosity controlled by
a scalar parameter called the activation coefficient, E;
although it is acknowledged that a realistic parameter-
ization involves the implementation of non-linear rhe-
ologies relevant to uppermantle conditions (Karato and
Wu, 1993). We implement geodynamic tomography to
retrieve these five unknown parameters that define the
thermal and rheological structure of a synthetic subduc-
tion zone. The method is tested to synthetic data pre-
scribedwith very lownoise levels tomimic periodically-
correlated surface wave dispersion measurements. We
demonstrate how the incorporation of geodynamic and
petrological constraints tightly recover these five un-
knowns, which will then imply the implicit retrieval
of the complete patterns of upper mantle deformation,
and correspondingly, the full elastic tensor.

3 Methodology
Since this work serves as a continuation to Magali et al.
(2021b), this section only describes the appropriate
changes made to the method to adapt geodynamic to-
mography to a subduction setting with known geome-
try.

3.1 Model parameterization
3.1.1 Thermal structure of a subducting slab
We begin by defining a 2.5-D temperature field T(r) that
is constructed in a regular grid of size Nx × Ny × Nz

that extends symmetrically along the y-axis. The tem-
perature field is expressed as the sum of a background
temperature Tbackground derived from a half-space cool-
ing model, and a thermal anomaly δT which translates
to:

(1)T (r) = Tbackground(r) + δT (r),

where Tbackground is given by:

Tbackground(r) = (1900K − 500K) erf

(

z

2
√
κt

)

+ 500K,

(2)

where r is any arbitrary position in 3-D space defined by
the coordinates r = [x,y,z], κ is the thermal diffusivity, z
is depth, and t is the plate age in million years.
The anomaly δT is a subducting slab defined by three

geometrical parameters: (1) dip angle θ, (2) length of
the slab L, (3) thickness R, and one scalar parameter
Tc that determines the magnitude of the temperature
along the axis of symmetry of the slab. We model it

in terms of a hyperbolic tangent function, tanh where
it forces the temperature to be the coldest at the slab’s
symmetry axis, and that the spread of tanh relates to the
thickness of the slab itself (i.e. the parameter R). The
temperature anomaly is mathematically defined as:

(3)δT (r) = −Tc

2

[

1 − tanh

(

β

Lscale

(

d− R

2

))]

where d is the distance from the slab’s center axis to any
point perpendicular to it, β controls the sharpness of
the temperature gradient which is held at a fixed value,
and Lscale is the length of the vertical domain which we
set to 400 km. Fig. 1 shows the thermal structure of the
subduction model viewed in 2-D (left panel) and in 3-
D (right panel) using the aforementioned parameteriza-
tion. The model parameters possess the following val-
ues: L = 150 km, θ = 35◦, R = 120 km, Tc = 800 K.

Figure 1 Thermal structure of a subduction zone parame-
terized in terms of geometrical points. The structure is ren-
dered using the following input parameters: L = 150 km, θ
= 35◦,R = 120 km, Tc = 800 K. The left panel represents the
vertical cross-section of the model whereas the right panel
corresponds to the isovolumetric contour plot of the tem-
perature field.

3.1.2 Medium rheology

The medium rheology is modeled following the Frank-
Kamenetskii approximation to Arrhenius-type viscos-
ity. This means that the influence of temperature onto
viscosity is supervised by the activation coefficient E.
The viscosity field η is given by:

(4)η(r) = η0 exp

[

−ET (r) − T0

T0

]

,

where η0 and T0 are reference values for viscosity and
temperature, respectively. In the inversions, the total
number of parameters to be inverted for are five: four of
whichL, θ, Tc, andR characterize the temperature field
of the subduction model, and the latter E controls the
sensitivity of the viscosity to temperature. We choose
E as an unknown in order to demonstrate the ability
of geodynamic tomography to constrain some proper-
ties of the medium rheology. This is essential because
we expect that larger values of E make the cold slab
more rigid, and thereby lessen the amount of strain-
induced anisotropy across it. Since seismic data contain
the surface manifestation of strain-induced anisotropy,
they then provide potential clues about the rheological
structure of the Earth’s interior. The variablesβ, T0, and
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η0 are held at fixed values throughout the inversion pro-
cess. The model vector m is thus:

(5)m = [L, θ, Tc, R,E].

3.2 The forward problem
The complete forward problem proceeds as follows: (1)
Given the temperature and viscosity fields described by
Equations (1) and (4), respectively, we first numerically
solve an instantaneous 3-D convection problem with
temperature-dependent viscosity that is benchmarked
against Samuel (2012, 2018). (2) Using the velocity field
obtained from (1), we compute velocity gradients using
finite differences. (3) Under a steady-state assumption,
we then trace the flow backwards in time using fourth-
order Runge-Kutta, and at each time step along the flow
line, a local velocity gradient tensor is estimated. (4)
We then track CPO evolution of olivine aggregates us-
ing D-Rex (Kaminski et al., 2004). This computes the
anisotropic part of the elastic tensor. Later in the in-
verse approach, we replace step (2) with an artificial
neural network (Bishop et al., 1995) whose architecture
follows that of LeCun et al. (2015). The training data
are comprised of a pair of flow lines with local veloc-
ity gradients at discrete time steps along the path (train-
ing input) and the deviatoric part of the elastic tensor
predicted with D-Rex (training output). This speeds
up the computation of anisotropy by several orders of
magnitude (Magali et al., 2021b), and hence is befitting
within a sampling-based inversion scheme (Hansen and
Cordua, 2017; Köpke et al., 2018; Conway et al., 2019;
Moghadas et al., 2020). (3) From the temperature field
and the hydrostatic pressure, we derive the pressure
and temperature dependence of the isotropic part of
the elastic tensor using a thermodynamic model for
a given bulk composition using Perple_X (Connolly,
2005, 2009; Stixrude and Lithgow-Bertelloni, 2011). The
result from (2) and (3) is a complete elastic tensor at
each point in space. (3) The last step involves comput-
ing synthetic surface wave dispersion curves using nor-
mal mode summation in a spherical earth (Smith and
Dahlen, 1973) using DISPER80 (Saito, 1988) and their
azimuthal variations (Montagner and Nataf, 1986) from
the elastic tensor. We refer the reader to Magali et al.
(2021b), and Chapter 3 of Magali (2021) for a compre-
hensive description of the full forward problem.

3.3 Synthetic data
The synthetic data to be inverted consists of local
surface wave dispersion measurements and their az-
imuthal variations at the surface. The form of the
Rayleigh wave dispersion curve is the sum of an
isotropic component cR,0 and its azimuthal variations
c1 and c2:

(6)cR(P, ψ) = cR,0(P )+c1(P ) cos(2ψ)+c2(P ) sin(2ψ),

and for Love waves we simply have:

(7)cL(P ) = cL,0(P ),

where P is the period, and ψ is the azimuth of propaga-
tion. Notice that we have neglected the azimuthal terms

for Lovewaves. Such simplifications are reasonable due
to sparse azimuthal coverage and higher noise levels on
Love waves relative to Rayleigh waves in real-Earth data
(Maupin and Park, 2015).

3.4 Inversionmethod
Bayesian inversion is implemented where the solution
is an ensemble of models (i.e. model parameters found
in Equation (5)) distributed according to the posterior
probability density function p(m|dobs), accompanied
by their uncertainty bounds. In this framework, Bayes’
theorem is written as:

(8)p(m|dobs) ∝ p(m)p(dobs|m).

The parameter space is searched using a Markov chain
Monte Carlo (McMC) algorithm. To produce reasonable
acceptance rates, we employed an adaptive perturba-
tion scheme.

3.4.1 Likelihood function
The likelihood function p(m|dobs) quantifies how well
themodel parameters fit the observed data. Herewe as-
sume that the errors are uncorrelated and follow a uni-
variate Gaussian distribution with zero mean, and vari-
ance σ2

c , the likelihood function corresponding to a sin-
gle dispersion measurement can be written as:

(9)p(cobs|m) =
1

(2πσ2
c )N/2

exp

[−||cobs − cest||2
2σ2

c

]

,

where m is the model vector, N is the number of dis-
crete periods, σ2

c is the estimated variance of the data
noise, cobs is the observed synthetic data to be inverted,
and cest is the synthetic data estimated during the inver-
sion process. The likelihood functions of the 2θ terms
can be cast in the same manner.

3.4.2 Prior distribution
Weassume themodel parameters to be independent. In
this way, the prior distributions for each model param-
eter are separable and can be expressed as a product of
each distribution:

(10)p(m) =
∏

p(L)p(θ)p(R)p(Tc)p(E).

Each prior on the model parameters follows a uniform
distribution with wide bounds to avoid imposing hard
constraints from the prior. Such a setup mimics a sce-
nario where prior knowledge about the regional setting
is scant and thus the solution to our inverse problem
is more likely driven by the information provided by
the data. The prior bounds are as follows: (1) 100 km
- 200 km for L, (2) 80 km - 150 km forR, (3) 20◦ − 45◦ for
θ, (4) 500 K to 1000 K for Tc, and (5) 5 to 12 for E.

3.4.3 Generation of new models along the
Markov chain

Weuse a aMarkov chainMonteCarlo (McMC) algorithm
to search the parameter space that could explain the
data. The sampler initiates by randomly drawing a set
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of L, R, θ, Tc, and E values within the prior bounds fol-
lowedby the evaluationof the likelihood function. Then
at each iteration in theMarkov chain, a newmodelm

′ is
proposed by randomly selecting one of the possible set
of moves:

1. Vary the length of the slabL. The slab length is per-
turbed according to a univariate Gaussian distribu-
tion centered at the current value of L.

2. Vary the dip angle θ. The dip angle is perturbed ac-
cording to a univariate Gaussian distribution cen-
tered at the current value of θ.

3. Vary the thickness of the slabR. The slab thickness
is perturbed according to a univariate Gaussian dis-
tribution centered at the current value of R.

4. Vary the temperature of the slab Tc. The slab
temperature is perturbed according to a univariate
Gaussian distribution centered at the current value
of Tc

After choosing one of the four possibilities, the proposal
is always accompaniedby theperturbationofE. The ac-
tivation energy is perturbed using a univariate Gaussian
distribution centered at the current value of E.

4 Full forward procedure to predict
surface wave measurements from
the subductionmodel

Tab. 1 summarizes the true model parameters used to
describe the thermal and rheological structure of the
synthetic subduction zone. Note that the other scalar
variables uninvolved in the inversion procedure, such
as the dimensionless parameters defining the Rayleigh
number, are preserved as inMagali et al. (2021b). When
computing CPO anisotropy with D-Rex, we use the ac-
tive slip systems of olivine corresponding to dry upper
mantle conditions, and estimate the evolution of the
texture onto ∼2000 olivine crystals for 10 My. Other pa-
rameters such as the grain boundary mobility and the
threshold volume fraction for grain boundary sliding
are taken from the reference D-Rex model (Kaminski
et al., 2004).

Model parameter Assigned value
L 150 km
R 120 km
θ 35◦

Tc 800 K
E 11.0

Table 1 True model parameters defining the thermal
structure of the subduction model.

The instantaneous flow is computed in a 400 km× 400
km × 400 km box with a 6.25 km × 6.25 km resolution.
Tangential velocities are prescribed at the top to repli-
cate real Earth subduction dynamics. The bottom and
lateral boundary conditions are free-slip.

Fig. 2a shows the vertical cross-section of the 3-D in-
stantaneous flow field induced by subduction. We ob-
serve one of the conspicuous features of subduction-
induced flow, that is the existence of a local convec-
tion cell beneath the slab tip attributed to retrogade
slab motion. This is accommodated by the existence
of back-arc motion towards the trench made respon-
sible mainly by trench suction and in part by the in-
duced leftward motion due to the imposed plate veloc-
ity across the overriding plate. This also ensures flow
ascension in front of the slab. The vigorous mixing
observed across the sub-slab mantle resembling roll-
back motion is mainly influenced by horizontal bound-
ary effects. Such effects can be reduced by increas-
ing the size of the model domain. Nevertheless, most
features observed across the vertical cross-section are
mainly predisposed by poloidal flow (i.e., buoyancy-
related motion). In essence as with any divergence-free
vector field, our velocity field can be decomposed into
a poloidal component, and a toroidal component which
relates to horizontal flow due to the presence of lateral
viscosity contrasts (Gable et al., 1991; Bercovici, 1995).
Since we imposed temperature-dependent viscosity, we
are compelled to deal with toroidal motion due to lat-
eral variations in viscosity as shown in Fig. 2b (i.e. the
horizontal projection of the flowwhose plane is normal
to the z−axis) where we observe some local vorticities
around the slab edges.

Fig. 3 shows the vertical cross-section of the finite
strain representation of the subduction model. Solid
black lines pertaining to the orientation of the long axis
of the finite strain ellipsoid (fse) are superimposed on
top of the natural strains (i.e., amplitude of finite de-
formation in terms of the natural logarithm of the ra-
tio between the long and short axes of the fse). Finite
strain orientations to first-order tend to be parallel to
the direction of flow, however, may lag behind in some
instances where deformation rapidly varies along the
flow trajectory (Kaminski and Ribe, 2002). The absence
of deformation correlates well with the presence of the
fortified and highly-viscous slab.

From the velocity field, we gain access to the macro-
scopic velocity gradients by finite differencing. The 3-D
map of the local velocity gradient in conjunction with
the temperature field are utilized to construct an elastic
model of the synthetic subduction zone using a micro-
mechanicalmodel for CPO evolution for the anisotropic
part, and a thermodynamicmodel for the isotropic part,
respectively. At any arbitrary location in 3-D space, the
elastic model contains the full elastic tensor. Since it
is arduous to interpret a fourth-rank tensor, it is often
convenient to decompose S into a specific symmetry
class to better analyse its properties. Fig. 4 illustrates
the vertical cross-section of the elastic constants A0 re-
lated to PV−waves and L0 related to SV−waves as-
sociated with the subduction model. The elastic con-
stants are computed from the elastic projection of S to
an azimuthally-averaged VTI medium (Montagner and
Nataf, 1986). Both panels robustly map the cold sub-
ducting slab with L0 exhibiting sensitivity to tempera-
ture variations more fervently than A0. Since the con-
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Figure 2 Instantaneous velocity field induced by subduction. The effective viscosity in log units is superimposed. Model
domain is of the size 64 × 64 × 64 elements, free-slip boundary conditions are imposed at the lateral and bottom sides. Op-
posing plate velocities are prescribed at the top to drive horizontal motion. (a) Vertical cross-section of the velocity field. (b)
Overhead view of the velocity field at a depth of∼ 100 km. Figure (b) illustrates the significance of lateral viscosity variations
to produce toroidal fluid flow.

Figure 3 Cross-sectional view in the xz− plane of the nat-
ural strains (i.e., amplitude of the fse in terms of the natu-
ral logarithm of the ratio between the long and short axes).
Solid black lines are attributed to the orientation of the long
axis of the fse. Finite strain framework is usually used as a
proxy to infer convective flow in the mantle.

stantsA0 andL0 arenot the isotropic averages of the fast
and slow velocities but a linear combination of the elas-
tic tensor, they possess small anisotropic perturbations
thus explaining the presence of smearing in some areas
of the maps.

On theotherhand, Fig. 5 represents the vertical cross-
section of S−wave radial anisotropy ξ (left panel) and
of the amplitude of total anisotropy in terms of the
anisotropy index (i.e., normfractionof the elastic tensor
with respect to the isotropic component) (right panel).
As observed, regions of positive radial anisotropy ξ > 1
correlate well with horizontal flow and of negative ra-

dial anisotropy ξ < 1 with vertical flow. In terms of
the anisotropy index, the entrained mantle wedge ad-
jacent to the plunging slab, and beneath the back-arc
produced the most CPO due to shear deformation ini-
tiated by slab pull and reinforced by trench suction.
Strong anisotropyproduced across the shallowerdepths
of the sub-slab can be attributed to roll-back motion
augmented by boundary effects. Across the slab itself,
we expect ξ ≈ 1 since the material is designed to mimic
rigid plates that withstand deformation. This is also ob-
served at the right panel where the anisotropy index
across the slab appears to be close to zero. Thus in this
case, the subducting slab can be regarded as isotropic
since no CPO is generated due to its resilient rheolog-
ical integrity. The presence of small-scale artifacts in
the anisotropic structures may be attributed to numeri-
cal errors associated with the forward calculations.

From an elastic medium built from the spatial distri-
bution of S, it is now possible to compute 2-D phase
velocity maps and their azimuthal variations. For in-
stance, Fig. 6 shows amap of the computed phase veloc-
ity and azimuthal anisotropy for Rayleigh waves at 100
s. The increase in velocity on the left portion of themap
shown in Fig. 6a indicates the influence of the cold sub-
ducting slab. In Fig. 6b, the characteristic blue margin
in between the yellow regions corresponds to the slab it-
self. This is also delineated by the shortening of the fast
axis of azimuthal anisotropy within its vicinity (solid
black lines). Although the orientation of the fast axis
is a sufficient proxy to infer the horizontal projection
of flow, it may still fail to render some important char-
acteristics such as the presence of a toroidal compo-
nent in the flow. This is because azimuthal anisotropy
in surface waves is an integrated effect of the elastic
anisotropywith depth. Furthermore, the latter depends
on the deformation trajectory. Hence, absolute flow
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Figure 4 Cross-sectional view in the xz− plane of the elastic constantsL0 (left panel) andA0 (right panel). Since elasticity
strongly depends on temperature, we can easily map the cold subducting slab in the seismic models. The cross sections are
taken at the center of the y− axis.

Figure 5 Cross-sectional view in the xz− plane of the S−wave radial anisotropy ξ (left panel) and the anisotropy index
expressed in terms of the tensor norm fraction of S with respect to its isotropic component (right panel). The cross sections
are taken at the center of the y− axis.

velocities may be well away from the orientation of
its fast propagation. Finally, the deformation induced
by subduction seemingly produces about 2% azimuthal
anisotropy in surface waves which spreads out almost
evenly throughout the map and is only restricted by the
existence of the slab.

5 Inversion results
Using the values of the model parameters summarized
in Tab. 1, we generate synthetic surface wave disper-
sion curves and their azimuthal variations at periods be-
tween 10 and 200 s with 10 s intervals. The complete
data consist of a regular array of 8 × 8 locations con-
taining cR, cL, c1, and c2 spanning the entire surface.
The synthetic data are computed based on the full elas-

tic tensors (i.e. with 21 independent coefficients) calcu-
lated with D-Rex.

We add Gaussian uncorrelated noise onto cR,0, cL,0,
c1, and c2. We assign very low noise levels for
cR,0 and cL,0 with σR,L = 0.001 km s−1 to mimic
periodically-correlated surface wave dispersion mea-
surements. Conversely, the azimuthal variations are as-
signedwith σ1,2 = 0.005 km s−1. Fig. 7 shows a synthetic
surface wave dispersion curve with and without added
noise at one specific geographical location.

The inversion consists of 20 independent Markov
chains containing 40 000 samples each initiated at a ran-
dom model (i.e., values for L, θ, R, Tc, and E are ran-
domized for all chains) to ensure loose compliance to
the initial model. Job array processing has been imple-
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Figure 6 Phase velocity maps derived from a 3-D deforming upper mantle beneath a subduction zone at 100s period. (a)
Rayleigh wave phase velocity (km/s). (b) Azimuthal anisotropy in Rayleigh waves (km/s). The solid black lines correspond to
the direction of the fast propagation axis. Surface wavemaps always lie along the xy− lateral plane.

Figure 7 Synthetic surface wave dispersion curves from
10 to 200 s at a given geographical location (blue lines). The
data used in the inversions have been added with Gaussian
uncorrelated noise (red circles).

mented where each Markov chain is assigned with one
element of the job array. Each job array then contains
one task per node. Meanwhile for each task (and hence
each node), 12 CPUs are assigned for multi-threading
flow computations with OpenMP (OpenMP Architec-
ture Review Board, 2008). As for the rest of the compu-
tations involved in the full forward procedure, we use a
serial implementation for each task. On average it takes
approximately 10 seconds to complete one McMC cycle
(i.e. model proposition + forward computation + likeli-
hood function computation).

We demonstrate two cases: (1) an isotropic inver-
sion and an (2) anisotropic inversion (i.e., geodynamic
tomography). Both cases are imposed with wide uni-

form priors allowing for moremobility when searching
the parameter space. For efficient sampling, we com-
mence geodynamic tomography by first employing an
isotropic inversion. Once the independent chains have
converged in this phase, we then proceed with the ac-
tual anisotropic inversion procedure. It is important to
emphasize that we implement an artificial neural net-
work (ANN) algorithm to approximateD-Rex. Since the
current architecture of the network is problem-specific,
it is designed based on training data generated by flow
models produced by a family of thermal subduction
models described by Equations (1), (2), and (3).

5.1 Marginal posterior probability distribu-
tions of the recoveredmodel parameters

Figs 8 and 9 show the 1-Dmarginal posterior probability
distribution on eachmodel parameter (diagonal panels)
and the joint marginal posterior probability distribu-
tion between a pair of model parameters (off-diagonal
panels) to explore possible trade-offs for isotropic in-
version and anisotropic inversion, respectively. The red
lines and the black circles indicate their correct val-
ues. Both cases have exhibited a single misfit minima
for the model parameters that define the thermal struc-
ture of the subduction model. However by incorpo-
rating geodynamic and petrological constraints, we ob-
serve that the entirety (this includes E) are much more
tightly constrained than the isotropic case, as evidenced
by the considerable decrease in the spread of the dis-
tributions. The narrow widths of the posterior distri-
butions are also a manifestation of the low noise lev-
els accounted for in the inversions. Between these two
effects, it can be implied that the imposition of geody-
namic constraints contributes far more toward the ro-
bustness of the solutions than the usage of low-noise
data. Finally, the existence of a linear trade-off between
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a pair of parameters appears to bewidespread. Such be-
havior ismost apparent between the temperature of the
slabTc and the slab geometry, particularlyL andR. This
is likely due to the accommodation of the increase in the
slab temperature by an increase in its size.

It is expected that isotropic inversion hardly con-
strainsE since isotropic velocities do not depend on de-
formation history but are directly derived from temper-
ature and pressure for a given chemical andmineralog-
ical composition. Contrastingly, anisotropic inversion
effectively constrainsE although the result is clearly bi-
ased as it is observed to differ from its true value. In ac-
tuality, bias exists in all the parameters at least except
for the length of the slab L. Thus the existence of misfit
minima that are not in agreement with the true model
parameters can either be explained by the use of an in-
correct surrogate model in the inversion or the incapa-
bility of surface wave data to recover the synthetic sub-
duction zone.

To demonstrate that surface waves can recover sim-
ple models of subduction, we include another test
where the observed surface wave data is generated by
an elastic medium predicted with ANN (i.e. the sur-
rogate model). Fig 10 now shows the 1-D and joint
marginal probability distributions as a result of this
new numerical experiment. Here, we notice the mit-
igation of model uncertainties through the narrowing
of the distributions. Furthermore, we also observe how
these distributions are centered at the true values of the
model parameters. Based on these results, it is now
clear that the behavior exhibited in Fig 9 is a direct con-
sequence of using D-Rex in the full forward procedure
and using a surrogatemodel based on ANN in the inver-
sion. Indeed, implementing the correct forward model
to compute anisotropy decreases model uncertainties
and eliminates the bias. Since these forward models
tend to be computationally expensive when employed
with direct-search algorithms, it is imperative to utilize
fast-forward approximations such as neural networks.
This however necessitates the inclusion of additional
training data and/or possibly the partial or complete
overhauling of the network architecture.

5.2 Retrieval of the temperature field and
some implicitly computed seismic
anisotropy variables

Fig. 11 illustrates the reconstructed mean temperature
field coming from the 20 Markov chains from both in-
versions (top panels) and their corresponding uncer-
tainties in terms of the standard deviation (bottom pan-
els). By visual inspection, we notice that the mean tem-
perature field from the isotropic inversion (Fig. 11a) is
not much different from the anisotropic case (Fig. 11b).
Due to the low levels of noise in the data, anisotropy
does not bringmuch in the recovery of the temperature
field. However in the case of larger noise levels, the in-
clusion of anisotropy in the inversions would be more
beneficial. The standard deviation conveys a different
story however, as observed by its smaller amplitude in
the case of geodynamic tomography (Fig. 11d). In both

cases, the uncertainties are seemingly clustered across
subducting slab with two discernible plunging stripes.
This indicates a state of relaxation, or more preferably,
convergence of the Markov chains towards a stable so-
lution. The plunging stripes therefore are a result of a
random-walk behavior of the subducting slab about its
center. The center of the slab is delineated by the area
of low uncertainty partitioning the two plunging stripes
of high uncertainties.

Fig. 12 shows the 1-D depth marginal posterior prob-
ability profiles at a given location for temperature,
S−wave radial anisotropy ξ, peak-to-peak azimuthal
anisotropy in terms of 2G/L0 where G is the horizon-
tal azimuthal dependence of L0, and the azimuth of
the fast direction of azimuthal anisotropy inferred from
geodynamic tomography. We successfully jointly re-
covered azimuthal and radial anisotropy without hav-
ing to explicitly invert for the elastic tensor. One of
the key advantages of geodynamic tomography is its
capacity to capture intricate and highly complex fea-
tures, as exemplified by the recovered amplitude of az-
imuthal anisotropy and its fast azimuth. Furthermore,
one of the long standing problems of conventional sur-
face wave tomography is the depletion of its resolving
power with depth since its energy is mostly concen-
trated across the surface. Here we have demonstrated
the ability of geodynamic tomography in the apparent
eradication of this effect as evidenced by the preserva-
tion of the width of the posteriors in depth.

Lastly, geodynamic tomography offers the capabil-
ity to resolve 3-D structures of any implicitly computed
variable. As a demonstration, Fig. 13a illustrates the S-
wave radial anisotropy ξ and Fig. 13b, the anisotropy
index obtained from the mean temperature model.
A recurring issue is the underestimation of seismic
anisotropy in comparison with the true model (Fig. 5)
due to the use of an approximate forward operator to
model CPO evolution. This is compensated by theweak-
ening of the slab rheology through the reduction of the
activation coefficient (Fig. 9 bottom right panel), in or-
der to produce larger levels of anisotropy.

6 Discussion

Most of the limitations of themethod have already been
laid out in (Magali et al., 2021b). Therewediscussed sev-
eral areas for improvement which include but are not
limited to: (1) the inclusionof other types of data suchas
gravity anomalies for better model constraints, (2) the
usage of a generalized surrogate model for computing
anisotropy, and (3) the underlying assumptions inman-
tle composition. Here, we discuss the limitations and
the resulting implications of using thermally-driven in-
stantaneous models of subduction. Finally, we discuss
what the future holds for the method, that is, its poten-
tial application to a real Earth problem.
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Figure 8 Posterior probability distribution in the five-dimensional parameter space inferred from the isotropic inversion
p(m|cR, cL). Diagonal panels show 1-D marginal distributions for each model parameter. Off-diagonal panels show 2-D
marginal distributions anddepict possible trade-offs betweenpairs ofmodel parameters. The red vertical lines and the black
markers indicate the true model values for the diagonal and the off-diagonal panels, respectively. The intensity pertains to
the level of posterior probability (i.e., high intensity means high probability, and thus lowmisfit).

6.1 Comments on the use of instantaneous
subductionmodel

Ournumerical experiments assume that the subduction
geometry is already known to a certain degree given
the ever-growing geophysical data available. This is
similar to the geodynamic inversions demonstrated by
Baumann and Kaus (2015). Because of this, the prior
boundswe have selected for themodel parameters such
as the slab length being 100 km−200 km or the angle of
subduction being 20◦−45◦ are reasonable. However, we
acknowledge the existence of some end-member slab
geometries such as those whose dip angle is nearly ver-
tical (e.g. Kermadec andMarianas) and those whose dip
angle is constant but whose slab length is> 200 km and
some even penetrating the transition zone (e.g. Central

and South Kurile) as evidenced by (Fukao et al., 2009). It
is expected that increasing the range of the prior would
not have a substantial effect on the shape of the poste-
rior due to the relatively small noise levels prescribed
in the observed data (i.e., the narrow shape of the like-
lihood compared to the prior). Nevertheless, we can as-
cribe the subduction geometries coming from our prior
distribution to short and young, or even detached slabs.

It has already been shown that upper mantle miner-
als deform by dislocation creep to facilitate the devel-
opment of CPO (Karato andWu, 1993; Hirth and Kohlst-
edf, 2003). Thus, it would make sense to implement
stress-dependent rheologies (i.e. non-Newtonian flows)
in our geodynamic models. Geodynamic tomography
is still at the ‘proof-of-concept’ stage, and so incorpo-
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Figure 9 Posterior probability distribution in the five-dimensional parameter space inferred from the anisotropic inversion
p(m|cR, cL, c1, c2). With D-Rex used to generate the observed data, the marginal distributions are not centered at the true
values. The narrowness of the distributions is an imprint of the low noise levels prescribed in the observed data.

rating stress-dependent rheologies onto our instanta-
neous flow model would require additional effort for
optimization (i.e. speeding-up flow computations while
minimising sharp lateral viscosity contrasts) especially
when considering a sampling-based inversion scheme
where the flow has to be calculated numerous times.
However, it has been reported that Newtonian flows
could replicate some aspects of non-Newtonian flows
by varying the activation energy (Christensen, 1983;
Billen and Hirth, 2005). Still, a Newtonian rheology re-
mains valid when considering the large scale features
of subduction-induced mantle flow (Becker et al., 2003;
Piromallo et al., 2006), and especially when we expect
small-scales to be tomographic-filtered by long-period
seismic data (Magali et al., 2021a).

Finally, a steady-state assumption when back-tracing
flow streamlines may not be applicable in regions

where transient flow is predominant. As pointed out
by Faccenda and Capitanio (2012, 2013), steady-state as-
sumptions imposed onto convergent margins produce
anisotropic patterns in that region that are largely bi-
ased. A more consistent way of computing anisotropy
is to track the evolution with time of the path traversed
by several tracer particles, incorporate texture evolu-
tion models at each time step, and compute how much
strain is accrued by the process as they get forward ad-
vected (Faccenda, 2014; Chang et al., 2016). Indeed this
can be one of the futures avenues to be delved upon
to improve geodynamic tomography. With the steady-
state assumption, we anticipate that the anisotropy re-
covered away from the slab edges, and across the sub-
slabmantle or themantle wedge to remain robust (Mac-
Dougall et al., 2017), and close to the convergentmargin
and slab edges to be interpreted with caution.
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Figure10 Posteriorprobabilitydistribution in the five-dimensional parameter space inferred fromtheanisotropic inversion
p(m|cR, cL, c1, c2). Here, the observed surfacewavedata is generated coming fromanelasticmediumpredictedwith neural
networks. By using the correct surrogate model to match the one implemented in the inverse procedure, we observe how
themarginal distributions are centered on their respective true values. This numerical experiment confirms that the bias and
the model uncertainties observed in Fig. 9 results from the use of an ANN-based surrogate model to compute anisotropy.

6.2 Potential application to real surfacewave
dispersionmeasurements

Now that we have shown the capability of geodynamic
tomography to recover synthetic structures close to real
geodynamic settings, it is obvious that the next step is
to apply the method to real Earth data. As such, this
section briefly explains some forthcoming strategies to
fully implement the method.

To recover the present-day thermal structure of the
upper mantle from the inversion of real surface wave
data, the inversion strategy should consist of three ma-
jor stages: (1) In the first stage, we assume that surface
wave dispersion maps within the desired period range
are readily available. This is arguably the case in most

places where surface wave dispersion measurements
are widely available thanks to an ever growing amount
of seismic records. From these maps spanning the en-
tire geographical surface, we then invert local isotropic
Rayleigh wave phase velocity dispersion curves for 1-D
depth isotropic VS models. (2) From the 1-D structures,
the second stage involves the estimation of 1-D depth
profiles of temperature T using first-order scaling re-
lations between VS and T . A more elaborate yet more
computationally demanding approach is the inverse im-
plementation of self-consistent thermodynamicmodel-
ing to infer T from VS for any given bulk composition.
The 1-D depth profiles of temperature can then be juxta-
posed followed by smoothing through various interpo-
lation schemes to build a smooth 3-D temperature field.
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Figure 11 Upper panel: Cross-sectional view in the xz− plane of the mean temperature field recovered from (a) isotropic
inversion, and (b) anisotropic inversion. Lower panel: Standard deviations around the mean temperature fields from (c)
isotropic inversion, and (d) anisotropic inversion. These cross-sections are taken at the center of the y− axis.

(3) The last stage is geodynamic tomography itself, that
is, using the 3-D temperature field inferred from the
previous stage as the initial model to iteratively update
its structure by inverting anisotropic surface wave dis-
persion curves. Fig. 14 is a schematic representation of
this three-step inversion strategy.

7 Conclusion
We have tested the applicability of geodynamic tomog-
raphy to a 3-D deforming upper mantle induced by sub-
duction. Isotropic Love and Rayleigh wave phase ve-
locity measurements and their azimuthal variations at
a given location were jointly inverted to recover the 3-D
thermal structure of a synthetic subduction zone. The
method is cast in a Bayesian inversion procedure where
the solution is an ensemble of unknown model param-
eters defining the thermal and rheological structure of

the subduction zone, distributed according to a poste-
rior probability density function.

In the process, not only do we successfully recover
the desired thermal structure, we have also constrained
the complete pattern of upper mantle deformation in-
duced by subduction, and provided a quantitative in-
terpretation on how these deformation patterns trans-
late to seismic anisotropy that could potentially be im-
aged by seismic tomography. We have shown that the
Bayesian framework propounds the capability to render
marginal posterior probability distributions not only
of the unknown parameters, but also of any implicitly
computed variable such as deformation and anisotropy
through geodynamic and texture evolution modeling,
and quantify their associated uncertainty limits.
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Figure12 1-Dmarginalposteriorprobabilityprofileswithdepthof several variables inferred fromgeodynamic tomography.
(a) Temperature. (b) S−wave radial anisotropy ξ. (c) Amplitude of azimuthal anisotropy in terms of 2G/L0 where G is an
elastic constant corresponding to the horizontal azimuthal dependence of L0. (d) Azimuth of the fast direction of azimuthal
anisotropy. Thedepthprofilesof temperatureand ξ are takenat (x =125km, y =225km). Toshowthatazimuthal anisotropy
is also well-constrained, we took the depth profile at (x = 175 km, y = 225 km), where the patterns of azimuthal anisotropy
arehighly complex. Geodynamic tomographyoffers thecapability toconstrain seismicanisotropy. Thesolid red lines indicate
the true structures.

Figure13 Cross-sectional view in thexz−planeof theS−wave radial anisotropy ξ (a) and theanisotropy index (b) obtained
from themean temperature model. The cross sections are taken at the center of the y− axis.
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Figure 14 Three-step approach to geodynamic tomogra-
phy. The first step involves 1-D isotropic surface wave to-
mography to infer the VS structure (solid red lines) from
a geographical array of isotropic Rayleigh wave dispersion
measurements (blue triangle on top of the 1-D column).
From the 1-D VS structures, the second step is the estima-
tionof 1-D temperature profiles (dashed red lines across the
1-D column). From the set of 1-D temperature profiles, one
may thenbuild a smooth 3-Dmodel of temperature through
interpolation. The 3-D model can thus be viewed as a col-
lection of 1-D columns containing depth profiles of temper-
ature. Geodynamic tomography commencesbyusing the3-
D temperature field (dashed red lines in the 3-Dmodel) as a
starting model followed by its iterative update through the
inversion of anisotropic surface wave dispersion measure-
ments (blue triangles on top of the 3-Dmodel).
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Abstract Ultra-low velocity zones (ULVZs) are thin anomalous patches on the boundary between the
Earth’s core and mantle, revealed by their effects on the seismic waves that propagate through them. Here
wemap a broad ULVZ near the Galápagos hotspot using shear-diffracted waves. Forwardmodeling assuming
a cylindrical shape shows the patch is ~600 kmwide, ~20 km high, and its shear velocities are ~25% reduced.
The ULVZ is comparable to other broad ULVZs mapped on the core-mantle boundary near Hawaii, Iceland,
andSamoa. Strikingly, all four hotspotswhere themantle plumeappears rootedby these ‘mega-ULVZs’, show
similar anomalous isotopic signatures in He, Ne, andW in their ocean island basalts. This correlation suggests
mega-ULVZs might be primordial or caused by interaction with the core, and some material from ULVZs is
entrainedwithin the plume. For theGalápagos, the connection implies the plume is offset to thewest towards
the base of the mantle.

Non-technical summary Observations of deep-diving earthquakewaves reveal heterogeneity and
dynamics within the Earth. Here we use waves that diffract along the boundary between the core and the
mantle to map a patch of anomalous material on top of the boundary. The waves propagating within the
patch are slowed down by 25% compared to those propagating in surrounding material, and the waves are
refracted when entering and exiting the patch. These waves arrive at seismic stations delayed by tens of sec-
onds. By modeling the waveforms, and mapping the directionality of this delayed energy, we constrain the
location of the patch beneath the eastern Pacific and to thewest of the Galápagos archipelago. The patch can
be approximated as a cylinder with a width of 600 km and height of 20 km. Such patches are named ultra-low
velocity zones or ULVZs. Similar largeULVZs are found near other intraplate volcanic hotspots, i.e. Hawaii, Ice-
land and Samoa. Volcanic basalts on these islands and the Galápagos show anomalous isotopic signatures,
which could be dragged up in a mantle plume from the ULVZ at the core-mantle boundary and indicate that
thematerial within the ULVZs was either created early in Earth’s history or contains material leaking from the
core.

1 Introduction
The lowermost hundreds of kilometers of the mantle
are the lower thermal boundary layer in mantle dy-
namics, which is partially driven by heat flow across
the core-mantle boundary. The layer plays a major
role in Earth’s thermal and dynamical history. Seismic
waves have revealed it is characterized by strong lat-
eral variations in seismic wave speed, which are linked
to variations in temperature and composition. On the
global scale, there are two widespread regions with rel-
atively slow seismic velocities, dubbed Large Low Ve-
locity Provinces (LLVPs, e.g. Cottaar and Lekić, 2016;
Garnero et al., 2016), which are surrounded by regions
of relatively fast seismic velocities that can be inter-
preted as the accumulation of subducted tectonic plates
or slabs (e.g. Domeier et al., 2016; Hilst et al., 1997).
Much thinner in nature, on the order of 10s of km,
but more extreme in their velocity anomaly, are the

∗Corresponding author: sc845@cam.ac.uk

ultra-low velocity zones (ULVZs). ULVZs appear patchy
in nature and are directly on the core-mantle bound-
ary. While only a fraction of the core-mantle bound-
ary has been targeted for these anomalies, there is a
weak trend that these patches appear within or near the
LLVPs (Yu and Garnero, 2018). In studies that produce
ULVZ probability maps using a single data type over a
large swath of the core-mantle boundary, this trend is
disputed (Thorne et al., 2020, 2021). However, the ap-
pearance of ULVZswithin LLVPs is certainly true for the
broadest of ULVZs that have been mapped in 3D (Cot-
taar and Romanowicz, 2012; Thorne et al., 2013; Yuan
and Romanowicz, 2017; Jenkins et al., 2021; Krier et al.,
2021; Lai et al., 2022; Li et al., 2022), and can be dubbed
‘mega-ULVZs’ after Thorne et al. (2013). The threemega-
ULVZs currentlymapped lie in the vicinity of theHawai-
ian, Icelandic and Samoan hotspots, and such large
structures appear otherwise rare, at least across a large
swath of the Pacific (Kim et al., 2020). Suggestions of
the presence of other mega-ULVZs have been made be-
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low Marquesas and Caroline hotspots (Kim et al., 2020;
Thorne et al., 2021), but these have not been mapped to
the same detail.
The nature and origin of ULVZs are uncertain. Their

velocity reductions are so extreme that their compo-
sition must be anomalous, and enrichment of magne-
siowüstites is a prime candidate (Wicks et al., 2017; Do-
brosavljevic et al., 2019). The presence of partial melt
is also proposed, but is unlikely to form stable ULVZs
as the melt is dense due to enriched in Fe and drains
to the core-mantle boundary (Hernlund and Jellinek,
2010; Dannberg et al., 2021). Solid-state ULVZs could
be remnants of an early molten mantle, becoming en-
riched in magnesiowüstite due to fractional crystalliza-
tion, and therefore have a primordial origin (Labrosse
et al., 2007). The potential of Fe-enrichment by the core
has also been proposed, through mechanisms of dif-
fusion (Hayden and Watson, 2007; Lesher et al., 2020)
or mechanisms driven by morphological instabilities
(Kanda and Stevenson, 2006; Otsuka and Karato, 2012;
Lim et al., 2021). If ULVZs are dense in composition,
questions remain as to whether they are passive mark-
ers of surrounding convection (Li et al., 2017, 2022), play
an active role by rooting mantle plumes (Jellinek and
Manga, 2004), and if their material can be entrained in
plumes (Jones et al., 2019).
Here we present evidence for the presence of amega-

ULVZ on the core-mantle boundary to the west of the
Galápagos hotspot using shear diffracted waves. Shear
diffracted energy incident upon a mega-ULVZ, causes
guided waves within. This energy is refracted due to
the velocity contrast at the entry to and exit from the
ULVZ. At a seismic station, the refracted energy arrives
off-angle and delayed by 10s of seconds. We refer to this
as the ‘Sdiff postcursor’. The frequency content of the
postcursors is sensitive to the height of the ULVZ. Their
delay times are sensitive to the size, shape, and veloc-
ity reduction of the ULVZ.We focus on four earthquakes
with Sdiff postcursors sampling the core-mantle bound-
ary near the Galápagos Islands. Our preferred ULVZ
model is found by synthetic waveform modeling for 3D
ULVZ models, and by imaging the directionality of the
postcursor energy.

2 Data and Methods
2.1 Data Catalogue
Recognizing consistent arrivals of Sdiff postcursors
caused by a mega-ULVZ requires dense data coverage.
The Transportable Array (TA) is a large-scale deploy-
ment of 400 seismic stations that has gradually moved
fromwest to east across the conterminousUnited States
between 2004 and 2015 with a rough station spacing of
70 km. The presence of the TA here played a major role
in the discovery and mapping of the Hawaiian, Samoan
and Icelandic mega-ULVZs (Cottaar and Romanowicz,
2012; Thorne et al., 2013; Yuan and Romanowicz, 2017).
Over several years since 2014, the TA was transferred to
Alaska, monitoring the most seismically active state of
the USwith unprecedented coverage, while also provid-
ing new geometries to study the core-mantle boundary.

Observations of Sdiff waves from Chilean earthquakes
to the Alaska TA provided us with the first evidence of
the presence of Sdiff postcursors caused by a ULVZ be-
neath the eastern Pacific. Subsequently, we built a cat-
alogue of postcursor observations.
We visually assess earthquake data for the presence

of Sdiff postcursors caused by a ULVZ near the Galápa-
gos Islands from a globally compiled data set of Sdiff
phases for all earthquakes over a magnitude of 5.7 and
for all depth ranges. Data are filtered between 10 and
30 s. To assess, Sdiff phases are aligned on their pre-
dicted arrival time and organized as a function of az-
imuth. Apostcursor is recognized by strong later arrival
that has a move-out in time as a function of azimuth
with respect to the main Sdiff arrival. They can only
be observed if there is sufficient data coverage, a good
signal-to-noise ratio ( judged by eye), and no strong in-
terfering depth phases. A catalogue of promising obser-
vations of postcursors caused by the Galápagos ULVZ is
given in Table S1. We focus on four high quality events
that sample the Galápagos ULVZ from a variety of an-
gles. For these events, we quality check the data by
eye, and remove traces with low signal-to-noise ratio.
Several further examples of postcursor observations are
presented in the supplementary materials.

2.2 Forwardmodeling
We compute full waveform synthetics for 3D ULVZ
models using the ‘sandwiched’ version of the Coupled
Spectral Element Method (sandwiched-CSEM, Capdev-
ille et al., 2002, 2003), similar to Cottaar and Romanow-
icz (2012) and Yuan and Romanowicz (2017). The ‘sand-
wiched’-CSEM computes the spectral element solution
for a full 3Dmodel in the lowermost 370 km of theman-
tle, and couples this to a normal mode summation for
a 1D model in the rest of the mantle and the core. This
method allows for relative computational efficiency to
compute synthetics down to periods of 10 seconds for
a finely meshed model in the lowermost mantle, at the
cost of not having a fully 3D model in the rest of the
planet. The internal SEM mesh is defined to have a
boundary at the top of the ULVZ.
To reduce theparameter space to search,we assumea

cylindrical anomaly for which we determine the radius,
height, shear wave velocity reduction, and location in
latitude and longitude. Computing full-waveform syn-
thetics is too computationally expensive to allow for a
full grid search of all five parameters. Instead, we eval-
uate the delays, move-outs and amplitudes of resulting
postcursors by eye, and adjust the model to approach a
better fit.
In the background, we use the radially anisotropic

shear velocities of SEMUCB-WM1 (French and Ro-
manowicz, 2014), and a scaled P-wave model. Both
models are tapered to the background 1D model in the
top 70 km of the SEM mesh. Inside the ULVZ, the
isotropic shear wave velocities are reduced. The Vp re-
duction is scaled by a factor of 1, but this choice has neg-
ligible effect on the Sdiff waveforms. The density devi-
ation is scaled by a factor of -0.5, and is thus increased
within the ULVZ, but again has little effect on the Sdiff
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Date Depth [km] Lat. [°N] Long.[°W] Mw Location
A 2016/12/25 21.5 -43.41 -73.94 7.6 Southern Chile
B 2019/09/29 16.7 -35.56 -73.10 6.7 Off Coast of Central Chile
C 2015/05/19 14.9 -54.53 -132.39 6.6 Pacific-Antarctic Ridge
D 2017/02/24 417.9 -23.44 -178.77 7.0 South of Fiji Islands

Table 1 Parameters for the earthquakes. All earthquake parameters are from the Global Centroid-Moment Tensor project
(Ekström et al., 2012) except for event A, for which the W-phase solution published by the USGS National Earthquake Infor-
mation Centre provided a better waveform fit. See Table S1 for full catalogue.
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Figure 1 Map shows the geometry of the shear diffracted waves. Data geometries are shown by earthquake location (star),
station locations (grey triangles), and ray path sensitivity to the core-mantle boundary (shaded regions between piercing
points at 2800 km depth). Earthquake locations and ray paths are colored per event: A-blue, B-yellow, C-purple, and D-
green. For earthquake parameters, see Table 1. The Galápagos hotspot is indicated by an orange triangle. The location of the
Galápagos ULVZ, as constrained in this study, is shown as the red-filled circle. Backgroundmodel is showing the shear wave
velocity deviations at 2800 km depth from the tomographic SEMUCB-WM1 (French and Romanowicz, 2014). Black line with
white dash shows the geometry of the cross-sections in Fig. 8.

waveforms.

2.3 Beamforming
Using arrays of seismic stations, we can determine
the directionality of incoming energy. Searching over
the incoming backazimuth is called beamforming,
while searching over the slowness or incident angle is
called slant-stacking (or vespa processing, e.g. Rost and
Thomas, 2002). Shear diffracted waves have a predicted
slowness of 8.32 s/dg for PREM (Dziewonski and Ander-
son, 1981), but this could vary due to the velocities in
the lowermost mantle at the location where the energy
propagates upwards to the seismic array. The slowness,
or incident angle, could vary slightly between the main
wave and the postcursorwhen they come fromdifferent
directions. For these reasons, we do not fix the slow-
ness when beamforming, but search over coherent en-

ergy by stacking the signals, sj(t), as a function of time
t, slowness, uhor, and backazimuth, θ, for a given sub-
array,

(1)S (t, uhor, θ) =

N
∑

j=1

sj (t − uhor(θ) · xj)

where uhor(θ) = uhor

(

sin θ

cos θ

)

=

(

uEW

uNS

)

is the horizon-

tal slowness vector, and xj =

(

xEW

xNS

)

j

is the distance

vector to the centre of the subarray.
A seismic signal can be expressed in amplitude and

instantaneous phase:
(2)sj(t) = Aj(t) exp [iΦj(t)]

We create two separate stacks, one stack for the am-
plitude envelope, SA, setting sj(t) = Aj(t), and one
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Figure 2 Geometry, data, and synthetics for event A. (A) Geometry of data coverage, event (star), stations (triangles), and
sensitivity to the core-mantle boundary (shaded region) and ULVZ model (red circle). Background shows the shear wave
velocity deviations at 2800 km depth from the tomographic SEMUCB-WM1 (French and Romanowicz, 2014). (B) Wavefront
predictions for modeled ULVZ illustrating the cause of the postcursors. For an animation, see Movie S1. (C) Synthetic wave-
forms for 1D Earth model PREM (Dziewonski and Anderson, 1981). (D) Observed data. (E) Synthetics including background
tomographicmodel and the preferred cylindrical ULVZmodel. Data panels showSHdiff on the transverse component filtered
between 10 and 30 s, binned by azimuth and centered on the predicted arrival times. Postcursor energy is highlighted by
shaded region.

stack over the phase, SΦ, setting sj(t) = exp [iΦj(t)].
Finally, we interpret a phase weighted envelope stack
(Schimmel and Paulssen, 1997), where the phase is
weighted by a factor of 4,

(3)PWES = SASΦ
4

where all stacks are 3Darrays as a functionof (t, uhor, θ).
A light Gaussian filter is applied to the stack to reduce

irregularities and allow automated picking of peaks.
The main peak and other peaks above 10% of the maxi-
mumpeak arepicked. Uncertainty is establishedby tak-
ing the minimum andmaximum values for the contour
at 95% of the peak amplitude. An example of a high-
quality stack is shown in Fig. S13.
To build subarrays for an event, we create a sliding

window in distance-azimuth space. The window is both
5° in distance and in azimuth, and we shift the window
every 2° in azimuth and distance. For each window that
has at least 12 stations, a stack is considered. The stacks
are manually quality controlled for having one or two
clear peaks that are well constrained in time-slowness-
backazimuth space.

3 Results
3.1 Sdiff postcursor data set
Our analyses are based on waveform data from four
different earthquakes (Fig. 1, Table 1). We use shear-
diffractedwaves recorded at theAlaskaTA from twoma-
jor earthquakes in Chile that sample the core-mantle
boundary beneath the Eastern Pacific (Events A and
B). Events A and B are shallow thrust events along the
Chilean subduction zone ofmagnitude 7.6 on 25Decem-
ber 2016 and magnitude 6.7 on 29 September 2019, re-
spectively.
With Sdiff observations from only one azimuthal di-

rection, the location of theULVZ in the direction of their
propagation remains non-unique. To fully constrain the
location of ULVZs, we need rays crossing at a different
angle. This is provided by Event C,which is amagnitude
7.2 on the Pacific-Antarctic ridge, recorded in the north-
eastern US and south-eastern Canada. Additional evi-
dence from a third angle comes from recordings across
the Caribbean for an event in Fiji, although coverage in
this direction is poor (Event D).
Figs. 2-5 show the expected and observed data for
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Figure 3 Geometry, data, and synthetics for event B. Same as Figure 2, but for Event B. For an animation, see Movie S2.

Figure 4 Geometry, data, and synthetics for event C. Same as Figure 2, but for Event C. For an animation, see Movie S3.
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Figure 5 Geometry, data, and synthetics for event D. Same as Figure 2, but for Event D. For an animation, see Movie S4.

events A-D. The SH component of the shear diffracted
wave and its postcursor attenuates less along the core-
mantle boundary and therefore these phases are best
observed on the transverse component. Transverse
components shown are bandpass filtered between pe-
riods of 10 and 30s. Data are organized as a function
of azimuthal angle from the earthquake and windowed
around the predicted arrivals times of Sdiff for 1D ra-
dial Earth model (PREM, Dziewonski and Anderson,
1981). Expectedwaveforms are computed synthetics for
this 1D radial Earthmodel showingwaveformvariations
predicted due to source effects, but littlewaveformcom-
plexities, due to the absence of any mantle heterogene-
ity in the model.

Event A (Fig. 2) is a shallow event, causing the depth
phases (pSdiffand sSdiff) to arrive shortly after themain
phase. The observed compared to the expected wave-
forms show evidence for deep 3D heterogeneity in two
ways. Firstly, the initial Sdiff phases arrive later at
smaller azimuths and earlier at larger azimuths. This
variation in travel time is causedby thedichotomy in the
lowermost mantle where the waves at smaller azimuths
propagate through the LLVP beneath the Pacific, and
the waves at larger azimuths propagate through broad
areas of likely subducted slab material (Fig. 1). Sec-
ondly, and this is the focus of this study, delayed and sig-
nificant postcursors are present. The postcursors inter-
fere with the main arrivals at azimuths of 321-327° and
move out in time towards larger azimuths. The nature
of these postcursors is comparable to those observed for

the Hawaiian and Icelandic mega-ULVZs (Cottaar and
Romanowicz, 2012; Yuan and Romanowicz, 2017).
Event B (Fig. 3) shows comparable observations to

event A. Again, the main Sdiff arrival shows a trend in
arrival timewith azimuth related to the LLVP boundary,
and there is the presence of a postcursor thatmoves out
towards larger azimuth with respect to the main Sdiff
phases. However, the postcursor for this event is much
weaker in amplitude relative to the main phase.
Event C (Fig. 4) shows postcursors with a very differ-

ent propagation path through the same area at the core-
mantle boundary. Its postcursors are stronger in am-
plitude towards larger azimuths and display a weaker
move-out with time.
Event D (Fig. 5) shows hints of postcursor energy af-

ter the main phase at azimuths above 75°. Due to the
poor station coverage in this area though, it is hard to
observe any trends in the postcursor behavior. Poten-
tially this data is also affected by a mega-ULVZ beneath
the Marquesas as suggested by (Kim et al., 2020), imply-
ing there could be two postcursors. The data imaged by
stations in the US at smaller azimuths show diffracted
waveswith no discernible postcursors, suggesting there
arenomega-ULVZs located in abroad regionof the core-
mantle boundary between Hawaii and Marquesas.

3.2 Preferredmodel
Our best fitting ULVZ is centered at 105° W and 2° N. It
has a height of 20 km and a width of 600 km, which is
equal to nearly 10° on the core-mantle boundary. The
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A B

Data
Synthetic

Figure 6 Beamforming results for event A. (A) Relative time versus relative backazimuth for pickedpeaks in beamformstack
for real data (blue) and synthetic data for the ULVZ model (orange). Error bars in lower right shows median uncertainty for
the observations. Note the bimodal distribution in both time and backazimuth related to themain and postcursor arrival. (B)
Back-projection of determinedbackazimuths for energy peaks. Solid lines represent themain Sdiff arrival (defined as arrivals
before 35 s), while the dashed lines represent the Sdiff postcursors (arrivals after 35s).

shear wave velocity within is reduced by 25% compared
to surroundings. In Figs. 2-5, subplot B shows the wave-
front predictions for this ULVZ model computed using
a modified version of the wavefront tracker by (Hauser
et al., 2008). Subplots E show the synthetic waveforms
for the preferred ULVZmodel. This reproduces the gen-
eralmove-out of thepostcursors forEventsA-C. It shows
the relatively small amplitude postcursor for event B in
comparison to event A, which is caused by the earth-
quake source of event B emitting relatively less shear
energy in the direction of the ULVZ. For event C, the
weaker move-out of the postcursor with time is pre-
dicted. For this event, the synthetics show clear and
strong postcursors at smaller azimuths, which is not ob-
served in the data. This could either mean that the as-
sumed sourcemechanism is poor or that one side of the
ULVZ has an irregular boundary or decreases in thick-
ness.
Trade-offs and uncertainties do remain (see Supple-

mentary Materials). Waveform results for shifted and
resized ULVZ models are shown in the Figs. S6-S12 to
illustrate the sensitivity of the data to various parame-
ters. Based on these tests, estimated uncertainties on
the preferred cylindrical model are at least 2° on loca-
tion, 100 km in width, 5 km in height and 5% in velocity
reduction.

3.3 Directionality of postcursors
Our preferred ULVZ model is confirmed by analyzing
the directionality of the postcursor waveform by beam-
forming the energy for subarrays of stations where the
main and postcursor are well separated. Fig. 6 shows
the results for the significant postcursors present in
event A, comparing the results for observations and
synthetics. Both data and synthetics show a bimodal

distribution of energy peaks, with the later cluster off-
set by 20-30° in backazimuth. Within error, the offset ar-
rivals originate from the western boundary of the mod-
eled ULVZ. There is an absolute time shift between the
data and synthetics, which indicates unmodeled veloc-
ity variations along the Sdiff paths, but which are be-
yond the scope of this study. Beamforming results for
other events are discussed in Supplementary Materials
and for event C are shown in Fig. S14.

4 Discussion
The Galápagos ULVZ falls into the category of broad-
scale mega-ULVZs, which are so far uncovered by
diffracted phases. Other occurrences are mapped in
3D near Hawaii (Cottaar and Romanowicz, 2012; Jenk-
ins et al., 2021; Lai et al., 2022; Li et al., 2022), Samoa
(Thorne et al., 2013; Krier et al., 2021), and Iceland
(Yuan and Romanowicz, 2017); these are shown in Fig. 7
combined with the global database of ULVZs by (Yu and
Garnero, 2018). In general, a large variation of geome-
tries of ULVZs has been suggested, and it is unclear if
these all have comparable compositions and origins,
and are shaped due to surrounding flows, or if these
are distinctive features formed in different ways. To the
south of theGalápagos Islands, for example, ULVZshave
been mapped using PKP precursor phases that appear
pile- or ridge-like with a width of 30 km and a height of
30 km (Ma et al., 2019), showing a very different aspect
ratio from the mega-ULVZ observed here.
The edge of our preferred ULVZ location lies ~10° to

the west of the Galápagos hotspot. A connection would
require the Galápagos mantle plume to be offset in this
direction. Seismic tomographicmodels identify low ve-
locity anomalies beneath the Galápagos Islands, which
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ULVZ signal along ray patha

3D mapped mega-ULVZb

3D mapped mega-ULVZ - this study

relative deviation 3He/4Hec

relative deviation 182W/184Wd

Figure 7 Mapped ULVZs and ocean island basalt isotopic signatures. Previous suggested locations of ULVZs (light orange)
and recently 3D mapped mega-ULVZs (red) combined with helium and tungsten isotope ratio deviations observed in ocean
island basalts compared to mid-ocean ridge basalts (scaled blue and green triangles, respectively). a. Compilation of ULVZ
studies (Yu andGarnero, 2018) and a box is added for the regionwhere small-scale ridges are found to the south of Galápagos
Islands (Ma et al., 2019), b. Icelandicmega-ULVZ (Yuan and Romanowicz, 2017), Samoanmega-ULVZ fromThorne et al. (2013)
and with 0.5 probability contour from Thorne et al. (2021), Hawaiian mega-ULVZ (Li et al., 2022). Note that other modeling
studies for the mega-ULVZs near Hawaii (Jenkins et al., 2021; Lai et al., 2022; Li et al., 2022) and Samoa (Krier et al., 2021)
not represented here. c. Scaled maximum observed positive 3He/4He isotopic ratio deviations from 9 Ra, the upper end of
the MORB range, based on data compiled by Williams et al. (2019); Jackson et al. (2017); see references therein, and with
additions from Jackson et al. (2020); Peters et al. (2021). d. Largest observed negative deviations in µ182W compiled from
Mundl et al. (2017); Rizo et al. (2019); Mundl-Petermeier et al. (2020). Note that the largest deviations for He and W do not
always occur in the same samples for a given hotspot, and hotspotsmight be affected to different degrees by overprinting by
recycled crust (Parai et al., 2019; Jackson et al., 2020; Péron et al., 2021; Day et al., 2022). Additionally, both the compilations
of the ULVZs and the isotopic anomalies have a degree of geographical bias to where (more) studies have been conducted.

could be interpreted as plumes, but do not all agree
on its direction of tilt or continuity across the mantle
(Fig. 8). The resolution of the models beneath the Galá-
pagos will be biased due to the seismic stations being
largely located on land to the east and north. Some of
the latest globalmantle shear wave velocitymodels sug-
gest the plume is offset to the southwest (French andRo-
manowicz, 2015; Lei et al., 2020) and this offset also re-
sults when combining shear velocitymodels with a geo-
dynamical model (Williams et al., 2019). A recent in-
novative use of increasing coverage around the hotspot
by using passively floating seismometers resulted in a
P wave velocity model with a vertical plume down to
1900 km, beneath which resolution might be lost (Nolet
et al., 2019). A different recent Pwave velocitymodel fo-
cused on adding coverage in the lowermantle, observes
a vertical plume down to 1000 km depth with fast ve-
locities underneath (Hosseini et al., 2020). In both of
these P wave models, the suggested plume is vertical.
It is however easy to speculate that if there is a whole-
mantle plume, that it originates within or at the edge of
the LLVP (Steinberger and Torsvik, 2012; Li and Zhong,
2017) and its base is therefore offset to thewest or south-
west of the hotspot at the surface.

The geochemistry of basalts from the Galápagos

archipelago indicate a plume with at least three dis-
tinct components, each manifesting in geographically-
restricted portions of the archipelago along with a de-
pleted upper mantle component (Harpp and White,
2001; Gleeson et al., 2021; Geist et al., 1988; White et al.,
1993). Harpp and Weis (2020) observed that the plume
component mixture evident in the southwestern part
of the archipelago is distinct from that in the north-
east and argued for a bilaterally asymmetric Galápagos
plume. Notably, subaerial and submarine samples from
the westernmost island of Fernandina exhibit the high-
est 3He/4He ratios in the archipelago (Graham et al.,
1993; Kurz and Geist, 1999; Kurz et al., 2009), and the
most solar-like Ne isotopic compositions of ocean is-
lands globally (Kurz et al., 2009; Péron et al., 2021). So-
lar nebular helium and neon are thought to have dis-
solved into a terrestrial magma ocean during Earth’s
accretion (Harper and Jacobsen, 1996). High 3He/4He
ratios in ocean island basalts (compared to those mea-
sured in mid-ocean ridge basalts) reflect greater reten-
tion of the primordial helium budget, which mutes the
impact of radiogenic 4He ingrowth by decay of U and
Th over Earth history (Mukhopadhyay and Parai, 2019;
Parai et al., 2019). The Fernandina heliumandneon iso-
topic signatures indicate that the southwestern side of
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dV/V (%)

A B

Figure 8 Cross-sections through the Galapagos ULVZ and hotspot. (A) Shear wave velocity deviations in SEMUCB-wm1
(French and Romanowicz, 2014). (B) P wave velocity deviations in DETOX-P2 (Hosseini et al., 2020). Red line on the core-
mantle boundary shows location of ULVZ. Green triangle at the surface shows the location of hotspot. See Fig. 1 for location
of the cross-section.

the Galápagos plume samples a reservoir that has ex-
perienced relatively little degassing and thus retained
a high proportion of primordial solar He and Ne from
Earth’s accretion.
Four hotspot locations (Hawaii, Iceland, Samoa and

Galápagos) that have a mega-ULVZ situated near their
projection down onto the core-mantle boundary share
a collective set of geochemical features. Samples from
these locations exhibit high 3He/4He ratios, relatively
solar-like Ne isotopes, and anomalous 182Wisotopic sig-
natures (Fig. 7). 182Wwas produced by decay of the ex-
tinct radionuclide 182Hf in the first ~60Myr of Earth his-
tory. Core segregation within the lifetime of 182Hf frac-
tionated Hf/W ratios and generated a radiogenic 182W
isotopic signature (µ182W=0, where µ182W signifies the
part per million deviation in 182W/184W from a labora-
tory standard) in the bulk silicate Earth compared to
chondrites (Kleine et al., 2002; Yin et al., 2002). The
core locked in an unradiogenic 182W signature (nega-
tive µ182W), as would any other siderophile-enriched
reservoir in the interior that formed during the life-
time of 182Hf. Among hotspots, Hawaii, Iceland, Samoa,
and Galápagos have the highest measured 3He/4He ra-
tios (Kurz et al., 1983, 2009; Hilton et al., 1999; Jackson
et al., 2007) and the most solar-like Ne isotopes (Val-
bracht et al., 1997; Trieloff et al., 2000; Kurz et al., 2009;
Mukhopadhyay, 2012; Jackson et al., 2020; Péron et al.,
2021; Peto et al., 2013). Some of the strongest negative
µ182W anomalies occur in samples with high 3He/4He
ratios from these same hotspots (Mundl et al., 2017;
Mundl-Petermeier et al., 2020, see Fig. 7).
The heliumandneon isotopic signatures of themega-

ULVZ affiliated hotspots suggest a relatively undegassed
source, which is commonly suggested to come from a
deep mantle reservoir (Allègre et al., 1983; Parai et al.,
2019), but has also been suggested to originate from
the outer core (Bouhifd et al., 2020). Xe isotopes mea-
sured in samples with high 3He/4He and solar-like Ne
from Iceland and Samoa require that the reservoir that
hosts this signature separated from the upper mantle
within the first ~100 Myr of Earth history (Mukhopad-
hyay, 2012; Peto et al., 2013). The anomalous tung-

sten isotope signature (negative µ182W) suggests the in-
volvement of a siderophile-enriched reservoir that like-
wise formed early in Earth’s history. An obvious can-
didate for this reservoir is the core, and many poten-
tial processes to transfermaterial or isotopic signatures
across the core-mantle boundary have been proposed
(Kanda and Stevenson, 2006; Hayden andWatson, 2007;
Otsuka and Karato, 2012; Lesher et al., 2020; Buffett
et al., 2000; Lim et al., 2021). However, direct mate-
rial transfer from the core would impart strongly frac-
tionated noble gas elemental ratios to a plume, and
these are not observed (Wang et al., 2022). An alterna-
tive is an early-formed, iron-rich deepmantle reservoir.
Mundl-Petermeier et al. (2020) suggests that to explain
the full space of helium-tungsten isotope observations,
two high 3He/4He components are needed: one with
negative µ182W and one with tungsten isotopes similar
to the bulk silicate Earth. These distinct components
could potentially reflect material entrainment from an
LLVP and a ULVZ, with the ULVZ providing the nega-
tive tungsten isotope signature. Geodynamical model-
ing shows mantle plumes can sample LLVP material,
and to a degree the much denser ULVZ material (Jones
et al., 2019). The correlationbetween thesemega-ULVZs
and the isotopic signatures is striking and should be
tested in further localities.

5 Conclusion
We present seismic evidence of a mega-ULVZ on the
core-mantle boundary to the west of the Galápagos Is-
lands in the formof postcursors to the Sdiff phase. Mod-
eling the delay times and move-out of the postcursors
allows us to constrain a simplified cylindrical shape
with a width of ~600 km, a height of 20 km, a shear
wave velocity reduction of 25%, and centered at 105°
W and 2° N. This model also largely reproduces the ob-
served incoming directionality of the postcursors. Sim-
ilarmega-ULVZs have beenmapped beneath or near the
Hawaiian, Samoan and Icelandic hotspots. Ocean is-
land basalts in all four locations show anomalous sig-
natures in He, Ne, and W, which could be clues to
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the mega-ULVZs representing a primordial reservoir or
containing a component of outer core material.
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Abstract Earth’s normal modes are fundamental observations used in global seismic tomography to
understand Earth structure. Land seismic station coverage is sufficient to constrain the broadest scale Earth
structures. However, 70% of Earth’s surface is covered by the oceans, hampering our ability to observe varia-
tions in local mode frequencies that contribute to imaging small-scale structures. Broadband ocean bottom
seismometers can record spheroidal modes to fill in gaps in global data coverage. Ocean bottom recordings
are contaminated by signals from complex interactions between ocean and solid Earth dynamics at normal
mode frequencies. We present a method for correcting tilt on broadband ocean bottom seismometers by ro-
tation. The correction improves the ability of some instruments to observe spheroidalmodes down to 0S4. We
demonstrate this method using 15 broadband ocean bottom seismometers from the PI-LAB array. We mea-
sure normal mode peak frequency shifts and compare with 1-D reference mode frequencies and predictions
from 3-D global models. Our measurements agree with the 3-D models for modes between 0S14 – 0S37 with
small but significant differences. These differences likely reflect real Earth structure. This suggests incorpo-
ratingoceanbottomnormalmodemeasurements into global inversionswill improvemodels of global seismic
velocity structure.

1 Introduction
Earth’s free oscillations or normal modes provide im-
portant seismic observational constraints on the Earth’s
elastic and anelastic structure from the core to the up-
per mantle (Masters and Widmer, 1995). These os-
cillations group into radial, spheroidal, and toroidal
modes. Spherically averaged measurements of the fre-
quency and width (or amplitude and phase) of mode
spectral peaks observed after large earthquakes can be
inverted to investigate the 1-D structure of the Earth
(e.g., Gilbert and Dziewonski, 1975; Dziewonski and An-
derson, 1981), while details of mode splitting reveal
long-wavelength three-dimensional variations (Masters
et al., 1982; Smith and Masters, 1989; Woodhouse and
Dziewonski, 1984). Normal mode data can also be com-
bined with other complementary seismic phases and
waveforms to invert for higher resolution 3-D Earth
models (e.g., Dziewonski and Anderson, 1981; Moulik
and Ekström, 2014; Ritsema et al., 2011). At the low-
est frequencies (f < 1 mHz) measurements of relatively
fewearthquakes on relatively fewbut nevertheless glob-
ally well-distributed very-broadband seismic stations
suffice to sample the three-dimensional structure of
the Earth reasonably well. However, observations of

∗Corresponding author: Nicholas.harmon@whoi.edu

higher-frequency normal modes, that sample shorter-
wavelength Earth structure, require networks of instru-
mentation on finer spatial scales. Although permanent
land stations have been installed on many ocean is-
lands, the ambient-noise conditions are sometimes less
than ideal. In addition, ocean island coverage is sparse.
The U.S.-operated global seismograph network (GSN)
reached its design goal with maximum global cover-
age in 2004 with plans to expand GSN to more seafloor
locations (Kohler et al., 2020), but many regions re-
main under-sampled (Butler et al., 2004). 70% of the
Earth’s surface is covered by oceans. Therefore, fur-
ther progress in station coverage requires the deploy-
ment of ocean bottom seismometers (OBS). High-end
very-broadband OBSs have been deployed in seafloor
boreholes (Stephen et al., 2003) or buried cabled ar-
rays (Duennebier et al., 2002) using ROVs. Alterna-
tively, free-fall OBSs can be deployed on the seafloor
from ships. In this case the instruments fall through
the water and then record autonomously for about 1
year before returning to the surface for recovery. Typ-
ically, OBSs are deployed for targeted regional studies,
using instrumentation that is often not sensitive to seis-
mic signals at frequencies below 1 mHz. However, a
growing number of deploymentswith broadband, high-
fidelity sensors to periods 120 s or longermeans that the
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normal mode coverage gaps in the ocean are becoming
filled.
Several studies reported observations of spheroidal

normal modes on vertical components of very broad-
band OBS as the vertical components tend to be qui-
eter than the horizontal components (Bécel et al., 2011;
Deen et al., 2017; Laske, 2021). Normal modes were re-
ported in data recorded by free fall instruments in the
Lesser Antilles using Scripps-designed OBSs equipped
with Nanometrics TrilliumT-240 broadband seismome-
ters (Bécel et al., 2011). The instruments recorded the
Mw=8.1 April 1, 2007 Solomon Islands event, and low-
frequency modes were observed down to 0S6 (f = 1.04
mHz). Another study, using the same type of OBSs in
the Rhum-Rhum experiment in the Indian ocean, con-
sistently recorded normal modes in Earth’s Hum band
between 2.49 – 4.5 mHz throughout the year-long de-
ployment from2012 to 2013 (Deen et al., 2017). Observa-
tionof thesemodeswaspossible after applyingdeglitch-
ing of electrical noise, caused by the leveling cycles of
the seismometer, as well as tilt and compliance correc-
tions (Bell et al., 2015; Crawford and Webb, 2000). In a
recent study, Laske (2021) evaluated spheroidal normal
mode signals fromseveral largemagnitude earthquakes
recorded onOBSs deployed as part of the PLUME exper-
iment near Hawaii (Wolfe et al., 2009), the NoMELT ex-
periment in the central Pacific (Lin et al., 2016), and the
ALBACORE (Bowden et al., 2016) and ADDOSS (Berger
et al., 2016) arrays offshore of California. The Scripps-
designed OBSs equipped with the T-240 seismometers
were consistently successful at recording spheroidal
modes on vertical components, with perhaps surpris-
ingly high signal-to-noise (SNR) levels, although site ef-
fects, ocean currents, infragravitywaves and/or isolated
technical limitations at individual sites generated some
variability in the performance. Where direct compar-
isons were available, however, land-based seismome-
ters yielded substantially better low-frequency spectra
than free-fall OBSs. For example, Laske (2021) doc-
umented that the land-based GSN observatory station
Kipapa,Hawaii (KIP) recordednormalmode 0S3 (f = 0.47
mHz) for the 28 March 2005 Sumatra-Andaman earth-
quake, but the ‘best’ PLUME OBSs recorded high-SNR
modes only down to 0S8 (1.41 mHz). Hence, it is appro-
priate to note that all these publications are a manifest
that broadband sensors can record spheroidal normal
modes, though with some caveats. First, corrections to
the data often need to be applied to account for tilt and
compliance noise due to the propagation of ocean in-
fragravity waves. Second, the horizontal components
needed for measuring toroidal normal modes are gen-
erally not useable, although the PLUME records yielded
Love wave phase velocity curves for frequencies f ≥ 10
mHz (Anarde and Laske, 2010).
In this paper we present observations of spheroidal

normal modes from a broadband OBS array in the
equatorial Mid-Atlantic deployed as part of the Passive-
Imaging of the Lithosphere-Asthenosphere Boundary
(PI-LAB) experiment and the Experiment to Unearth
the Rheological Lithosphere-Asthenosphere Bound-
ary (EURO-LAB) which consisted of 39 OBSs. The
OBSs were co-located with 39 magnetotelluric instru-

ments deployed by the Central Atlantic Lithosphere-
Asthenosphere Boundary (CA-LAB) experiment. There
were also several active source components including
the Trans-Atlantic I-Lab experiment (Mehouachi and
Singh, 2018). The combined experimentsweredesigned
to use methodologies sensitive to a range of resolutions
and sensitivities in a single study area beneath seafloor
formed at the nearby slow spreadingMid-Atlantic Ridge
to image the lithosphere-asthenosphere system and de-
termine what makes a plate, “plate-like.” These stud-
ies found that the lithosphere-asthenosphere boundary
beneath the Atlantic is defined to first order by tem-
perature, but that it is also dynamic and dictated by
variations in melt generation and migration (Fischer
et al., 2020; Harmon et al., 2018, 2020, 2021; Rychert
et al., 2020, 2021; Wang et al., 2019, 2020; Saikia et al.,
2021a,b). A number of other studies were possible with
the data including, for instance, locating the source re-
gions of infragravity waves (Bogiatzis et al., 2020), lo-
cal seismicity work (Hicks et al., 2020; Leptokaropou-
los et al., 2021, 2022; Schlaphorst et al., 2022), sedi-
ment constraints (Agius et al., 2018; Saikia et al., 2020),
mantle transition zone imaging (Agius et al., 2021), and
the work presented in this manuscript. In the experi-
ment 24 OBSs were equipped with a Nanometrics T-240
broadband seismometers (Fig. 1), and 15 OBSs were
equipped with a Nanometrics Trillium Compact wide-
band seismometers. The latter 15 OBS are not consid-
ered here. Of the 24 broadband OBSs, 15 provided use-
able data for the purposes of this paper. We present
a new means for correcting tilt through a simple rota-
tion rather than the commonly utilized spectral trans-
fer function method (Deen et al., 2017; Crawford and
Webb, 2000). We show that in somecases it substantially
improves SNR ratios at low frequencies (f < 3 mHz).
The rotation also conserves the energy on the seismo-
gramswithout introducing artefacts to the vertical com-
ponent that canbe causedbyband-limited spectralmul-
tiplication. We also make measurements of frequency
shifts of the spheroidal modes and demonstrate that
OBS records can be used to contribute to global data sets
for improving global estimates of 3-D structure.

2 Methods
We use three component seismogram recordings and
Cox-Webb differential pressure gauge (DPG) records
(Cox et al., 1984) from Scripps-designed broadband
OBSs that are equipped with Nanometrics T-240 seis-
mometers from two OBS pools, Scripps Institution of
Oceanography (SIO) and Institut de Physique du Globe
de Paris (IPGP). The IPGP equipment are an older gen-
eration of the SIO design and have an electrical glitch
approximately every hour caused by the leveling sched-
ule. The SIO equipment have a variable leveling sched-
ule, approximately every week for the majority of the
deployment. Station names beginningwith “I” are from
the IPGP pool and those beginningwith “S” are from the
Scripps pool.
The time series are from two Mw=7.9 earthquakes lo-

cated in Papua New Guinea on December 17, 2016 at
10:51 GMT at 153.52°E, 4.5049°S and 94.5 km depth and

2
SEISMICA | volume 1.1 | 2022



SEISMICA | RESEARCH ARTICLE | Tilt Corrections for Normal Mode Observations on Ocean Bottom Seismic Data

Figure 1 Bathymetry map of the PI-LAB study region. Locations of the T-240 seismometers are shown as circles, white for
Scripps Institution of Oceanography instruments, blue for Institut du Physique du Globe instruments. Stations names are as
labeled. Grey line shows the location of theMid-Atlantic Ridge system. Insetmap shows the location of the PI-LAB study area
(black box) and the location of earthquakes used in this study (yellow stars).

on January 22, 2017 03:07 GMT at 155.1718°E, 6.2463°S
and 135 km depth (Fig. 1 inset). We use time series that
begin 5000 s before the event origin time and last for two
days after the origin time.

We pre-process the IPGP data to remove the electrical
leveling glitch using a comb filter and following a simi-
larmethod toDeen et al. (2017). Wefirst identify a target
glitch waveform during a quiet period (Figs. 2, 3). This
waveform is then correlatedwith the entirewaveform to
identify the time range of each glitch in the time series.
We search in all time periodswherewe expect the glitch
to occur, i.e., every hour. For each glitch time range we
solve for the best fitting amplitude of the target glitch
waveformand subtract it from thewaveform. Adetailed
example of the deglitching is showing in Figure 3.

We determine the tilt of the vertical component for
all stations. We assume the tilt is static for the duration
of the time window of our normal mode analysis. Even
though tilt may change through time, especially after a
re-leveling cycle of the OBS, our static tilt assumption
is likely valid. Our analysis time periods are chosen to
roughly fall in between leveling cycles to avoid those
time periods. Therefore, the resulting tilt corrections
are typically consistent through time for each instru-
ment (Tables 1, 2). We bandpass filter the raw data be-
tween 0.1 – 10mHz for onedayof quiescent data approx-
imately two days after the main event. We then search
for the best-fitting tilt from vertical and azimuthal ro-
tation angle, i.e., azimuthal direction of tilt, that mini-
mizes the root-mean-square of the rotated vertical com-
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ponent. Specifically, we apply an azimuthal rotation for
the BH1 and BH2 horizontal components into a radial
(in the azimuthal direction of the tilt) and transverse
(perpendicular to the azimuthal direction of the tilt)
component for a potential tilt direction. No informa-
tion about the true orientation of the instrument’s hor-
izontal components is required. We then apply a verti-
cal – radial component rotation to minimize the energy
on the rotated vertical component. Once these angles
are determined the rotation is applied to the raw data
to determine the tilt corrected data. We then estimate a
compliance correction to the vertical component using
the spectral transfer function method between the dif-
ferential pressure gauge record (DPG) and the tilt cor-
rected vertical component. We use the same day-long
time series (Crawford and Webb, 2000) used in the tilt
estimations. The transfer function is used to estimate
a predicted vertical component from the DPG record,
which is then subtracted from the tilt corrected vertical
component. We apply the compliance correction in the
frequency bandwhere the coherence between the pres-
sure and tilt corrected vertical component is > 0.8. The
instrument response is then removed, and the velocity
seismograms are differentiated to acceleration. Accel-
eration records are used as opposed to velocity or dis-
placement for two reasons: 1) the community’s normal
mode theory is based on acceleration and 2) the am-
plitudes at ultra-low frequencies are suppressed, i.e.,
those where we usually see increased noise levels be-
cause they are beyond the frequency roll-off of almost
all seismometers.
We then estimate the normal mode spectra from the

vertical components of the events. First, we apply a 4th
orderButterworthfilterwith a 0.3mHzhighpass corner
frequency. We choose a time window that begins 5000
s before the origin time and ends two days after the ori-
gin time. This window is optimal because it includes as
many stations as possible, while avoiding the variable
leveling cycles of the Scripps instruments. We then es-
timate the spectra using a single Slepian taper (NW=2,
with 1 taper used). This is similar to using a single Han-
ning window, which has been successfully used in pre-
vious studies (e.g. Masters andWidmer, 1995). We com-
pare the spectra of the resulting data, i.e., with the in-
strument response, glitch, tilt, and compliance correc-
tions applied, to the spectra of data that have had just
the instrument response removed and a high pass filter
applied. Wewill refer to thefirst case as “corrected,” and
the second case as “uncorrected.”
To assess the effects of the seismogram corrections

on normal mode observables, we measure normal
mode peak frequencies, at each of the PI-LAB sta-
tions, for each weakly coupled mode between 0S9 and
0S40. The procedure is interactive, where we fit a de-
caying cosine function to the corresponding spectral
peak in a least-squares fitting process. To compute the
mode spectrum for a specific mode, we use an opti-
malwindow length corresponding toQ-cycles of amode
(Dahlen, 1982), the time within which the mode decays
to 1/e of its initial amplitude. A Hanning taper is ap-
plied. A successful fit and removal of the cosine func-
tion leads to a residual spectrum with a ‘clean hole’

left in the spectrum that allows the analyst to assess
whether or not a fit was successful or if the measure-
ment has to be discarded. In the latter case, the syn-
thetic mode has a realistic frequency but unrealistic
attenuation, and the residual spectrum has remaining
spectral peaks adjacent to the synthetic mode. Reasons
for unsuccessful fits include noisy signals and the pres-
ence of other modes. This mode measurement method
was used by Smith and Masters (1989) to explore long-
wavelength 3-D structure in themantle. The underlying
principle here follows the assumption that a mode fre-
quency shift that is measured at a recording station is
caused by structure only along the source-receiver great
circle, and is representedby structure at the twopoles of
that great circle (Backus, 1964). Even though an isolated
mode 0Sl is sensitive to structure of harmonic degree up
to s=2l, asymptotic peak shift theory is a valid approx-
imation only as long as s « l. A second caveat to this
theory is that second-order effects introduce a ‘jitter’
in the frequency measurements that depends on epi-
central distance (Dahlen and Tromp, 1998). For these
reasons, asymptotic peak shift theory and associated
work fell out of favor and is currently not typically pur-
sued. However, the interactivemeasurement technique
is suitable for initial quality assessment and to explore
the internal consistency of normalmode datameasured
on PI-LAB OBS records. Therefore, we apply it here.

3 Results
We present time domain vertical component wave-
forms for the 2016 event for three representative sta-
tions, I28D, S11D and S17D to illustrate the data quality
and the effects of the deglitching and tilt corrections.
We present I28D to illustrate the leveling glitches. S11D
is a quiet station with little to no tilt. S17D is a station
that has a high tilt, 0.89°. The noise levels are visibly low
for the vertical component for all three stations prior
to the event in the uncorrected data (Fig. 2, black lines)
and in the corrected data (Fig. 2, orange lines). In ad-
dition, the Rayleigh wave orbits (Fig. 2, R1 − 9) are vis-
ible on S11D, which is a particularly quiet station. The
Rayleigh wave orbits are less visible on S17D in the un-
corrected data as there are several transient high noise
time periods visible, an example of which is indicated
by the blue arrow above the record. In the corrected
data, these transients are substantially reduced, in par-
ticular near the blue arrow. In general, the corrections
have aminimal impact on the amplitude of the observed
phases, reducing the amplitude within R1 by < 10% for
S17D, and by 3 − 4% for S11D. For I28D, two of the lev-
eling glitches are indicated by cyan arrows above the
traces, although several others are visible in the record.
The effect of the corrections greatly reduces the ampli-
tude of the glitches in comparison to those of the un-
corrected data (orange vs. black lines, respectively), al-
though the tilt noise is relatively low for this station,
and there are no noise transients visible away from the
glitches as in S17D. Greater deglitching detail is shown
in Figure 3. Figure 3 highlights the contamination of
the glitches on measurements of the modes. Many
of the glitch harmonics (black stars) occur at frequen-
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Station Tilt Azimuth (Relative to North) ° Tilt Angle From Vertical °
S03D 321.87 0.48
S06D 107.25 0.40
S10D 76.91 0.18
S11D 308.40 0.13
S17D 288.97 0.89
S22D 154.27 0.17
S26D 118.11 0.18
S29D 245.43 0.16
S31D 225.19 0.23
S38D 94.07 0.09
I04D 42.93 0.07
I12D 34.08 0.02
I14D 54.32 0.09
I28D 46.52 0.05
I34D 61.07 0.07

Table 1 Tilt Corrections for Mw = 7.9, 2016-12-17T10:51:10, Papua New Guinea

Station Tilt Azimuth (Relative to North) ° Tilt Angle From Vertical °
S03D 311.90 0.65
S06D 115.30 0.46
S10D 77.46 0.19
S11D 298.18 0.09
S17D 288.80 0.91
S22D 154.90 0.14
S26D 119.80 0.20
S29D 243.89 0.19
S31D 224.71 0.19
S38D 92.87 0.11
I04D 34.05 0.07
I12D 41.94 0.02
I14D 54.26 0.09
I28D 46.01 0.05
I34D 65.93 0.07

Table 2 Tilt Corrections for Mw = 7.9, 2017-01-22T04:30:22, Papua New Guinea

cies near fundamental-mode frequencies (thin vertical
black lines). The noise levels after deglitching also in-
crease at frequency < 2 mHz, likely due to imperfect
glitch removal. Although a correction for compliance
due to infragravitywaves using the pressure component
(Webb and Crawford, 1999) is applied to all of the data,
itsmagnitude is very small for the timeperiod of the two
events.

We show the effect of the tilt corrections on the spec-
tra for station S17D for the 2016 event in Figure 4. The
spectra from uncorrected data are shown in black and
the tilt corrected waveforms are in orange. Spectral
peaks associated with most of the zero order modes,
with global average frequencies (Masters and Widmer,
1995), indicated by thin vertical lines, can be seen in the
uncorrected and corrected data above 2.75 mHz. For
the uncorrected spectra the peaks are clearly visible as
low as 1.75mHz , although the spectra have a high noise
background, around 0.5x10-13 m/s2/Hz, at frequencies
lower than 2.75 mHz. This high noise background ob-
scuresmanyof the smaller peaks associatedwithmodes
between 0S10 to 0S19. The corrected spectra have amuch
lower noise background in general, particularly below
2.75 mHz with a noise floor of ~1x10-16 m/s2/Hz (orange
line, Fig. 4). Peaks associated with 0S6 to 0S19 and other

modes are visible, standing clearly out from the back-
ground. In the corrected records, the amplitudes of
some of themodes above 0S19 are reduced relative to the
uncorrected spectra, by up to 28% in some cases (0S19).
In other words, the correction has minimized the back-
ground noise, which is a similar order of magnitude in
the 1.5–2.5 mHz band to the modes, in the instrument
uncorrected spectra (black lines).

We also compare the results of the rotational tilt cor-
rection and spectral compliance correction presented
here to the results using the spectral tilt and compli-
ance correction method (Bell et al., 2015; Crawford and
Webb, 2000) for station S17D in Figure 4b (cyan line). We
use a variation of themethod that employs a grid search
of tilt azimuth for the highest average coherence in the
frequency band of interest between a test radial compo-
nent for the direction of tilt and the vertical (Bell et al.,
2015). It shows a similar improvement to the rotational
tilt correction presented here above 1 mHz. However,
the spectral method performs worse at reducing noise
at < 1 mHz, likely due to lower coherence in the lowest
frequencies. The same is true at other stations with less
tilt (Figs. S1 and S2).

The corrected normal mode spectra are shown for
all useable stations from the array for the 2016 event
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Figure 2 Example acceleration seismograms from the 2016 event used in this study. The seismograms are plotted as a func-
tion of epicentral distance in degrees, indicated on the y-axis. Scale bar for the amplitude of the seismograms is given (grey
vertical line). Black seismograms show uncorrected seismograms (only instrument response removed and high pass filter
applied), while orange lines show corrected seismograms. The seismograms have been filtered between 0.3 – 10.0mHz. Sta-
tion names are given above each trace. Theoretically predictedminor arc (odd) R1-R9 arrivals are indicated. Major arc (even)
arrivals are not indicated as they arrive shortly before subsequent minor arc arrivals due to the large epicentral distance.
Cyan arrows indicate two example leveling glitches on the IPGP stations. Blue arrow indicates a region where tilt correction
removes a substantial amount of noise.

Figure 3 Leveling glitch correction for station I34D. Black lines show the uncorrected data and orange lines show the cor-
rected data. a) The time series over a 48 hour period and b) a zoomof an 8 hour period are shown. c) The spectra from 0.5-5.0
mHz and d) a zoom from 1.5-2.5 mHz are shown. Black stars indicate the location of hourly harmonics from the leveling
glitch. Global average fundamental mode frequencies are shown by thin vertical lines, and modes are labeled at amplitude
= 1.5 (Masters and Widmer, 1995).

(Fig. 5) and the 2017 event (Fig. 6). The tilt correc-
tions applied to each station for each event are given
in Tables 1 and 2, respectively. The records show very
consistent peaks for the zero order spheroidal modes,
especially above 0S11 for the 2016 event, while for the
2017 event peaks are consistently observed above 0S14.

In the 2016 event a strong beating pattern is observed
in all the records that becomes broader and shifts to-
ward higher frequencies with increasing epicentral dis-
tance. This is the predicted behavior of the amplitudes
of the zero order spherical harmonics at a given dis-
tance from the source to its pole (Laske and Widmer-
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Figure 4 Example spectra after the application of tilt and compliance corrections for the 2016 event to station S17D which
had a tilt of 0.89°. a) The spectra from 0.5-5.0 mHz and b) a zoom of 0.5-2.0 mHz are shown. In both panels, the black lines
show the spectra of the uncorrected data. The blue line (for instance, visible in b) near 0S4 behind the orange line) shows
the tilt response corrected data. The orange line shows the tilt and compliance corrected data. The blue and orange lines
are nearly identical, with the largest difference (7%) observed at 0S9. The cyan line shows the result from the spectral tilt
correction (Bell et al., 2015; Crawford and Webb, 2000). Global average fundamental mode frequencies are shown by thin
vertical lines, andmodes are labeled (Masters and Widmer, 1995)

Schnidrig, 2015). In other words, each station spatially
samples the modes slightly differently depending on its
epicentral distance to the event because adjacentmodes
with similar wavelengths come into and out of phase
with each other. This beating pattern is less visible in
the 2017 event. The lowest zero order mode observable
in the data set is 0S4, which is observed at S29D for the
2016 event, and 0S5, which is observed at several sta-
tions for the 2017 event. In detail several other modes
are visible in the spectra as smaller peaks adjacent to
the zero order modes. In general, the IPGP stations are
noisier by an order of magnitude or more, especially at
frequencies below 2 mHz. This is mostly due to imper-
fect removal of the leveling glitches, which have strong
harmonics in this frequency range (harmonic locations
indicated by black stars, Fig. 3). IPGP records above 2
mHz are comparable to the SIO stations.

All themeasurements for the array formodes 0S14 and
0S23 are displayed in Figure 7. We observe a surprisingly
complex pattern of frequency shifts across the network,
and hypothesize based on modelling work that long-
wavelength 3-D structure can cause such variations. For
this comparison, we compute normal mode structure
coefficients, c

t

s
formantlemodel S20RTS (Ritsema et al.,

1999) but include harmonic degrees only up to s = 12
to compute predicted peak shifts. Even then, the pat-
terns in the theoretical peak shifts are quite complex,
and exhibit similarities with our observed peak shifts.
Note that the frequency shifts are plotted at the stations,
while using asymptotic peak shift theory implies that as-
sociated structural variationwould be located at the two

source-receiver great circle poles, which are broadly lo-
cated in northern Russia (about 65oN/75oE) and in the
Southern Ocean east of the Antarctic peninsula (about
65oS/105oW).
Measurements for other modes are not as internally

consistent, but we can still assess overall average mode
frequency observations across the array. These are
shown in Figure 8. We omit measurements for modes
that are strongly coupled to toroidal modes, 0S11, 0S18
and 0S19. We take two sets of measurements, one on the
raw seismic records, and one on the rotation and com-
pliance corrected seismograms. We find that the cor-
rection does not change overall averages to a significant
level. In fact,measurements formodes of angular order
l < 20 may exhibit smaller standard deviations, indicat-
ing a more internally consistent set of measurements.

4 Discussion
The deglitching we perform on the IPGP instruments
is effective. Without the correction there are strong
harmonics in the data that interfere with the normal
modes, making clear analysis difficult (black lines, Fig.
3). After the correction the leveling glitch harmon-
ics are greatly reduced in the spectra, and the normal
modes stand out better (orange lines, Fig. 3). We ob-
serve small artifacts in our time domain waveform due
to the leveling glitch removal, which may explain why
noise remains relatively high at the lowest frequencies.
The IPGP stationnoise levels arehigher than the SIO sta-
tion noise levels below 2 mHz even after applying the
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Figure 5 Compiled spectra for all useable stations for the 2016 event. a) The spectra as a function of epicentral distance
indicated on the y-axis over the 0.5-5.0 mHz range and b) a zoom into the 0.5-2.0 mHz range are shown. Stations are labeled
and a scale bar (grey vertical line) is given in each panel. Global average fundamental mode frequencies are shown by thin
vertical lines, and the modes are labeled (Masters and Widmer, 1995). In panel b) stations with high noise are excluded from
the plot.

deglitching correction (Fig. 5 and 6). Our findings are
similar to previouswork (Deenet al., 2017), which found
similar success in removing the leveling glitches. Our
result suggests that data from earlier deployments with
the same leveling glitches might be used for future nor-
mal mode studies at least above 2 mHz.

The corrections applied here allow us to observe
modes at a similar range observed in previous OBS data,
but they also improve the number of stations that ob-
serve the lowest modes. We observe spheroidal modes
down to 0S4 or 0S5 depending on the instrument. This
is similar to reports from deployments using similar in-
strumentation, which observe spheroidal modes down
to 0S4 (Bécel et al., 2011; Laske, 2021). Our quietest sta-
tion (S29D) yields thewidest frequency band of observa-
tion and is comparable to the performance of the same
type of instrument in numerous other ocean bottom de-
ployments. Given the large number of usable stations
and the routine observations of spheroidal modes to 0S9
at 9 out of 15 stations for the 2016 event and 10 out of
15 stations for the 2017, we are able to make estimates
of frequency shifts relative to 1-D reference mode fre-
quencies (Masters and Widmer, 1995) over 0S9 − 0S40.
Although the lowest modes observed are similar to pre-

vious work, the corrections allow us to observe lower
modes at several stations that would otherwise not have
been possible, whichwe describe in the next three para-
graphs.

The simple rotation to correct for tilt presented here
offers an effective alternative to the commonly used
spectral tilt correction (Crawford and Webb, 2000) for
reducing long period noise. The advantage of this
method is that it is conserves energy across all three
components and across all frequencies as it rotates the
energy between the components. The spectral domain
tilt correction is typically only applied in a frequency
band where the coherence is high between the vertical
and horizontal components, and so may only improve
SNR in this band. The rotation tilt correction provides
the greatest noise reduction below 3 − 3.5 mHz in the
example shown in Figure 3, in which the noise floor is
reduced by 2 − 3 orders of magnitude. Similar perfor-
mance below 3 mHz is observed at several other sta-
tions. Below 1mHz, the rotationalmethod outperforms
the spectral tilt correction. Tilt angles from the vertical
component estimated for the stations used here range
from 0.91° to 0.02° for the two events. Unfortunately,
the tilt correction is not successful at enhancing SNR on
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Figure 6 Compiled spectra for all useable stations for the 2017 event. a) The spectra as a function of epicentral distance
are indicated on the y-axis over the 0.5-5.0 mHz range and b) a zoom into the 0.5-2.0 mHz range are shown. Stations are
labelled and an amplitude scale bar (grey vertical line) is given in each panel. Global average fundamentalmode frequencies
are shown by thin vertical lines, andmodes are labelled (Masters andWidmer, 1995). In panel b) stations with high noise are
excluded from the plot.

the horizontal components for these events. However,
future deploymentsmay yield toroidalmodes in quieter
settings. The pressure correction that is required is very
small and, in most cases, has little effect on the SNR of
the normal mode spectra. The small correction is likely
due to the low infragravity wave conditions for most of
December 2016 and January 2017 (Bogiatzis et al., 2020).
The leveling glitch correction applied here shows

some improvement in comparison to previous work.
One-hour harmonics were deleted in the spectra shown
in Bécel et al. (2011) from the leveling glitches, effec-
tively eliminating information at the frequency of the
glitches. The corrections we use here greatly reduce
these harmonics without deleting sections of the data.
Using the correction approach of this work the glitch
harmonics, i.e., the peaks in between the 1-D reference
mode frequencies (Harmon et al., 2021) (black lines at
< 2 mHz, Fig. 3) are not visible in the orange lines, but
our spectra maintain information at these frequencies.
The performance of ourmethod is similar to the perfor-
mance reported in Deen et al. (2017). These corrections
are needed to measure normal modes using data with
glitch harmonics.
The tilt correction lowers the noise floor at low fre-

quencies, effectively allowing mode observations and
measurements. The noise floor at < 2.75 mHz is high in
previouswork (Bécel et al., 2011; Laske, 2021), likely due
to tilt, increasing by up to 20 dB below 1mHz. This high
noise floor below 2.75 mHz is visible in other deploy-
ments as well, for example several stations (e.g. PL05,
PL35) from the PLUME experiment (Laske, 2021). The
tilt correction effectively removes similar noise in our
study (black vs. orange lines in Fig. 4), again facilitating
observation andmeasurement of themodes at frequen-
cies below 2.75 mHz. This tilt noise likely exists in data
from other previous experiments. Therefore, mode ob-
servation andmeasurement can can likely be improved
for this previous data.

Comparison of our mode frequency shifts to the
1-D reference mode frequencies (Masters andWidmer,
1995) highlights important deviations that reflect un-
accounted for Earth structure. In comparison to the
1-D reference mode frequencies we find deviations
that increase with increasing angular order l (Masters
and Widmer, 1995). This indicates structural devia-
tion from the underlying 1-D reference model for our
sampled source-receiver great circles. These deviations
are likely related to structural heterogeneity in the up-
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Figure 7 PI-LAB peak shift measurements for modes 0S14 and 0S23 (left column, tilt, compliance, and rotation correction)
and corresponding predictions for model S20RTS (Ritsema et al., 1999) (right column) relative to the global 1-D reference
mode frequencies of Masters and Widmer (1995). Earth’s hydrostatic ellipticity has not been considered in the predictions
for model S20RTS. The averages of the measurements were removed before plotting (upper left of panels). Measurements
are plotted at the respective PI-LAB station locations. The titles identify the mode names and the averagemode frequencies
fromMasters and Widmer (1995).

Figure 8 Averages of PI-LAB mode frequencies relative to
those of Masters and Widmer (1995). Grey: raw measure-
ments; black: after tilt, compliance and rotation correction
(TCR). Error bars denote the standard deviation in the mea-
surements taken across the network.

per mantle rather than in the lower mantle as modes
around 0S30 reach only into the mantle transition zone,
but not beyond.
Ultimately, we want to compare our mode frequency

shift results with 3-D global velocity model predictions
(Masters et al., 2000; Ritsema et al., 1999), for consis-
tency. The predictions for 3-D global velocity model
S20RTS are shown in Figure 9 (blue diamonds). In-
spection of our results compared to 3-D model predic-

tions indicates a discrepancy of a DC shift of ~5 µHz.
The discrepancy can be explained by the need to ac-
count for hydrostatic ellipticity in the predictions. El-
lipticity has a significant effect that increaseswith angu-
lar order l, when compared to the 1-D reference mode
frequencies (brown diamonds in comparison to black
dashed line, Fig. 9) (Masters and Widmer, 1995). The
predicted frequency shifts for S20RTS without elliptic-
ity (blue diamonds) are smaller and mostly negative
than those including the ellipticity correction (black
squares). However, the two have very similar shapes
given the nearly linear shape of the ellipticity correc-
tion. We also compare PREM (Dziewonski and Ander-
son, 1981) to our 1-D reference mode frequencies (Mas-
ters and Widmer, 1995) and find relatively small devia-
tions (grey diamonds vs. black dashed line, Fig. 9).

Our results compare favorably with two global mod-
els: S20RTS (Ritsema et al., 1999), including the ellip-
ticity correction, and SB4L18 (Masters et al., 2000), in-
cluding the ellipticity correction in the range 14 ≤ l ≤ 37.
This suggests that we are recovering information about
real Earth structure (Fig. 10). At lower angular orders,
9 ≤ l ≤ 14, the agreement between our result and the two
3-Dmodels is poor, suggesting our observationsmaynot
be as reliable for determining Earth structure for l ≤ 14.
We find good general agreement between our model,
S20RTS, and SB4L18 at 15 ≤ l ≤ 20. From 21 ≤ l ≤ 32 our
result agrees better with predictions from S20RTS, al-
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Figure 9 Averages of predicted mode peak shifts relative
to those of Masters and Widmer (1995). Predicted mode
frequencies are computed at all PI-LAB stations before av-
eraging. We present a 3-D model S20RTS (blue diamonds)
(Ritsema et al., 1999), Earth’s hydrostatic ellipticity (orange
diamonds), and the sum of the two (S20RTS+ell, black
squares). Grey symbols mark frequency differences to Mas-
ters and Widmer (1995) computed for PREM (Dziewonski
and Anderson, 1981) as published in Masters and Widmer
(1995). The sum of PREM and S20RTS+ell is similar in mag-
nitude and shape to the observations in Figure 8 and 10, in-
dicating the need for the ellipticity correction.

thoughnot consistentlywithin error. From33 ≤ l ≤ 37we
find better agreement between our result and the pre-
dictions from SB4L18, typically within error. At l > 37,
the differences between our result and the predictions
from the 3-Dmodels are large, suggesting that our result
does not represent real Earth structure. The small but
significant variations found between our observations
and the two globalmodels at 21 ≤ l ≤ 32 indicates that in-
corporating information from OBS arrays such as ours
into global normal mode inversions might improve our
knowledge of Earth structure.

Figure 10 Averages of predictedmode peak shifts relative
to those ofMasters andWidmer (1995). These are shown for
S20RTS (black symbols) (Ritsema et al., 1999) and SB4L18
(blue symbols) (Masters et al., 2000) both with Earth’s hy-
drostatic ellipticity included (+ell). Grey symbols mark ob-
servations fromPI-LAB shown in Figure 8 from the corrected
data.

5 Conclusion
Broadband OBS can help to deepen our understand-
ing of the interior of the Earth via normal mode ob-
servations by filling in the current gaps in global sta-
tion coverage. We provide a new tilt correction tech-
nique using a simple rotation to improve observations
at low frequencies that will be useful for recovering
lower modes at additional stations as well as for other
types of seismic observations. We present some of the
first measurements of frequency shifts from a broad-
band ocean bottom seismic array, that could be com-
bined with other global observations to invert for three-
dimensional Earth structure. Very broadband OBS
are more expensive than more band limited instru-
ments. However, installing very broadband instru-
ments is preferable given that the data can be corrected
to measure normal modes, filling in gaps in global ob-
servations, and improving constraints on Earth struc-
tures. This is especially true given the expense, time,
effort, and logistical challenges involved in any seago-
ing expedition.
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Abstract Seismic interferometry gives rise to a correlationwavefield that is closely related to the Green’s
function under the condition of uniformly distributed noise sources. In the presence of an additional isolated
noise source, a second contribution to this wavefield is introduced that emerges from the isolated source
location at negative lapse time. These two contributions interfere, which may bias surface wave dispersion
measurements significantly. To avoid bias, the causal and acausal parts of correlation functions need to be
treated separately. We illustrate this by applying seismic interferometry to field data from a large-N array
where a wind farm is present within the array.

1 Introduction

Seismic interferometry is a well-established technique
to estimatewavefields propagating between pairs of sta-
tions from recordings of ambient seismic noise (Nakata
et al., 2019, and references therein). These wavefields
are commonly used to image (e.g., Lin et al., 2008;
de Ridder and Biondi, 2015; Schippkus et al., 2018)
and monitor (e.g., Wegler and Sens-Schönfelder, 2007;
Brenguier et al., 2008; Steinmann et al., 2021) Earth’s
structure. For a uniform distribution of uncorrelated
noise sources, the wavefield that emerges from cross-
correlation of seismic records between two stations is
closely related to the Green’s function between them.
This relation may be derived by assuming a diffuse
wavefield (Lobkis and Weaver, 2001), equipartion of
energy across seismic wave modes (Weaver, 2010), or
sources on a boundary surrounding the two stations
(Wapenaar et al., 2005).
In this study, we investigate the case where the pres-

ence of an additional isolated source violates these as-
sumptions and introduces an additional contribution to
cross-correlation functions. We consider vertical com-
ponent recordings of surface waves. In the following,
we demonstrate the isolated-source contribution using
data from a large-N deployment in the Vienna basin,
Austria, derive the expected behaviour of this contribu-
tion, compare our predictions with observations from
the large array, andexplorewhat impact the secondcon-
tribution may have in practice.

∗Corresponding author: sven.schippkus@uni-hamburg.de

2 Cross-correlation of the recorded
wavefield

We use data from 4907 seismic stations with ∼200m
inter-station spacing in the Vienna basin, Austria (Fig.
1). Stations were deployed in March 2019 as part of
a seismic exploration survey by OMV E&P GmbH and
recorded data continuously over four weeks. This de-
ployment is similar to the one described in Schippkus
et al. (2020), with comparable instruments – several
co-located 10 Hz geophones (Sercel JF-20DX) per sta-
tion, stacked and recorded with AutoSeis High Defini-
tionRecorders – and in anarea that is partly overlapping
with the previous deployment towards the Southeast.
Therefore, the same sources of seismic noise charac-
terised by Schippkus et al. (2020) are also present in this
data: wind farms, railway tracks, roads, and oil pump-
jacks, among others.
Schippkus et al. (2020) already hinted at the potential

impact of strong isolated sources on correlation func-
tions in this region. To investigate the impact of these
sources, we compute cross correlations between all sta-
tions and a master station at location rM in the center
of the deployment (Fig. 2a). The seismograms were
spectrally whitened and cut into 1 hr-long windows
before cross-correlation, stacked linearly after cross-
correlation, and bandpass-filtered from 0.5 to 1.0 Hz.
There were no significant earthquakes globally or re-
gionally during the recorded timeframe. A movie of
correlation function amplitudes over time is provided
in the electronic supplementary material.
Figure 2 and the supplemental movie show two dis-

1
SEISMICA | volume 1.1 | 2022



SEISMICA | RESEARCH ARTICLE | Seismic interferometry in the presence of an isolated noise source

Figure 1 Map of the study area. 4907 seismic sta-
tions (black dots) Northeast of Vienna, near the Austrian-
Slovakian border. Wind turbines in the wind farm Prottes-
Ollersdorf are marked with red crosses; blue crosses mark
all other wind turbines.

tinct contributions to the correlation wavefield. First,
there is a contribution converging onto the master sta-
tion rM at acausal lapse times τ < 0 and diverging at
causal lapse times τ > 0 (Fig. 2a). This is the expected
behaviour that commonly arises from seismic interfer-
ometry under the assumptions described above (e.g.,
Lin et al., 2008). In addition, there is a second contri-
bution emerging from a location rN in the Northeast of
the deployment at τ ≈ −12 sec that propagates only
outwards from rN . The center of this wavefield con-
tribution coincides with the location of the wind farm
Prottes-Ollersdorf (red crosses in Fig. 1), the strongest
and most consistent source of anthropogenic noise at
these frequencies in the region (Schippkus et al., 2020).
There are other wind farms in the region (blue crosses
in Fig. 1), which do not appear to excite a significant
contribution to the correlation wavefield. This is con-
sistent with previous observations that these wind tur-
bines produce much lower seismic energy (Schippkus
et al., 2020). Similarly, the other anthropogenic noise
sources in the region also appear to be negligible. Wind
turbine towers excite seismic energy at frequencies re-
lated to the eigenfrequencies of the towers and passing
frequency of the rotor blades, including the in the range
of 0.5 to 1.0 Hz (Neuffer et al., 2021). In the next section,
we derive the behaviour of the contribution by the wind
turbines to the cross correlations.

3 Cross-correlation in the presence of
an isolated noise source

We consider a wavefield that is generated by a combi-
nation of noise sources on a closed boundary S sur-
rounding the array and an isolated noise source within
the boundary with noise spectrum NI(ω) at location rN

(Fig. 2). The treatment of this section is formulated
in the frequency domain. We assume that the noise

sources on the boundary have equal power spectrum
|NB |2, and that the noise generated at different loca-
tions are uncorrelated. This means that

(1)〈NB(r′)N∗
B(r′′)〉 = |NB |2δ(r′ − r

′′) ,

where 〈· · ·〉 denotes the expected value. We also assume
that the noise on the boundary and the noise from the
isolated noise source with spectrumNI is uncorrelated,
hence

(2)〈NB(r′)N∗
I 〉 = 〈NIN∗

B(r′)〉

= 0 .

The wavefield is excited by the superposition of noise
sources at the boundaryS and the isolated noise source,
hence

(3)u(r) =

∮
S

G(r, r
′)NB(r′)dr

′ + G(r, rN )NI .

The cross correlation of the wavefield at location r

with the wavefield at the master station at rM is given
by

(4)

〈u(r)u∗(rM )〉 =∮
S

∮
S

G(r, r
′)G∗(rM , r

′′)〈NB(r′)N∗
B(r′′)〉dr

′dr
′′

+

∮
S

G(r, r
′)G∗(rM , rN )〈NB(r′)N∗

I 〉dr
′

+

∮
S

G(r, rN )G∗(rM , r
′)〈NIN∗

B(r′)〉dr
′

+G(r, rN )G∗(rM , rN )|NI |2 .

Because of expression (1) the double integral in the first
term reduces to a single integral, and because of equa-
tion (2) the second and the third term in equation (4)
vanish, hence

(5)〈u(r)u∗(rM )〉 =

∮
S

G(r, r
′)G∗(rM , r

′)d2
r

′|NB |2

+ G(r, rN )G∗(rM , rN )|NI |2 .

Note the symmetry between the contribution of the sur-
face sources and the contribution of the isolated source.
The surface integral in the first term can be rewrit-

ten using equation (11) of Wapenaar et al. (2005), which
in the notation of this paper is given by G(r, rM ) +
G∗(r, rM ) = (2/ρc)

∮
S

G(r, r
′)G∗(rM , r

′)d2
r

′, hence
equation (5) can be written as

(6)〈u(r)u∗(rM )〉 =
ρc|NB |2

2
(G(r, rM ) + G∗(r, rM ))

+ |NI |2G(r, rN )G∗(rM , rN ) .

The first term on the right hand denotes the super-
position of the Green’s function and its time-reversed
counterpart. These terms usually arise in seismic in-
terferometry. The second term on the right hand
side describes an additional contribution to the cross-
correlationof thewavefield that is causedby the isolated
noise source. We analyse the kinematics of this term in
the next section.
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Figure 2 Snapshots of cross-correlation function amplitudes in the presence of an isolated source at different lapse times
τ = [−5, 0, 5] sec. The white triangle marks the master station rM , the red cross marks the approximate location of the
isolated source rN . a) Correlation functions from fourweeks of data, bandpass-filtered from0.5 to 1.0Hz. The isolated source
induces a contribution centered on rN . b) Modelled correlation functions for the two contributions by sources on a boundary
and by the isolated source (eq. 9) predict the observations.
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4 Kinematics of the isolated noise
source contribution

The surface wave Green’s function is, in the far field,
proportional to

(7)G(r, rN ) ∝ ei(k|r−rN |+π/4) ,

with wavenumber k (Aki and Richards, 2009). Thus, in
the far field the last term in expression (6) satisfies

|NI |2G(r, rN )G∗(rM , rN ) ∝ |NI |2eik(|r−rN |−|rM −rN |),

(8)

which gives an arrival at lapse time

(9)τ(r) =
|r − rN |

c
−

|rM − rN |

c
,

for a homogeneous medium with velocity c. Note that
for a givenmaster station |rM −rN |/c = constant. Equa-
tion (9) shows that all locations rwith the same distance
to rN have the same arrival time τ(r); the travel time of
the contribution to the correlationwavefield induced by
the isolated source is constant on a circle centered on
rN . This contribution emerges from rN at

(10)τ(r = rN ) = −
|rM − rN |

c
,

and reaches the master station at τ(r = rM ) = 0.
To understand the relation between the waveforms

described by the first term of equation (6) and the addi-
tional term, we analyze the arrival time of these waves
on on a line from rM to rN . Take the x-axis to point
in the positive direction from rM to rN and consider
points on the line between these locations, hence xM <
x < xN . For a given location x, the acausal wave de-
scribed by the term G∗(r, rM ) gives an arrival at time
t = −|r − rM |/c = −(x − xM )/c. This means that for a
given time t, the acausal direct wave is located at

(11)xdir = xM − ct .

(Note that since t < 0, x > xM .) The additional arrival
due to the isolated noise source gives for a location x
according to expression (9) an arrival at t = (xN −x)/c−
(xN − xM )/c = −(x − xM )/c, so that for a given time t
the wave is at location

(12)xadd = xM − ct .

This means that for a time t the wavefronts from the
acausal direct wave and the contribution from the iso-
lated noise source are at the same location at the line
from rM to rN . Geometrically speaking, the incoming
wave to rM and the outgoing wave from rN touch at the
line from rM to rN . Similarly, the contribution by the
isolated noise source touches the causal wave described
by the term G(r, rM ) for locations x < xM . This behav-
ior is confirmed by the touching wavefronts in Figure
2 and the supplemental movie. Note that there is no
acausal contribution in the second term of expression
(6), because the original wavefield induced at rN only
propagates in one direction (away from rN ), in contrast

to the wavefield emitted at the boundary, which prop-
agates in all directions. Therefore, the contribution to
the correlation wavefield by the isolated source has no
energy at τ(r) < −|rM − rN |/c.
We model the described kinematics and compare

against our observations (Fig. 2). We approximate the
wind farm Prottes-Ollersdorf as a single source and as-
sume that both the boundary sources and the isolated
source emit the same Ricker wavelets. For demonstra-
tion purposes, we assume a constant medium veloc-
ity c ≈ 550 m/s, estimated from the time the isolated-
source contribution emerges τ(r = rN ) and the dis-
tance |rM − rN |. We do not consider amplitude effects.
Our model explains the observed contributions to the
correlation wavefield.

5 Velocity measurement errors due to
interference

Because the wavefronts from the two contributions
touch and have the same wavelengths, they interfere.
Along the line connecting rN and rM they are exactly
in phase, and show varying degrees of constructive and
destructive interference away from this line (Fig. 2).
This behaviour implies that measurements on cross-
correlation functions may be adversely affected in the
presence of an isolated source for station pairs not on
this line. In a standard ambient noise tomography ap-
plication, travel times of seismic waves are measured
between all station pairs fromcorrelation functions and
inverted for maps of seismic wave speed.
We demonstrate the impact the isolated source has

on suchmeasurements bymeasuring group travel times
from the modelled correlation functions (Fig. 2b).
From these measurements we compute relative group-
velocity measurement errors (Fig. 3). Two cases are
investigated: one where the isolated source induces
a contribution in the correlation wavefield with 25%
higher amplitudes than the contribution due to sources
on the boundary (Fig. 3a), and one where the boundary
sources produce the stronger contribution (also 25%,
Fig. 3b).
In the first case, the measurement errors vanish only

along the line connecting rN and rM where the two
contributions are in phase (Fig. 3a). Away from this
line, measurement errors increase to infinity (apparent
travel times of 0) for stations r with |r−rN |= |rM −rN |.
In practice, velocity measurements deviating signifi-
cantly from expected values are commonly classified as
outliers or attributed to spurious arrivals and discarded.
Our results show that measurement errors of at least
10% occur for the majority of station pairs in the case
of a stronger isolated source.
In the case of a weaker isolated source, we find a dis-

tinct pattern of measurement errors of several percent
(Fig. 3b). Such measurement errors would likely not
be identified as clear outliers or spurious arrivals and
could bias results. To illustrate why this pattern occurs,
we show the group travel timemeasurements at five sta-
tions (Fig. 3e-g, red circles in Fig. 3b). Starting at the
line connecting rN and rM , we find that both contri-
butions are in phase, resulting in no error (Fig. 3c).
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Figure 3 Group-velocity measurement errors due to the interference between the two contributions to the correlation
wavefield. We cap the colormap at 10% error for illustration purposes. a) Errors if the correlation wavefield induced by the
isolated source rN has higher amplitudes. Interference of the two contributions results in significant measurement errors
away from the line connecting rN and rM . b) Errors if the correlation wavefield induced by the sources on the boundary has
higher amplitudes. Significant errors due to interference. c-g) Picked group arrivals on correlation functions for b). These
show correlation function contributions by the two types of sources (dashed grey lines), sum of the two contributions (thick
grey line), the sum’s envelope (blue line), theoretical arrival time (red dashed line), and picked arrival time (red dot). Note the
wider time window in e) and its zoom-in e’).

As we increase distance to this line, a slight shift be-
tween the two contributions shifts the envelope’s peak
towards lower lapse time, resulting in a higher-velocity
estimate (Fig. 3d). This error increases until another
band with zero error (Fig. 3e). This band exists because
destructive interference decreases amplitudes to values
lower than the acausal part of the correlation function,
which is caused only by the boundary sources at this
location. The travel time is then automatically picked
on the acausal side where no interference occurs (Fig.
3e). If the travel time was picked in the causal part in-
stead, interference would result in negative velocity er-
rors (zoom-in Fig. 3e’). At a certain distance, the two
contributions interfere constructively again (Fig. 3f),
resulting in a bias similar to the case in Figure 3d. Fi-
nally, as the two wavefields separate, no interference
occurs and the envelope of the stronger contribution to
the correlation wavefield is picked; in this case the con-
tribution of the boundary sources (Fig. 3g). This also ex-
plains the behaviour in the first case, where the isolated
source dominates the measurement away from the line
simply due to higher amplitudes.

The distribution of errors for both cases depends on
relative amplitudes of the two contributions, source
terms, frequency range, and the locations of rM and
rN . With knowledge of these factors, measurement er-
rors can be avoided. One straightfoward strategy is to
avoidmeasuringwhere interference occurs by selecting
which side of the correlation functions to measure on –
depending on the geometry of r, rN and rM – in com-

bination with a windowing function around expected
arrival times. In the case of a stronger contribution by
the boundary sources (Fig. 3b) selecting the side of the
correlation function without interference is sufficient
(Suppl. Fig. S1b). In the case of a strong isolated source,
an additional windowing function is necessary (Suppl.
Figs. S2, S3). See supplementary material for more de-
tails.

6 Discussion
Wedescribe the contribution of an isolated noise source
to the cross-correlation wavefield in seismic interfer-
ometry and how it relates to the contribution by bound-
ary sources. Our derivation predicts the observed cor-
relation wavefield (Fig. 2). In the following, we discuss
the implications our results have for studies based on
seismic interferometry and how this work may be ex-
panded upon in the future.
The dataset in this study is not the first to record iso-

lated noise sources that are used in the context of seis-
mic interferometry. Zeng and Ni (2010) located an iso-
lated source at primary microseism frequencies near
Kyushu Island, Japan. Droznin et al. (2015) used cross-
correlation of continuous recordings of volcanic tremor
to estimate their location. Retailleau et al. (2017) inves-
tigated spurious arrivals in correlation functions to lo-
cate noise sources near Iceland at ∼ 20 sec. Dales et al.
(2017) exploited the correlation wavefield contribution
from continuously operating ore crushers for monitor-
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ing of anundergroundmine. Brenguier et al. (2019) pro-
posed to use body waves from train signals excited in
the stationary phase of two arrays for structural mon-
itoring of a fault between the two arrays. The crucial
feature these sources have in common is that they are
fairly localised and excite seismic energy repeatedly,
similar to the wind farm in our dataset. In previous
studies that use such sources, the correlation wavefield
has often been dominated by the isolated source contri-
bution, masking the contribution by boundary sources
(Droznin et al., 2015; Dales et al., 2017; Brenguier et al.,
2019). In other cases, both contributions have compa-
rable amplitudes and the isolated source contribution
arrives earlier than the expected direct wave (Zeng and
Ni, 2010; Retailleau et al., 2017).
Signals that arrive before the expected direct wave

in correlation functions are often called ”spurious” ar-
rivals (Snieder et al., 2006, 2008). The ambient seismic
noise community often distinguishes two kinds of spu-
rious arrivals: those that are induced directly by iso-
lated noise sources (this study; Zeng and Ni, 2010; Re-
tailleau et al., 2017), and those that emerge from un-
cancelled cross terms in correlation functions (Snieder
et al., 2006; Colombi et al., 2014; Li et al., 2020). So far,
cross terms in correlation functionshavebeenobserved
between direct and reflected body waves (Li et al., 2020;
Colombi et al., 2014). In principle, there may also be
uncancelled cross terms between boundary sources (in
violation of equation 1) but we are not aware of any field
data example of this. In any case, understanding the
cause of spurious arrivals (be they from isolated noise
sources or direct-wave to reflected-wave cross terms) is
necessary to exploit them for information. In this study,
we investigate the behaviour of surface wave contribu-
tions induced directly by isolated noise sources and see
no evidence for contributions due to uncancelled cross
terms. Isolated source contributions to the correlation
wavefield always emerge at negative lapse time for any
chosenmaster station andpropagate only outwards (Eq.
10, Fig. 2). These additional arrivals often manifest in
distance-vs-lapse-time plots of correlation functions as
nearly parallel (depending on velocity structure and ex-
act geometry) to the causal direct arrivals emitted from
themaster station (see e.g., Zeng andNi, 2010). The spu-
rious arrivals exploited by Retailleau et al. (2017) show
the same behaviour but reversed in time due to a differ-
ent convention during processing, i.e., taking the time-
reversed signals of the receiver stations instead of the
master station for cross-correlation.
In this study, we also recover the two different con-

tributions to the correlation wavefield, by the isolated
noise source and by the boundary sources, simultane-
ously. Expression (6) shows that for both contributions
to the correlation wavefield to have comparable am-
plitudes, the source terms must have the “right” ratio
of energy. For our data, both contributions emerge
clearly only with spectral whitening applied, i.e., nor-
malisation of energy across frequencies. Without spec-
tral whitening, the correlation wavefield is dominated
by the contribution of thewind farmProttes-Ollersdorf,
similar to how the 26s microseism biases correlation
functions in Bensen et al. (2007). It is likely that whiten-

ing is successful on our data because wind turbines ex-
cite seismic energy most effectively at specific frequen-
cies related to the eigenmodes of the wind turbine tow-
ers (Neuffer et al., 2021), whereas other sources of am-
bient noise in the region excite energy over a wider fre-
quency range at lower energy levels (Schippkus et al.,
2020). Normalising the energy levels across frequen-
cies changes their relative strength to be comparable
in the wideband correlation functions we investigate
here. Early tests have shown that using only time win-
dows with wind speeds below the minimum operation
specifications of the wind turbines in the wind farm
Prottes-Ollersdorf, cross-correlations show a reduced
but not eliminated wind farm contribution. Additional
contributions to the correlation wavefield may also oc-
cur at lower frequencies where the presence of isolated
sources is usually not considered, e.g., near the sec-
ondary microseism band (Zeng and Ni, 2010; Retailleau
et al., 2017). Our analysis demonstrates the contribu-
tion of an isolated noise source can have significant im-
pact on travel-time measurements (Fig. 3), which may
be missed if one is unaware of the presence of an iso-
lated source. This applies in a similar manner to mea-
surements of amplitudes or phase velocities, as can be
seen from Figure 3c-g.
The basic approach we propose to avoid travel-time

measurement errors requires a nearly symmetric con-
tribution to the correlation wavefield by the bound-
ary sources, i.e., an even distribution of boundary
sources (Snieder et al., 2008). In real-world applica-
tions, strongly asymmetric correlation functions with
sufficient signal-to-noise ratio on only one side are com-
mon (e.g., Brenguier et al., 2008; Retailleau et al., 2017;
Schippkus et al., 2018). If that side also is the side that
contains the contribution by the isolated source, our
proposed strategy is not applicable. In the context of
tomography, one may still achieve sufficient coverage
ofmeasurementswhen applying awindowing function.
Related to this, the causal and acausal parts of corre-
lation functions are often stacked (“folded”) to increase
signal-to-noise ratio (e.g., Lin et al., 2008; de Ridder and
Biondi, 2015; Schippkus et al., 2018). In the presence
of an isolated noise source, folding correlations effec-
tively forces the asymmetric contribution of the iso-
lated source to become symmetric. In the case of a
stronger boundary source contribution, this can result
in too slow group velocity measurements for some sta-
tion pairs (negative errors in Fig. S4b), an effect thatwas
entirely avoidedbynot folding (Fig. 3). While awindow-
ing function may still be applied, such a function is not
sufficient to eliminate all errors (Fig. S2). Folding pre-
vents selection of the appropriate side of the correlation
function for measurement and results in irreconcilable
errors. A related approach for stabilising velocity mea-
surements is tomeasure on both sides of the correlation
function and compute themean, often combinedwith a
quality criterionbased on consistency (e.g., Stehly et al.,
2009; Boué et al., 2014; Zigone et al., 2015). This ap-
proach is similarly adversely affected in the presence
of an isolated noise source. The considerations above
are also instructive for deployments where receiver sta-
tions are only available on the side of themaster station
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away from the isolated noise source, e.g., in a scenario
where ocean noise acts as an isolated source with the
master station near the coast and all receiver stations
further inland. This resembles the geometry in Figure 3
for stations to the Southwest of rM , i.e., for station pairs
where rN is located within the Fresnel zone (Wapenaar
et al., 2010). In such cases, folding of correlations or
measuring on both sides of correlation functions may
be used to increase signal-to-noise ratio without intro-
ducing additionalmeasurement errors but this depends
on the exact geometry of r, rM , and rN . Without de-
tailed knowledge of rN , we advise against folding corre-
lations or similar post-processing.
Isolated noise sources may also have significant im-

plications for monitoring applications that exploit the
coda of correlation functions. While the direct waves
of both contributions to the correlation wavefield only
interfere for certain station pair geometries (Fig. 2),
coda waves of both contributions can overlap and in-
terfere for a larger range of geometries. Because corre-
lation functions contain the sum of multiple contribu-
tions to the correlation wavefield (Eq. 6), changes in the
strength of the isolated source over time could induce
apparent velocity changes due to interference, similar
to how velocity measurement errors on the direct wave
depend on relative amplitude (Fig. 3). However, this
would likely be accompanied by a drop in correlation
coefficient, which can indicate a change in sourcedistri-
bution and is often used as a quality criterion (e.g., We-
gler and Sens-Schönfelder, 2007). Additionally, the ori-
gin of the coda wavefield dictates its spatial sensitivity
(Margerin et al., 2016). If the origin is misattributed, it
may lead to misinterpretation of results. Isolated noise
sources thatmoveover time can also lead to bias inmea-
surements of velocity variations and their spatial inter-
pretation and should be considered carefully (Hadzi-
ioannou et al., 2009). Similar to the strategy for travel-
time measurements described above, careful coda win-
dow selection, based on the asymmetry of the isolated
source contribution, may help avoid these effects also
for monitoring applications.
We treat the wind farm Prottes-Ollersdorf as a single

source in our derivation and modelling (Fig. 2). When
considering multiple isolated noise sources, the deriva-
tion straightforwardly gives rise to a single contribution
for each of those sources, assuming they are uncorre-
lated. Indeed, when we consider each wind turbine in
the wind farm separately, the fit with observed correla-
tion functions appears to improve (Fig. S5). This sug-
gests that knowledge about the presence and character-
istics of isolated sources may be used to remove their
contributions and achieve correlation functions that are
less impacted by local sources. Multiple isolated noise
sources complicate the estimation of velocity measure-
ment errors due to further interference between each
individual source contribution. Above, we investigate
the edge case of a single source, i.e., the worst-case sce-
nario. The other edge case of isolated noise sources
at every possible location approaches the condition of
sources on a closed boundary, which would eliminate
any isolated source contributions and reduce errors to
zero. In practice, the real impact most likely lies some-

where in between.
Inour analysis, wehaveonly consideredvertical com-

ponents, because only vertical component recordings
are available in our dataset. Because the two contribu-
tions to the correlation wavefield propagate in differ-
ent directions for some station pairs, questions arise
about the interaction between differently polarised
wave typeswith different velocitieswhen analysing hor-
izontal component recordings, i.e., potential interfer-
ence of Love and Rayleighwaves. Theymay not be well-
separated and may interfere to affect measurements,
similar to the above. Defining an appropriate window-
ing function may prove more difficult in that case. The
case of horizontal components is a potential target for
future works.
We demonstrate that different contributions to the

correlation wavefield can carry similar energy and in-
terfere. For certain station geometries this leads to sig-
nificant travel-timemeasurement errors, if not properly
accounted for. Ideally, studies that rely on seismic inter-
ferometry should always consider the possibility of iso-
lated noise sources in their data and how such sources
may impact results, especially at frequencies where an-
thropogenic sources dominate.

Data Availability and Resources
Seismograms used in this study were collected using
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able. The supplemental material includes a movie of
cross-correlation function amplitudes over time, more
details on the proposed strategy to avoid measure-
ment errors, and the case when mulitple isolated noise
sources are considered. Colormaps used for illustra-
tions are perceptually uniform (Crameri, 2021).
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Supplementary Material

S1 Avoiding erroneous group-velocity
measurements

One strategy to avoid erroneous group-velocity mea-
surements (Fig. 3) is to carefully select which parts of
the correlation functions to measure velocities on. The
goal is to avoid all cases where interference occurs and
may bias measurements. We propose to make the se-
lection in two steps: first a rough causal/acausal selec-
tion based on geometry (this is already sufficient in the
case of a stronger boundary source contribution), and
second a windowing function around expected arrival
times, which is necessary if the isolated source causes
the stronger contribution.
In a first step, we select the line perpendicular to

the line connection rM and rN and going through rM

(dashed grey line in Fig. S1). West of this line, we mea-
sure group travel times on the acausal part of the corre-
lation functions, and East of the line on the causal part.
Because the correlation wavefield contribution emerg-
ing from rN emerges at negative lapse time τ(r = rN ) =
−|rM − rN |/c, there can be no interference to theWest
of the defined line.
To the East of the line, where we measure on the

causal part of the correlation function, the resulting er-
rors depend on which contribution has higher ampli-
tude. In the case of a higher contribution by the bound-
ary sources (Fig. S1b), we have avoided all measure-
ment errors except for stations very close to rM . These
remaining errors occur for stations where |r − rM |≤ w,
with w the width of the wavelet, due to interference of
causal and acausal parts of the correlation functions.
Station pairs with distances shorter than a few wave-
lengths are commonly excluded in studies of seismic in-
terferometry for this exact reason.
For the case of a stronger isolated source contribu-

tion (Fig. S1a), a circle of correct velocity measure-
ments emerges to the East of the line, because this
contribution propagates through the circle at negative
lapse times. Because we pick at positive lapse times on
this side, we pick the undisturbed contribution by the
boundary sources. Outside of this circle and up to the
defined line, measurements are affected by the contri-
bution of the isolated source, because it has higher am-
plitudes.
A second criterion helps avoid those remaining mea-

surement errors. We define a symmetric windowing
function around the master station’s location rM of ex-
pected arrival time windows and pick only within this
windowing function (Fig. S2). We choose the half-width
of the Ricker wavelet as the window width. In prac-
tice, due to unknown velocity structure, a wider win-
dowing function would be needed. We show the the im-
pact of the narrow windowing function to illustrate the
best-case scenario one can reachwith only awindowing
function. The case of a stronger isolated noise source
(Fig. S2) approaches the measurement errors one finds
for a weaker isolated noise source (Figs. 3b and S2b).
Finally, ifwe combine the twocriteria, weavoid veloc-

ity measurement errors for all station pairs except the

stations near rM , as described above (Fig. S3).
A different strategy may be to define the windowing

function around the isolated noise source instead of the
master station. Still, one would need a two-step ap-
proach and this would require more precise knowledge
of the isolated source location. The strategy proposed
above relies on the fact that the isolated source con-
tribution is asymmetric, whereas the boundary source
contribution is symmetric. If this is violated, a different
strategy is necessary.
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Figure S1 Same as Figure 3 whenmeasuring travel times only on the causal part of correlation functions for stations to the
East the dashed line, and only on the acausal part for stations to the West of the dashed line.

Figure S2 Same as Figure 3 when limiting measurements to an expected arrival window.

Figure S3 Same as Figure 3 when combining the causal/acausal selection (Fig. S1) and the windowing function (Fig. S2).
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Figure S4 Same as Figure 3 for ”folded” correlations, i.e., the causal and acausal parts of the correlation function are
stacked.
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FigureS5 Sameas Figure 2butwith all turbines of thewind farmProttes-Ollersdorf treated as individual sources. Improved
fit with the observations compared to Figure 2.
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Abstract The seismic events that preceded the leaks in theNordstreamnatural gas pipelines in the Baltic
Sea have been interpreted as explosions on the seabed. We use a polarization-based locationmethod initially
developed for marsquakes to locate the source region without the need for a subsurface velocity model. We
show that the 2 largest seismic events can be unambiguously attributed to the methane plumes observed
on the sea surface. The two largest events can be located with this method, using 4 and 5 stations located
around the source, with the uncertainties in elliptical bounds of 30 × 30 km and 10 × 60 km, respectively. We
can further show that both events emitted seismic energy for at least ten minutes after the initial explosion,
indicative of resonances in the water column or the depressurizing pipeline.

Zusammenfassung Die Lecks in den Röhren der beidenNord-Stream-Pipelineswurden von zwei sig-
nifikanten Seebeben begleitet. Der Charakter dieser Seebeben spricht gegen einen tektonischen Prozess und
für eine Explosion, gefolgt von schneller Dekompression des Gases. Wir verwenden eine Polarisationsanal-
yse, die die Richtung der Bodenbewegung analysiert, um die Beben zu lokalisieren. Diese Methode wurde
ursprünglich entwickelt, um die Epizentren von Beben auf dem Mars mit einem einzelnen Seismometer zu
bestimmen. Wir zeigen, dass mithilfe von 5 Stationen in der Nähe der westliche Ostsee die beiden Explosio-
nen sicher denanderOberflächebeobachtetenMethan-Strudeln zugeordnetwerdenkönnen. Darüberhinaus
können wir zeigen, dass auf die Explosionen ein mindestens zehnminütiger energiereicher Dekompression-
sprozess folgte. Mehrere Resonanzfrequenzen in den analysierten Signalen deuten auf Reverberationen in
der Wassersäule oder den geplatzten Leitungen hin.

Non-technical summary The leaks in the Nordstream pipelines, which transport natural gas from
the Siberian gas fields to central and western Europe have been accompanied by seismic events consistent
with underwater explosions. Seismic network operators located these explosions using the arrival times of
different seismicwave types (P-waves, S-waves), that travelwithdifferent velocities. However, thesevelocities
depend on the geological structure of a region and are often not well known, specifically in locations without
many earthquakes. We therefore apply a method that uses the polarization, i.e. the direction, in which the
ground ismoving to determine the direction towards the seismic events. Using 5 stations around theWestern
Baltic Sea, we show that the two seismic events are located next to the observed gas leaks. We also show that
the seismic events consisted of an initial explosion followed by an at least ten minute long process near the
source, likely related to the rapid decompression of the pipeline and sound reflections between the sea floor
and the surface.

Introduction
The catastrophic leakage events that occurred in the
Nordstream 1 and 2 natural gas pipelines in the Baltic
Sea on 26 September 2022 generated global interest due
to their significance for the European gas supply and the
relationship between the Russian Federation and the
Western European nations at each end of the pipeline.
Shortly after 02:00 local time, a pressure drop was no-
ticed at the German (western) end of the pipeline by
the operators. Later, Danish military intelligence re-
ported large methane plumes at the sea surface and re-
stricted the area to marine traffic (Navigational warn-
ing NW-230-22 by the Danish Marine Authority). A sec-

∗Corresponding author: mail@simonstaehler.com

ond larger event occurred that evening shortly after
19:00 local time (17:00 UTC) and resulted in a second
methane plume at the surface (NW-237-22). Despite
the fact that the pipelines were not transporting any
gas at the time of the leak, they were fully pressurized
and thus several million tons of methane were released
after the leak. A few hours after the initial leak, the
Swedish national seismic network SNSN at Uppsala Uni-
versity (Lund et al., 2021) reported an earthquake of
ML = 2.7 near the now-confirmed location of the leak,
based on picking arrival times of seismic waves (SNSN,
1904, event 2022092603_Y4GNpS). The second event was
also reported by SNSN as ML = 3.1 (SNSN, 1904, event
20220926135_nJ3BWW), close to the location of the sec-
ond leak, clearly on the Nordstream 2 pipeline. Since
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Event 1 Station P arrival S arrival Back-azimuth [deg]

Origin time 00:03:24 UP.DEL 00:03:55 00:04:25 153 (142-165)
Local time 02:03:24 PL.GKP 00:04:37 00:04:48 -
Latitude 54.768 DK.BSD 00:03:32 - 125 (111-139)
Longitude 15.431 DK.LLD 00:04:00 - 100 (71-125)
Magnitude 2.7 KQ.PEEM 00:03:50 00:04:08 54 (20-81)

Event 2A Event 2B

Origin time 17:03:50 17:03:58 UP.DEL 17:04:15 17:04:37 135 (128-143)
Local time 19:03:50 19:03:58 PL.GKP 17:04:27 - 325 (265-2)
Latitude 55.6 55.617 DK.BSD 17:04:03 17:04:11 55 (37-70)
Longitude 15.71 15.745 DK.LLD 17:04:30 - 85 (46-113)
Magnitude 3.1 3.1 KQ.PEEM 17:04:20 17:04:45 33 (356-79)

Table 1 Summary of key parameters fromopen accessible nearby stations. P and S-wave arrival times for each stationwith
estimated back-azimuth. Back-azimuth uncertainty ranges are given in parentheses. All times are on 2022-09-26 (UTC), local
time is in CEST. Event location, origin time andmagnitudes are taken from the SNSN catalog (SNSN, 1904)

.

the Baltic Sea is a region of very low seismicity (Grün-
thal et al., 2008), it is plausible to identify these seismic
eventswith the leaks andattribute them to anexplosion.
The localization was facilitated by the relatively high
amplitude of the signal, so that its arrival time could be
observed on tens of stations. We here present an ap-
proach that uses a minimum number of stations and
does not require a prior velocity model.
Seismic detection of man-made explosions is a task

that dates back to the mid-20th century, when nuclear
explosions were monitored by both super-powers. Co-
incidentally, the Norwegian Seismic Array (NORSAR),
whichfirst reported theNordstreamseismic events con-
sidered in this study, was set up precisely for this task
(Schweitzer et al., 2021). In the early period for seis-
mology, event detection and location was not done us-
ing global networks but rather by single arrays that de-
termined the back-azimuth and incident angle of seis-
mic body waves by measuring the apparent horizon-
tal slowness, i.e. the difference in arrival times, over
a network of 10–100 km aperture. The main motiva-
tion for using single arrays was that in the 1970s and
1980s, near real-time communication, as well as clock
synchronization was not guaranteed in a global seismic
network, so local arrays provided a more robust way to
observe nuclear test signals from regional to teleseis-
mic distances. Based on differential arrival time of seis-
micphases, the incident angle and theback-azimuth, an
event could be located within the territory of a Nuclear
power and attributed to a known test site, and itsmagni-
tude estimated to obtain the yield of a nuclear test. Im-
provement came with the installation of a global seis-
mic network of digital recorders connected via satellite,
by using arrival times at different stations and triangu-
late the source location. This however requires a rea-
sonable model of seismic velocities. In many regions
of the world such models do not exist, coincidentally
also in the Baltic Sea, a mostly aseismic region. The
Baltic sea basin itself is an eroded basin created dur-
ing the the Pleistocene glaciation (Hall and vanBoeckel,
2020), similar to the Great Lakes in Northern America.
The sea floor is covered with several 100 m of soft qua-
ternary sediments but does show a surprising complex-

ity. Specifically south of Bornholm, a system of graben
faults points SW/NE, and the shallower Arnager block
has exposed cretaceous bedrock at the surface. Hence
the seismic velocity profile in the uppermost kilometers
is complex (Ostrovsky et al., 1994; Vejbæk et al., 1994).
The low slope however makes landslides unlikely.
We therefore apply a method for event localization

that does not require a seismic velocity model and
which was initially developed to locate seismic events
on Mars (Zenhäusern et al., 2022a). On Mars, we sep-
arately determine the distance and direction of the
marsquake as seen from a single seismic station (Böse
et al., 2016). The direction (back-azimuth) is deter-
mined based on the polarization of the main body
waves: P and S. Since the P-wave is a compressional
wave, its particle motion is in the direction of propa-
gation, i.e. on a line pointing away from the epicenter.
The S-wave is transversally polarized, i.e. orthogonal to
the direction of polarization, which helps to determine
the back-azimuth if the P-wave is not sufficiently polar-
ized (e.g. low signal amplitude, scattering effects). The
method is described in Zenhäusern et al. (2022a), where
succesful application to teleseismic events on Earth is
demonstrated. It is now routinely applied by the InSight
Marsquake Service (MQS, Clinton et al., 2021; Ceylan
et al., 2022) to locate seismic events onMars, where only
a single seismometer (Lognonné et al., 2019) operates
and thus classical multi-station methods cannot be ap-
plied.

Method
We apply a complete polarization analysis of P and
S body waves to determine the back-azimuth of seis-
mic events. The three-component seismogram is trans-
formed into time–frequencydomainusing a continuous
wavelet transform (Kristekova et al., 2006) to produce
a time–frequency dependent complex spectral matrix.
For each time–frequency pixel, the matrix is decom-
posed into eigenvectors to obtain information on the
instantaneous polarization of the seismic signal. This
method is based on the work of (Samson, 1983) and was
first applied to seismic data by Schimmel and Gallart
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Figure1 Seismogramsandspectrogramsofboth seismic events fromstationDK.BSD. The top subplot in eachcombined fig-
ure shows seismograms filtered above (red) andbelow (blue) 1Hz. For better visibility of long-period energy, the spectrogram
is plot on a logarithmic scale below 1 Hz. In the right subplot, themedian (solid purple line) and 5th, and 25th (purple dotted
and dashed grey), as well as 75th and 95th percentiles (dashed grey and purple dotted) of acceleration are plot together with
the NLNM and NHNM as grey areas (Peterson, 1993). The 95th percentiles of the spectrogram shows the continued excitation
of several bands after the event.
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Figure 2 Overviewmap of theWestern Baltic Sea. We could obtain clear back-azimuths from four stations for event 1 (gen-
erally marked by red colors) and five for event 2 (marked by green colors). The grey triangles are stations where we detected
an arrival, but could not obtain a clear polarization. Solid lines mark the 1 sigma location for each event combined from all
usable stations, dashed lines the 2 sigma location. Event 1 is located less well, mainly due to the less favourable geome-
try of UP.DEL and DK.BSD, the two stations with best azimuth constraints. Squares mark epicenters from the SNSN catalog,
leak locations (circles) are based on navigational warnings NW-230-22 and NW-237-22 by the Danish Maritime Authority. The
bathymetry map uses the SRTM30_PLUS dataset (Becker et al., 2009), the pipeline can be obtained from OpenStreetMap
(relation 2006544).

(2003). We use all open access stations from the Euro-
pean IntegratedDataArchives (EIDA, Strollo et al., 2021)
within 3° (333 km) great-circle-arc distance around the
reported position of the leaks. We download all HHZ,
HHN, and HHE channels (high-sensitivity seismome-
ter, typically sampled at 100 Hz) and correct the data to
displacement using EVALRESP as implemented in Ob-
sPy (Krischer et al., 2015). We then manually scan the
data of days 2022-09-25 and 2022-09-26, i.e. including
the day before the leaks were reported, for signals of
nearby, seismic events with energy above 10 Hz using
daily spectrograms. As reportedbySNSN, one eventwas
found on 2022-09-26 00:03:24 UTC and a second event
around 2022-09-26 17:03:50 UTC (see figure 1 for seis-
mograms and spectrograms of both events.). Table 1
has an overview over all stations on which the events
were clearly detectable. For each of these stations, we
identify a P-wave arrival window and apply our back-
azimuth analysis to it in a 15 second time window start-
ing 5 seconds before the arrival. See figure 3 for an
example of our polarization analysis plot (Zenhäusern
et al., 2022a). Polarization plots for all investigated sta-
tions can be found in the supplement. To locate the
event, we combine the probability pi(α) of multiple sta-

tions i as a function of backazimuth α bymultiplication

ptotal(ϕ, θ) =

N∏

i=1

pi(α(ϕ, θ)), (1)

to obtain a probability density function for latitude θ

and longitude ϕ. From this density function, a maxi-
mum likelihood value and an error ellipse is obtained
and plotted in figure 2.

Results
We find clearly polarized P-waves at 4 (event 1) and 5
(event 2) stations in a distance range from 50 to 250 km.
The clearest observation is on station DK.BSD located
on Bornholm Island (see figure 3 for the first explosion),
with a mostly marine path. For both events, the back-
azimuth is constrained to less than 30° (table 1). The en-
ergy in the seismograms ranges from 0.2 to 40 Hz, with
a clear P-wave but no obvious S-wave. A Rayleigh wave
with clear elliptical polarization arrives 10 seconds after
the P. The overlap between S and Rayleigh is consistent
with other quakes in distances of 50-100 km. The lack
of a Love wave or transversally polarized S-waves (SH)
supports an isotropic source, such as an explosion. The
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Figure 3 Polarization analysis of event 1 (2022-09-26 00:03:24 UTC) for Station DK.BSD. Shown are the amplitude in
(m/s)2/Hz [dB] (top row), azimuth (middle row), and ellipticity (bottom row). A linear signal corresponds to a low elliptic-
ity. (left) Time-frequency plots for the different parameters, with marked time windows. The noise window is from 2 min to
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the left. The x-axis corresponds to the scale of the respective colorbar on the left. (right) Kernel density estimate (KDE) calcu-
lated from the time window between 2–4 Hz (shaded area in histogram plots). The x-axis again corresponds to the colorbar
scale. The KDE peak of the P-wave is marked with a red vertical line and diamond. The signals from this first event shows a
clearly polarized P-wave up to 20 Hz, a Rayleigh wave between 0.5 and 2 Hz and sustained polarization after the event. The
back-azimuth is estimated to 125 ± 14 degree from the P-wave. After the P-wave, polarization in the same direction is seen at
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signal has an overall duration of at least 10 minutes be-
fore falling to pre-event noise levels. SNSN reported two
separate explosions for the second seismic event, sepa-
rated by 8 seconds, which we find to be consistent with
the observation that the second pulse has the same po-
larization attributes as the first.

The second-closest stationKQ.PEEM in Peenemünde,
Germany, in 100 (event 1) and 150 km (event 2) distance
has clearly visible signals as well. Both P and S-arrivals
are visible, but back-azimuths are less constrained (60°
uncertainty for event 1, 80° for event 2). The reduced
amplitude is possibly due to the extended shallow sea
over half of the distance to the events. The third station,
UP.DEL in Southern Sweden, is significantly clearer in
signal and showsa comparableback-azimuth constraint
to DK.BSD. Surprisingly, this works even for the first
event, which is located behind the Bornholm island
as seen from the station. The fourth station, DK.LLD,
shows a similarly bad constraint as KQ.PEEM, which is
plausible given a low amplitude and paths that cross the
Bornholm island and the lands of Southern Sweden. A
signal is visible on several other openly accessible sta-
tions in Germany, Denmark, and Sweden (e.g. DK.COP,

DK.LLD, GE.RGN, GR.BSEG, UP.VIKU), but the polariza-
tion analysis did not obtain any additional constraints
on the source locations. Polarization plots for these
stations can be found in the supplement. Multiplica-
tion of the probability density functions for all ”good”
stations results in source regions close to the reported
leaks. The first event has a very elongated uncertainty
ellipse. For this event, the stations DK.BSD and UP.DEL
are almost located in a line. The actual leak, as given
by the navigational warningNW-230-22 is located inside
the 1σ region. For the second event, the stations are bet-
ter positioned to constrain the location of the event very
closely. The navigational warning NW-237-22 is just out-
side the 1σ region, mainly due to the broad uncertainty
fromDK.BSD. Togetherwith the known geometry of the
Nordstream pipelines and the locations of the methane
plumes on the sea surface, an identification of the ex-
plosions with the seismic events seems plausible.

On stations DK.BSD, which is the closest station to ei-
ther event, and UP.DEL, we find sustained polarization
after the first event: The P-wave polarization is present
in the coda for several minutes. This is a clear indi-
cation that the signal duration is not caused primarily
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by scattering but that seismic energy was radiated from
the source over an extended period, at least 15 min-
utes. An explanation for this could be continued release
of gas under high pressure. We can further investigate
the peaks in the spectrogram (fig. 1) at about 3.5, 8, 15
and 24 Hz for event 1 and about 4, 15, 23 and 32 Hz for
event 2. The two peaks at 3.5 and 15 Hz are confirmed
to be consistently polarized for event 1, while the others
are difficult to resolve. Assuming a speed of sound of
1470 m/s (typical for the Western Baltic Sea in Septem-
ber, see Grelowska, 2016), these two peaks would cor-
respond to wave lengths of about 98 and 420 meter, re-
spectively. The water depth at the source is 70 meter, so
this suggests that the 15 Hz signal could be an actual re-
verberation within the water column, and the one at 23
and 32 Hz overtones. The 3.5 Hz signal (with the longer
wavelength) ismore likely an effect of the leak itself, po-
tentially the Minnaert resonance of rising gas bubbles
(Devaud et al., 2008).
Additional stations like GE.RGN on the Rügen island

(Germany) or DK.COP near Kopenhagen were tried, but
had poorer azimuth constraints than neighbouring sta-
tions. We thus did not include them in this analysis
and figure. The SNSN operates several more stations in
Southern Sweden that might give additional constraints
and which were used for their location, but data from
these was not publicly available at the time of writing.

Conclusion

The analysis of P-wave polarization on the signal of the
Nordstream pipeline explosions shows the strong po-
tential of the method for a model-agnostic location of
seismic events. We clearly associate both leaks with the
separate seismic events. Location uncertainties from
4 and 5 stations’ polarization were larger than those
based on travel timemethods, but the latter used signif-
icantly more stations. As opposed to travel time meth-
ods, our approach does not need a velocity model, is ro-
bust against timing errors on stations and can easily be
started from a single station, as soon as data is available
there.
Both events show an absence of strong S-waves, con-

sistent with a mostly isotropic source, such as an explo-
sion. The closest station, DK.BSD on Bornholm, shows
a clearly polarized coda, indicative of an ongoing source
process over at least 10 minutes with several strong res-
onant peaks. This documents that polarization analysis
of a small number of seismometer located onshore has
the capability to locate and characterize seismic events
in the water column.
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Abstract Thegeometryandkinematicsof thecausative faultof the27July2022momentmagni-
tude (MW) 7.0 earthquake,which is oneof the strongest to hit northern and central Luzon in thepast
30 years, were estimated through inverse modeling of line-of-sight interferometric synthetic aper-
ture radar deformation. Wemodeled rupture alongmultiple candidate faults based on fit with the
pattern of line-of-sight deformation, consistency with focal mechanisms, and compatibility with
the known kinematics of themapped active faults in the region. Our preferred faultmodel, located
west of and parallel to the Abra River Fault (ARF), exhibits localized reverse-slip (average 67° rake)
at 15-35 km down-dip. Peak slip occurs at 13-16 km depth, with 95 cm of pure reverse-slip. The
existence of a reverse-slip dominated ARF-parallel fault rupture is consistent with a complex shear
partitioning model, wherein the NW-SE oblique plate convergence is accommodated not only by
the sinistral strike-slip Philippine Fault Zone and the major subduction zones, but also by minor
faults in intervening crustal blocks.

Non-technical summary Amagnitude7.0 earthquakeoccurred in thePhilippineson27 July
2022, on the northern island of Luzon. The earthquake does not seem to have occurred on a known
fault plane, givenwhat is known about its surface displacement and the seismic energy it radiated.
In this paper, we use satellite remote sensing data to try to determine the fault plane on which the
earthquake ruptured. Although these data can be fit, to varying degrees, by different faults, our
preferredmodel is a northerly aligned fault plane, dipping to the east. The slip on the fault is more
vertical thanhorizontal,which isdifferent fromtheothernearbymapped faults,whichareprimarily
horizontal. This earthquake may be helping to accommodate NW-SE compressional stress in the
Northern Philippines, caused by the motion of nearby tectonic plates.

Introduction
On 27 July 2022 at 08:43 local time (UTC +8), the north-
western region of the island of Luzon, northern Philip-
pines was hit by a moment magnitude (MW) 7.0 earth-
quake (Fig. 1 A and B). The epicenter was located 10 km
south of Tayum, Abra (17.5°N, 120.7°E), and had a focal
depth of ~20 km (Fig. 1 B); (PHIVOLCS, 2022a,b). Fo-
cal mechanisms produced both by the Philippine In-
stitute of Volcanology and Seismology (PHIVOLCS) and
theUnited States Geological Survey (USGS), consistently
suggest oblique-reverse faulting on either a N-striking,
E-dipping or a SW-striking, NW-dipping fault (Fig. 1 B);
(PHIVOLCS, 2022b; USGS, 2022). The PHIVOLCS focal
mechanism has a strike of 8°, a dip of 28°, and rake of

∗Corresponding author: tiegan.hobbs@nrcan-rncan.gc.ca

49°. The USGS focal mechanism has a strike of 0°, a dip
of 35°, and a rake of 40°. In map view, the two-week af-
tershock distribution forms a swath that is ~50 km-wide
and ~80 km-long in theWNW-ESE and NNE–SSW direc-
tions, respectively (PHIVOLCS, 2022a). In cross-section,
the aftershocks form an inverted triangle (Fig. 1 C) that
is 40 km wide near the surface and ~20 km deep, a dis-
tribution which makes it difficult to ascertain the pre-
ferred fault plane from seismicity alone.

Geological impacts observed on the ground by
the PHIVOLCS earthquake quick response team in-
cluded landslides, liquefaction-induced lateral spreads,
ground fissures, sand boils, and sea level disturbances
(PHIVOLCS, 2022c,d). While PHIVOLCS suggests the
Abra River Fault (ARF) as a candidate fault for the earth-
quake rupture (PHIVOLCS, 2022d), the surface rupture
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for this event has yet to be located andproperlymapped.
A total of 11 fatalities, 609 injuries, 49,803 displaced

persons, and ~US$45 million in damages to major pub-
lic infrastructure and to the agricultural sector was re-
ported (NDRRMC, 2022). The intensity values anddistri-
butions, though slightly different depending on the re-
porting agency, are in agreement with the highest felt
intensity being centered in the province of Abra. A
modifiedMercalli intensity value of 7.5 was reported by
the USGS, and a Philippine earthquake intensity scale
(PEIS) value of 7 was reported by PHIVOLCS, which also
included the western coastal towns in the province of
Ilocos Sur (USGS, 2022; PHIVOLCS, 2022d).
In the past 50 years, 11 MW > 6.5 earthquakes have

occurred within 250 km of the 2022 Luzon epicenter
in Tayum, Abra (USGS, 2022). The largest earthquake
in history to occur in northern Luzon was the 1990
MW 7.7 Luzon Earthquake, which was associated with
a ~120 km-long surface rupture along the Digdig Seg-
ment of the Philippine Fault Zone (Punongbayan et al.,
1991-07-16; Nakata et al., 1996).
This study presents the first interferometric

synthetic-aperture radar (InSAR)-based fault source
model for the 2022 MW 7.0 northwestern Luzon earth-
quake, providing information such as the possible
location, geometry, and slip distribution. Such data can
contribute to a better understanding of this particular
event, as well as generally the styles, mechanisms,
and distribution of deformation in the Philippines— a
tectonically complex, seismically active region which
could benefit fromamore comprehensivemapping and
accurate kinematic analysis of active structures. This
kind of effort would enhance the country’s capability to
assess seismic hazards and risks.

Tectonic Setting
The 8.0 cm/yr northwestward motion of the Philip-
pine Sea Plate (PSP) towards the Sunda Plate (SP) (Seno
et al., 1993) is accommodated throughout the Philip-
pine archipelago by a system of crustal faults and sub-
duction zones that exhibit complex shear partitioning
(Fig. 1 A; e.g., Rimando et al. (2019, 2020)). To its west
and east, the island arc is bound by the east-dipping
Manila-Negros-Sulu-Cotabato Trench System and the
west-dipping East Luzon Trough-Philippine Trench Sys-
tem, respectively. In between these trenches, is the
1400 km-long, sinistral Philippine Fault Zone (PFZ),
which runs along the entire length of the archipelago,
from the island of Luzon in the northwest to the is-
land of Mindanao in the southeast (Allen, 1962; Hamil-
ton, 1979; Acharya and Aggarwal, 1980; Bautista et al.,
2001; Cardwell et al., 1980; Hamburger et al., 1983;
Hayes and Lewis, 1985; Ozawa et al., 2004; Rimando and
Knuepfer, 2006; Rimando and Rimando, 2020; Marfito
et al., 2022) (Fig. 1 A). There is an estimated 80-100 km
and 200 km of minimum displacement along the PFZ
in northwest Luzon (Pinet and Stephan, 1990) and Min-
danao (Mitchell et al., 1986), respectively, since the
Miocene.
The boundary-perpendicular component of the over-

all oblique plate convergence is accommodated by

subduction zones, inferred thrust/reverse and oblique
strike-slip faults in the crustal blocks bounded by ma-
jor active faults, and by regional tectonic uplift, while
the boundary-parallel component is accommodated
mostly by the PFZ (Fig.1 A; e.g., Rimando and Rimando
(2020)). In northwestern Luzon, however, the Vigan-
Aggao Fault (VAF), which forms the westernmost strand
of the PFZ, also accommodates a significant portion of
trench-perpendicular shortening through angled sinis-
tral strike-slip faulting (e.g., Rimando and Rimando
(2020) and Fig. 1 B). While other minor active faults
likely exist within the crustal blocks, the exact traces
and kinematics of these have yet to be comprehensively
documented.

Methods and Data

InSAR processing
We used the descending track (20220721-20220802)
Sentinel-1A synthetic-aperture radar (SAR) single-look
complex images from the European Union’s Coperni-
cus Programme satellite constellation to create an in-
terferogramand a line-of-sight (LOS) displacementmap
of the area between six days before and six days after
the event. Unfortunately, there were no acquisitions
for the ascending track, due to the end of Sentinel-1B’s
mission in late 2021 (ESA, 2022). Sentinel-1A uses the
C-band, corresponding to a wavelength of 5.5 cm. The
images were acquired in ‘Terrain Observation with Pro-
gressive Scans’ mode, which bundles three sub-swaths
together to cover a greater area. However, given the
limited size of the earthquake and distribution of defor-
mation, only thewesternmost sub-swathwas processed
and analyzed.
We used the Generic Mapping Tools Synthetic Aper-

tureRadar (GMTSAR), an open source InSARprocessing
program (Sandwell et al., 2011), to carry out our anal-
ysis. The SAR images and their precise orbital infor-
mation were obtained from the Copernicus Open Ac-
cess Hub (Copernicus, 2022). A 30m-resolution Shuttle
Radar Topographic Mission Version 3 (SRTM1v3) digi-
tal elevationmodel (DEM) of the area was generated us-
ing the online GMTSAR DEM Generator (G.M.T.S.A.R.,
2010), and was used to correct for topography. A Gaus-
sian filter with a wavelength of 200mwas applied to the
images, and the pixels were decimated by a factor of
two along the azimuth and by a factor of eight along
the range prior to creating the wrapped interferogram
(Sandwell et al., 2011). A coherencemask with a thresh-
old of 0.085 was applied to the data prior to unwrap-
ping with the SNAPHU algorithm (Chen and Zebker,
2000, 2001; Chen, 2002). The unwrapped phase was cor-
rected for tropospheric effects using data from the Gen-
eral Atmospheric Correction Online Service for InSAR
(Yu et al., 2017, 2018a,b) before converting to LOS dis-
placement (Fig. 2).

Earthquake Source Modeling
We solved for earthquake rupture using two simple pla-
nar fault geometries (Fig. 3 A and B), the selection of
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Figure 1 A) Active tectonic features of the Philippines (PHIVOLCS Faultfinder: http://faultfinder.phivolcs.dost.gov.ph/). SP:
Sunda Plate, PSP: Philippine Sea Plate, MT: Manila Trench, NT: Negros Trench, ST: Sulu Trench, CT: Cotabato Trench, ELT: East
Luzon Trough, PT: Philippine Trench, and PFZ: Philippine Fault Zone. Black arrow is the rate of convergence between the PT
and SP (Seno et al., 1993). Black rectangle indicates the location of Figure 1 B. B) Map of study area with major faults (red
lines), focal mechanism solutions from both the United States Geological Survey (USGS, 2022) and the Philippine Institute
of Volcanology and Seismology (PHIVOLCS, 2022c) (white labels), and the 2-week MW >3.5 aftershocks (orange circles) from
PHIVOLCS. VAF: Vigan-Aggao Fault, ARF: Abra River Fault, NF: Naglibacan Fault, BF: Bangui Fault, AF: Ambuklao Fault, HF:
Hapap Fault, TF: Tubao Fault. C) All aftershocks shown in (B), plotted based on longitude to create a West-East cross section.
The locations of the surface traces of the mapped active faults, VAF and ARF, are indicated by black inverse triangles.

which is guided by the PHIVOLCS andUSGS focalmech-
anisms, the visible pattern of line-of-sight deformation
from the unwrapped interferogram, and the mapped
active faults in the region. Based on these considera-

tions, we explored the possibility of rupture along and
parallel to two local faults: the Vigan-Aggao Fault (VAF)
and the Abra River Fault (ARF), respectively. There
are other faults that are local to the rupture, includ-
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Figure 2 Line-of-sight displacement from Sentinel-1A de-
scending track InSARdata. Redandblue correspond topos-
itive and negative displacements, respectively. The USGS
and PHIVOLCS moment tensors (USGS, 2022; PHIVOLCS,
2022b) are included for reference. The arrow in the bottom
right shows the satellite heading (-167°) and look direction
(right).

ing the Naglibacan Fault and Bangui Fault; however
due to their sub-optimal orientations in relation to the
PHIVOLCS focal mechanism, these were not consid-
ered to be ideal candidates for rupture and therefore
were not tested. The well-documented NNE-SSWVigan-
Aggao Fault (VAF), is a range-bounding fault that is lo-
cated close to the western coast of northern Luzon,
and parallels both the trend of the hinge between the
positive LOS and negative LOS deformation, and the
trend of the aftershock distribution. This active fault is
known to have primarily left-lateral displacement, and
has been active since the Pliocene (Pinet and Stephan,
1990). Although the Luzon earthquake of 2022 was pri-
marily a thrust mechanism, we allow for the possibility
of rupture on the VAF due to its proximity. We also se-
lected a more N-S fault plane to parallel the more prox-
imal but less well studied Abra River Fault (ARF) (Pinet
and Stephan, 1990). Since the ARF has been described
as a dominantly strike-slip fault (Pinet and Stephan,
1990), rupture along the ARF itself, which has been
suggested by PHIVOLCS to be the likely causative fault

(PHIVOLCS, 2022d), is unlikely. Therefore, we modeled
a fault plane,whichfits theLOSdeformation, to thewest
of the ARF.While an investigation of the optimum fault
planewasbeyond the scopeof this rapid study, future ef-
fortsmaybe able tobetter constrain the ideal fault plane
for this event based on geodetic data and any additional
information about surface rupture, if it is found. Both
faults are modeled with 30°E dips, consistent with the
USGS and PHIVOLCS focal mechanism solutions. For
comparison, we also used the fault plane solution pro-
vided by the USGS (USGS (2022); Fig. 3 C), and modeled
the expected LOS displacement at the same locations
as used in our source inversion (Fig. 3 D, E and F). The
USGS finite fault model uses teleseismic body and sur-
face waves and follows the methods of Ji et al. (2002).
The parameters of all three faults are presented in Ta-
ble 1.
To invert for the slip, we used the MudPy modeling

and source inversion toolkit (Melgar and Bock, 2015).
Because InSAR data is insensitive to the earthquake
rupture velocity, we solved for slip as a static rupture.
Green’s functions for the InSAR data are calculated us-
ing the frequency wavenumber methods from Zhu and
Rivera (2002). We used a velocity model that is local to
the epicenter through CRUST1 (Laske et al., 2013-04).
Due to the tectonics of the region, left-lateral and thrust
fault slip was enforced, limiting model slip to rakes in
a window between 0° and 90°. The inversion results
were constrained using a Tikhonov spatial regulariza-
tion scheme (Mair, 1994; Tikhonov, 1963). This regu-
larization scheme imposes equal amounts of smoothing
across all subfaults in our model and is guided by a spa-
tial regularization constant. As the constant approaches
zero, the problem approaches a non-regularized least
squares solution. We test our inversion results over a
range of values, opting for themodel thatminimizes the
data misfit without overfitting or allowing for too rough
of a final solution (Fig.3 A and B). The preferred solu-
tions sit close to the bend in an L-curve test (Fig. S1).

Results

LOS Displacements
The LOS displacements, displayed in Fig. 2, are relative
to a satellite heading of -167° looking right at an inci-
dence angle of 44°. Results show a lobe of positive LOS
deformation beneath the northern ARF, and a lobe of
negative LOS deformation to the SSE. This satellite ge-
ometry is particularly well suited to image deformation
in the dip-slip direction. Given focalmechanism results
that suggest a N-striking fault plane, dipping to the E,
theLOSdisplacements therefore suggest dominantly re-
verse motion, moving the eastern hanging wall verti-
cally upwards.

Inversion Results
The inversion results for all three geometries tested are
displayed in Table 1 and Fig. 3 and further details of
each fault model are shown in Figs. S2-S8. Along with
the amount of slip on the fault, we calculated the pre-
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Figure 3 Results of InSAR inversion, for three rupture geometries discussed in text: the Vigan-Aggao Fault (A, D, G), a fault
parallel to the Abra River Fault (B, E, H), and a forwardmodel of the USGS finite fault inversion (C, F, I). Top row (A, B, C) shows
the inversion results. The middle row (D, E, F) shows predicted LOS displacements from a forward model of the inversion
results. The bottom row (G, H, I) shows the misfit between the observed LOS and the forward models for each rupture. The
amount of LOS displacement, in cm, is shown in red-blue, as in Figure 2, and the amount of slip on the fault surface, in cm, is
shown as white-purple. Dashed lines on the middle and bottom row panels are the surface traces of the modeled faults.

dicted LOS displacements at the surface from a forward
model of the slip at depth (Fig. 3, D-F), and the misfit
between that forward model and the observed LOS dis-
placements (Fig. 3, G-I). Table 1 also includes the overall
L2 normmisfit for eachmodel. Here, a lower value rep-

resents amodel that better fits the data. Full solution re-
sults for the ARF andVAF faults, including the partition-
ing of slip between dip-slip and strike-slip components,
are shown in Figs. S2 and S3. Dashed lines show the
surface projection of each fault plane, although none of
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Fault model MW
Strike
(º)

Dip
(º)

Peak
slip (cm)

Peak dip
slip (cm)

Peak strike
slip (cm)

Depth of
peak slip (km)

Ave. Rake
(º) Misfit L2

VAF 7.02 12 30 64 64 30 16.5–20 63.6 0.79
W. of ARF 7.10 3 30 95 95 35 13–16 67.3 0.83
USGS 6.93 0 35 95 66 87 12.3 34 1.2

Table 1 Modeled source fault parameters and results of inversion. ‘Ave.’ refers to the average.

the results suggest significant slip near the surface.

VAF rupturemodel

This model exhibits a diffuse amount of primarily re-
verse slip (average 63.6° rake) over an along-strike band
between 32-40 km down-dip (16-20 km depth) with peak
slip of 64 cm (Figs. 3A, S2 A, and S2 B). Lesser amounts
of left-lateral slip are mainly concentrated on a narrow
band along the central segment of the fault plane, start-
ing at 60 km down-dip (30 km depth) and shallowing to
the north (Fig. S2 C).

Abra River Fault-parallel model

This model exhibits more localized reverse-slip (aver-
age 67° rake) at shallower depths andwith a higher peak
slip value (95 cm) (Figs. 3 B, S3 A, and S3 B) than theVAF
rupture geometry. Left-lateral slip is mostly confined to
the central segment of the plane, at 20-40 km down-dip
distance (10-20 km depth).

USGS forwardmodel

The USGS forward model, which is based on the finite
fault model that was released shortly after the main
event, exhibits a very focused region of slip beneath the
lobe of positive LOS displacement, with a more domi-
nant left-lateral slip (average rake 34°) andwith peak slip
of around 80 cm occurring near 12 km depth (Figs. 3 C,
F and I).

Discussion and Conclusions
Although both the VAF and ARF-parallel fault planes
produced similar L2 misfits (Table 1) and are there-
fore similarly good choices, themodeled rupture on the
ARF-parallel fault plane is the preferred model for this
study as it visually most closely reproduces the overall
observed LOS displacements near the expected earth-
quake rupture (Fig. 3H).While the surface projection of
this model is currently not associated with any mapped
active fault trace, it is expected that there must be sig-
nificantmargin-normal shortening across the northern
Philippines given the opposing subduction zones to the
east and west (e.g., Bautista et al. (2001)). In this sense,
such a fault is kinematically congruentwith theVAF and
ARF, which are both accommodating the mostly sinis-
tral strike-slip component of the oblique convergence in
northern Luzon. If this is the causative fault of the 2022
Mw 7.0 Luzon earthquake, there may well be surface
rupture to the west of Abra, near the most productive
aftershock region (Fig.1 B). It may also be worth con-
sidering the possibility of stress transfer onto the Abra

River Fault, which would lie above the fault plane mod-
eled herein.
On the other hand, rupture on theVAF, which is dom-

inated by relatively deep reverse slip (peak slip between
30-40 km down-dip), is associated with the lowest mis-
fit. It is worth noting, though, that there is a mini-
mal difference in the misfit values of the VAF and ARF-
parallel fault models. Additionally, while the surface
projection of the VAF model coincides with the trace
of a well-known fault, the dominantly reverse-slip kine-
matics that our model suggests is contradictory to the
dominantly strike-slip displacement that has been doc-
umented through detailed mapping and a quantitative
analysis of morphotectonic kinematic indicators along
this fault zone (Rimando and Rimando, 2020). If this
fault were the causative fault for this earthquake, there
may not be any surface rupture due to the paucity of
strong slip in the shallow 0-25 km depth range.
Among the earthquake source models, the USGS for-

ward model is associated with the highest overall misfit
and strongest residuals (Fig. 3 I). The high misfit is due
to the incompatibility of the modeled slip distribution
with the observed positive LOS deformation that is vis-
ible further to the south. We therefore consider this as
an unlikely causative fault for this event.
The likely presence of a fault parallel to and west

of the ARF that exhibits dominantly reverse-slip fur-
ther supports a complex shear partitioning model for
the Philippine archipelago, wherein the oblique plate
convergence in Luzon is accommodated not only by
the sinistral strike-slip PFZ and the major trenches, but
is also taken up substantially by faults within crustal
blocks (e.g., Rimando et al. (2020)).
Additionally, the fact that a previously unmapped

ARF-parallel fault may exist underscores the impor-
tance of a comprehensive mapping of active tectonic
structures even in areas where there is very subtle or
poor topographic expression of faulting. This could
be achieved through a combination of high-resolution
DEM inspection, InSAR analysis and modeling, high-
resolution subsurface imaging, high-resolution poten-
tial field surveys, seismotectonic analysis, measure-
ment of geomorphic indices, and slip tendency analysis
of geophysical or topographic lineaments.
In the absence of complete mapping of active seis-

motectonic structures, this earthquake serves as a re-
minder of the importance of comprehensive seismic
hazard mapping that considers the effect of shallow
crustal earthquakes on as-yet unknown faults. If this
event were to have happened further to the south it may
have causedmuch greater damages and losses, particu-
larly if itwere tohave affected amajor population center
such as Baguio City.
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Future studies may consider Bayesian inverse mod-
eling that involves producing posterior probability dis-
tributions of source parameters of the fault rupture,
for example through Markov-chain Monte Carlo- and
Metropolis-Hastings-based algorithms of Bagnardi and
Hooper (2018), to provide more constrained estimates
of fault geometry and slip distributions. In the mean-
time, though, our models can serve as a guide for the
ongoing search for surface rupture and/or nearby, pre-
existing yet unmapped potentially active faults.
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Abstract Seismica, a community-run DiamondOpen Access (OA) journal for seismology and earthquake
science, opened for submissions in July 2022. We created Seismica to support a shift to OA publishing while
pushing back against the extreme rise in the cost of OA author processing charges, and the inequities this
is compounding. Seismica is run by an all-volunteer Board of 47 researchers who fulfil traditional editorial
roles as well as forming functional teams to address the needs for technical design and support, copy editing,
media and branding thatwould otherwise be covered by paid staff at a for-profit journal. We are supported by
the McGill University Library (Québec, Canada), who host our website and provide several other services, so
that Seismica does not have any income or financial expenditures. We report the process of developing the
journal and explain how and why wemade some of the major policy choices. We describe the organizational
structure of the journal, and discuss future plans and challenges for the continued success and longevity of
Seismica.

Résumé Seismica, une revue diamant en accès ouvert (OA) pour la sismologie, portée par la communau-
té scientifique, a été lancée en juillet 2022. Nous avons créé Seismica pour soutenir la publication en OA, tout
en déjouant l’augmentation des frais de publication en OA à charge des auteurs, et les inégalités que cette
augmentation aggrave. Seismica est dirigée par un comité composé de 47 chercheurs et chercheuses béné-
voles qui remplissent des rôles éditoriaux traditionnels. Réparti en équipes fonctionnelles, le comité répond
aussi aux besoins techniques ou d’accompagnement, par exemple en relecture, mise en forme, et stratégies
de communication; des besoins qui seraient, dans un journal à but lucratif, couverts par du personnel rému-
néré. Nous sommes soutenus financièrement par la Bibliothèque de l’UniversitéMcGill (Québec, Canada), qui
héberge notre site Web et fournit plusieurs services de publication : Seismica n’a ni revenu, ni dépense finan-
cière. Ici, nous présentons l’élaboration de la revue et expliquons certains choix pratiques. Nous décrivons
l’organisation de la revue et discutons des plans et des défis futurs pour le succès et la longévité de Seismica.

Resumen Seismica, una revista científica de sismología y ciencia de eventos sísmicos de acceso libre
(OA) vía diamante y gestionada por la comunidad, abrió convocatoria de publicaciones en julio de 2022. Crea-
mos Seismica para promover el cambio a publicaciones de acceso libre (OA) y a la vez resistir el pronunciado
aumento en los costos editoriales y de publicación– conocidos comoAPC (Article Processing Charges)–de los
artículos de acceso libre y las desigualdades a las que conllevan. Seismica es gestionada por un comité edi-
torial de voluntarios, conformado por 47 investigadores, que desempeñan puestos editoriales tradicionales y
que a la vez forman equipos funcionales que atienden las necesidades de diseño técnico y soporte, edición,
medios de comunicación e imagen; que de otra manera serían cubiertas por personal pagado en una revista
con fines de lucro. Contamos con el apoyo de la biblioteca de la universidad de McGill (Québec, Canadá), que
auspicia nuestro sitio web y nos brinda otros servicios, permitiendo que Seismica no reciba ingresos o conlle-
ve gastos de operación. Reportamos el proceso de desarrollo de la revista, y explicamos el cómo y el porqué
de nuestras principales políticas editoriales. Describimos nuestra estructura organizacional y discutimos los
planes de desarrollo y desafíos para asegurar el éxito continuo y la longevidad de Seismica.
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Sommario Seismica, una rivista ad accesso libero (OA) di tipo ’diamante’ sulla sismologia e
la scienza dei terremoti, gestita direttamente dalla comunità scientifica, ha iniziato ad accettare
contributi nel luglio 2022. Abbiamo creato Seismica per favorire il passaggio all’editoria OA e per
contrastare l’estremo aumento dei costi editoriali e di pubblicazione - noti come APC (Article Pro-
cessing Charge) – da parte degli autori e le disuguaglianze che ne derivano. Seismica è gestita da
un comitato editoriale completamente volontario di 47 ricercatori che ricoprono ruoli editoriali tra-
dizionali e fanno parte di team funzionali per soddisfare le esigenze di progettazione tecnica e di
supporto alla rivista, copy editing, media e branding, che altrimenti sarebbero coperti, in una rivi-
sta tradizionale a scopo di lucro, da personale retribuito. Siamo supportati dalla McGill University
Library (Quebec, Canada), che ospita il nostro sito Web e fornisce molti altri servizi, in modo che
Seismica non debba considerare entrate o costi. In questo editoriale, riportiamo il processo di svi-
luppo del giornale e spieghiamo le motivazioni alla base di alcune scelte in termini di politiche
editoriali. Descriviamo la struttura organizzativa della rivista e discutiamo i progetti futuri e le sfide
per il continuo successo e la longevità di Seismica.

要旨 Seismicaは,地震学に広く携わる研究者コミュニティ主導によって運営されるダイヤモンドオープンアクセス (OA)学術雑誌として, 2022年 7月に投稿受付を開始した. Seismicaは,昨今,主要な営利目的の学術雑誌が著者負担の OA費用を極端に引き上げたことを受け,公平性を担保する OA学術雑誌の新たなトレンドを生み出し、またそれを支援するべく創刊された. Seismicaは, 47名の研究者が理事メンバーとなり,すべて非営利のボランティアベースで運営されている. Seismica は,雑誌運営に不可欠な査読・編集作業に加え,組版作業をはじめとする各種デザイン,メディア・ブランディングなど,営利目的の学術雑誌であれば有給のスタッフがカバーするような幅広いプロセスに対応するため,役割分担された理事メンバーによって効率的な運営が行われている. Seismica は, McGill University Library (カナダ・ケベック州)の支援によりウェブサイトの運用等を行っているため,収入や財政支出の生じない非営利の学術雑誌である. 本稿では, Seismica の誕生から現在に至る過程を報告し, Seismicaの運営方針がどのように決定されたのかについて詳細に論じる.さらに,
Seismicaの組織体系および, Seismicaの持続的な運営を実現するための今後の課題について議論する.

Non-technical summary Seismica is a newDiamondOpen Access (OA) journal designed by
and for the earthquake science and seismology communities. We explain ourmotivations and pro-
cess in designing and establishing the journal. We outline our aspirations for building additional
programs around the journal for supporting author, reviewer, and editor skills development, au-
thor resources for communication outside the research community, and increasing equity, diver-
sity and inclusion in all aspects of the publication process.

1 Introducing Seismica
Seismica is a DiamondOpenAccess (OA) academic jour-
nal for the broad disciplines of seismology and earth-
quake science, and related education and outreach. Di-
amond OA means that it is free to read and free to pub-
lish. We launched Seismica because of the inequities
in the current publishing landscape, and the increas-
ing costs of access to research for both authors and
potential readers of scientific papers. The shift to OA
requirements in many countries has exacerbated bi-
ases in access to publishing, compounded the problems
with merit assessment and academic competition, and
highlighted the fact that the costs for Gold/Hybrid OA
(author-pays for open access) models are far in excess
of the costs of publishing (Khoo, 2019; Björk, 2021)1.
By returning control of the publishing process to the
hands of the research community, we can address lo-
cal and global inequities in access to research (Khanna
et al., 2022). The opportunity to reimagine the publish-
ing ecosystem for our community by developing a new

∗Corresponding author: christie.rowe@mcgill.ca
1Grossmann and Brembs (2021) estimated that the actual cost of pub-

lishing an academic article averages about US$400; Siler and Frenken (2020)
found that about a third of OA journals charge US$200 or less, the median is
US$600, and that author charges increase with Journal Impact Factor. Jour-
nals publishing in seismology and earthquake science and related education
and outreach typically charge ∼ US$1500 to >US$11,000.

journal with not-for-profit motives, which is designed
by and for researchers, has inspired us to volunteer our
time for Seismica.
Here, we report the context and our motivation for

creating Seismica, describe the journal as it exists at the
launch in 2022, and outline our aspirations for build-
ing a new kind of scientific community that will support
equitable and inclusive global collaboration across our
disciplines into the future.

1.1 Our Diamond Open Access (OA) publish-
ingmodel

Diamond OA Journals are distinct from other OA pub-
lishing models in that there are no subscription fees
for institutions or individuals, nor do authors pay to
publish. While Diamond OA journals have always ex-
isted, there is a greater interest than ever before in en-
couraging and developing this model further (Ancion
et al., 2022). Lange and Severson (2021) identified 485
Diamond OA journals operating without the support of
a commercial publisher in Canada alone. This mode
of publishing is already very well established, although
most of these journals are small-scale and 76% were in
the fields of Social Sciences and Humanities. Khanna
et al. (2022) found that Diamond OA journals published
more scholarly works from the Global South, demon-
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strating howDiamond OA expands the global reach and
inclusivity of scientific research.
Traditionally, Science, Technology, Engineering and

Mathematics (STEM) journals have been smaller play-
ers in the Diamond OA landscape (Lange and Sever-
son, 2021; Bosman et al., 2021). STEM disciplines have
taken different paths to OA publishing. Green OA in-
volves posting preprint versions of articles (before sub-
mission or after acceptance)which is gaining popularity
in the Earth Sciences (e.g., EarthArXiv, ESSOAr). How-
ever, the high value placed on peer review, fear of being
‘scooped’, and confusion surrounding preprint restric-
tions between different journals has prevented Green
OA from fully serving the needs of the Earth Science
community.
The field of Earth Science produces high-impact re-

search that promises benefits to the public and soci-
ety. Fulfilling this promise requires an open and in-
clusive publishing method to effectively communicate
scientific results, such as new research on earthquake
hazard and its implication for earthquake risk quan-
tification and mitigation. Many professional organiza-
tions have produced longstanding publications prior to
the consolidation of scholarly journals into a few large
publishing companies, that were essentially Diamond
OA before the classification existed in its own right
(Shipp, 2000). This legacy of accessibility and knowl-
edge sharing is continued by Seismica, joining a grow-
ing group of Diamond OA Journals in the Earth Sci-
ences (e.g. Volcanica2; Tektonika3; The Sedimentary
Record4; Palaeontologica Electronica5; and several oth-
ers in planning stages6).

2 How Seismica began
In November 2020, Springer Nature journals an-
nounced a steep increase in article processing charges
(APCs) for Gold OA of more than US$10,000 (Else, 2020).
This announcement generated reactions among Earth
Scientists on social media on a spectrum from amaze-
ment to outrage. Many highlighted that such fees were
way beyond the means of most researchers. Some seis-
mologists and earthquake scientists on Twitter noted
that the Diamond OA journal Volcanica was already in
its third year and had been successful, so proposed that
something similar should be developed for our field
(Figure 1).
From this collective momentum came action. A self-

appointed task force of early- and mid-career seismol-
ogists, earthquake geologists and geodesists coalesced
within days, and began to put together a road map to
founding a new journal. This initiative benefited from
the desire for positive action and community building
that arose during themonths of pandemic-related isola-
tion. We created a discussion space in Slack (a freemes-
saging application), open to anyonewhowas interested,

2https://jvolcanica.org; Farquharson and Wadsworth (2018)
3https://tektonika.online
4https://www.sepm.org/the-sedimentary-record
5https://palaeo-electronica.org/content/
6E.g. Sedimentologika https://twitter.com/sedimentologika, Geomor-

phica https://sites.google.com/view/geomorphica

Figure 1 The beginning of Seismica’s recruitment of
an initial task force to investigate the feasibility of a Dia-
mond OA journal for Seismology and Earthquake Science,
November 2020.
Légende. Les début de Seismica, avec la constitution d’un
groupe de travail initial pour étudier la faisabilité d’un
journal Diamond OA pour la sismologie, novembre 2020.
Leyenda. El inicio del proceso de reclutamiento por parte de
Seismica, de un equipo para investigar la viabilidad de una
revista de acceso libre (OA) Diamante en sismología y ciencia
de eventos sísmicos, noviembre de 2020.
Nota. L’inizio del reclutamento da parte di Seismica di una
task force iniziale per studiare la fattibilità di una rivista
Diamond OA sulla sismologia e la scienza dei terremoti,
Novembre 2020.図 1 Seismicaのタスクフォースは,地震学分野におけるダイヤモンド OA学術雑誌の実現に向けて,志をともにする研究者のリクルートから始まった (2020年 11月).
https://twitter.com/seismo_steve/status/
1333532526179201027

where over 100 participants debated vigorously about
journal scope, article types, open science, community-
focused policies, improving representation, editorial
structure, and journal branding (e.g., the journal name
and logo). We invitedVolcanica’s founders to speakwith
us and pass on their valuable insights. We explored pos-
sible institutional support and funding models to dis-
cover that several university libraries supported Dia-
mond OA journals for free. We built a mailing list and
surveyed our global community onwho theywere, what
they wanted from a journal, and how they might help
with it. We established an approach and philosophical
basis for founding a new journal with a uniquemission.
The main findings of this initial task-force are reported
by van den Ende et al. (2021).
With our road map in place, we formed an edito-

rial selection committee, and openly invited applica-
tions for positions within Seismica. From the over 130
applications received by the September 2021 deadline,
we appointed ourManagement Committee (comprising
Executive Editors and Functional Team Chairs), Han-
dling Editors and Functional Team Members. The or-
ganizational structure was designed with permeability
between traditional editorial roles and the functional
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teams that run the day-to-day operations of the journal
(Figure 2), with individuals opting in or out of finite or
open-ended functional roles.
Five task forces (Appendix A), raised from the ap-

pointed Board, undertook a 10-month journal building
process to prepare Seismica for launch. The task forces
were innear constant communication through theMan-
agement Committee to integrate our work as a coherent
organization. We adapted our initial vision for the edi-
torial structure as we realized the scope of some tasks,
likeMedia & Branding, was larger than anticipated, and
added members to certain task forces where required.
A major step toward ensuring Seismica’s future was

signing a Memorandum of Agreement with the McGill
University Library. Like many university libraries in
Canada, McGill Library is equipped to support OA
journals through the installation and maintenance of
the open-source Open Journal Systems (OJS)7 platform
from the Public Knowledge Project (PKP), as well as to
train journal editors and guide new journals through
customization of the OJS interface. McGill Library ac-
quired an International Standard Serial Number (ISSN)
for Seismica, assigns Digital Object Identifiers (DOIs)
for all published content through CrossRef, and will
also help Seismica to apply for inclusion in indices like
Scopus and Web of Science. Critically, McGill Library
takes on the cost of these services, through purchasing
the services from relevant vendors and through in-kind
contribution of the Library and IT staff time. If Seis-
mica separates fromMcGill Library for any reason, both
parties commit to give a six months notice, and Seis-
micawould retain any archives previously hosted on the
McGill Library servers. This agreement gives Seismica
the stability to ensure that our articles will remain open
and available for perpetuity. McGill University Library
covers all of the necessary functions for publishing a
peer-reviewed journal that would require funding to ac-
quire; remaining functions are supported by the time
and expertise of our volunteers.

3 Journal Design
3.1 Seismica’s Key Values
Through months of discussion, the character of our
community becamemore distinct andwedistilled some
common values. These key values (Table 1) form the
basis of Seismica’s policies, which are implemented as
guidelines for authors, reviewers, and editors8. This
section describes how some of the policies in place at
the time of launch implement these values; these val-
ues will be cyclically reviewed through new policies de-
scribed in Section 5.
To create an Accessible publishing venue, we de-

signed a suite of peer-reviewed article types, including
traditional researchpapers, but uniquely, we also offer a
Report format designed for: fast publication (e.g., in the
aftermath of a significant earthquake); instrument/field
deployments; software; null results. We also encourage

7https://pkp.sfu.ca/ojs/
8https://seismica.org/policies

submission of reviews and opinion papers after consul-
tation with the Editorial Board. Seismica recommends
that our authors publish their articles under a Creative
Commons CC-BY license9, and we provide support for
authors to help themmake an informed choice of CC li-
cense if CC-BY is not appropriate for their contribution.
We encourage authors to post preprints under the same
license at any time from pre-submission up until accep-
tance (after which it would be redundant). We require
authors to make data and code publicly downloadable
(not “by request”). We also support the inclusion ofmul-
tiple languages to encourage global readership within
and beyond the research community.
To promote a Transparent scientific process, upon

manuscript acceptance and publication, peer review re-
ports and author replies are published alongside arti-
cles. Our manuscript template includes the Contribu-
tor Roles Taxonomy (CRediT)10 to promote recognition
and acknowledgement of everyone who contributed to
the work, and assist authors in making decisions about
authorship.
Our Respectful journal design means that the pro-

motion of equity, diversity and inclusion (EDI) must
form a basis for policy decisions (described further in
Section 3.2) and that the community must have a di-
rect and decisive input on Seismica’s future develop-
ment. For example, we discussed peer-review modes
at length, with some Seismica Board members advocat-
ing for double-anonymous review due to its potential
to reduce reviewer bias (e.g. Parks, 2020). Due to con-
cerns about the capacity of authors and of OJS to truly
anonymize manuscripts, and wanting not to create de-
terrents for potential submitting authors unaccustomed
to double-anonymized reviews, we implemented a pol-
icy of publishing reviews. This and other policy choices
will be re-examined in subsequent policy review cycles.
Seismica’s Credibility derives from informed and

thorough editorial handling by knowledgeable re-
searchers, and through trust in one another and in the
organization. Our editorial board is designed to grow
along with demand and rate of paper submission, to
keep individual editors’ workloads lower, and ensure
that each manuscript within Seismica’s broad scope is
handled by someone with meaningful expertise. When
Seismica receives a manuscript focused on a specific
geographical area, editors will prioritize recruiting at
least one reviewer from that area, with the help of au-
thor suggestions. This ensures a wider diversity of re-
viewers and increases the impact of the scientific work.
All members of the Seismica community are bound by
our Code of Conduct11 and competing interest policies12
which are updated regularly to reflect evolving under-
standing of best practices.
Progressive policies require reaching outside the re-

search community to potential readers who may have
an interest in participating or may benefit from publi-
cations in Seismica. Seismica publishes multiple lan-
guage abstracts and are developing author support pro-

9https://creativecommons.org/licenses/by/2.0/
10https://credit.niso.org/
11https://seismica.org/code-of-conduct
12https://seismica.library.mcgill.ca/policies
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Figure 2 Seismica Organization Chart at launch, July 2022. See Appendix A for individual contributor credits and Appendix
B for description of roles and responsibilities.
Légende.Organigramme de Seismica au lancement, juillet 2022. Voir l’Annexe A pour la description des rôles et responsabilités,
et l’Annexe B pour les contributions individuelles.
Leyenda.Organigrama en el lanzamiento de Seismica, Julio de 2022. Ver el Apéndice A para la descripción de roles y responsa-
bilidades, y el Apéndice B para el reconocimiento de aportes individuales.
Nota. Organigramma di Seismica al lancio, Luglio 2022. Vedere Appendice A per la descrizione di ruoli e responsabilità, e Ap-
pendice B per i vari contributi individuali.図 2 2022年 7月現在における Seismicaの組織チャート.担当者のクレジットは Appendix Aを、各役割の詳細については
Appendix Bを参照されたい.

grams to facilitate outreach. This also means promot-
ing literacy in Open Science principals within the Seis-
mica community as well as the broader circles of au-
thors and consumers of research. Our biennial review
cycle is designed to promote flexibility and adaptability
as the publishing climate rapidly changes.

3.2 An equitable, diverse, and inclusive jour-
nal

Equity, diversity, and inclusion (EDI) are intrinsic to
our motivations in founding Seismica and the desire

to address inequities in the scientific community is at
the center of Seismica’s mission. Inequities are struc-
turally engrained into the culture and practice of scien-
tific research, but the last few years have seen a surge in
its recognition and acknowledgement, along with some
proposed solutions (e.g. Dutt, 2020; Ali et al., 2021; Li-
boiron, 2021; Pico et al., 2020). Seismica has ensured its
key values align with many of these expert recommen-
dations for institutional change in the academy.

A necessary step to understanding how Seismica can
play a role in strengthening EDI, is to identify who Seis-
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Key values Seismica’s new approach to publishing: how and why?
Accessible Seismica believes that science should be accessible to everyone, and has created an open platform for

sharing peer-reviewed research in seismology and earthquake science. By removing all fees, we encour-
age participation on many levels to share knowledge and data with the global community.

Transparent Seismica publicly recognizes the volunteer labor of reviewers, editors, typesetters and contributors,
along with the wide breadth of teamwork needed in research. We have a transparent review process
by publishing reviews alongside research articles, as well as a list of authorship contributions. To ad-
dress challenges with reproducibility in science, Seismica also promotes best practices in open data
and software, helping research to achieve its full potential.

Respectful The scientific publishing ecosystem can sometimes produce discouraging language for researchers so
Seismica will take a mindful approach. All parties must agree to our Code of Conduct, and do not tol-
erate disrespectful language. Seismica aims to combat reviewer fatigue by only sending papers out for
review thatmeet our guidelines, which aremadeavailable to authors before submission. Wewillmentor
reviewers, editors, and authors to achieve an inclusive, responsive, and productive publishing process.

Credible Readers, authors, reviewers, and members of the Seismica Board can depend on Seismica and one
another to uphold these values. Seismica’s editors contribute their expertise and reputation in their
respective fields so that Seismica can emerge as a scientifically trustworthy journal. Our distributed
leadership and adaptability of our organization serve to keep us aligned with the community values.

Progressive Seismica aims to promote innovation and creativity in academic publishing. We aim to capture more
scientific contributions through less-traditional formats such as field campaign reports, null results, and
software articles, which may not be accepted at other journals. We will continue to innovate with or-
ganizational structure and roles, and share the outcomes of our experiments to accelerate the pace of
change.

Table 1 Seismica’s Key Values, Editorial Policies 2022.
Légende. Valeurs clés de Seismica, politiques éditoriales 2022.
Leyenda. Valores claves de Seismica, Políticas Editoriales 2022.
Nota. Valori chiave di Seismica, Politiche editoriali 2022.表 1 Seismicaの編集方針一覧 (2022).

mica represents and who we can serve. Our communi-
ties include: members of the Seismica Board (Editors
and Functional TeamMembers, Appendix A); our com-
munity of authors and reviewers; and the wider global
audience who read either our articles or our public-
facing materials. Ideally, our Board should be a reflec-
tion of our community. The variety of essential roles
within Seismica andour distributed decision-making by
consensus and discussion means that policy decisions
reflect the input of senior and junior researchers from
across our disciplinary and global spectrum. To know
how well the Board reflects the community, we need to
understand who we are. Self-surveys during initial de-
velopment stages provided a baseline for describing the
Seismica community (van den Ende et al., 2021). Longi-
tudinal voluntary surveys tracking the composition of
the Board and of the reviewer/author community will
provide a basis for ensuring that new rounds of recruit-
ment keep the Board aligned with the broader commu-
nity.
A long-term goal is to create opportunities for partic-

ipation in publishing for members of the third commu-
nity – interested readers, professionals in geophysics
or earthquake hazard/risk whose employment does not
include a publishing mandate but who produce new
knowledge and insights, and researchers with relevant
expertise who face financial barriers to publishing.
Community-run journals using the free OJS platform
are overwhelmingly concentrated in the Global South,

but the chemical and physical sciences combinedmake
up ∼1% of these journals by discipline (Khanna et al.,
2022). Our suite of report types was designed to facili-
tate participation by recognizing amore inclusive range
of contributions. We support multi-language abstracts
and encourage authors to provide one or more trans-
lations to support local interest in regions covered by
their studies.
Seismica’s Equity, Diversity, and Inclusion (EDI) team

has the mandate to be everywhere at once - members
are distributed on key task forces. Although these indi-
viduals have EDI as their formal mandate at Seismica,
everyone in the organization shares responsibility for
pursuing these ideals and learning from the experi-
ences of others. The dialog betweenmembers of differ-
ent backgrounds and perspectives is ongoing and will
continue to drive the evolution of the journal as we ma-
ture and grow.

3.3 Brand and communications
The success of a journal depends on its ability to attract
authors to submit high-quality manuscripts that will
build reader confidence in the journal. Authors look for
an editorial board which inspires respect and author-
ity, as well as convincing evidence of professionalism
in the operation of the journal (Feldman, 2008; Shapiro
and Bartunek, 2008). If a journal does not inspire con-
fidence, through demonstration of integrity, authority,
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and broad-based support, then submissions would not
come in, and the journal would fail (Hodgkinson, 2008).
Journal branding inspires confidence. Therefore, early
in the planning process, we developed a strong vision
for Seismica’s profile in the research community and for
stakeholders outside of academia.
A brand is more than just a name, a logo design, or

a clever tagline for our scientific journal. It is every-
thing that encompasses Seismica, how we came to be,
who we are, and what separates us from other scien-
tific publications. We take inspiration from our vision,
our mission, and the power of our collaboration. We
believe that if we can communicate our vision clearly
to the public and broader community, people will join
us. We want people producing research from all over
the world to know and feel that Seismica guarantees an
equitable opportunity to publish their research, assur-
ing a fair and open review process regardless of where
they come from or who they are. We want to foster a
sense of community ownership and loyalty, enough to
build a group of ambassadors of Seismica who commu-
nicate our values around Diamond OA publishing. Be-
cause these values come from our community, they re-
flect its needs and guide our brand positioning to help
attract like-minded researchers and foster their motiva-
tion and passion for the type of journal that Seismica
aspires to be.

3.3.1 Visual Identity
Practically, the first branding task was to design a logo
for the journal. In the Seismica spirit, an open logo de-
sign competition led to the submission of 18 logo de-
signs, and the final one, designed by Adam Pascale13,
was chosen by popular vote. Geophysicist and illustra-
tor Lucía Pérez Díaz14 volunteered to polish the logo for
a variety of uses (Figure 3). The logo represents seis-
mic wiggles with an offset, but it can also represent
Earth’s topography. The color and design variants of the
logo were selected to inspire confidence, invoke both
trustworthiness and ambition, and be used across dif-
ferent spaces and themes, such as the various journal
branches, websites, and social media pages (Twitter15,
Facebook16, Instagram17, YouTube18). Close coordina-
tion between the Media & Branding Team and the Stan-
dards & Copy Editing Team for the Seismicamanuscript
formatting, and the Tech Team for the website appear-
ance and functions, have given Seismica a distinctive
and recognizable look.

3.3.2 Growing Our Community
It is essential to build recognition and familiarity with
Seismica’s aims and mission to recruit Seismica Board
volunteers, and to inspire authors to contribute their
work and reviewers to volunteer their time. Along-
side the building of our mailing list, social media ac-

13https://twitter.com/seislologist
14luciaperezdiaz.com
15https://twitter.com/WeAreSeismica
16https://www.facebook.com/WeAreSeismica/
17https://www.instagram.com/weareseismica/
18https://www.youtube.com/c/WeAreSeismica

Figure 3 Seismica logos, designed by Adam Pascale and
developed into a logo pack by Lucía Pérez Díaz. Color pack
developed by Media & Branding team with input from the
Seismica Board.
Légende. Logos Seismica, conçus par Adam Pascale et déve-
loppés par Lucía Pérez Díaz. Gamme de couleurs développée
par l’équipeMedia&Brandingavec la contribution du comité
Seismica.
Leyenda. Logos de Seismica, diseñados por Adam Pascale y
desarrollados en un paquete de logos por Lucía Pérez Díaz.
Paleta de colores desarrolladapor el equipo deMedios yMar-
ca, con el aporte del comité de Seismica.
Nota. Loghi Seismica, progettati da Adam Pascale e svilup-
pati in un pacchetto di loghi da Lucía Pérez Díaz. Sviluppo
pacchetto colori gestito dal team Media & Branding con il
contributo del comitato editoriale.図 3 Seismicaの公式ロゴマーク. Adam Pascale氏により考案され, Lucía Pérez Díaz氏によって最終的なデザインがつくられた. ロゴマークのカラーセットは, Seismica理事メンバーのアイデアを取り込んだ Media & Brandingチームによるもの.

counts were opened in the early days of planning for
launch. A dedicated team was formed to maintain on-
line communication, entrusted with news, announce-
ments, press releases, promoting the brand, and ex-
plaining what Seismica is all about. Our posts take dif-
ferent formats: text, images, and video interviews with
Seismica Boardmembers. Videos show the human side
of the volunteering team behind Seismica. To date, in
total, Seismica has over 4000 followers across our active
social media platforms.
To connect directly to the research community, and to

potential authors and reviewers, Seismica Board mem-
bers are continuing to present at conferences (e.g. Fun-
ning et al., 2021; Gabriel et al., 2022). These multi-
format presentationshave allowedmembers of the Seis-
mica team to talk and answer questions from fellow
scientists. Support from the Media & Branding team
enables presenters to stay on-message with Seismica’s
brand and maintain the professional appearance with
logos and slide templates.
Currently, our message to the community goes be-

yond promoting a new journal and guides our path for-
ward. Seismica is the first Diamond OA journal built
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for and by seismologists and earthquake scientists. Our
tagline, Our Seismic Moment, showcases Seismica as an
avenue for people who want to drive change and ad-
vance research and scientific discovery with genuine
openness.

3.4 Journal Operations
Seismica uses a suite of technical tools to manage com-
munications, the journal website, editorial workflow,
and a reviewer database. We use tools that are free or
low-cost, usually open source; and are confident that
these toolswill remain supported for the foreseeable fu-
ture.
Our website and paper handling are managed

through OJS. Seismica’s visual brand identity is built
into the public-facing website using a custom Cascad-
ing Style Sheet (CSS). While OJS limits customization of
the editorial workflow, we have adjusted the settings
to suit Seismica’s purposes, for example, by updating
the list of article components that authors are able to
upload to match our needs, and editing the templates
for emails used at different stages of paper handling.
This simplifies the workflows for authors, editors, and
reviewers, creating a smooth experience for everyone
who needs to interact with the editorial process.
Where current out-of-the-box OJS functions did not

fulfil our needs, our Tech team created purpose-built
tools. For example, OJS cannot assign expertise tags to
registered users. To help Handling Editors find review-
ers, we built an independent reviewer database that al-
lows individuals to register using theirOpenResearcher
and Contributor IDentifier (ORCID)19 and tag their ex-
pertise within Seismica’s scope20. These pre-defined
tags were derived from the keywords mentioned in the
journal scope. Our database enables Handling Edi-
tors to find qualified reviewers more easily, and contact
them based on their ORCID or email address. To ensure
privacy protection and GDPR21 compliance, we do not
currently collect personal and/or demographic data that
is not already publicly displayed on a user’s ORCID pro-
file, except for an email address that a user can option-
ally provide. By the time we launched, over 200 review-
ers had self-registered, providing a large pool of poten-
tial reviewers to evaluate the submitted manuscripts.
Although article templates are not required for initial

submission, this can speed up the final typesetting pro-
cess, so we provide templates in LATEX, odt, and docx
formats22. We use LATEX (Lamport, 1985) and Journal
Article Tag Suite (JATS) eXtensible Markup Language
(XML) (Needleman, 2012) to format articles for publica-
tion. Seismica LATEX templates use a custom class, based
on the article document class, with simple commands
for entering article metadata and incorporating multi-
ple language abstracts and/or anon-technical summary.
The submission template includes an anonymous op-
tion, which generates a pdf without author names, au-
thor contributions, and acknowledgements, even if that

19https://orcid.org
20http://reviewer-database.seismica.org
21https://gdpr-info.eu/
22https://seismica.org/templates/

information is included in the input TEX file, making
it easier for authors to submit their work for double-
anonymous peer review if they choose. The publication
template, which differs from the submission template,
also incorporates the Seismica logo and colors to tie
into the overall visual branding scheme23. Author con-
tributions are printed below the list of authors for im-
proved transparency, and volunteer editors’ and type-
setters’ names appear on the first page. The Standards
and Copy Editing team has developed tools to automate
the conversion from odt or docx files to TEX and JATS
XML, using Pandoc24 and various Python packages. In
particular, we try to automate the parsing of in-text ci-
tations, as reformatting these from plain text to TEX by
hand is very time-consuming. The LATEX template for ar-
ticle submission can be used for preprints, and is avail-
able on Overleaf25.
Slack continues to be the primary communication

medium for internal discussions amongst the Seismica
Board and ongoing Task Forces. General announce-
ments can be broadcast to the whole workspace, while
editorial and technical discussions happen in private
Slack channels. Seismica also has amailing list26 where
larger journal announcements (e.g., journal launch) are
broadcast to more than 500 subscribers (as of October
2022).
Other tools used by the Tech team include Google

Docs and GitHub. Seismica’s core constitutional docu-
ments, including Editorial Policies and Guidelines, are
currentlymaintained in Google Docs, which enable col-
laboration and edit tracking. Scripts, template, and
website files are hosted on GitHub, and the Tech team
uses GitHub to track and discuss tech support issues.

4 Post-launch insights
Seismica has only just launched. To date, we have been
open for submissions for about 120 days. We have re-
ceived on average 2-3 submissions per week. Seismica
has been well received in the community, following our
high levels of community engagement with our social
media and conference presentations. Given these fac-
tors, together with a strong uptake with both our mail-
ing list and reviewer database, we consider the launch
of Seismica to have been highly successful. There are
several early and important insights we have gained
from this experience.

Our research community values community-led
scholarly publishing. The opportunity to influence
the journal incentivizes volunteering efforts. Seismica
responds to community needs in all aspects of our
design. Our organization is growing according to our
mission and philosophy of non-profit motive. We hope
our novel peer-reviewed Reports format27 will gather

23For both templates, we use the Source-Sans OpenType fonts suite, Latin
Modern font for equations, and a 2-column text format for ease of reading
(Doumont, 2009)

24https://pandoc.org
25https://www.overleaf.com/latex/templates/seismica/bvnbjbkycdjb
26https://seismica.us1.list-manage.com/subscribe/post?u=

6b3197489014e98f2b3014398&id=b3a5fc0e04
27https://seismica.org/policies#publication-types
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more data and insights which might otherwise end up
uncredited and in gray literature or unreleased. Our
inaugural Board represents a diverse international
group of researchers, which connects us to a diverse
and international community of authors and readers.

Pre-launch community-building made a big differ-
ence in soliciting submissions. We extensively used our
outward-facing communications channels during the
run-up to opening for submissions to improve name
recognition and awareness of our values in the research
community. Several authors who submitted papers in
the first weeks of Seismica, and reviewers who accepted
our requests, announced their participation on Twit-
ter. This early community building is unusual among
community-run journals (Lange, 2022).

Researchers can provide the functions a traditional
publisher provides. With modern tools and software,
along with institutional support, key journal functions,
including work that has been traditionally charged for,
can be accomplished by the scientific community:

• Initial editorial assessment and final decision-
making

• Reviewing manuscripts and coordinating reviewer
reports

• Transforming research into shareable outputs, for
example, through social media

• Customising and maintaining a website-hosted
publication workflow system

• Copy editing, typesetting, and persistent archiving
for longevity and stability

With the increasing stress on library budgets, support-
ing community-run OA journals offers an institutional
mechanism for addressing the cost crisis in academic
publishing (Benz et al., 2022).

Collaborative design of journal policies identifies
common values and motivates volunteers. Seismica
Board members shared their own anecdotes and expe-
riences during discussions that helped refine our poli-
cies, and doing so created optimism that smart policy
choices could ameliorate some of the known general
issues with traditional publishing systems, such as the
peer review process. Just like every other journal, we
are operating in a climate of reviewer burnout, but with
shared not-for-profit motives, together with workload
tracking and a dynamic organizational structure, we be-
lieve that these issues can be alleviated by cultivating a
sense of community and a shared mission. This shared
design has yielded clear communications and expecta-
tions from Seismica.

5 Future growth opportunities
Seismica’s initial few months post-launch have proven
successful. Nevertheless, we are acutely aware that as
wemovepast the launchphase, several immediate chal-
lenges surrounding the reputation, growth, and sus-
tainability of Seismica lie ahead. Such challenges are
common for other DiamondOA journals (Becerril et al.,
2021; Bosman et al., 2021; Björk et al., 2016).

First, Seismicamust build an international reputation
for quality and rigor that meets the expectations of the
research community. Our pre-launch information cam-
paigns have been very effective at growing name recog-
nition within the research communities of our Board
members. Continued support and article submissions,
as well as reviewer engagement, depend on the jour-
nal establishing itself as a serious venue for academic
research. The success of our launch was supported
by the professional reputations of our volunteers (Ap-
pendix A), and we have relied on their name recogni-
tion to build our own. Seismica will establish itself as
a brand that researchers are eager to affiliate with us-
ing these approaches: a rigorous and supportive review
process led by disciplinary experts will ensure that our
published papers are of high quality; the Seismica Am-
bassador programwill inform the broader community of
our mission and the issues in the scholarly publishing
industry that we can address through community-led
publishing; we will continue to visibly evolve our poli-
cies to stay on topof best practices inOpenScience, EDI,
and community needs.
Second, we must be prepared to grow and sustain

our community. The excitement of journal-building
has motivated generous contributions of time and la-
bor from a large number of people. We need to keep
our original community members engaged while also
expanding to take up extra workload as submissions
increase. We must develop a culture that maintains
our mission amidst a growing Seismica Board. Seis-
mica’s broad scope with a diverse set of Handling Ed-
itors that cover these different disciplines in seismol-
ogy and earthquake science is more scalable than other
structures. Early career researchers (ECRs) make up a
disproportionate share of our volunteers; they bring an
exceptional energy, responsiveness, andhighly relevant
skills to Seismica. We recognize and must respond to
the need for ECRs to document their professional con-
tributions in a way that supports their career advance-
ment to mitigate the time away from research (Lange
and Severson, 2022). We are building collaborations
with researchers and experts in scholarly publishing, to
inform the documentation of every role at Seismica as
an academic and scholarly service to publishing. Many
upcoming initiativeswill support skills development for
scholars across our community, hopefully creating rip-
ples that extend beyond Seismica. These include edi-
torial mentoring (underway), and reviewer and author
workshops (in development). Our organizational struc-
ture is designed to best utilize the skills and available
time from a variety of volunteers with different experi-
ences and at different career levels. By tracking roles,
responsibilities andworkload, we can take care to avoid
overloading individual volunteers, and respond quickly
to changing demands. We are exploring ways to appro-
priately document and express gratitude for service to
Seismica, beginningwith prominent recognition on the
published articles themselves.
Third, wemust apply for, and anticipate the potential

effects of, listing in scholarly journal indices. The Jour-
nal Impact Factor is used in many funding systems as a
proxy for quality or value of scientific output, which in-
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tensifies a number of negative impacts related to com-
petition and assessment of researchers (Casadevall and
Fang, 2014; Lariviere and Sugimoto, 2019). Recognizing
that potential Seismica contributors are dissuaded from
submitting theirwork to Seismica because the journal is
not currently indexed by Clarivate/Web of Science, we
will apply for an Impact Factor when Seismica becomes
eligible after two years of publishing. We recognize that
this may open the gates to new segments of the inter-
national research community accessing Seismica as a
publishing venue, sowemust be readywith a global and
knowledgeable Board in place to support these chang-
ing needs. We recognize the implications of the misuse
of Impact Factor and related citation-counting metrics
for scientific assessment (e.g. Aksnes et al., 2019); we
prioritize accessibility to a broader author pool in seek-
ing listing, and will not compromise our core values in
pursuit of rankings.
Finally, we are aware of our positioning in the land-

scape of seismology and earthquake science research.
As we brainstormed ways to better serve our communi-
tieswith author, reviewer, and editor support, we recog-
nized how many traditional publishers profit from our
voluntary labor and research funds, and that the cost
structure has become increasingly inequitable. We also
recognize that journals published by professional so-
cieties are operating within this cost structure and are
passing benefits back to the academic community from
their publishing profits. For researchers who can af-
ford it, choosing to publish with professional societies
continues to be a positive and ethical use of public re-
search funds. We also want to demonstrate to our sci-
entific community that there is another option which
has helped other disciplines – Diamond OA publishing.
Changes to funding agency policies increasing the re-
quirements for OA publishing (e.g. cOAlition S; Office
of Science andTechnology Policy, 2022) can either drive
even greater cost increases through Gold/Hybrid OA, or
can represent a turning point toward the restoration of
community-controlled journals.
We plan to develop specific initiatives for the first 12-

24 months of Seismica’s operation:

• Better promotion of published research: Traditional
journals do very little to help authors promote their
work after the acceptance notice. Seismica will
support authors beyond the date of acceptance,
by providing support and tools for outreach, so-
cial media and raising the profile of published re-
search. Wewill also support authors in disseminat-
ing theirwork toward the public andpolicymakers.

• Spreading the word about Diamond OA publishing:
The Seismica Ambassador program, due to launch
in early 2023, will empower members of the
broader research community to understand the
publishing landscape and community-based solu-
tions to address it – including researcher-led jour-
nals like Seismica.

• Advancing open outputs beyond research articles:
Seismica will continue to publish research arti-
cles while also piloting non-traditional publication
types and open options for data, software and code.

• Formalization and documentation of Seismica work-
flows: We aim to create resilience and consistency
in our volunteer-run organization through careful
standardization and documentation of workflows,
from selecting handling editors, to copy editing,
to social media strategies, to recruitment of new
Boardmembers. This could be a resource for other
startupDiamondOA journals, particularly in STEM
where there are fewer community-run examples.

• Soliciting helpful and useful reviews: Review qual-
ity and tone will be addressed through workshops
and explicitmessaging,modeling reviewing as a re-
spectful and supportive service rather than a gate-
keeping exercise. Reviewer appreciation strategies
will support positive experiences for reviewers and
maintain our current benefit of reviewer prefer-
ence over for-profit journals.

• Editorial wisdom: Effective and efficient edito-
rial handling can reduce workload throughout the
manuscript handling process and result in higher
satisfaction for all parties. Our editorial mentoring
program, currently launching, aims to support ed-
itors with expert advice, opportunity for confiden-
tial discussion of decisions, and resources on best
practices.

• Collecting vital EDI data: In conjunction with our
EDI goals, we are considering mechanisms for col-
lecting such data in the future in ways that comply
with privacy regulations.

• Improving our global social media reach: Seismica is
currently active on platforms such as Twitter and
Facebook, that are most popular in the western
world. However, other platforms are equally as
popular across the globe in Asia and Africa, such as
Sina,Weibo or VKontakte. Seismica plans to set up
accounts on these platforms to reach a global audi-
ence.
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A Appendix : Contributors to Seismica
Management Committee, 2022
The Management Committee consists of the five Exec-
utive Editors and the Chairs of the Functional Teams.
Decisions at Seismica are undertaken by appropriate
members of the Management Committee, who also en-
sure coordination between all parts of the organization:

• Executive Editor for Community: Christie Rowe
• Executive Editor for Production: Gareth Funning
• Executive Editor for Open Science: Samantha
Teplitzky

• Executive Editor for Operations: Carmine Galasso
• Executive Editor for Equity, Diversity and Inclusion:
Catherine Rychert

• Chair, Fast Reports: Kiran Kumar Thingbaijam
• Co-chair, Tech Team: Martijn van den Ende
• Co-chair, Tech Team: Thomas Lecocq
• Chair, Media & Branding: Tran Huynh
• Co-chair, Standards & Copy Editing: Théa Ragon
• Co-chair, Standards & Copy Editing: Hannah Mark

2021-2022 Journal-Building Task Forces
After recruitment of the Seismica Board in late 2021-
early 2022, Task Forces were struck to accelerate the
journal-building process. Some of the task forces
evolved into permanent functional teams within Seis-
mica’s organizational structure and others were retired
or replaced.

Policy Development - retired 2022
This task force led decisions on journal policies, includ-
ing designing article types, drafting the scope, address-
ing ethics and competing interests.

• Carmine Galasso (Chair)
• Martijn van den Ende
• Åke Fagerang
• Gareth Funning
• Stephen Hicks
• Kiran Kumar Thingbaijam
• Nicola Piana Agostinetti
• Théa Ragon
• RandyWilliams

Guidelines Development - retired 2021
This task force drafted guidance for editors, reviewers,
and authors, delineated the peer review process and pa-
per handling workflows.

• Stephen Hicks (Chair)
• Théa Ragon
• Hannah Mark
• Martijn van dan Ende
• Kiran Kumar Thingbaijam
• Thomas Lecocq
• Samantha Teplitzky
• Carmine Galasso
• Tran Huynh
• Andrea Llenos

Tech Team
This task force built the journal website using OJS, coor-
dinated with McGill University Library and IT staff, and
developed article templates, and collaborated on data/-
code availability policies.

• Samantha Teplitzky
• Thomas Lecocq (co-Chair)
• Martijn van den Ende (co-Chair)
• Théa Ragon
• Hannah Mark
• Dragos Toma-Danila
• Jesper Sören Dramsch

Equity, Diversity & Inclusion Team
This team is responsible for EDI policies and oversight
at Seismica, through independent intitiatives and em-
bedding in all other processes at the journal.

• Catherine Rychert (Chair)
• Kasey Aderhold
• Danielle Sumy
• LaurenWaszek
• Marino Protti

Organizational Structure Team
This team is responsible for completing and maintain-
ing the organizational structure of Seismica through
policy development and review.

• Christie Rowe (Chair)
• Samantha Teplitzky
• Åke Fagereng
• Nicola Piana Agostinetti
• Greg Beroza
• Kasey Aderhold
• Daniellle Sumy
• Gareth Funning
• Martijn van den Ende
• Carmine Galasso
• Catherine Rychert
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Media & Branding Team
This task force developed a brand identity for Seismica
and develops polished, coherent, professional messag-
ing across all platforms to promote Seismica and grow
our international community.

• Tran Huynh (Chair)
• Jaime Convers
• Matthew Agius
• Ezgi Karasozen
• Quentin Brissaud
• Shiba Subedi
• Abhineet Gupta

Standards & Copy Editing Team
This team creates and maintains the manuscript
submission and publication templates, copy edits
manuscripts, interfaces with authors to quality check
figures and data/code availability.

• Hannah Mark (Chair)
• Théa Ragon (Chair)
• Karen M. Pearson
• Keyla Carlina Ramirez Loaiza
• Cláudia Reis
• Kirsty Bayliss
• Abhineet Gupta

Fast Reports
This task force drafted the Fast Reports guidelines and
continues to serve as Handling Editors managing Fast
Reports submissions.

• Kiran Kumar Thingbaijam (Chair)
• Tiegan Hobbs
• Ryo Okuwaki

Handling Editors
These SeismicaBoardMembersmanage the reviewpro-
cess, interact with authors, and are led by the Editorial
Mentoring group. The Editorial Mentoring team joins
with senior editors from Tektonika to develop Mentor-
ing Resources to serve both journal communities.

• Greg Beroza (Chair: Editorial Mentoring)
• Åke Fagereng (Editorial Mentoring)
• Suzan van der Lee (Editorial Mentoring)
• Yen Joe Tan (Editorial Mentoring)
• Vitor Silva
• Pathikrit Bhattacharya
• Andrea Llenos
• Atalay Ayele
• Mathilde Radiguet
• Alice-Agnes Gabriel
• RandyWilliams
• Lise Retailleau
• Pablo Heresi
• Paula Koelemeijer
• Wenbin Xu

Logo Design
• Adam Pascale
• Lucía Pérez-Díaz

B Appendix : Seismica Board Role De-
scriptions

These roles descriptions include tasks related to star-
tup/journal building as well as long-term management
and operations of Seismica as we are at the time of this
writing in the early months of operation. The Manage-
ment Board is comprised of the Executive Editors and
the Team Chairs (Figure 2).

Executive Editors
Production: Check over incoming submissions for
compliance with Seismica policy, communicate with
authors over needed changes, assign handling edi-
tors, monitor progress of articles through the workflow,
identify gaps inpolicy or boardmember thematic cover-
age, attend Executive Editors andBoardmeetings,mon-
itor andoccasionally raise issues in Slack, possiblymore
things that will arise once articles go into production.

Operations: Coordinate development of editorial
policies, including guidelines for authors and review-
ers. Collect feedback on editorial policies and support
their periodic review based on identified gaps. Attend
Executive Editors and Board meetings. Support Exec-
utive Editor for production, assigning handling editor
and monitoring progress of articles through the work-
flow.

Community: Manage communications within Seis-
mica, plan meetings including Executive, Management
Committee and Board, represent Seismica to other or-
ganizations (including sister journals and scientific so-
cieties), coordinate activities of Teams and Task Forces.

EquityDiversity Inclusion: Plan, organize, runmeet-
ings; solicit input on journal policies, procedures,
philosophies, mission statement; run brain storming
sessions on wish list/ways to enhance EDI; recruit-
ing handling editors from a diverse background; draft-
ing/editing code of conduct; developing and revising
plan for demographic data collection; communicating
with Seismica.

Open Science: work with Tech team to incorporate
open science practices, look for opportunities to extend
theusefulness ofOJS andconnectwithotherproducts to
expand Seismica’ s openness beyond articles, generally
critique workflows.

Teams
Media & Branding Chair: Create and maintain an on-
line brand identity across all media platforms used for
the journal and its community. Ensure the key mes-
sages about Seismica are consistent, engage the broader
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community promoting the journal and the opportuni-
ties for contributing to the Seismica initiative. Coordi-
nate the different activities pertaining to the Media and
Branding of Seismica across different social media and
communication platforms.

Media & Branding Team Member: Carry out the
work ensuring the success of Seismica’s branding strat-
egy, led by the Team Chair in discussion with Team
Members. Members are organized in task forces fo-
cusing on: Meetings & Conferences, Seismica Ambas-
sadors Program, Social Media Communications, Up-
coming Publications and News, and Creative Content &
Messaging. Task forces consist of a lead and a support
member. Weeklymeetings of the entire Team and coor-
dination with the Management Committee ensure con-
tinuity.

Tech Team Chair: Handle incoming requests for ad-
ditions/changes on the Seismica website, the editorial
system, and the reviewer database. Assign plannable
tasks to Tech team members, handle urgent tasks your-
self. Monitor the tech@seismica.org mailbox. An-
swer technical queries in Board meetings and on Slack.
Maintain the test editorial system sandbox and interact
with the copy editing/production team to produce the
pdf/html articles.

Tech Team Member: Work on assigned tasks (listed
on GitHub or assigned directly on Slack), participate in
technical discussions/queries on Slack.

Standards & Copy Editing Team Chair: Develop and
maintain templates for article submission and publica-
tion; develop andmaintain tools for converting submis-
sions intoTEXand JATS formats (withhelp from theTech
team as needed). Work with team members to set stan-
dards and expectations for copy editing accepted arti-
cles. When articles are accepted, assign them to team
members (team chairs included) for copy editing and
typesetting, ensuring workload is evenly distributed.
Help team members with any issues related to typeset-
ting, copy editing, or communication with authors/edi-
tors. Answer questions in Boardmeetings and on Slack.

Standards & Copy Editing Team Member: Set stan-
dards and expectations for style guides and copy editing
accepted articles. When handling a manuscript, cor-
rect typos and grammatical errors that were not caught
during review, and provide suggestions for style-related
edits. Convert submission template to proofs and en-
gage with the authors to check proofs before publica-
tion. Convert proofs to PDF and XML galleys, including
article metadata.

Fast Reports Chair: Facilitate effective team col-
laborations through active communications with team
members, organizing team meetings and developing
work plans. Coordinating with Media & Branding for
promotion of Fast Reports. Establishing and commu-
nicating criteria for publishability, providing rapid re-
views and seeking external reviewers, author commu-

nications, maintaining fast workflows.

Fast Reports Team Member: Handle submissions,
provide rapid review of the submissions, assess state
of revised manuscripts and make decisions, communi-
cate with authors regarding process and decisions, con-
tribute to the Fast Reports activities. Attend teammeet-
ings.

Editorial Mentoring: Provide ad hoc advising on edi-
torial decisions to supportHandling Editors, participate
in the Organizational Structure design process, develop
editor and reviewer best-practices and trainings, coor-
dinating Mentoring Committee meetings and reporting
back to the Seismica Board.

HandlingEditors: Quality control ofmanuscripts, es-
tablish andmaintain contact with reviewers, communi-
cate with authors regarding process and decisions, han-
dle conflicts in reviewers’ opinions, assess state of re-
vised manuscripts and make decisions, upload reviews
report to website, attend Boardmeetings. Volunteer for
Seismica Board task forces as able.
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