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Abstract A vast majority of marine geological research is based on academic seismic data collected
with single-channel systems or short-offset multichannel seismic cables, which often lack reflection
moveout for conventional velocity analysis. Consequently, our understanding of Earth processes often
relies on seismic time sections, which hampers quantitative analysis in terms of depth, formation
thicknesses, or dip angles of faults. In order to overcome these limitations, we present a robust diffraction
extraction scheme that models and adaptively subtracts the reflected wavefield from the data. We use
diffractions to estimate insightful wavefront attributes and perform wavefront tomography to obtain
laterally resolved seismic velocity information in depth. Using diffraction focusing as a quality control tool,
we perform an interpretation-driven refinement to derive a geologically plausible depth-velocity model.
In a final step, we perform depth migration to arrive at a spatial reconstruction of the shallow crust.
Further, we focus the diffracted wavefield to demonstrate how these diffraction images can be used as
physics-guided attribute maps to support the identification of faults and unconformities. We demonstrate
the potential of this processing scheme by its application to a seismic line from the Santorini Amorgos
Tectonic Zone, located on the Hellenic Volcanic Arc, which is notorious for its catastrophic volcanic
eruptions, earthquakes, and tsunamis. The resulting depth image allows a refined fault pattern delineation
and, for the first time, a quantitative analysis of the basin stratigraphy. We conclude that diffraction-based
data analysis has a high potential, especially when the acquisition geometry of seismic data does not allow
conventional velocity analysis.

Plain Language Summary The active seismic method is a standard tool for studying and
imaging the Earth's lithosphere. Proper imaging of complex geological targets requires seismic data of
excellent quality, which are typically only acquired with expensive industrial surveys. Academic surveys,
however, are often restricted to marine seismic equipment with limited illumination, which compromises
imaging and interpretation. While most of the contemporary processing and interpretational routines
are tailored to the reflected wavefield, recent research suggests that the often overlooked diffracted
wavefield might help to overcome the gap between academic and industrial seismic imaging. Wave
diffraction is the response of the seismic wavefield to small-scale subsurface structures and allows to
estimate velocities even from single-channel seismic data.

In this study, we use an academic seismic profile from the southern Aegean Sea and extract a rich
diffracted wavefield from the data. We utilize these diffractions to estimate a velocity model that permits
a reconstruction of the subsurface in depth and specifically highlight discontinuous features related to
past dynamic processes. Such depth images allow us to reliably measure thicknesses and fault angles.
We conclude that diffraction-based data analysis has a high potential for academic research and strongly
encourage its application in future studies.

1. Introduction
Most marine geological research during the last 50 years is based on academic seismic reflection data,
collected with single-channel systems or multichannel seismic cables with an offset-depth ratio too small
for velocity analysis based on common-midpoint (CMP) processing. Without doubt, the scientific out-
come from those studies is impressive, yet seismic depth sections would be required in order to test them
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by quantitative modeling. In recent works, it has been shown that diffractions possess unique proper-
ties which bear the potential to overcome these characteristic limitations of academic studies (e.g., Bauer
et al., 2017; Fomel et al., 2007; Schwarz & Gajewski, 2017). Wave diffraction occurs at geodynamically impor-
tant structures like faults, pinch-outs, erosional surfaces, or other small-scale scattering objects and encodes
subwavelength information on the scattering geometry (e.g., Landa & Keydar, 1998). Diffracted waves do
not obey Snell's Law and provide superior illumination compared to reflected waves. Moreover, due to
their passive-source like radiation, they encode their full multichannel response in prominent data subsets
like the zero-offset section (e.g., Bauer et al., 2017; Schwarz & Gajewski, 2017). Separating the diffracted
wavefield has high potential: on the one hand, it principally allows to image and analyze fault systems
as well as the small-scale heterogeneity with subwavelength resolution (Berkovitch et al., 2009; Decker
et al., 2015; Silvestrov et al., 2015). On the other hand, diffractions illuminate the subsurface in such a way
that laterally resolved velocity information can be obtained. Consequently, and without the need for expen-
sive industry-style acquisitions, diffractions offer the possibility to measure curvatures in the zero-offset
section, which allows automatic depth-velocity model building by means of wavefront tomography (Bauer
et al., 2017; Duveneck, 2004). However, apart from Bauer et al. (2018) and Bauer et al. (2020), no example
of data-driven depth-velocity model building based on diffraction-only data in the zero-offset domain has
been published so far.

In this work, we use an academic seismic profile from the Santorini-Amorgos Tectonic Zone (SATZ), located
in the South Aegean Sea, to explore the diffracted wavefield and to estimate an interval velocity model for
depth conversion. The SATZ is a typical example for the aforementioned dilemma academic science is often
facing. While this area is notorious for its catastrophic volcanic eruptions, earthquakes, and tsunamis, the
acting tectonic forces are not completely understood to this day. One reason is that previous studies have
been based on single-channel or low-fold seismic vintage data with short streamers (Hübscher et al., 2006;
Nomikou et al., 2018; Perissoratis, 1995), thus handicapping the estimation of interval velocities for depth
migration. Hübscher et al. (2015) and Nomikou et al. (2018) have shown that the SATZ is characterized by
a high degree of local heterogeneity, e.g., in the form of abundant fault systems and volcanic intercalations,
which makes this area a natural laboratory for studying diffractions.

2. Geological Setting
The SATZ represents a zone of NE-SW oriented en-echelon rifts located in the center of the Hellenic Vol-
canic Arc in the South Aegean Sea (Figure 1a) (Nomikou, Hübscher et al., 2019). Driven by the rollback of
the Nubian slab, the southern Aegean Sea has experienced substantial extension (e.g., Bocchini et al., 2018;
Cossette et al., 2016; Le Pichon & Angelier, 1979). The SATZ represents one of the most prominent mor-
photectonic features of the Cycladic Islands and separates the Cycladic Plateau toward the North and
the minor Anafi-Astypalaea Plateau toward the south (Le Pichon & Kreemer, 2010; Nomikou, Hübscher
et al., 2019). Bathymetric and available tectonic data of the SATZ most recently published by Nomikou,
Hübscher et al. (2019) and Hooft et al. (2017) reveal a system of ridges and basins which has been interpreted
as an extensional complex of tectonic grabens and horsts. To the southwest, the SATZ is characterized by
the volcanic centers of Christiana, Santorini, and Kolumbo, which are responsible for numerous volcanic
eruptions, including the well-known Minoan Eruption of Santorini approximately 3,600 years ago (Druitt
& Francaviglia, 1992; Druitt et al., 1999; Hooft et al., 2019; Nomikou, Druitt et al., 2016). The remarkably
linear alignment of the volcanic edifices highlights the fundamental control that crustal structure and tec-
tonics have on the location of volcanic activity (Heath et al., 2019; Hooft et al., 2019; Nomikou, Hübscher
et al., 2019; Nomikou et al., 2013).

Northeast of Santorini, three distinct basins have been identified by Nomikou et al. (2018): the Anhydros
Basin, the Santorini-Anafi Basin, and the Amorgos Basin (Figure 1b). Seismic reflection data show that the
opening of these basins most likely occurred in sudden tectonic pulses (Hübscher et al., 2015; Nomikou
et al., 2016). The regional geological setting comprises alpine formations forming the basement rocks and
overlying post-alpine sediments which are restricted to offshore areas between the islands and are thought
to consist of marine sediments comprising turbidites, hemipelagic sediments, and volcaniclastics (Hübscher
et al., 2015; Nomikou et al., 2016, 2018; Perissoratis, 1995). These sediments have transgressed the former
Cycladic land, and volcanic intercalations have been identified close to the volcanic centers of Santorini and
Kolumbo (Hübscher et al., 2015; Nomikou et al., 2016). Each basin is bounded by active marginal normal
faults and characterized by extensive internal fault systems (Hübscher et al., 2015; Nomikou et al., 2018).
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Figure 1. (a) Aegean Sea and major geological features. The semitransparent red area marks the Hellenic Volcanic Arc, and the red box indicates the working
area. (b) Morphological map of the study area based on swath bathymetry. Thin red lines illustrate the location of the seismic profiles acquired during
research cruise POS338 (Hübscher et al., 2006). The thick red line indicates profile 11, which is the focus of this study. (c) CMP Stack of seismic profile 11 after
multiple elimination with the interpretation by Nomikou et al. (2018). The black rectangle indicates the location of the blow-up highlighted in Figure 3.

Based on a recent active seismic tomography experiment, Heath et al. (2019) and Hooft et al. (2019) obtained
tomographic P-wave velocity models for the upper crustal structure across Santorini Volcano and the sur-
rounding region. In agreement with the previous tectonic models, they conclude that tectono-magmatic
lineaments control magma emplacement at Santorini and Kolumbo and that the initiation of basin forma-
tion predates the onset of volcanism. Heath et al. (2019) inferred that the Anhydros Basin is of maximum
1.5-km thickness and the Santorini-Anafi Basin of maximum 2-km thickness.

There is an ongoing debate about the role of strike-slip deformation in the SATZ. Based on the investiga-
tion of microseismic activity, Bohnhoff et al. (2006) concluded that the SATZ is currently influenced by a
right-lateral transtensional tectonic regime. Sakellariou et al. (2010) proposed the concept that the whole

PREINE ET AL. 3 of 19



Journal of Geophysical Research: Solid Earth 10.1029/2020JB019961

SATZ represents a shear zone characterized by dextral strike-slip to oblique faults. Direct seismic indica-
tors like flower structures, however, have not been presented so far. Also, recent publications by Hübscher
et al. (2015) and Nomikou et al. (2018) did not find direct indicators for strike-slip faulting in the presented
multichannel reflection seismic data. While the possibility of strike-slip faulting was not ruled out, these
authors concluded that normal faulting as a result of the regional extensional to transtensional movement
represents the main tectonic mechanism.

3. Imaging Challenges
In order to further investigate the role of strike-slip tectonics and to understand the dynamics of the basin
formation, seismic imaging in depth is necessary to properly estimate sedimentary thicknesses, calculate
fault angles, and quantify horizontal strain. To arrive at accurate reconstructions in depth, precise veloc-
ity models, which require borehole information and lateral illumination, are in demand. Typically, this is
achieved by means of of deploying long streamers as they are used, e.g., in hydrocarbon industry. Academic
surveys, however, are often very limited in terms of budget, and therefore, mostly smaller streamer systems
with lower channel counts are used aggravating the estimation of interval velocities.

This dilemma also applies to the SATZ. On the one hand, there are no exploitable boreholes in the area that
could serve as a reliable source for velocity information. On the other hand, available academic reflection
seismic data from the SATZ are generally of poor quality. Pioneering work by Perissoratis (1995) was based
on analog data acquired with a single-channel streamer, and even recent studies by Sakellariou et al. (2010)
and Tsampouraki-Kraounaki and Sakellariou (2018) were based on digital single-channel seismic data. In
contrast, the stratigraphic studies by Hübscher et al. (2015), Nomikou et al. (2016, 2018), and Nomikou,
Hübscher et al. (2019) were based on multichannel seismic data collected in 2006 during research cruise
POS338 with RV Poseidon using a streamer of 600-m length (Hübscher et al., 2006). While the resulting data
quality was superior compared to previous studies, the relatively large channel spacing of 25 m limited a
detailed investigation of internal reflection and fault patterns, and the limited streamer length hampered the
estimation of velocities from the data. Another source of uncertainty of these data regarding the estimation
of interval velocities is the fact that no birds were used during the measurement to control the depth of the
streamer.

Therefore, the only available velocity information from the SATZ are the tomographic P-wave velocity mod-
els presented by Heath et al. (2019) and Hooft et al. (2019). While these models are well suited to study the
large-scale structure of the upper <3-km crust, they do not resolve the small-scale velocity distribution and
do not account for the high degree of local complexity in the rift basins. Consequently, these velocity models
cannot be used directly for depth migration.

Figure 1c shows a CMP stack of seismic line 11 from the POS338 data set after the application of
surface-related multiple elimination (SRME) (Verschuur et al., 1992). This profile has been interpreted by
Nomikou et al. (2018) and runs NW-SE crossing the Amorgos Basin, the Anhydros Horst as well as the
Santorini-Anafi Basin, and the Astypalaea Plateau. The Amorgos Basin is interpreted as a semigraben pro-
duced by the activity of the Amorgos Fault, whereas the Santorini-Anafi Basin represents an asymmetric
graben bounded by the important Santorini-Anafi Fault and the Astypalaea Fault (Nomikou et al., 2018).
Six sedimentary units were identified within the Santorini-Anafi Basin, and major internal deformation is
indicated by extended fault systems in the sedimentary strata of the Santorini-Anafi Basin within the hinge
zone of the marginal Santorini-Anafi Fault and the Astypalaea Fault (see small illustration in Figure 1c).
These fault systems are associated with a high number of diffractions which are overprinted by the domi-
nant reflected wavefield. The abundance of diffractions makes this seismic profile a highly suitable example
to test how the diffracted wavefield can contribute to the processing and interpretation of offset-limited
academic seismic data.

4. Methods
In recent decades, detail-rich seismic wavefields have been captured on land and on the sea. Owing to
its first development and extensive utilization in the prospection of oil and gas, until the early 2000s, the
seismic method put most emphasis on the reflected portion of this wavefield, which resulted in many
important discoveries in industry and academia. With the advent of full-waveform inversion, the desire to
record low-frequency diving waves led to a spectacular yet cost-intensive shift in data acquisition (Morgan

PREINE ET AL. 4 of 19



Journal of Geophysical Research: Solid Earth 10.1029/2020JB019961

Figure 2. (a) Zero-offset rays hitting a faulted layer. While reflected wavefronts obey Snell's Law, diffracted wavefronts
are scattered radially when encountering the truncated end of the faulted layer. (b) Illustration of the concept of
wavefront tomography. Black lines indicate the optical image space with a medium of constant velocity v0, in which the
apparent location of the normal incident point (NIP*) is found by straight-ray projection. Determining the true velocity
model v(x, z) and finding the true normal incidence point (NIP) location (red) are the goals of wavefront tomography.

et al., 2013; Virieux & Operto, 2009; Warner et al., 2013). As a result, the promised resolution of such recon-
structions remains largely intractable in expeditions where academic objectives are concerned. To arrive at
maximally resolved seismic subsurface reconstructions when academic low-fold and short-offset acquisi-
tions were recorded, we make use of the still largely unexplored diffracted component of the wavefield (e.g.,
Schwarz, 2019b). As illustrated in Figure 2a, diffractions are unique in that they exclusively occur when
subsurface properties change abruptly. More precisely, in contrast to reflections and diving waves, these sig-
natures are only caused, when the local curvature of a material contrast is comparable to or even smaller
than the prevailing seismic wavelength.

4.1. Diffraction Separation and Focusing

Owing to the effect of geometrical spreading, diffractions are generally characterized by very low amplitudes
and often remain masked by more prominent higher amplitude reflections (Figure 2a). For that reason,
accessing the diffracted wavefield has been and still remains a major challenge to confront. In recent years,
a range of methods has been introduced to arrive at approximate diffraction-only images based, e.g., on
modified versions of Kirchhoff's diffraction integral (e.g., Dafni & Symes, 2017; Moser & Howard, 2008; Yin
& Nakata, 2017), specific versions of the Radon transformation and plane-wave destruction filters
(e.g., Fomel, 2002; Karimpouli et al., 2015), or multidimensional stacking (Bakhtiari Rad et al., 2018; Bauer
et al., 2016; Dell & Gajewski, 2011). While the latter has the advantage of being directly applicable in the
time domain without the need for specific data transformations and not requiring a detailed velocity model,
the quality of the separation depends on the quality of the performed coherence measurements and the
prestack data.

A different approach to the problem was introduced by Schwarz and Gajewski (2017) and extended by
Schwarz (2019a). In contrast to previous attempts, these works specifically target the reflected rather than
the diffracted wavefield, with the potential benefit of leaving weak diffracted signatures largely unharmed
in the separated result. Likewise, in contrast to workflows directly incorporating Kirchhoff migration, the
separation is performed directly in the unmigrated (data) domain, leading to the applicability of a multitude
of conventional imaging and inversion algorithms. The first step of this noninvasive strategy, very much like
in surface-related multiple suppression (Verschuur et al., 1992), constitutes in a targeted modeling of the
interfering noise—in our case, the reflected contributions. This is achieved by means of coherence analysis,
in which the local fit of a curved traveltime operator,

Δt(x0, t0) =

√(
t0 + 2 sin 𝛼

v0
Δx

)2

+
2t0cos2𝛼

v0

(
Δx2

RN
+ h2

RNIP

)
− t0, (1)

is optimized for neighboring traces (with midpoints laterally separated by Δx and half the source-receiver
distance h), by repeatedly evaluating the semblance norm (Neidell & Taner, 1971). Written as above, the
estimated propagation time t0/2, the emergence angle 𝛼, and the curvature radius RNIP represent one-way
properties of a wavefront emitted by a fictitious source placed either at the normal-incidence point (NIP)
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or the diffractor location (compare Figure 2). While for reflections, this wavefront is fully conceptual and
expresses a symmetry in the CMP gather (h≠ 0), for diffractions and passive events (RN = RNIP), it describes
the shape of the actual physical wavefield stemming from the localized scatterer or the passive source
(Bauer et al., 2017; Diekmann et al., 2019). As a result, for reflections, sufficient offset (h) information is
needed, whereas, for diffractions, wavefront curvatures can be fully determined in the zero-offset (h = 0)
section. Forming a by-product of coherence analysis, these wavefront attributes, in addition to velocity inver-
sion, permit the formulation of supportive diffraction filters that can additionally constrain the separation
(Schwarz, 2019a; Schwarz & Gajewski, 2017).

Following this procedure of constructing a reflection model by means of local coherent data summations,
a successful separation requires an adaptation step, which like the summation itself should be performed
within an aperture to preserve weak interfering energy. Such an adaptation of the reflection stack is achieved
by introducing local scaling coefficients 𝛾0 and time shifts 𝜏0. Following the superposition principle, the
interference of reflections and diffractions can in good approximation be reversed, if the estimated coherent
reflection model is reasonably accurate. Expressing the coherent reflection stack as Cref and the raw input
data as , the adaptive separation procedure can thus be expressed as

Cdiff ≈ D(x0, t0) − 𝛾0Cref(x0, t0 + 𝜏0), (2)

where (x0, t0) is the central data point under consideration and Cdiff denotes the diffracted wavefield. For
more details on the estimation of the necessary amplitude weights and time shifts and applications in seismic
and ground-penetrating radar data, we refer to Schwarz (2019a).

After their successful extraction, uncorrelated noise that was suppressed in the reflection model will likewise
remain in the data, thereby setting natural limits on the detectability of diffracted signatures. However,
as diffractions, despite their weakness, possess the property of coherence, the aforementioned coherence
analysis can be carried out for the separated data set.

4.2. Wavefront Tomography

Based on the concept of wavefront attributes, Duveneck (2004) introduced wavefront tomography, an effi-
cient and robust scheme for the estimation of smooth depth-velocity models, which has been applied
successfully to industrial multichannel data (Bauer et al., 2017) as well as diffraction-only data (Bauer
et al., 2017, 2018) and passive-seismic measurements (Diekmann et al., 2019; Schwarz et al., 2016). In this
study, due to limited offsets in the academic seismic data, the reflected measurements are hardly usable for
velocity inversion. Accordingly, wavefront attributes have to be extracted from the diffraction-only data Cdiff
obtained during the previous step. This is done by means of coherence analysis, during which the hyper-
bolic traveltime moveout approximation (1) is locally fitted to the data (e.g., Jäger et al., 2001). The input for
wavefront tomography consists of numerous sets of wavefront attributes that can be picked in an automatic
fashion in the resulting zero-offset sections based on their coherence

di = (𝜉,T, 𝛼,RNIP)i , with i = 1, … ,npicks, (3)

where npicks denotes the total number of picked data points, T = t0/2 the one-way zero-offset traveltime, and
𝜉 the position on the recording surface. The model parameters m are the B-spline velocity coefficients v(x, z)
on a predefined grid of nx ×nz knots and localizations (x, z)i and ray-takeoff angles 𝜃i associated with each
data point. The initial localizations and ray-takeoff angles are obtained by downward kinematic ray trac-
ing into the initial model (which in our applications merely consists of the constant near-surface velocity
v0, compare Figure 2b) starting from 𝜉i under the angles 𝛼i until the remaining traveltime vanishes. Subse-
quently, upwards dynamic ray tracing from (x, z, 𝜃)i yields the modeled data points d̃. The misfit between
the measured and modeled data points Δd = d − d̃ defines the cost function,

𝛹 (m) = 1
2
||d − d̃||22 + Λ

(
𝜕xxv(x, z)), 𝜕zzv(x, z)

)
, (4)

where Λ constitutes a regularization term that ensures a smooth velocity model. During the inversion, the
cost function is minimized iteratively in a damped-weighted least-squares sense until a velocity model and
localizations (x, z)i are found that are most consistent with the measured wavefront attributes (compare
Figure 2b). For stability, we apply the inversion algorithm in a cascaded fashion, starting from a coarse grid
and then successively increasing the number of B-spline knots.
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Figure 3. Results of the coherent stacking and subtraction scheme for diffraction separation illustrated on a zoomed
section from seismic line 11: (a) the input CMP Stack, (b) the reflection-only data, and (c) the diffraction-only data.

5. Data-Driven Results
5.1. Diffraction Separation

In order to reveal the faint diffracted wavefield, we perform diffraction separation based on the approach by
Schwarz (2019a). As input, we use the CMP stack of seismic line 11 with a CMP spacing of 12.5 m from the
POS338 data set (Figures 1 and 3a). With the purpose of recovering as much of the diffracted wavefield as
possible, preprocessing for the separation was kept to a minimum comprising only simple bandpass filtering
for the removal of low-frequent swell noise, SRME for multiple elimination in addition to the application of
a top mute and trace mute. The processing flow is illustrated in Figure S1.

In the first step, we carry out coherent wavefield summation using planar beamforming in order to esti-
mate the reflection-only data. With a lateral aperture of 100 m and a coherence time window of 20 ms,
supported by a wavefront filter with a maximum angle of 10◦ to search for, we obtain the reflection-only
section illustrated in Figure 3b. As demonstrated by Schwarz (2019a), the lateral aperture plays an impor-
tant role in the success of the modeling of the reflected wavefield as it controls the number of traces used
for the coherent stacking and, consequently, how discriminative the separation is. The more traces are
considered, the more of the crossing diffraction energy is neglected in the reflection-only data, and the
better the diffraction-subtraction works later on. However, as too large apertures tend to smear the reflec-
tions, the proper aperture choice can bee seen as a trade-off and, consequently, requires parameter testing
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Figure 4. Results of diffraction-based wavefront tomography. (a) All 11,866 automatically picked data points
plotted into the semblance section. (b) The constant initial model for the inversion overlain by the initial scatterer
localizations. (c) Final velocity model overlain with final scatterer localizations. (d) Final velocity model. The dashed
red line indicates the location of the seafloor horizon.

(Schwarz, 2019a). As Figure 3b demonstrates, the reflection-only section has a higher lateral continuity
compared to the input CMP stack (Figure 3a) and, more importantly, is free of diffractions.

In the next step, the diffraction-only data are generated by performing coherent beam subtraction. Also
here, the lateral aperture is an important parameter and several tests showed that using 400 m is the best
trade-off value. An example of the effect of different apertures used for the separation is provided in the
supplementary information (Figure S2). The resulting diffraction-only section is illustrated in Figure 3c.
This section is generally free of reflections, and a rich, complex diffracted wavefield is revealed. Diffractions
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can be identified throughout the section but seem to cluster around distinctive structures. Not only vertical
structures that seem to represent faults but also horizontal structures that seem to represent unconformities
are highly diffractive. Note, e.g., the high number of diffractions along the faults in the center of the basin
and toward the marginal Astypalaea Fault. This illustration highlights that most of the diffractions at faults
are created at the tips of the faulted horizons. Consequently, faults seem only diffractive when reflection
horizons are present.

The numerical cost of the whole diffraction separation routine can be considered as fairly reasonable. The
seismic line under consideration comprises 2,022 CMPs and was acquired with a sampling rate of 1 ms and
a recording length of 3 s. On a conventional computer with a quad-core processor, the coherence analysis
for deriving the reflection-only data took approximately 10 min and the adaptive subtraction for generating
the diffraction-only data approximately 1 hr.

5.2. Wavefront Tomography

In order to derive a depth-velocity model, we apply the previously introduced wavefront-tomographic
scheme based on the separated zero-offset diffraction response. In the first step, we estimate the wave-
front attributes and the diffraction coherence using the semblance norm. Figure 4a illustrates the resulting
semblance section overlain by 11,866 automatically picked data points, which consist of sets of wavefront
attributes that form the input of the inversion algorithm. These data points are scattered over the whole
section ensuring the needed illumination for velocity inversion. In order to avoid contributions from the
faint multiple remnants, we mute the diffraction coherence below the arrival time of the seafloor multi-
ple before the automatic picking. In the next step, we calculate the initial model without assuming any a
priori information other than the near-surface velocity v0 = 1.52 km/s which corresponds to the regional
water velocity. The resulting initial model is displayed in Figure 4b together with the initial ray starting
locations associated with each data point, which are obtained by downward kinematic ray tracing into the
constant initial model. During the inversion, we applied two grid refinements, the first nine iterations with
11 × 5 B-spline knots and a spacing of 2,500 m in x-direction and 625 m in z-direction, followed by eight
iterations with 21 × 9 B-spline knots (1,250 m in x-direction and 312.5 m in z-direction) and seven iterations
with 41 × 17 B-spline knots (625 m in x-direction and 156.25 m in z-direction). The resulting velocity model
overlain with the final scatterer locations after a total of 24 iterations is illustrated in Figure 4c. While the
scatterer locations were distributed quite broadly in the semblance section, the final scatterer locations seem
to be more focussed after the inversion. We identify several areas where the final scatterer locations organize
in vertical structures following the outline of faults.

Figure 4d shows the velocity distribution inferred from the diffracted wavefield. The inverted velocities range
from 1.5 to 3.0 km/s. The basement is estimated at approximately 3.0 km/s, while for the sedimentary strata,
a rather smooth velocity increase from 1.5 to approximately 2.5 km/s has been inverted. In general, the
velocity model acknowledges the expected velocity contrast from the sedimentary strata to the basement
very well. Especially the elevated basement of the Anhydros Horst is distinctly expressed in the velocity
model. The velocity distribution in the Santorini-Anafi Basin is characterized by a lateral velocity increase
between the left and the right part of the basin. While the inverted velocities in the right part do not exceed
2.5 km/s, high velocities of over 2.9 km/s can be found within the sedimentary strata of the left part of the
basin. In contrast to that, the velocity distribution for the Astypalaea Plateau and the Amorgos Basin shows
no comparable lateral velocity variations.

5.3. Depth Imaging

In the next step, we use the data-derived velocity model for finite-difference (FD) depth migration. As input
for the migration, we use the zero-offset section after multiple elimination which has also been used as
input for diffraction separation (see Figure S1). The result is displayed in Figure 5a and a comparison of
the migration result with the depth-stretched CMP stack is provided in Figure S3. In general, the quality of
the depth image seems good as most faults are sharply focussed and there are no obvious artifacts. Also, the
rugged basement reflection is well imaged and all of its many edges are sharply focused. While the margins
of the Santorini-Anafi Basin are reconstructed reasonably well, we observe a slight down-bending of the
seafloor reflections toward the Anhydros Horst and the Astypalaea Plateau which could be explained as a
consequence of the smoothness of the velocity model.
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Figure 5. (a) Finite-difference depth migration of the full wavefield using the velocity model illustrated in Figure 4d. (b) Diffraction energy calculated from the
finite-difference depth-migrated diffraction-only data using the inverted velocity model illustrated in Figure 4d.

In addition, we present a diffraction depth image of the profile obtained by means of FD depth migration
of the diffraction-only data using the inverted velocity model. By calculating the squared envelope of the
migrated diffractions, we arrive at an image that illustrates the diffraction energy (Figure 5b). Such a diffrac-
tion depth image provides highly resolved structural detail. In particular, it highlights the complex system
of internal faults in the center of the Santorini-Anafi Basin and on the Astypalaea Plateau. These faults are
expressed as linear, slightly curved features, and can be traced nicely through the seismic section and seem
to penetrate the seafloor on the Astypalaea Plateau. Furthermore, we observe that the Anhydros Horst is
associated with a high degree of diffractivity, possibly as a consequence of tectonic exposure or erosion. Inter-
estingly, some unconformities can be clearly delineated in the diffraction image, while others are expressed
as faint or even transparent events which suggests a different roughness associated with these horizons.

6. Interpretation-Driven Refinement
6.1. Quality Control

As mentioned in the previous section, the data-derived velocity model presented in Figure 4d depicts the
expected velocity distribution of the profile quite well. The sedimentary strata are generally associated with
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Figure 6. (a) Schematic illustration of how migration with different velocities affects the shape of diffractions. (b) A small excerpt of the seismic section after
diffraction separation. Migration with different velocities results in undermigration (−15%), focusing (100%), or overmigration (+15%). Two prominent
instances are highlighted by the yellow circles. (c) FD migrated seismic section overlain with the inverted velocity model and (d) the diffraction depth image.
White rectangles indicate areas of unexpected high velocities within the sedimentary strata. The green rectangle indicates the location of the small excerpt
shown in (b).

a rather gentle velocity increase from approximately 1.5 to 2.5 km/s, while the basement is associated with
higher velocities in the order of 3.0 km/s. These values are mostly in agreement with the regional tomo-
graphic model presented by Heath et al. (2019), who attribute metamorphic basement and sedimentary
strata with to velocities higher or lower than 3.0 km/s, respectively (compare their Figure 5). However, a
more detailed comparison of their results is not feasible as the presented velocity models are too coarsely
resolved considering the high complexity of the data under consideration.

In order to further assess the quality of our velocity model, we (i) analyze the focusing of diffractions after
migration and (ii) evaluate the geological plausibility of the inverted velocities. In a similar way to the veloc-
ity analysis of conventional long-offset data, where the flatness of common-image-gathers (CIGs) is used for
quality control, we visually assess the focusing behavior of diffractions to evaluate the quality of the velocity
model. Figure 6a shows a schematic illustration of how diffractions appear after the migration with dif-
ferent velocities. If too low velocities are used, the diffractions will be undermigrated and have downward
bent tails. If the velocity used for the migration is correct, the diffractions will be focussed. Using too high
velocities results in overmigration and upward bent diffraction tails.

Following this strategy, we evaluated the behavior of the separated diffractions after migration with the
inverted velocity model and with velocity models perturbed by ±15%, respectively. An excerpt from the
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result containing numerous diffractions is illustrated in Figure 6b (see Figure 6c for the location within the
profile). Two prominent instances are emphasized by the yellow circles. Migrating the separated diffractions
with a velocity model of −15% of the inverted velocity model leads to a narrowing of the diffraction tails,
but they remain visible in the section. In contrast to that, the migration of the diffractions with the inverted
velocity model leads to an overall focusing, and the section appears generally free of diffraction tails. The
migration with +15% leads to an overmigration of the diffractions, and we can identify numerous upward
bent diffraction tails within the seismic section. These observations show that the inverted velocity model
fits the data quite well and can be validated at least with an approximate confidence interval of ±15%.

By applying this quality control procedure throughout the seismic section, we were able to validate the
inverted velocities for most of those areas, in which distinct diffractions are present, e.g., along faults. In
areas where the diffracted wavefield is more complex, however, focussing is more complicated to assess
quantitatively. Especially in the vicinity of the alpine basement, we cannot be certain that we take only point
diffractions into account as we might encounter lenticular objects (Malehmir et al., 2009). In addition, the
focusing of diffractions is only an appropriate quality control tool if scattering occurs in or close to the acqui-
sition plane. However, in case of out-of-plane scattering, diffraction focusing is not an appropriate measure
for quality control. As such diffractions appear with distorted curvatures, they will also affect the quality
of the velocity inversion. As shown by Malehmir et al. (2009), such out-of-plane diffractions can contribute
from considerable distances from the acquisition plane. The identification of out-of-plane contributions still
constitutes a challenge, and we have to assume that our estimates are affected by them. We argue, however,
that the inverted velocities from the diffracted wavefield can be expected to be reliable when a high den-
sity of diffractions, e.g., from elongated faults is encountered. It is reasonable to assume that such structures
are most likely to be located in the acquisition plane and, consequently, diffraction focusing can be used
for quality control in these areas. In contrast, inverted velocities in areas that are constrained by few events
should be assessed with caution.

Therefore, we use a second criterion for evaluating the quality of the inverted velocity model: the geological
plausibility. Figure 6c illustrates the depth-migrated section overlain with the inverted velocity model and
Figure 6d shows the depth-migrated section overlain with the diffraction depth image. We observe consid-
erable lateral velocity variation within the Santorini-Anafi Basin. In the right part of the basin, the velocities
of the sedimentary strata are generally lower than 2.5 km/s, while in the left part of the basin, we observe a
zone with high velocities exceeding 2.9 km/s as highlighted by Rectangle A. Those velocities can be consid-
ered geologically implausible for the expected marine sediments (Nomikou et al., 2018). As can be seen in
Figure 6d, this area is mostly free of diffraction events. This lack of illumination might explain why implausi-
bly high velocities have been inverted here. If an area is not properly constrained by diffractions, the inverted
velocity model is more likely to suffer from interpolation artifacts or wrongly fitted events. However, the
right part of the basin is characterized by a high degree of diffractivity, which makes the respective velocity
better supported by data.

Furthermore, Rectangle B highlights an area with high velocities in the center of the Astypalaea Plateau.
Here, the contact of the basement and the sediments is not properly acknowledged by the inverted veloc-
ity model and the lower sedimentary strata are associated with velocities of approximately 3.0 km/s, which,
again, seems not plausible here. The margins of the plateau, however, are associated with lower velocities
and honor the contact of the basement and the sediments more accurately. In contrast to the region denoted
by Rectangle A, Figure 6d indicates that the area within Rectangle B is actually constrained by numer-
ous diffractions. However, we know from Nomikou et al. (2018) that the Astypalaea Plateau is a complex
region with a highly varying sedimentary thickness and a very rugged basement. Therefore, the probabil-
ity of out-of-plane contributions is high in this area, which could explain why unrealistically high velocities
have been inferred.

These observations highlight the two main limitations of the proposed velocity inversion workflow for 2D
seismic acquisitions: the lack of diffractions in some regions and out-of-plane contribution. However, if 3D
data are considered, the problem of out-of-plane can be addressed (e.g., Bauer et al., 2020). Other limitations
of the data-driven velocity estimation are the fact that it does not account for anisotropy and that smoothing
does not account for the strong velocity contrasts, e.g., at the contact of the basement and the sedimentary
strata. This would explain, e.g., the previously mentioned down-bending of the seafloor reflection close to
the Anhydros Horst in the migrated section (Figure 5a).
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Figure 7. Illustration of the interpretation-driven velocity refinement. (a) FD-migrated seismic section overlain with the inverted velocity model and our
sampling points. (b) Extracted velocity values for each stratigraphic layer and the correlated units. The dashed rectangles highlight those areas where our
quality control indicated implausible velocities. (c) Refined velocity model.
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6.2. Velocity Model Refinement

Although our quality control showed that the data-derived velocity model is reliable in extended regions,
in certain areas, the velocities are implausible for the previously explained reasons. In order to derive a
velocity model that is geologically consistent throughout, we suggest an interpretation-driven refinement
that utilizes the strengths of the data-driven velocity inversion to compensate for its weaknesses.

Therefore, our strategy is to extract 1D velocity profiles for every 100th CMP from the inverted velocity model
and to assign the extracted velocities to stratigraphic units. This procedure is illustrated in Figures 7a and
7b. The dashed rectangles highlight those areas, where our quality control indicated zones of implausible
velocities. For each layer, we estimate the average value of the extracted velocity and round this estimate
to the second decimal place. Afterward, we correlate the units within each compartment of the seismic
profile and determine a mean value for the respective stratigraphic layer, while excluding all values within
the predefined zones of uncertainty. The resulting correlated units for each compartment are illustrated in
Figure 7b.

In the next step, we assemble a velocity model for the whole seismic section based on the correlated units.
The resulting model is depicted in Figure 7c. Apart from the zones of high uncertainty, the resulting veloc-
ity model is comparable to the original data-driven inversion. For each compartment, the refined velocity
model fits the stratigraphic interpretation by Nomikou et al. (2018) reasonably well. In general, the veloc-
ity model consists of an upper layer with rather low-velocities of approximately 1.6–1.7 km/s underlain by a
layer with an interval velocity of approximately 1.8 km/s. Below these upper units, we identify several inter-
mediate units with velocities in the order of 2.0–2.2 km/s which are comparably thin for most parts of the
profile but have a large thickness in the Santorini-Anafi Basin. The lowermost units comprise velocities of
approximately 2.4 km/s. Although a comparison is only partially feasible, this refined velocity model is in
general agreement with the regional tomographic model presented by Heath et al. (2019) while remaining
geologically plausible. However, just like any other means of interpretation, the whole refinement process
is subject to a certain degree of subjectivity and does not account for lateral velocity variations within the
compartments of the seismic section, e.g., as a result of compaction. It might be stressed at this point that
the proposed interpretational guide is informed by the lateral continuity of the reflected wavefield, which
emphasizes the distinct yet complementary nature and synergetic potential of reflections and diffractions
for imaging.

6.3. Geological Implications

Figure 8a shows the FD depth-migrated seismic section overlain with the refined velocity model. This illus-
tration highlights the geological plausibility of the velocity model. Since the refined velocity model takes
into account the high velocity contrast between the metamorphic basement and the sedimentary strata,
the depth-migrated image is now free of artifacts such as the warping of the seafloor reflection, which had
been observed after the migration with the data-driven velocity model (Figure 5a). A comparison of the
FD depth-migrated image using the refined velocity model and the velocity model derived from wavefront
tomography can be found in Figures S4 and S5. The overlay of the velocity model and the seismic section fur-
ther suggests a stratigraphic relationship of the lowermost units of the Amorgos Basin, the Santorini-Anafi
Basin, and the Astypalaea Plateau.

Figure 8b illustrates the refined FD depth-migrated image as well as the dipping angles and throws of the
most significant faults. Based on this depth image, we infer the total thickness of the sedimentary strata
to be approximately 1.4 km, which is remarkable considering that the marine sediments of the SATZ are
considered to be of Plio-Quaternary age (Perissoratis, 1995). In order to understand the acting forces respon-
sible for the formation and the evolutionary history of this rift zone, it would be very helpful to estimate the
amount of extension. Having derived a depth-converted seismic section, we encourage the application of
structural restoration (Nunns, 1991) in future studies in order to reconstruct and measure the extension in
the Santorini-Anafi Basin.

Using the interpretation-software KINGDOM, we measure the angles and throws of the most significant
faults as illustrated in Figure 8b. Compared to the estimates by Nomikou et al. (2018), our study indicates
smaller angles for the marginal Amorgos Fault (30◦ compared to 38◦) and the listric Santorini-Anafi Fault
(40–58◦ compared to 68◦) and a larger angle for the Astypalaea Fault (64◦ compared to 45◦) but still indicates
normal faulting to be the main tectonic mechanism responsible for basin formation. While the throw of the
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Figure 8. (a) Full-wavefield depth image superimposed by refined velocity model used for migration. (b) Depth image as in (a) but shown with dipping angles
and throws estimated for the most prominent faults. Orange rectangles announce two sections that are highlighted in Figure 9.

marginal faults is very significant (approximately 1,450 m for the Santorini-Anafi Fault and approximately
430 m for the Astypalaea Fault), the throw of the most important internal faults ranges from 25 to 75 m. Their
fault angles lie between 53◦ and 75◦. As indicated in Figure 8b, the sense of displacement of the internal
faults within the center of the Santorini-Anafi Basin changes from NW to the SE forming narrow subsided
zones in the center. In order to further analyze the internal fault systems, we utilize the diffraction depth
image derived with the refined velocity model. As shown in Figure 5b, such diffraction images highlight
small-scale heterogeneity and seem to be good indicators for faulting, tectonic overprint, or erosion.

As already mentioned by Schwarz (2019a), diffraction images are highly suitable to be used as an alternative
to conventional attributes for fault interpretation as, e.g., image coherence or image curvature (Bahorich
& Farmer, 1995; Chopra & Marfurt, 2007; Marfurt et al., 1998). Following this notion, we combine the
diffraction depth images and the refined depth images to arrive at physically informed laterally resolved dis-
continuity maps. Two examples of these maps are illustrated in Figure 9 for the Astypalaea Plateau (a–c)
and the intrabasinal fault system of the Santorini-Anafi Basin (d–f). By blending the diffraction image with
the depth-migrated images, we are able to combine the strengths of both the reflected and the diffracted
wavefield to facilitate the identification of faults. Especially when considering highly complex fault systems
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Figure 9. Excerpts of the final depth image of the (a) Astypalaea Plateau and the (d) Santorini-Anafi Basin, (b and e) the respective fault attribute maps, and
(c and f) the corresponding fault interpretation. For location, see Figure 8b.

such as the the intrabasinal faults in the Santorini-Anafi Basin (Figures 9d–9f), the diffraction maps provide
a powerful guide for the systematic delineation of individual faults.

Based on these images, we present a sketch of the outline of the identified fault systems on the Astypalaea
Plateau (Figure 9c) and in the Santorini-Anafi Basin (Figure 9f). In both sections, we identify zones in which
the sense of displacement of the faults changes from the NW to the SE forming narrow subsided zones in
the center (see arrows in Figures 9c and 9f). On the one hand, these subsidiary faults could be interpreted
as forming a part of negative flower structures. Such negative flower structures would be an indication for
some form of strike-slip movement (Harding, 1990). On the other hand, the shape of the subsidiary faults
could also be explained as the result of antithetic faulting with respect to the marginal Santorini-Anafi Fault.
In order to further analyze these narrow zones, however, adjacent seismic lines need to be considered. It is
interesting that faulting within the Santorini-Anafi Basin is mostly restricted to the strata below the uncon-
formity highlighted by the dashed line in Figure 9f. This is clearly visible both in the presented diffraction
images (Figure 5b) and the fault image (Figure 9e). Only a few faults penetrate the strata above, and their
displacement is significantly smaller above than below this unconformity (several meters vs. several tens
of meters). This indicates that this unconformity marks a significant change in the tectonic behavior of the
fault system. Either the internal faulting within the Santorini-Anafi Basin has ceased mostly after the for-
mation of this unconformity, or the deposition of the upper units has happened very rapidly with regard to
the rate of faulting.

In order to further investigate the timing, orientation, and nature of the identified faults, however, adjacent
profiles from the POS338 data set have to be taken into account. The internal consistency of the presented
results suggests that the proposed diffraction-based workflow for depth imaging is practically feasible and
its application to other profiles recorded in the working area is strongly recommended. It was demonstrated
that no offset information is required, which makes the vast range of vintage seismic profiles from the SATZ
new candidates for resolving the debate on strike-slip deformation in the SATZ shedding new light on the
volcano-tectonic evolution of this remarkable morphotectonic zone.
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7. Conclusions and Outlook
In this study, we have shown how the diffracted wavefield can be utilized to enable depth conversion of
academic seismic data without the need for offset information. Using an offset-limited academic seismic line
from the SATZ, we reveal a rich diffracted wavefield by means of a robust separation scheme that models
and adaptively subtracts the reflected wavefield from the data. We use the separated diffractions to estimate
insightful wavefront attributes and perform wavefront tomography to, for the first time in the study area,
derive a depth-velocity model which we use for FD depth migration. The diffraction-based velocity model
reliably honors the most prominent features of the seismic profile and accounts for the expected sudden
velocity increase at the sediment-basement interface.

We further analyze the quality of the inverted velocity model by examining the focusing of diffractions in
a similar manner as CIGs are used in reflection-based processing. Founded on this quality-control scheme,
we show that the inverted velocity model is reliable where distinct diffractions from elongated faults are
considered as these structures are most likely to lie within the acquisition plane. Here, we were able to val-
idate the inverted velocities at least with an approximate confidence interval of ±15% which we consider
acceptable in the context of low-budget academic data. Due to the effect of possible out-of-plane contri-
butions and the partial absence of illumination, however, we identify some areas of the inverted model
with geologically implausible velocities. Based on the partial lateral continuity of reflection events, we sug-
gest a complementary knowledge-guided refinement that remains geologically plausible across the full
investigated study area.

In addition, we also perform a depth migration of the separated diffracted wavefield to derive spatial diffrac-
tion images. These highly resolved reconstructions provide detailed insight into processes like erosion
(diffraction at unconformities) or tectonic overprint (diffraction at faults). Following the notion of using the
diffraction images as physical attribute maps, a combination with full-wavefield depth images is demon-
strated to facilitate the identification of faults and other discontinuous features in depth. Led by these
findings, we encourage using the diffracted wavefield for the direct imaging of complicated fault and fracture
systems in depth.

The presented depth image allows the first data-based quantification of the thickness distribution of the
sedimentary strata as well as fault angles and throws within the SATZ. We estimate a maximum sedimentary
thickness of approximately 1,400 m and angles of the marginal faults that indicate normal faulting. Several
narrow fault systems identified by means of the unique diffraction depth images in the Santorini-Anafi
Basin and on the Astypalaea Plateau appear to be of flower-like assembly. We hypothesize that these features
are caused either by zones of narrow strike-slip deformation or antithetic faulting with regard to the listric
marginal faults. This movement appears to have been a long-lasting process in the SATZ and is less expressed
in the younger sedimentary units.

In conclusion, we strongly encourage the application of the proposed diffraction-based workflow for
high-resolution imaging and depth conversion in future studies. Since the presented scheme is likewise
applicable to single-channel data, we consider its potential to be very promising, e.g., in the context of sci-
entific drilling where velocities prior to drilling are often only poorly constrained. As was demonstrated by
Bauer et al. (2019), diffraction focussing can be directly invoked in wavefront tomography with the benefit
of automated quality control and increased stability in complex subsurface settings. Moreover, the challenge
of correctly identifying out-of-plane scattering becomes obsolete, if 3D data are considered. Cost-effective
limited-offset P-cable data are geared toward enabling affordable 3D seismic imaging in academic investi-
gations, which makes this emerging data resource an ideal candidate for diffraction imaging and inversion
across scales and communities (Bauer et al., 2020; Planke et al., 2009).

Data Availability Statement

SEG-Y files of the raw prestack data and all intermediate steps (the CMP stack after SRME, reflection-only
data, diffraction-only data, diffraction coherency, inverted velocity model, refined velocity model,
depth-migrated section, focussed diffractions) are available in the Marine Geoscience Data System with data
doi: 10.26022/IEDA/327525. Codes for diffraction-separation and wavefront tomography cannot be provided

PREINE ET AL. 17 of 19



Journal of Geophysical Research: Solid Earth 10.1029/2020JB019961

in an open repository at the moment since they are the foundation for several future projects the authors
are currently working on.
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