Journal of Applied Geophysics 251 (2026) 106231

Contents lists available at ScienceDirect
JURNAL OF

AT s |

it w. cloevier comflocats jappiss

Journal of Applied Geophysics

journal homepage: www.elsevier.com/locate/jappgeo

On the detectability of local, high-velocity anomalies in acoustic crosshole
full-waveform inversion

Sarah Beraus »"©>*, Daniel K6hn ¢, Thomas Bohlen ¢, Thomas Burschil ¢, Hermann Buness ?,
Gerald Gabriel »"

2 Geophysical Exploration, LIAG Institute for Applied Geophysics, Stilleweg 2, 30655 Hannover, Lower Saxony, Germany

b Section Geology, Institute of Earth System Sciences, Leibniz University Hannover, CallinstrafSe 30, 30167 Hannover, Lower Saxony, Germany
¢ Institute of Geosciences, Kiel University, Otto-Hahn-Platz 1, 24118 Kiel, Schleswig-Holstein, Germany

d Geophysical Institute, Karlsruhe Institute of Technology, Hertzstrae 16, 76187 Kalrsruhe, Baden-Wiirttemberg, Germany

¢ B3.2, Federal Institute for Geosciences and Natural Resources, Stilleweg 2, 30655, Hannover, Lower Saxony, Germany

ARTICLE INFO ABSTRACT
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68.002

In this study, two-dimensional, time-domain full-waveform inversion (FWI) is applied to crosshole seismic data
acquired in the glacially overdeepened Tannwald Basin (ICDP site 5068_1), located north of Lake Constance,
to derive a high-resolution P-wave velocity model. The acoustic waves were excited by a sparker source in
borehole B and recorded by a 24-station hydrophone string in borehole C, 28 m away. Data preprocessing
included extensive tube wave suppression using fk-filtering. Existing traveltime tomography models were used
as initial models for the acoustic waveform inversion. Although the two applied workflows yield very similar
waveform fits and final misfit values, their outcomes differ: the run using an anisotropic gradient smoothing
filter produces a background model with a high vertical resolution, while the isotropic gradient smoothing
results in the inversion of local high-velocity anomalies that introduce X-shaped artifacts. A comparison with
sonic logs confirms that both models significantly improve the initial model, but also display discrepancies
beyond the sonic logs’ error range. We conclude (1) that gradient smoothing is a critical parameter in FWI and
should be thoroughly tested, especially when FWI including uncertainty quantification cannot be performed,
and (2) that two extremal smoothing realizations facilitate to infer a comprehensive conceptual geological
interpretation.
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1. Introduction Since the crosshole geometry offers an excellent illumination, it is

frequently used in synthetic tests aimed to advance methodological

The idea of full-waveform inversion (FWI) was first formulated by
Tarantola (1984). Unlike traveltime tomography, which relies solely
on traveltime picks, FWI uses the entire waveform, to obtain high-
resolution subsurface models. It has been applied to a range of scales
from ultra-high-resolution medical imaging (Kiihn, 2018), via near-
surface seismics (Mecking et al., 2021) and deep reflection seismics
(Virieux and Operto, 2009; Warner et al., 2013), to seismology (Tromp,
2020).

Nevertheless, field data application remains challenging due to, i.a.,
many choices in the FWI setup including the selection of a proper
initial model, data pre-conditioning, and the optimization of workflow
parameters. While the community is aware of these challenges, com-
parative studies examining the influence of these choices are not well
documented.

developments, such as the validation of the multi-scale approach in the
frequency domain (Pratt and Shipp, 1999), the medium parameteriza-
tion and crosstalk tests (Barnes et al., 2008; Hadden and Pratt, 2017;
Hadden et al., 2019), and examining gradient smoothing (Hadden and
Pratt, 2017).

Field data applications of acoustic FWI show its versatility. For
instance, laboratory experiments by Zhou et al. (1997) aimed to estab-
lish frequency-domain visco-acoustic FWI using an epoxy resin model,
while well-log constraints were incorporated by Wang and Rao (2006)
to guide the inversion. Moreover, acoustic FWI has become a tool for
monitoring reservoirs or CO, injection sites in time-lapse experiments
(Zhang et al., 2012), with modern machine learning approaches also
being employed (Yang et al., 2024). A case study in gas-hydrate-bearing
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sediments by Pratt et al. (2005) showcased the method’s ability to
produce high-resolution images of the subsurface.

In this study, we apply isotropic, acoustic, time-domain FWI (K6hn
et al.,, 2012) to seismic crosshole data acquired in the sediments of
the glacially overdeepened Tannwald Basin in southern Germany. This
basin is investigated in the context of landscape evolution within the
“Drilling Overdeepened Alpine Valleys” (DOVE) project of the Inter-
national Continental Scientific Drilling Program (ICDP). We evaluate
how two different workflow designs influence the inverted velocity
model, highlighting the data’s inherent ambiguity, and assess which
approach is better suited for identifying sequences or anomalies, as well
as present a comprehensive conceptual geological model derived from
the velocity models and the existing interpretation of the core of one
of the boreholes (Schuster et al., 2024).

2. Theory of 2D acoustic full waveform inversion

Full-waveform inversion (FWI) takes into account both the phase
and amplitude information of seismic waves which allows to derive in-
formation on the material properties of the subsurface below the dom-
inant seismic wavelength (Virieux and Operto, 2009). In this study, we
use the open source software DENISE-Black-Edition which is available
under https://github.com/daniel-koehn/DENISE-Black-Edition (Kohn,
2025b).

2.1. 2D acoustic equations of motion

We apply time-domain finite-difference (FD) modeling to numeri-
cally solve the 2D isotropic acoustic equations of motion (Alford et al.,
1974), describing the propagation of P-waves, on a staggered grid (Yee,
1966). In the stress-velocity formulation, these equations are given in
the form of a system of first-order partial differential equations as
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where x and z are the horizontal and vertical coordinates, respectively;
t is the time, p is the density, and A is the first Lamé parameter. The

particle velocities are denoted by v;, where the index i indicates the
respective direction, and pressure as p; f represents the source term.

2.2. 2D P-wave FWI strategy

In an iterative approach FWI minimizes the misfit between the field
and the modeled data to obtain the optimal model of the subsurface.
The initial model parameters m, are updated to m, at each inversion
step n along a search direction ém,, by

m,,, =m, +a,5m,, (2)

where «, is the step length. It is determined in a parabolic line search
to ensure proper convergence (Nocedal and Wright, 2006). The model
update at inversion step n is defined by
oL )

om/p

om, =—H;" ( ®3)

Here, H~! is the inverse Hessian matrix, which is approximated at each
iteration by the time-integrated squared absolute value of the forward
wavefield (Zhang et al., 2012), and dE/dm is the gradient of the misfit
function.

Since acoustic FWI cannot properly reconstruct the amplitude dy-
namics (Hadden et al., 2019), the global correlation norm (GCN) is
chosen as misfit function. It is given by

/ Z mod(t) uobs (t)
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Journal of Applied Geophysics 251 (2026) 106231

where ns and nr are the number of sources and receivers, and T is
the recording time. The modeled and observed data are denoted as
uP*d and uf®*, respectively, and || - ||, is their L2-norm. By using the
trace-normalized data, the GCN misfit function reduces the sensitivity
to amplitude errors and effectively gives the phase information a higher
weight (Choi and Alkhalifah, 2012).

The gradient of the misfit function is calculated with the adjoint-
state method via zero-lag cross-correlation between the forward mod-
eled and the adjoint wavefields using the stress-velocity parameteriza-
tion (Kohn et al., 2012). By employing a strict Nyquist criterion given
by

1
DTsamp = 8- fmax ’ (5)
where f, .. is the maximum frequency at the current inversion stage
and DT, the time sampling interval at which the wavefield has to
be saved to accurately apply the imaging condition, we reduce RAM
usage (Kurzmann, 2012). For the parameters used in this study, this
yields a reduction by a factor of seven for the initial inversion tests up
to 800 Hz, whereas for the frequency range from 100 to 500Hz (see
Table 1), the reduction could have been as large as a factor of twelve.

The computational cost required to calculate the inverse Hessian
is circumvented by approximating it by a preconditioning operator
(Nocedal and Wright, 2006). To increase the convergence speed, we ad-
ditionally use a weighting factor defined by Polak and Ribiere (1969).

Furthermore, we apply the multi-stage approach (Bunks et al.,
1995) as given in Table 1 in order to treat the non-linearity of the
inversion problem. We filter the data at each inversion stage with a
sixth-order zero-phase bandpass filter with a lower corner frequency of
100Hz (see Table 1), apply the source-time function (STF) inversion
at the first iteration of each new frequency stage, and run at least
20 iterations per frequency stage. We omit the 100-450Hz frequency
stage to reduce the computational cost. This decision is justified by
the observation that no cycle skipping occurs when increasing the
maximum frequency from 400-500 Hz, suggesting that the inversion
remains in the current minimum of the misfit function and does not
transition to an alternative minimum.

We also apply a Gaussian filter to smooth the gradient and eliminate
short-wavelength artifacts (Ravaut et al., 2004). The filter length is
defined based on a fraction (7xi) of the minimum P-wave wavelength,
given by

UP, mean

Ygauss,xi = yx, fmax " (6)

where x; refers to the spatial coordinate x or z. This results in a spatially
varying filtering effect that is adapted to the local velocity model.

As outlined in Table 1, two workflows are examined, implicitly
illustrating the impact of the gradient filter on the resulting velocity
models. They differ with regard to the gradient smoothing. Workflow
W1 uses anisotropic smoothing with a greater horizontal than vertical
correlation length (y, > y.) in the higher frequency stages. Workflow
W2 uses isotropic smoothing, where the horizontal correlation length
(7,) matches the vertical correlation length (y,). Furthermore, W1 uses
strong smoothing in the initial frequency stages to obtain a smooth
background model ensuring convergence in the initial stages. With the
experience of the FWI using W1 (and further tests) and the intend to fo-
cus on local velocity anomalies, W2 uses a filter length corresponding to
the local minimum wavelength to retain the highest possible resolution.
The choice of smoothing parameters is further guided by the acquisition
geometry and prior geological knowledge, such as the existence of
sand lenses and larger components in the diamict as inferred from core
analysis (Schuster et al., 2024).

In addition, a cylindrical taper is applied at each shot position to
smooth extremal updates at these positions.

We define three abort criteria: (a) a relative misfit change of less
than 1%, (b) a failed line search after six attempts, and (c) a maximum
number of total iterations of 600. The inversion stops when any one of
the criteria is met.
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Table 1

Tested FWI workflows (W1 and W2). All frequency stages start at 100 Hz. The
Gaussian gradient smoothing filter is defined by the horizontal (y,) and vertical
(7.) filter lengths that are defined by a fraction of the mean wavelength at
the respective stage. In case of y, being larger than y, the Gaussian filter is
anisotropic (W1), in case of y, is the same as y, the Gaussian filter is isotropic
(W2). The 100-450 Hz frequency stage is omitted to reduce the computational
cost.

Stage Smin in Hz Smax i Hz w1 w2
Yx Yz Vx 143

1 100 150 2.0 2.0 1.0 1.0
2 100 200 2.0 2.0 1.0 1.0
3 100 250 2.0 2.0 1.0 1.0
4 100 300 2.5 0.5 1.0 1.0
5 100 350 2.5 0.5 1.0 1.0
6 100 400 2.5 0.5 1.0 1.0
7 100 500 2.5 0.5 1.0 1.0

3. Study site: Tannwald Basin (ICDP site 5068_1)

Our study site (ICDP site 5068_1) is located approximately 45km
north of Lake Constance in the glacially overdeepened Tannwald Basin
(Fig. 1). Overdeepened valleys are elongated structures carved into the
bedrock by glaciers below the fluvial base level, which were subse-
quently refilled, often multiple times, with rocks and sediments trans-
ported by the glacial system (Cook and Swift, 2012). After the Alpine
Rhine established its current course in the Early Pleistocene (Ellwanger
et al., 2003), at least two glacial cycles contributed to the forma-
tion of the overdeepened north-south trending Tannwald Basin in the
Quaternary (Ellwanger et al., 2011; Preusser et al., 2010). During the
Hosskirch glaciation, a Rhine Glacier lobe incised into the bedrock of
Tertiary Upper Freshwater Molasse and the underlying Upper Marine
Molasse at the basin’s deepest part, forming the D3 discontinuity (Ell-
wanger et al., 2011), as shown in Fig. 1. Today, the Tannwald Basin
is a distal overdeepened structure, roughly 1km wide and up to 250 m
deep. Its infill consists of waterlain till and molasse slabs, which were
deposited during the Hosskirch glaciation, which appear as strong,
seismic reflectors (Burschil et al., 2018). Overlying these are basinal,
fine-grained sediments that accumulated in a large glacial lake as
laminated fines until the Early Rissian. The transition to coarse-grained
clastics interspersed with till layers, known as the D2 discontinuity
(Fig. 1), marks the advance of a glacier lobe during the Riss glaciation.
The uppermost layer consists of glaciofluvial gravels from the outwash
plane of the Last Glacial Maximum (LGM), with a thickness of about
10m (Buness et al.,, 2022), indicating another glacial advance that
almost reached the site.

The drill site lies just beyond the terminal moraine of the LGM
(Fig. 1); so the youngest D1 discontinuity is absent. Three boreholes
were drilled down to the bedrock at about 160 m depth at the site: two
flush drillings (A and B), and one cored drilling (C). The boreholes
are arranged in an isosceles triangle, with edges measuring 28 m in
the north-south (AB) and west—east (BC) directions. During the flush
drilling of borehole B, a coarse lithology was obtained from cuttings
(DOVE-Phase 1 Scientific Team et al., 2023c,b,a). However, the sand
was probably flushed out and could not be distinguished from the
drilling mud. Schuster et al. (2024) derived seven lithofacies assem-
blages (LFA) with a high precision based on sedimentary characteristics
found in the core of borehole C and linked them to the glacial history
of the overdeepened valley. In addition, wireline logging data was
acquired including sonic logs (DOVE-Phase 1 Scientific Team et al.,
2023a).

4. Data acquisition
4.1. Crosshole seismic measurements

The sparker crosshole experiment was one of three crosshole tests
conducted at the ICDP DOVE Tannwald site (5068_1) in 2022 (Beraus
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Fig. 1. Map of the overdeepenings of the Rhine Glacier in the Quaternary
in the northern Alpine Foreland (modified after Ellwanger et al. (2011) and
Beraus et al. (2024b)). The study site is marked by the red square. Black lines
indicate the maximum ice extent during the corresponding glaciation period.
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Fig. 2. Coverage of sparker data acquisition between boreholes B and C, and
preliminary lithology based on cuttings (B) and core catcher information (C)
(DOVE-Phase 1 Scientific Team et al., 2023c). Shots were made every meter
between 37and 146 m depth in borehole B. The wavefield was recorded with
a 24-station hydrophone string at depths ranging from 28to 162m in borehole
C, shifting the string to obtain a receiver spacing of 1 m.

et al., 2024b). The dense transmission geometry effectively bypasses the
attenuating weathering layer, preserving high-frequency information. A
sparker borehole source was triggered eight times every meter between
37and 146m depth in borehole B (Fig. 2). We recorded the wavefield
with a 24-station hydrophone string with a pre-set pre-amplification
factor of 4, spaced 2m apart, at depths ranging from 28to 162m in
borehole C and a sampling frequency of 1kHz. The desired depth
coverage, shown in Fig. 2, was reached, and the receiver spacing was
reduced to 1 m by shifting the string five times, ensuring an overlap at
at least one station.
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Fig. 3. Smoothed first arrival traveltime tomography model (Beraus et al., 2024b) and density model. The colormap used here and the colormaps used in

subsequent figures follow Crameri (2023).
4.2. Sonic logging

In 2022, following the drilling campaign of 2021 and the instal-
lation of the PVC pipe casing, wireline logging was conducted in all
three boreholes at site 5068_1 (DOVE-Phase 1 Scientific Team et al.,
2023b,a; Schaller et al., 2025). For this study, the sonic log, which was
recorded by a probe manufactured by ANTARES and provides the P-
wave velocity in the vicinity of the borehole, is of particular interest.
The sonic probe is equipped with two receivers (near and far) with a
distance d of 0.5m to mitigate the impact of the borehole diameter.
Each of the receivers recorded a seismic trace every 0.1 m.

5. Preprocessing
5.1. Initial model building

Following the approach of Beraus et al. (2025), we first assign
the geometry and vertically stack the repeated shots. Then, we pick
the P-wave first arrivals. From these picks, an initial velocity model
was obtained in a previous study by Beraus et al. (2024b) performing
an isotropic traveltime tomography on a triangular mesh using the
inversion code pyGIMLi (Riicker et al., 2017). The algorithm follows
the damped Gauss—Newton method with global (Giinther et al., 2006)
and additional geostatistical regularization (Jordi et al., 2018). The
traveltime inversion of P-wave picks yields a predominantly layered
model due to the applied horizontal smoothing.

The model is re-interpolated and discretized on a Cartesian stag-
gered grid with a grid spacing of 0.1 m to avoid numerical dispersion
when using a sixth order FD operator in space with Taylor coefficients
(Dablain, 1986; Levander, 1988). We also add 3 m-thick model bound-
aries on each side of the model to absorb artificial reflections at the
model boundaries using an absorbing boundary zone in the form of a
convolutional perfectly matched layer (CPML) (Komatitsch and Martin,
2007). This results in an FD grid of 1800 x 420 (N Z x N X) grid points.

The density model is calculated based on this P-wave velocity model
using a modified Gardner’s equation (Gardner et al., 1974)

p=310-10%, )

where the density p is given in units of kgm™ and the P-wave velocity
vp in ms~!. The initial models are further smoothed over 55 grid points
using a Gaussian filter and are shown in Fig. 3.

5.2. Forward modeling

The wavefield is simulated based on the traveltime tomography and
the density models. Based on the power spectrum of the data, which
shows a significant decrease in the contribution of frequencies above
800 Hz due to the anti-aliasing filter (Fig. 4), we use a lowpass-filtered
spike wavelet (f < 800Hz). As source mechanism we choose an explo-
sive pressure source. To fulfill the Courant-Friedrichs-Lewy stability
criterion (Courant et al., 1967), we choose a temporal discretization of
0.02 ms with a second order FD operator in time.

5.3. Crosshole seismic data preprocessing

The data are contaminated by high-amplitude tube waves propa-
gating through both the source and receiver well. Therefore, we apply
fk-filters (Watanabe et al., 2005; Beraus et al., 2024b) in Shearwater’s
Reveal software that are defined as a polygon by dip (in ms/trace) and
amplitude. The first filter is defined such that all events with velocities
smaller than 1550 ms~! are filtered out of the common receiver gathers
(CRG); the second filter is less restrictive and filters out all events
with velocities less than 1410ms~' from the common shot gathers
(CSG). Further processing is done using the open-source code BIRGIT
(Kohn, 2025a). We use the P-wave picks to apply a time-window that
starts 5 ms before the pick and ends 20 ms after the pick, excluding an
exponential taper with damping constant 10°, to focus on the direct
arrival. Using a 6th order zero-phase bandpass filter, we identify the
frequency contribution below 100Hz as noise. The cumulative power
spectrum of the entire dataset (black) and three selected shot gathers
(colored) are shown in Fig. 4.

Further, we mute the trigger peak at time zero. Next, a 3D-to-2D
spreading correction (Bleistein, 1986) is applied to account for the
amplitude and phase differences between the measured 3D and the
simulated 2D wavefield (Forbriger et al., 2014; Schifer et al., 2014).
For this processing step, we choose a phase velocity of 2000ms~! and
a maximum frequency of 1kHz as parameters. In combination with
the forward simulated synthetics, we perform a source-time function
(STF) inversion that uses all traces per shot with a maximum offset of
101 m and determine the required damping parameter for the stabilized
Wiener deconvolution, which is applied in the frequency domain, to be
1%. Here, we also find that a time delay of 0.025 s is necessary to obtain
causal source wavelets. Finally, we apply a shot-wise normalization
to the absolute maximum amplitude of each shot gather, minimizing
the impact of the source energy variations that might occur due to an
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Fig. 4. Cumulative power spectrum of the raw data (left) and preprocessed data (right; long time-window) that was acquired with a sparker in borehole B and
a 24-station hydrophone string in borehole C. The significant contributions below 100 Hz are related to noise and barely contain any signal. The colored curves

refer to the shot depths presented in Fig. 5.

incompletely loaded impulse generator, on the amplitudes (Schwardt
et al., 2020). In addition, we mute noisy traces and the overall noisy
shots at 124and 130 m depth.

Fig. 5 illustrates the initial waveform fit of the shallowest, an
intermediate-depth and the deepest shot. Despite the removal of noisy
traces, the inverted source wavelet of the first shot is less sharp than
that of the other two presented shots.

5.4. Sonic data processing

According to DOVE-Phase 1 Scientific Team et al. (2023b), first,
a depth correction using the spectral-gramma-ray (SGR) log is made.
Next, to obtain the sonic velocities, the first arrivals recorded at the
near and far traces are picked in WellCAD. The sonic velocity, denoted
as Uggnic» 1S then calculated using

d
Usonic = 75 > (8)

Ttar — Tnear
where d is the receiver distance, and f;,, and ., are the picking times
at the far and near receiver, respectively.

Since the actual vertical resolution of the sonic log is equal to the
receiver distance, we smooth the log using a Gaussian filter with a
length of 0.5m.

In addition, the velocity error of the sonic logs is calculated. In
this analysis, we assume that the distance d between the receivers is
accurately known. Thus, the remaining errors are attributed to the mea-
surement accuracy 4t, and the picking accuracy 4t,,, which are assumed
to be independent. The former is provided by the manufacturer to be
+3 ps, and the latter is estimated to be +20 ps. Thus, the velocity error,
Av, is calculated from (8) using Gaussian error propagation as

, At + At
d

Av=v

©)]

6. Results
6.1. Comparison of FWI workflows
The FWI results at frequency stage 7 (100-500 Hz), using the work-

flows described in Section 2.2 Table 1 and the data presented in
Section 5, are displayed in Fig. 6. In general, the inversion enhances the

velocity contrasts and thus the resolution of the subsurface model. The
most significant features that are introduced by both FWI workflows
are: An about 2.5 m thin high-velocity layer at about 35 m depth (a), just
at the boundary of the area of maximum coverage. Furthermore, we see
evidence of a depression (b) with an apex at 21 m along the x-coordinate
and a depth of 123 m in the form of a high-velocity concave feature.
Below 120m depth on the receiver side in the east, alternating, low-
velocity layers (c) are inverted. These layers also extend into the depth
of the very high-velocity layer (d), which is almost continuous in the
initial traveltime tomography model (d,). Here, the high-velocity layer
below 140m depth is interrupted by two low-velocity layers (e), and
an additional very low-velocity layer directly below (f). A similar but
weaker and less vertically variable velocity reduction (g) is observed
above the very high-velocity layer on the source side in the west. In
addition, bending structures (h) are introduced above and below the
source and receiver depths in the shaded areas and significant velocity
updates are made in the western and eastern boundary zones (thickness
of 3m) of the model (i).

Workflow W1 mostly refines the traveltime tomography model and
very closely resembles a horizontally layered medium, wherein the
velocity differences are less pronounced than in the model obtained
by workflow W2. Nevertheless, the depression feature (b) appears at
around 120 m depth. Considering the model updates shown in Fig. 6
(top), we observe that the velocities tend to be increased in the center
part of the illuminated area (j) and decreased close to the sources and
receivers (g).

In contrast, workflow W2 introduces significant, steeply dipping
high-velocity zones. In the shallow part, those form an almost X-shaped
feature (k) with its center at 28 m along the x-coordinate and at 58 m
depth, reaching a depth of about 90 m in the west. In the deeper part
the diagonal high-velocity zone is tangential to the depression and
dipping from east to west (1), where it almost touches the very high-
velocity zone (d) below 140 m depth. Thus, the depression (b) boundary
appears quite pronounced in the east, but it terminates in the west at
a x-coordinate of 12m as depicted in the plot of the FWI updates in
Fig. 6.

Both FWI runs converge at stage 7 after 147 iterations (Fig. 7). The
largest misfit reduction in workflow W1 of 5.2% is achieved at fre-
quency stage 1 (100-150Hz), followed by 4.2% at stage 4 (100-300 Hz)
and 2.7% at stage 7 (100-500Hz). The misfit of stages 2 (100-200 Hz)



S. Beraus et al.

Shot at 37 m depth

Shot at 91 m depth

Journal of Applied Geophysics 251 (2026) 106231

Shot at 146 m depth

—field data —field data p—————————————alr{—field data H
L H ————— <00\ H
30 modeled data 40 ——modeled data 80 ﬂ—modeled data}|
® P picks ® P picks ® P picks [
A= AP
35 1 A— 90 s
iy A/
R Y,
40 [=—=e=y\ /\“’\”J”yﬁv‘ 60 —-o;}: ‘.":
oA Ao R 100 A ob
s \/\/v“,/'v', Rz A pemn
— 4—41\‘/\/w\ AAPS— VA H N~ —
L - \a : A~
B v N R R —":
£ 7:'—1—’\/ \-/\J\J \eavaty™ £ :-4’: 154 —-WWA—— E € v 4
£ 50—\ SN Asarn £ = € w H .S A
S e\ £ H H <120 A~
% e\ \.ﬁ\/\/ﬂ\,,~v«4~‘,, | %100 A 2 158 —-ng-wé—s— E % _..%:
© 55 e\ \/MW © X m? A - E © A“I’
e \/\/'\/Av’"v’\v"—’ % 10 E 130 —0'\’\:'
60 a—,—«d‘\\/\{\/\/\f\k - 120 2 162 ——\AW H :k._
—A VA AVAY % % 0.06 0.07 0.08 E
— f/ /\/\‘/\\/\«r\-, . time in s H 140 \
65r o/ ARNAARS— Ao~
——e\f &/\ NAanr—— 140 150 ~
70 ————ea J‘)f\/‘\/\’\'-\c 7~
_—— 7,1\/\J\I/\,/\A««- - ﬂ;.
750 - 771\,\‘/\\{\/’“&"'/7 . N 160 160 ﬂ‘r T 1 I
0.04 0.06 0.08 0.1 0.04 0.06 0.08 0.1 0.04 0.06 0.08 0.1
timeins timeins timeins
[ [ [
T 1 o1 o1
2 3 3
S S S
So So o
T © ©
o @ @
N N N
Tq Tq Tq
E 0 0.02 0.04 0.06 0.08 § 0 0.02 0.04 0.06 0.08 § 0 0.02 0.04 0.06 0.08
2 timeins 2 timeins 2 timeins

Fig. 5. Top: Comparison of forward modeled data based on the traveltime tomography models including STF inversion and the pre-processed and bandpass
filtered (100-500Hz) field data used in workflow W2. For better visualization, only every second trace is plotted, and an inset of the intermediate-depth shot
presents an enlarged view of the deeper traces. The data misfit is smaller than half a period for most shots and traces. Bottom: Normalized wavelets obtained by

source-time function (STF) inversion using the stabilized Wiener deconvolution.

and 3 (100-250Hz) remains stagnant after more than 1% misfit re-
duction at the first iteration of both stages. Workflow W2 yields the
biggest misfit reduction with 8.3% at stage 1 (100-150Hz) and the
second largest, of 3.0%, at stage 2 (100-200Hz). Note that the data
changes at every new frequency stage when higher frequencies are
included. Overall, workflow W2 yields the lower final misfit value.
While workflow W1 requires about four days of computing time on 320
CPUs (17.5min/CPU), the FWI using workflow W2 finishes after about
two days and 17 h on 320 CPUs (12 min/CPU), making workflow W2
computationally more efficient.’

The waveform fits of workflows W1 and W2 at stage 7 (100-500 Hz),
where most of the small-scale structures are introduced into the model,
are shown in Figs. 8 and 9, respectively. The shallowest shot shows the
largest misfit, where the uppermost traces were muted due to their high
noise level. This is still reflected in the inverted source wavelet, which
has a long, high-amplitude coda. For the intermediate and deepest shot,
the first arrival waveforms are well fitted. Reflection events included in
the time-window, such as the event at just above 40 m depth, can also
be explained by the inverted model compared to the initial model. The
wavelets for these shots look very similar and are slightly mixed-phase
with small precursors. The waveform fit obtained by workflow W2 (Fig.
9) is very similar to that of workflow W1; so are the wavelets.

1 Note that the times per CPU also include MPI communication time.

6.2. Synthetic resolution test

To investigate the resolution capacity of the data and the FWI
approaches, as well as to test the hypothesis that the steeply-dipping
high-velocity zones that are inverted by workflow W2 are caused by
high-velocity anomalies in the crosshole geometry, we put five circular
high-velocities anomalies with a radius of 1.5m into a background
model given by the traveltime tomography model (Fig. 10 (left)). The
high-velocity anomalies have velocities of 2800 ms~!. In this FWI, we
do not apply the STF inversion, since the wavelet is known from the
simulation of the synthetic data.

Fig. 10 (center) shows the results at stage 7 (100-500Hz), and
Fig. 10 (right) depicts the difference between the initial tomography
model and the respective FWI models. Despite the circular shape of
the anomalies, the reconstruction shows sharp horizontal upper and
lower boundaries (1: lower boundary, |: upper boundary), while there
is horizontal smearing that makes them up to three times as wide as
they actually are. However, these effects are far less pronounced in
the result obtained with workflow W1 (Fig. 10 (top)). Furthermore,
the comparison of the resolution tests shows the significant increase
in vertical resolution achieved by anisotropic gradient smoothing in
the upper frequency stages of W1. When using workflow W2, the three
shallow anomalies cause a high-velocity zone that dips toward the west
(), similar to the observation from the field data using workflow W2,
though with less merging. In the regions west and east of the high-
velocity zone, the velocities are mostly decreased. The deep anomaly
yields both a concave and a convex high-velocity zone at its western
side (« and *~.). This effect does not occur when workflow W1 is used.
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Fig. 6. Left: Traveltime tomography model, center: FWI result at stage 7 using workflow W1 (top) and workflow W2 (bottom), and right: difference between
initial and inverted models at stage 7. Source positions are marked by stars (x), receiver positions by triangles (v). The unshaded areas in the model indicate
areas of dense wavefield coverage. The labels a to e mark the velocity anomalies discussed in Section 6.1: (a) thin high-velocity layer, (b) depression, (c)
alternating low-velocity layers, (d) very high-velocity layer, (d,) high-velocity layer in FATT, (e) two low-velocity layers swerving from (d), (f) low-velocity
layer, (g) low-velocity zone, (h) bending velocity zones, (i) model updates in boundaries, (j) increased velocities in central part of illuminated area, (k) X-shaped
high-velocity zone, (1) slanted high-velocity zone tangential to depression (b).
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Fig. 8. Top: Waveform fit for the model at stage 7 (100-500 Hz) of the FWI using workflow W1 (Fig. 6) with the traveltime tomography models in Fig. 3 used as
starting models. For better visualization, only every second trace is plotted, and an inset of the intermediate-depth shot presents an enlarged view of the deeper
traces. Bottom: Normalized wavelets obtained by STF inversion using the stabilized Wiener deconvolution.

6.3. Comparison with sonic logs

Comparing velocity profiles, extracted from the models along the
boreholes for the source and receiver positions, with the sonic wireline
logging (Fig. 11), we observe that the FWI is closer to the sonic log
at the source side of borehole B than at the receiver side of borehole
C. Between 55and 60m depth, both workflows further increase the
velocities along borehole C, which were already outside the sonic error
range for the traveltime tomography model (FATT). Along borehole
B, the velocities are also increased, but they stay within the sonic
error range. Between 115to 135 m depth, the FWI successfully reduces
the velocities, where the FATT suggests higher velocities. While the
velocity profile along borehole B lies within the sonic error range,
the profile along borehole C shows an even greater velocity reduction,
outside the sonic error range, below 130m depth. Along borehole C,
both FWI runs also introduce a negative velocity spike at about 124 m
depth. In addition, the FWI velocity profiles are less smooth in this
depth range than the sonic, which was smoothed using a Gaussian
filter length that corresponds to its vertical resolution. While the seis-
mic inversion runs show a smoothed version of the sonic for depths
below 135m along borehole B, the FWI results indicate more layering,
including an interlayered low-velocity layer, where the sonic shows a
thick high-velocity zone. Overall, the FWI velocities are slower than
the sonic below 135m along borehole C. Furthermore, the FWI runs
reconstruct high-velocity layers above 40 m along borehole C, where
no sonic information is available.

6.4. Correlation with lithology & 2D extrapolation

Our results show that the two FWI approaches yield similar velocity
profiles along the boreholes (Fig. 11) but significant differences in the
2D borehole plane (Fig. 6) with workflow W2 resulting in stronger
velocity contrasts and a more heterogeneous model.

A comparison with the final lithology derived from the core of
borehole C is shown in Fig. 12. The FWI results reveal that the gravel
exhibits a broad velocity distribution, including lower velocities at
its base. However, these low velocities are considered less reliable
due to the poor wavefield coverage above 37m depth. High to very
high velocities predominantly correlate with sand layers, particularly
horizontally bedded sand (Sh).

The high-velocity layer just above 40 m depth (see also Fig. 6(a)),
reconstructed using workflow W2, is especially prominent and appears
to be shifted upward. In contrast, a similar layer reconstructed by
workflow W1 aligns well with the uppermost sand layer, considering
depth uncertainties and vertical resolution.

Similarly to the gravel, the diamict does not exhibit a distinct
velocity range, but can mostly be distinguished in the velocity profiles
from the surrounding material, e.g., at 60 m depth. An exception is the
thin diamict layer just above 140 m depth, which is indistinguishable
from the surrounding fines.

The fines tend to have intermediate (Fm, Fl, Fm(d), F1(d)) to lower
(Flr, Flr(d)) velocities. For further information on their properties, we
refer to Schuster et al. (2024).
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Fig. 9. Top: Waveform fit for the model at stage 7 (100-500 Hz) of the FWI using workflow W2 (Fig. 6) with the traveltime tomography models in Fig. 3 used
as starting models. Noisy traces are muted and only every second trace is plotted for better visualization, and an inset of the intermediate-depth shot presents
an enlarged view of the deeper traces. Bottom: Normalized wavelets obtained by STF inversion using the stabilized Wiener deconvolution.

The molasse bedrock (B) shows elevated P-wave velocities, though
not as high as expected based on the sonic logs (Fig. 11).

Extrapolating this correlation to the 2D plane between boreholes B
and C, we can infer a conceptual geological model by combining the
two FWI results (Fig. 13, center), as each highlights different subsurface
features according to its respective workflow focus. We interpret the
high-velocity anomalies as sand packages. Furthermore, the model in-
verted by workflow W2 suggests a much more heterogeneous medium,
reflecting a dynamic depositional environment. This is indicated by
the colorgradient in some parts of the conceptual model. Due to the
wavefield coverage, the interpretation will focus on depths below the
shallowest receiver depth of 28 m.

The well-sorted, massive, and stratified sands (Sh, Sc) are weakly
consolidated and show steep bedding in the deeper parts, according
to Schuster et al. (2024). These sands are interpreted as glaciodeltaic
deposits formed from the retreating glacier front during deglaciation
(Buechi et al., 2018).

The depression at around 120 m depth is likely filled with massive,
fine-grained deposits (Fm) and partly laminated sand (S1) with a sandy
or compacted layer at its base. It may have formed from either gravita-
tional slumping of the sediments on the depositional slopes of the basin
or from the glacier’s load during an advance, as proposed by Schuster
et al. (2024). The sand in the core was linked to hyper-concentrated
density flow deposits (Mulder and Alexander, 2001; Schuster et al.,
2024) and the filling of subaqueous channels (Sh) (Schuster et al., 2024;
Beraus et al., 2025).

The interlayered low-velocity zones between the very high-velocity
layers near the base, correlating with the bedrock, suggest that the

drilling of borehole C may have hit molasse slabs, whereas at borehole
B (Fig. 13(d)), the intact, massive molasse was reached.

7. Discussion

In a previous SV-wave study (Beraus et al., 2025), we attributed the
lack of a depression at 120 m depth in the P-wave tomography model
to the different material properties sampled by P- and S-waves. The
present study, however, demonstrates the limitations of the acoustic
first-arrival traveltime tomography in resolving this structure, while
the high-resolution FWI is capable of delineating its shape to a certain
extent (Fig. 6).

The steeply dipping high-velocity structures in the FWI results, most
prominent in the result associated with workflow W2 (Fig. 6, bottom),
are not geologically reasonable. The resolution test (Fig. 10) confirms
that the X-shaped (k) and steeply dipping high-velocity features (1)
are in fact the typical artifacts and their superposition in conjunction
with denser sampling of the subsurface in high-velocities zones due
to Fermat’s principle. Furthermore, we have shown that they can be
significantly reduced using anisotropic gradient smoothing (W1). Based
on the outcome of the resolution test (Fig. 10), we hypothesize that
the anomalies are not circular but more elliptical with a long axis
that is oriented close to vertical. Furthermore, the velocity anomalies
seem to have even higher velocities than the 2800ms~! used in the
resolution test. The reconstruction attempt of the deep anomaly shows
that a single anomaly at the apex of the depression (d) does not yield
the steeply dipping feature (1) that is inverted with workflow W2.
Therefore, we expect that there are several high-velocity anomalies
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Fig. 10. Synthetic resolution tests using the traveltime tomography models including high-velocity anomalies and the two workflows. Source positions are marked
by stars (*), receiver positions by triangles (v). The unshaded areas in the model indicate areas of dense wavefield coverage. Left: True model consisting of the
FATT model and circular high-velocity zones of 2800 ms~!, where anomalies are expected to be located in the subsurface based on the field data FWI result of
W1. Center: Inverted model at stage 7, and right: difference between initial and inverted model at stage 7. Top: The results using workflow 1 show almost no
artifacts and a high vertical resolution. Bottom: Using workflow W2, significant artifacts appear. The three shallow reconstructed anomalies show sharper upper
and lower boundaries (1: lower boundary, |: upper boundary) than in the field data inversion result, but still form a steeply-dipping high-velocity zone west of
the anomalies (); the single deep anomaly does not but yields both a concave and a convex high-velocity zone at its western side (» and »").

along the eastern flank of the depression (Fig. 13, center). Afanasiev
et al. (2014) attribute these artifacts to a remaining mismatch between
synthetic and observed waveforms at large offsets.

The wavelets (Figs. 5, 8 and 9) are derived from shot gathers
composed of multiple receiver layouts, obtained using identical shot
positions, though not necessarily with equivalent shot energy or cou-
pling. Residual sparker and/or hydrophone motion from the previous
shot will also influence the recorded waveforms. The remaining noise
on some traces, particularly at the shallow shots, is most likely related
to poor coupling due to gaps in the backfill between the PVC pipe and
the gravel, and degrades the STF inversion result where it is coherent.
Considering the waveform fit after FWI, it can be observed that small
amplitude, incoherent later arrivals, although still included in the time-
window, were not fitted by the inversion, whereas large amplitude
reflections, such as the one at receiver depths around 150m in the
deepest shot, were fitted.

The velocity offset between the FATT and sonic logs along borehole
C (Fig. 11) may stem from incorrect phase picking (trough vs. peak).
Given the similarity in velocities between the sonic measurements in
boreholes B and C, it is hypothesized that the crosshole picks, which
were occasionally ambiguous due to temporal aliasing (Beraus et al.,
2024b), could be further improved.

Traveltime tomography required intensive horizontal smoothing to
converge (Beraus et al., 2024b). As this study shows, this assumption of
horizontal continuity is not entirely valid for the infill of the glacially
overdeepened basin. Nevertheless, the initial data fit attests to the
suitability of the tomography model as initial model.

10

Furthermore, the requirement to strongly smooth the model hor-
izontally to reduce artifacts may be an indicator that the physics
used to describe the arrivals, e.g., isotropic wave propagation, may
be insufficient. Hadden and Pratt (2017) have shown that anisotropic
FWI applied to seismic data acquired in a sedimentary environment
enhances the resolution and provides more accurate subsurface models.
A prime candidate for anisotropy is the thick lithofacies assemblage
(LFA) 4, as defined by Schuster et al. (2024), that consists of layered
fines. The neglect of anisotropy may also contribute to the steeply
dipping artifacts as observed by Hadden et al. (2019) who suggest an
inaccurate characterization of the anisotropy. However, we expect the
P-wave anisotropy of the glacial sediments to be small (von Ketelhodt
et al., 2019) and superimposed by the complex heterogeneity of the
sediments deposited in the glacially overdeepened basin.

The geological heterogeneity may similarly be considered in the
workflow design of FWI, where we tested two reasonable definitions of
gradient filters for the regularization of the inversion as it is suggested
by Modrak and Tromp (2016). They and Wellington et al. (2019) have
shown that gradient smoothing can significantly mitigate noise and
spatial aliasing effects. According to them, gradient smoothing can also
be used to introduce a priori information on the geology, e.g., strongest
geological contrasts occurring vertically, into the inversion. Here we
have shown, that while both workflows produce a similar final data fit,
two very different velocity models are inverted. One that depicts the
refined background velocity model with a very high vertical resolution
(W1 using anisotropic gradient smoothing) and the other reveals local
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et al., 2023c,a), smoothed with a Gaussian filter of length 0.5m (= d, see Section 5.4) and initial traveltime tomography (FATT) model.

high-velocity anomalies (W2 using isotropic gradient smoothing). Both
of which are combined into a common conceptual geological sketch
presented in Fig. 13. Using both workflows, targeting different geo-
logical features, to derive a comprehensive geological interpretation
directly from the velocity models and the existing interpretation of core
analysis (Schuster et al., 2024), allows to exploit the advantages of
each, while discarding their respective disadvantages.

Regarding the correlation with the sonic logs (Fig. 11) to provide
some ground-truthing, it has to be considered that the sonic logs only
capture a few decimeters around the borehole — possibly disrupted by
the drilling, especially in these soft sediments. Taking into account
the thickness of the backfill and the estimated penetration depth, as
determined by the mean velocity and sonic source frequency, we esti-
mate that the illuminated volume surrounding the borehole is less than
20 cm in thickness. In contrast, the crosshole seismic samples about 28 m
laterally. Nevertheless, using the sonics as constraints may help to guide
the inversion (Wang and Rao, 2006). The trend towards decreasing
velocities below 120 m depth at the receiver side along borehole C may
be attributed to a reduced illumination intensity which is typically
found on the periphery of the acquisition geometry and the boundary
of the model.

Additionally, the circular gradient tapers that we applied around the
source and receiver positions with a radius of 0.5 m, will also influence
the absolute velocities in these areas and the model updates towards
and in the boundary zones of the model.

Even though the correlation of the velocity profiles with the lithol-
ogy from borehole C (Fig. 12) is satisfactory, slight shifts are observed.
Apart from the depth location errors of sources and receivers in the
acquisition due to cable extension (Beraus et al., 2024b), these may be
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related to the extension of the core at the surface due to the reduction
of the surrounding pressure. This, besides the illumination deficiency,
might also be, why the diamict at just above 140 m cannot be distin-
guished in the velocity profiles, which show slightly higher velocities
at exactly 140 m depth. Alternatively, the thickness of the diamict is just
outside the vertical resolution capability of both workflows.

8. Conclusions

Our seismic crosshole field data application of acoustic time-domain
FWI shows the significant impact that the selected workflow has on
the final velocity model. Therefore, we recommend systematically as-
sessing numerous workflows, especially testing the gradient smoothing
effect, and incorporating available a priori information. In case of a
heterogeneous geology such as a glacially overdeepened basin, we find
that using the FWI results of two workflows targeting extremal real-
izations of a glacially overdeepened geological setting is beneficial for
inferring a comprehensive conceptual geological model by exploiting
their respective advantages and mitigating their disadvantages. While
anisotropic gradient smoothing (W1) yields what we interpret as a
background model with high vertical resolution, isotropic gradient
smoothing (W2) reveals local high-velocity anomalies.

This study further demonstrates that common criteria like (1) geo-
logical plausibility, (2) minimum data misfit, and (3) best correlation
with other data, here sonic and core lithology, might not be sufficient
to choose the optimal workflow.

Although a conceptual geological sketch can be inferred from the
two FWI results, it is still a subjective result. Thus, we are convinced
that it is necessary to include uncertainty quantification in FWI to assess
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from. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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references to color in this figure legend, the reader is referred to the web version of this article.)
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the quality and geological plausibility of FWI results more reliably,
independent of additional data, as traditional FWI alone cannot identify
the best subsurface model using the three criteria listed above.

In addition, the velocity distribution alone provides only limited
information for geological interpretation, such that we recommend
including processing techniques like reflection seismics to obtain a
structural image at the same resolution as FWI for a joint interpretation.
Here, the high-resolution velocity model from FWI will ensure accurate
structural migration.
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