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ABSTRACT
We present a two-dimensional, high-resolution full-waveform inversion approach of

crosshole seismic data to image fine glacial sediments in an overdeepened Alpine valley,

the Tannwald Basin (ICDP site 5068_1) north of Lake Constance. A vertically polar-

izing shear-wave source is employed to excite elastic waves, which are recorded by an

eight-station three-component geophone string at 105–134 m depth. Based on traveltime

tomography models derived separately from the P- and S-wave first arrival picks, we

reconstruct the vertically polarized shear-wave velocity distributions from the vertical

component data using isotropic, elastic full-waveform inversion. In order to mitigate the

effects of source and receiver coupling, we use the global correlation norm as an objec-

tive function. The resolution is enhanced by applying an anisotropic gradient filter. The

final model shows small-scale structures that look similar to a structural image obtained

by seismic imaging at frequencies above 200 Hz. It provides a satisfying data fit and

resolves layers of at least 1 m thickness that correlate well with the lithology derived

from the core information within the errors of the source and receiver positions.

K E Y W O R D S
crosshole, full waveform, imaging, inversion, seismics, SV-wave

INTRODUCTION

Seismic crosshole experiments are an excellent method

to obtain high-resolution subsurface models. The high-
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frequency sources are deployed below the weathering layer

so that attenuation is significantly reduced compared to sur-

face seismic methods. In addition, the transmission geometry

can bypass surface waves and provide excellent illumination

Geophysical Prospecting 2025;73:1587–1605. wileyonlinelibrary.com/journal/gpr 1587

https://orcid.org/0009-0000-6984-3098
mailto:Sarah.Beraus@leibniz-liag.de
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/gpr
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2478.70024&domain=pdf&date_stamp=2025-04-23


1588 BERAUS ET AL.

of structures. Therefore, the crosshole method is widely used

to investigate and monitor oil and gas reservoirs (Bauer et al.,

2003; Rector et al., 1995; Van Schaack et al., 1995; Zhang

et al., 2012), geothermal sites (Gaucher et al., 2020) and

aquifers (von Ketelhodt et al., 2018).

While some studies perform reflection seismic imaging

with crosshole data (Rector et al., 1995; Van Schaack et al.,

1995), showing an improvement in bed thickness resolution

up to 1.5 m during migration (Lazaratos et al., 1995), most

authors apply inversion methods, such as traveltime tomogra-

phy (e.g., Bauer et al., 2005). Rao and Wang (2005) propose

methods to determine the velocity distribution in the subsur-

face by minimizing the ambiguity in the seismic data and the

non-linearity of the inversion, using appropriate geological

constraints. Von Ketelhodt et al. (2018) apply cross-gradient

constraints, as formulated by Gallardo and Meju (2004),

to ensure structural similarity between different parameter

models when deriving geotechnical parameters of the subsur-

face. Further methodological assessment of seismic crosshole

traveltime tomography regarding its convergence and reso-

lution was performed by McMechan (1983) using synthetic

data.

However, compared to traveltime tomography, full-

waveform inversion (FWI) promises to increase the resolution

to below one wavelength (Dokter et al., 2017; Köhn et al.,

2019) because it takes into account all the information

contained in the waveforms. It is made computationally fea-

sible by modern high-performance computers and efficient

forward solvers as well as local optimization algorithms,

which mitigate the problem of higher computational cost.

Comprehensive overviews of the method can be found in

Plessix (2008), Buske et al. (2009), Virieux and Operto

(2009) and Fichtner (2011).

FWI of crosshole seismic data has only been applied in

the frequency domain (Pratt et al. (2005); Pratt & Shipp,

1999; Rao et al., 2006) due to the high source frequencies

that increase the required computational resources and make

time-domain applications unattractive. Wang and Rao (2006)

propose strategies for real data applications of frequency-

domain FWI. Bauer et al. (2005) apply acoustic frequency-

domain FWI to vibro-seismic crosshole data acquired during

the Mallik (2002) surveys. Synthetic studies address the-

oretical aspects of medium properties assumptions (acous-

tic/elastic/viscoelastic, isotropic/vertical transverse isotropy

(VTI)/ tilted transverse isotropy (TTI)), how to incorporate

geological and wireline logging data as constraints in the

inversion (Singh et al., 2020, 2021) and evaluate workflows

for faster convergence and better resolution. Zhou et al. (1997)

showed that an elastic traveltime tomography and subsequent

FWI of seismic crosshole data can improve the resolution

from 20 m in traditional reflection seismic processing to 3

m for the P-waves and 1.5 m for the S-wave. Hadden et al.

(2019) show that a quarter wavelength vertical resolution

can be achieved by an anisotropic frequency-domain FWI

when a Gaussian smoothing filter is applied to the gradi-

ents, effectively pushing the medium towards one dimension.

Time-domain FWI field application of surface seismic data

often uses SH-waves (Mecking et al., 2021) and surface

waves (Gao et al., 2023) to image the near surface, since S-

waves provide a factor of 2–10 better resolution than P-waves

according to Stümpel et al. (1984).

Here, we present an innovative field data application of

conventional FWI, where we investigate the suitability and

resolution capability of high-frequency vertically polarized

shear waves that are excited by a novel borehole source for

imaging finely layered glacial sediments in the overdeepened

Alpine Tannwald Basin (Germany) with elastic isotropic,

time-domain FWI (Köhn et al., 2012) in a crosshole setting

with a little parameter tuning or most advanced regularization

tools.

FULL-WAVEFORM INVERSION
METHODOLOGY

In order to obtain high-resolution subsurface images of the

glacial sediments, we choose full-waveform inversion (FWI)

because the method does not only take into account the phase

information of the seismic waves but also their amplitude.

This allows us to push the resolution below the dominant

seismic wavelength (Virieux & Operto, 2009). In this study,

we focus on the inversion of the vertical component of the

SV-wave data and use the open-source software DENISE-

Black-Edition which is available at https://github.com/daniel-

koehn/DENISE-Black-Edition.

Two-dimensional coupled P- and SV-wave
elastic equations of motion

A crucial part of the FWI approach is the accurate forward

modelling of the seismic wavefield. Here, we apply time-

domain finite-difference (FD) modelling on a staggered grid

to numerically solve the 2D isotropic elastic equations of

motion for the coupled P- and SV-wave propagation (P-SV

case) (Levander, 1988; Virieux, 1984). The equations are

given in the stress–velocity formulation in the form of a

system of first-order partial differential equations as

𝜌
𝜕𝑣𝑥

𝜕𝑡
=

𝜕𝜎𝑥𝑥

𝜕𝑥
+

𝜕𝜎𝑥𝑧

𝜕𝑧

𝜌
𝜕𝑣𝑧

𝜕𝑡
=

𝜕𝜎𝑥𝑧

𝜕𝑥
+

𝜕𝜎𝑧𝑧

𝜕𝑧
+ 𝑓𝑧

𝜕𝜎𝑥𝑥

𝜕𝑡
= (𝜆 + 2𝜇)

𝜕𝑣𝑥

𝜕𝑥
+ 𝜆

𝜕𝑣𝑧

𝜕𝑧
(1)

 13652478, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1365-2478.70024 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [06/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://github.com/daniel-koehn/DENISE-Black-Edition
https://github.com/daniel-koehn/DENISE-Black-Edition


SEISMIC CROSSHOLE FWI OF SV-WAVES 1589

𝜕𝜎𝑧𝑧

𝜕𝑡
= 𝜆

𝜕𝑣𝑥

𝜕𝑥
+ (𝜆 + 2𝜇)

𝜕𝑣𝑧

𝜕𝑧

𝜕𝜎𝑥𝑧

𝜕𝑡
= 𝜇

(
𝜕𝑣𝑥

𝜕𝑧
+

𝜕𝑣𝑧

𝜕𝑥

)
,

where 𝑥 and 𝑧 are the horizontal and vertical coordinates,

respectively, while 𝑡 is the time, 𝜌 is the density and 𝜆 and 𝜇

are the Lamé parameters. The particle velocities are denoted

as 𝑣𝑖 and the stress components as 𝜎𝑖𝑗 , where the indices indi-

cate their respective directions; 𝑓𝑧 represents the vertical force

source term.

Two-dimensional vertically polarized S-wave
full-waveform inversion

FWI aims to find the optimum model that best explains the

observed wavefield by minimizing the misfit between the field

and the modelled data in an iterative approach. Starting with

an initial model 𝐦0, the model parameters are updated at each

inversion step 𝑛 along a search direction 𝛿𝐦𝑛 by

𝐦𝑛+1 = 𝐦𝑛 + 𝛼𝑛 𝛿𝐦𝑛, (2)

where 𝛼𝑛 is the step length determined in a parabolic line

search to ensure proper convergence (Nocedal & Wright,

2006). The model update at inversion step 𝑛 is defined by

𝛿𝐦𝑛 = −𝐇−1
𝑛

(
𝜕𝐸

𝜕𝐦

)
𝑛

(3)

with the inverse Hessian matrix 𝐇−1 and the gradient

of the misfit 𝜕𝐸∕𝜕𝐦. The latter is calculated with the

adjoint-state method using the stress–velocity parameteriza-

tion (Köhn et al., 2012; Tarantola, 2005). The product of

inverse Hessian and misfit gradient is approximated by a

quasi-Newton l-BFGS (limited-memory Broyden–Fletcher–

Goldfarb–Shanno algorithm) approach (Métivier & Brossier,

2016; Nocedal & Wright, 2006). Further details on the FWI

strategy and the definition of the misfit function 𝐸 are given

in the Full-Waveform Inversion strategy subsection 4.5.

GEOLOGY

Overdeepened valleys

Overdeepened valleys are elongated structures that were exca-

vated from the bedrock by a glacier below the fluvial base

level and later refilled, often in several cycles, by rocks and

sediments transported by the glacial system (Cook & Swift,

2012). While the formation process of overdeepening is still

under debate, the buried landforms are undoubtedly valu-

able climate archives in currently and formerly glaciated

regions (Gegg & Preusser, 2023). In the northern Alps, their

formation is also governed by local topography and geol-

ogy and, thus, by the Alpine orogeny, where the collision

of the African continent with the European yields the for-

mation of the wedge-shaped North Alpine Molasse Basin

(Pfiffner, 1986). This process significantly influenced the

flow of rivers in the region and thus erosion and sedimen-

tation processes. Preusser et al. (2010) and Ellwanger et al.

(2011) link the formation of such overdeepened structures in

the Alps to climate changes in the Middle to Late Pleistocene

and argue that overdeepening can also be found in the Alpine

foreland.

Study site: Tannwald Basin (ICDP site 5068_1)

After the Alpine Rhine took its current course in the Early

Pleistocene (Ellwanger et al., 2003; Pfiffner, 2014), at least

two glacial cycles formed the overdeepened north-south

trending Tannwald Basin in the Quaternary (Ellwanger et al.,

2011; Preusser et al., 2010). During the Hosskirch glacia-

tion, 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 disconti-

nuity (Ellwanger et al., 2011), which is indicated in Figure 1.

Today, the Tannwald Basin forms an approximately 1 km

wide and up to 250 m deep, distal overdeepened structure.

Its infill consists of waterlain till and molasse slabs, which

were deposited during the Hosskirch glaciation and appear as

strong, seismic reflectors (Burschil et al., 2018). These are fol-

lowed by basinal, fine-grained sediments that accumulated as

laminated fines in the large glacial lake until the Early Rissian.

Above this, the change to coarse-grained clastics intercalated

with till layers, known as the D2 discontinuity (Figure 1),

marks the advance of a glacier lobe during the Riss glaciation.

The uppermost layer is made up of glaciofluvial gravels of the

outwash plain of the Last Glacial Maximum (LGM) with a

thickness of about 10 m (Buness et al., 2022) and indicates

another glacial advance.

Our study site (ICDP site 5068_1) is located about 45 km

north of Lake Constance, just beyond the terminal moraine

of the LGM (Figure 1) so that the D1 discontinuity does

not occur. At the site, three boreholes were drilled down to

the bedrock at about 160 m depth. Two of those are flush

drillings (A and B), and C is a cored drilling (Figure 2).

The boreholes are arranged in an isosceles triangle with its

edges of 28 m length oriented in north-south and west-east

directions. Recently, Schuster et al. (2024) derived seven

lithofacies assemblages based on sedimentary characteristics

found in the core and related them to the glacial history of the

overdeepened valley.
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Lake Constance
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D1

D1
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D3: Hosskirch
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10°E

15°E

Germany

F I G U R E 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., 2024).

The study site is marked by the red square.

Black lines indicate the maximum ice extent

during the corresponding glaciation period.

DATA ACQUISITION AND
PRE-PROCESSING

Vertically polarized S-wave crosshole data
acquisition

The SV-crosshole experiment was one of three crosshole

experiments conducted at the ICDP DOVE Tannwald site

(5068_1) in 2022. The transmission geometry has the advan-

tage of illuminating the subsurface densely and circumventing

the dampening weathering layer, thus, preserving the high-

frequency information. The target zone of the SV-acquisition

was the finely layered sediments at about 105–134 m depth,

which were identified based on preliminary information from

cuttings of the flush drilling B and core catcher data of the

core drilling C, since the final detailed analyses have not

yet been available when the experiment was conducted. The

vertically polarizing shear wave borehole source, which was

pneumatically clamped to the borehole wall, was excited four

times every meter from 77 to 143 m depth in borehole B.

In order to record the wavefield, we chose a sampling fre-

quency of 8 kHz and placed an eight-station three-component

(3C) 10 Hz eigenfrequency geophone string with a receiver

spacing of 2 m at depths from 105 to 134 m in borehole C.

The receiver spacing was reduced to 1 m and a reasonable

depth coverage was achieved by shifting the receiver string

three times, making sure that the two deeper receiver lay-

outs overlapped with the two shallower receiver layouts at

one station.

Pre-processing

After assigning the geometry, vertically stacking the repeated

shots and picking P- and S-wave first arrivals, we tested sev-

eral zero-phase bandpass filters to ascertain the frequency

content of the data. The cumulative power spectrum of the

dataset (grey), the cumulative spectrum of the Z-component

(black) and the power spectra of three selected shot gathers

(coloured) are shown in Figure 3. We identify the frequency

contribution below 80 Hz as noise. Frequencies between 80

and 650 Hz predominantly make up the S-wave. Higher fre-

quencies represent the P-wave (peak frequency∼1200 Hz; not

shown here) and short-period noise.

In preparation for FWI, we mute the trigger peak at

time zero. We then apply a 3D-to-2D spreading correction

(Bleistein, 1986), since the measured 3D wavefield and the

simulated 2D wavefield differ in amplitude and phase (For-

briger et al., 2014; Schäfer et al., 2014). Afterwards, we

test the source-time function (STF) inversion including all

offsets to determine the required damping parameter of the

stabilized Wiener deconvolution, that is applied in the fre-

quency domain, to 1%. During these tests, we also find

that a time delay of 0.1 s is required to obtain a causal

source wavelet. Finally, we apply a shot-wise normalization

to the absolute maximum amplitude which reduces the influ-

ence of the source and receiver coupling on the amplitudes

(Schwardt et al., 2020). Figure 4 depicts the results of the pre-

processing of the vertical Z-component for the shallowest, the

intermediate depth and the deepest shot.
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F I G U R E 2 SV-survey coverage between boreholes B and C and preliminary lithology of the flush drilling B and the cored drilling C. The

geographical orientation of the boreholes is shown in the map view in the top right corner. The source was placed in borehole B, and the eight-station

3C geophone string was placed in borehole C. Preliminary lithological information was derived from cuttings (B) and core catcher (C) information

during drilling. Sand layers in borehole B cannot be identified due to mixing with the drilling mud. The survey coverage is based on a straight ray

assumption and is coloured in pink. Additionally, every tenth grid point of the FD grid and the boundary of the absorbing frame are shown by the

black dots and bold lines, respectively. Please note that the figure is exaggerated by about a factor of four in the horizontal x-direction. The borehole

trajectory was projected onto the 2D modelling plane in an offset-consistent manner.

Initial model building

To obtain initial models for FWI, we use the P- and S-wave

first arrivals and perform separate traveltime tomographies

using the damped Gauss–Newton algorithm with global

(Günther et al., 2006) and additional geostatistical regular-

ization (Jordi et al., 2018) using the inversion code pyGIMLi
(Rücker et al., 2017). The specific inversion parameters are

listed in Table A.1 in the Appendix. The traveltime inversions

of P- and S-wave picks yield structurally different models. We

assume that density changes in the considered depth range

mainly result from the compaction of the sediments allowing

to use a linear relationship with the SV-wave velocity (in m

s−1) given by

𝜌 = 1600 kg m−3
(
1 +

𝑣SV
1600 m s−1

)
, (4)

and which was applied to a burial mound consisting of flu-

vial sediments by Mecking et al. (2021) using the SH-wave

velocity. The resulting density value of 2190 kg m−3 lies in

the range of values from the open-hole logging information

available at borehole C.

The S-wave tomography model implies earlier S-wave

arrivals than observed in the field data. Therefore, we reduce

the S-wave velocity by 5% such that the S-wave arrivals are

fit by the wavefield simulation. The final tomography models

and the density model, which is once again calculated from

𝑣SV, are shown in Figure 5. The most significant features are

the high-velocity layer below 140 m depth, the low-velocity

zone in about 115–140 m depth in the east as well as the

depression in the centre of the S-wave model.

The models are discretized on a Cartesian staggered grid

with a grid spacing of 0.1 m to avoid numerical dispersion

when using a sixth-order finite-difference (FD) operator in
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F I G U R E 3 Cumulative power spectrum of the data that was

acquired with an SV-source in borehole B and an eight-station 3C

geophone string in borehole C (grey) and Z-component only (black).

The significant contributions below 80 Hz are related to noise and

barely contain any signal. The coloured curves refer to the

Z-component of the shot gathers presented in Figure 4. The upper

bounds of the frequency stages that are used in the FWI are marked by

vertical black dashed lines and are labelled by ‘st1’ to ‘st6’, denoting

stages 1 to 6, respectively.

space with Taylor coefficients (Figure 2) (Dablain, 1986;

Levander, 1988). We also add about 3 m thick model

boundaries on each side of the model to absorb artificial

reflections at the model boundaries using an absorbing bound-

ary zone in the form of a convolutional perfectly matched layer

(Komatitsch & Martin, 2007). This results in an FD grid of

1800 × 420 (𝑁𝑍 ×𝑁𝑋) grid points.

Forward modelling

To test the suitability of our models for FWI, which uses

a local optimization approach, we forward model the wave-

field based on these models using a lowpass-filtered spike

wavelet (𝑓 ≤ 325 Hz) together with a vertical force source

mechanism, and apply the STF inversion to the data which

is bandpass filtered to a frequency range of 80–250 Hz and

80-350 Hz, respectively, to show the waveform fit. To ful-

fil the Courant–Friedrichs–Lewy stability criterion (Courant

et al., 1967), we choose a temporal discretization of 0.01 ms

with a second-order FD operator in time. Figures 6 and 7 that

the simulated data already fit the observed data within half a

period on most traces, neglecting the amplitude misfit. Thus,

the tomography models might be sufficient to be used as start-

ing models in FWI with our dense transmission geometry. We

propose to mitigate the remaining misfit by our FWI strat-

T A B L E 1 FWI workflows. Six frequency stages are used starting

at 80 Hz. During stages 1–3 an isotropic Gaussian gradient filter

(𝛾𝑥 = 𝛾𝑧) is applied, which is defined by the horizontal and vertical

correlation lengths 𝛾𝑥 and 𝛾𝑧, respectively. Stages 4–6 use an

anisotropic gradient filter (𝛾𝑥 > 𝛾𝑧).

Stage 𝒇𝐦𝐢𝐧 (Hz) 𝒇𝐦𝐚𝐱 (Hz) 𝜸𝒙 𝜸𝒛

1 80 100 2.5 2.5

2 80 150 2.0 2.0

3 80 200 1.5 1.5

4 80 250 2.5 0.5

5 80 300 2.5 0.5

6 80 350 2.5 0.5

egy (see the next subsection 4.5) to avoid cycle skipping and

ultimately ensure proper convergence of the inversion.

Full-waveform inversion strategy

In this study, we focus on the inversion of the S-wave velocity

from the vertical component of the SV dataset, where we keep

the P-wave velocity and density constant. Due to the inversion

problem being highly non-linear, we apply the multi-stage

approach (Bunks et al., 1995; Groos et al., 2017) as given in

Table 1, where we filter the data at each inversion stage with

a sixth-order zero-phase bandpass filter with a lower corner

frequency of 80 Hz (see Table 1), apply the STF inversion at

the first iteration of each new frequency stage and run at least

20 iterations per frequency stage. In addition, the choice of

objective function is very important. Since we expect large

amplitude variations caused by source and receiver coupling

effects, we choose the global correlation norm (GCN) given

by

𝐸 = −
ns∑
𝑖=1

∫
𝑇

0
d𝑡

nr∑
𝑗=1

[
𝑢mod

ij ( 𝑡) 𝑢obsij ( 𝑡)

‖𝑢mod
ij ( 𝑡)‖2 ‖𝑢obsij ( 𝑡)‖2

]
, (5)

where 𝑛𝑠 and 𝑛𝑟 are the number of sources and receivers and

𝑇 is the recording time. The modelled and observed data are

denoted as 𝑢mod
𝑖𝑗

and 𝑢obs
𝑖𝑗

, respectively, and ‖ ⋅ ‖2 is their L2-

norm. The GCN objective function uses the traces normalized

to the absolute maximum amplitude, thus reducing the sen-

sitivity to amplitude errors and effectively giving the phase

information a higher weight (Choi & Alkhalifah, 2012; Dok-

ter et al., 2017; Schwardt et al., 2020). In order to reduce the

memory required for the inversion, we apply a quasi-Newton

l-BFGS algorithm for optimization, where we save only 20

of the most recent gradients. Furthermore, we approximate

the initial guess of the inverse Hessian matrix by the squared

absolute value of the forward wavefield (Zhang et al., 2012).

 13652478, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1365-2478.70024 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [06/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SEISMIC CROSSHOLE FWI OF SV-WAVES 1593

0 0.05 0.1 0.15 0.2
Time (s)

104

106

108

110

112

114

116

118

120

R
ec

ei
ve

r 
d

ep
th

 (
m

)
Shot at 78 m depth

raw field data
preprocessed field data

0 0.05 0.1 0.15 0.2
Time (s)

105

110

115

120

125

130

135

R
ec

ei
ve

r 
d

ep
th

 (
m

)

Shot at 122 m depth

raw field data
preprocessed field data

0 0.05 0.1 0.15 0.2
Time (s)

118

120

122

124

126

128

130

132

134

R
ec

ei
ve

r 
d

ep
th

 (
m

)

Shot at 143 m depth

raw field data
preprocessed field data

F I G U R E 4 Comparison of the raw and the pre-processed field data with the full frequency content (0–4000 Hz).
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F I G U R E 5 Traveltime tomography models and density model. The S-wave model (centre) clearly shows structural differences compared with

the P-wave model (left). The density is calculated based on the S-wave velocities.

Gradients of the objective function with respect to the

material parameters are calculated in the time domain by

performing a zero-lag cross-correlation between the forward

modelled and the adjoint wavefields, which must be stored

in the RAM. To save RAM, we make use of a strict Nyquist

criterion formulated by Kurzmann (2012) as

𝐷𝑇samp ≤ 1
8 𝑓max

, (6)

where 𝑓max is the maximum frequency at the current inver-

sion stage and 𝐷𝑇samp is the time sampling interval at which

the wavefield has to be saved to accurately apply the imaging

condition while reducing the number of stored wavefields.

We smooth the gradient using a Gaussian filter to remove

short wavelength artefacts (Ravaut et al., 2004). The filter is

defined relative to a fraction of the minimum S-wave wave-

length, denoted as 𝛾S. In the first three inversion stages, that

is, up to 200 Hz, we decrease 𝛾S from 2.5 to 1.5 in steps of
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F I G U R E 6 Top: Comparison of forward modelled data based on the traveltime tomography models including STF inversion and the

pre-processed and bandpass filtered (80–250 Hz) field data. The data misfit is smaller than half a period for most shots and traces. Bottom:

Normalized wavelets obtained by STF inversion using the stabilized Wiener deconvolution.

0.5 at every inversion stage effectively using isotropic gradi-

ent filters. At higher frequencies, however, we increase the

horizontal correlation length (𝛾𝑥) to the same fraction as in

stage 1, but further decrease the vertical correlation length

(𝛾𝑧) (see Table 1). Thus, we make the filter anisotropic, which

improves the vertical resolution for the cost of a loss in the

horizontal resolution of less than 0.2 m. In addition, we apply

a cylindrical taper at each shot position.

FWI aborts if one of the abort criteria is reached. We define

them as (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.

RESULTS

Field data full-waveform inversion results

The FWI results at frequency stages 4 and 6 are presented

in Figure 8. The inversion predominantly updates the starting

model in the regions expected based on the source–receiver

geometry and enhances the velocity contrasts. Significant fea-

tures are the two high-velocity layers at about 106 (a) and

138 m depth (f), which extend west to east across the veloc-

ity model. At around 113 m depth, we see a high-velocity

zone near the receiver borehole C in the east (b), accompa-

nied by a small low-velocity zone just above it. At about 120 m

depth (c), the depression from the tomography models is now

slightly smeared at the source side. Below this, we observe

a low-velocity zone, followed by a bending layer of higher

velocity (d), and in the deep eastern part a zone of low velocity

with more internal layered structures (e).

The FWI converges at stage 6 after 127 iterations, achiev-

ing a relative misfit reduction of up to about 17% in the first

two frequency stages, as illustrated in Figure 9. From stage 3

onward, the misfit changes are minor. The absolute, normal-

ized misfit at the beginning of each frequency stage is greater

than the initial one. The stage 4 model shown in Figure 8

(top), which is inverted at iteration 85, reveals that the main

structures of the starting model remain intact, while smaller

structures, such as the fine layering observed in region (e),

emerge. These structures are further enhanced in the higher

frequency stages (Figure 8 (bottom)). Figure 10 shows the

waveform fit after stage 4 of the inversion. The synthetic data

 13652478, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1365-2478.70024 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [06/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SEISMIC CROSSHOLE FWI OF SV-WAVES 1595

0.14 0.16 0.18 0.2 0.22 0.24
Time (s)

104

106

108

110

112

114

116

118

120

R
ec

ei
ve

r 
d

ep
th

 (
m

)
Shot at 78 m depth

field data
modelled data
S picks

0.14 0.16 0.18 0.2 0.22 0.24
Time (s)

105

110

115

120

125

130

135

R
ec

ei
ve

r 
d

ep
th

 (
m

)

Shot at 122 m depth

field data
modelled data
S picks

0.14 0.16 0.18 0.2 0.22 0.24
Time (s)

118

120

122

124

126

128

130

132

134

R
ec

ei
ve

r 
d

ep
th

 (
m

)

Shot at 143 m depth

field data
modelled data
S picks

0 0.05 0.1 0.15 0.2 0.25
Time (s)

-1

0

1

N
o

rm
al

iz
ed

 a
m

p
lit

u
d

e

0 0.05 0.1 0.15 0.2 0.25
Time (s)

-1

0

1

N
o

rm
al

iz
ed

 a
m

p
lit

u
d

e

0 0.05 0.1 0.15 0.2 0.25
Time (s)

-1

0

1

N
o

rm
al

iz
ed

 a
m

p
lit

u
d

e
F I G U R E 7 Top: Comparison of forward modelled data based on the traveltime tomography models including STF inversion and the

pre-processed and bandpass filtered (80–350 Hz) field data. The data misfit is smaller than half a period for most shots and traces. Bottom:

Normalized wavelets obtained by STF inversion using the stabilized Wiener deconvolution.

fit the field data very well at the shallowest shot at 78 m depth

and the deepest shot at a depth of 143 m. However, some

amplitude differences are observed for later arrivals. For the

intermediate shot at 122 m depth, the inversion correctly pre-

dicts the first S-wave arrival at all receivers. Nevertheless,

the amplitude discrepancies remain for the early S-phases at

intermediate depths of 120–127 m, where a linear event is

observed. The waveform fit at stage 6 (Figure 11 (bottom))

is similar, though in comparison, later arrivals match better,

while the coda of the earlier arrivals is fitted slightly worse.

The waveform fit is also reflected by the inverted source

wavelets (Figures 10 (bottom) and 11 (bottom)), which mostly

have a sharp onset and a longer coda than at the initial fit

(Figure 6 and 7).

Synthetic resolution test

To investigate the resolution capacity of the data and the FWI

approach as well as possible numerical artefacts, we perform

two resolution tests. The first test targets the resolution capa-

bility of thin layers using the one-dimensional model shown

in Figure 12 (left). The model is obtained by horizontally

smoothing the stage 4 FWI result using a homogeneous start-

ing model. We create synthetics by forward modelling the

elastic wavefield using the low-pass filtered spike wavelet.

Afterwards, we invert these data using a homogeneous start-

ing model of 590 m/s and the same FWI strategy as for the

field data.

Figure 12 (centre) shows the results at stage 4 (top) and

stage 6 (bottom). In the regions that are traversed by the

directly transmitted waves, the layers are reconstructed, out-

side not. At the receiver side in the east, the reconstruction

is better than on the source side, that is, thinner layers can

be distinguished. The deepest layers are slightly concave.

The maximum absolute difference between the original and

the inverted model at stage 4 is less than ±65 m−1, corre-

sponding to approximately 11%. At stage 6, this is reduced

further but not significantly. The resolution test does not show

kernel-shaped or slightly bent, fine-scale structures in the

reconstructed models or the difference plots (Figure 12, right)

proving the fine structures are not numerical.

The second test investigates how well quadratic anoma-

lies with a side length of 1.2 m (∼ 0.55 𝜆mean or ∼ 𝜆min in
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F I G U R E 8 Left: Traveltime tomography model, centre: FWI result at stage 4 (top) and stage 6 (bottom), and right: the difference between the

initial and inverted model at stage 4 (top) and stage 6 (bottom). Source positions are marked by stars (*) and receiver positions are marked by

triangles (▾). The marked structures are introduced in subsection 5.1 and explained in subsection 5.3.
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iteration step at the new stages is marked by vertical lines.
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F I G U R E 1 0 Top: SV-waveform fit for the model at stage 4 (80–250 Hz) of the FWI (Figure 8 (top)) with the traveltime tomography models in

Figure 5 used as starting models. The arrows mark where we observed a better fit at stage 4 than at stage 6. Bottom: Normalized wavelets obtained by

STF inversion using the stabilized Wiener deconvolution.

the tomography model at the peak frequency of 350 Hz) can

be resolved in a background model given by the traveltime

tomography model and thereby test the lateral resolution of

the FWI strategy. The low- and high-velocity anomalies have

velocities of 450 and 750 m/s, respectively (Figure 13, left).

We forward model the elastic wavefield using the low-pass

filtered spike wavelet and invert the synthetic data using the

same FWI strategy as for the field data, with the exception of

the STF inversion.

Figure 13 (centre) shows the results at stage 4 (top) and

stage 6 (bottom) and Figure 13 (right) the difference between

the initial model and the FWI models. As expected, solely the

region covered by the source–receiver geometry is updated.

The central anomaly at the top is significantly smeared in

the direction of the expected ray paths. Similarly, the bottom

row anomalies only yield concave artefacts in the difference

plots. It can be observed that most anomalies exhibiting a sig-

nificant velocity contrast relative to the background model

are recovered well. One example is the low-velocity anomaly

just above 130 m depth on the receiver side. While the upper

and lower edges are sharply reconstructed, the anomalies are

smeared horizontally, which makes them up to four times as

wide as they actually are corresponding to about the length of

the gradient smoothing operator. Additionally, weak artefacts

are introduced into the model above and below the well-

reconstructed anomalies, and some diagonal smearing occurs,

for instance, at the central anomaly at 105 m depth.

Interpretation

To better assess the quality of the FWI and to ground-truth

it, we compare the velocity profile extracted along borehole

C from the FWI at stage 4 with the lithology derived from

core information by Schuster et al. (2024) (Figure 14). At

shallow receiver depths of 105–110 m, where massive and

laminated fines (Fm, Fl) as well as massive and laminated

sand layers (Sm, Sl) are present, mainly long-period trends

correlate. In the fines representing rhythmites with occasional

dropstones (Flr, Flr(d)) found in the deeper half (Schuster

et al., 2024), even the thin layers can be distinguished in the

SV-wave velocity profiles at about 120 m depth. The diamict

layers at 137.2–138.8 m and 143.6–146.8 m depth, however,

cannot be correlated.
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F I G U R E 1 1 Top: SV-waveform fit for the model at stage 6 (80–350 Hz) of the FWI (Figure 8 (bottom)) with the traveltime tomography

models in Figure 5 used as starting models. The arrows mark where we observed a better fit at stage 4 than at stage 6. Bottom: Normalized wavelets

obtained by STF inversion using the stabilized Wiener deconvolution.

Extrapolating the correlation to the 2D inversion plane, it

can be observed that the high-velocity layer at the bottom (f)

is related to the massive, matrix-supported and poorly sorted

diamict (Dmm) found in the core. The model also exhibits a

peak at x = 24 m, which could be interpreted as a moraine

deposited atop the diamict by the glacier advancing from the

west. The alternating high- and low-velocity layers close to

borehole C in the east (e) at about 119–137 m depth nicely

depict the laminated fines (Flr, Flr(d)) found in the core. These

fines were interpreted by Schuster et al. (2024) as having

been deposited in a proglacial lake. The depression (Figure 8

(c)) likely consists of massive, fine-grained deposits (Fm)

and partly laminated sand (Sl). It may have resulted from

either gravitational slumping of the sediments on the depo-

sitional slopes of the basin or from the glacier’s load during

an advance, which is proposed by Schuster et al. (2024), and

was later refilled. More evidence for the glacial advance is

provided by the about 2 m thick layer of very low SV-wave

velocity at about 119 m depth, where Schuster et al. (2024)

distinguish between two lithofacies assemblages. Although

the change in velocity is small, it indicates above-average con-

solidation by the glacier that has increased the density and

reduced the SV-wave velocity at the constant shear strength

of the material which was measured with a vane-shear tester

in the core (Schuster et al., 2024). Anselmetti et al. (2010),

O’Regan et al. (2010) and Dehnert et al. (2012) interpret this

as an indicator of compaction from ice contact, again suggest-

ing a glacial advance. The high-velocity layers observed on

the receiver side at about 114 m depth (Figure 7b) are associ-

ated with the sand that is identified in the core as horizontally

bedded sand (Sh) and attributed to hyper-concentrated density

flow deposits (Mulder & Alexander, 2001) and the filling of

subaqueous channels (Sh). Finally, the high-velocity layer at

approximately 107 m depth coincides with mud-clasts found

in the core.

DISCUSSION

We invert the SV-wave velocity distribution in a dense

transmission geometry, which predominantly samples the

medium along horizontal ray paths with a source and receiver

spacing of 1 m. Furthermore, the high frequencies, excited

by the source, are preserved in the data by the crosshole
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F I G U R E 1 2 Synthetic resolution test using a 1D layered model. Source positions are marked by stars (*), and receiver positions are marked by

triangles (▾). Left: True model, centre: inverted model at stage 4 (top) and stage 6 (bottom) using a homogeneous starting model and right: the

difference between the initial and inverted model at stage 4 (top) and stage 6 (bottom). In regions of good wavefield coverage layers of about 1 m

thickness can be recovered.

configuration situated below the attenuating weathering

layer, resulting in a peak frequency of the SV-wave up to 350

Hz (Figure 3). While the high source frequencies promise

high-resolution images, it would be beneficial to adapt them

to the target in terms of given borehole distance, desired

resolution, and site-specific attenuation, thus avoiding the

time-consuming process of transmitting finely sampled data.

As shown in Figure 5, the P-wave and the SV-wave

tomography models are structurally different. Where the SV-

wave velocity model resolves a high-velocity depression at

intermediate depth, the P-wave velocity model indicates a

horizontally layered medium with velocity variations from

west to east. From the structural differences, we infer an

inconsistent spatial distribution of the bulk modulus that is

additionally contained in the P-wave velocity and the shear

modulus. Concerning the material parameters, we also expect

that the density estimated based on the SV-wave velocity will

introduce a bias into the subsequent FWI. The necessity to

correct the SV-wave velocity model by -5% can be explained

by systematically too early picks at the frequency range con-

sidered for FWI. This indicates the presence of a visco-elastic

medium, where the phase velocity is smaller at low than at

high frequencies according to Futterman (1962), which is

called velocity dispersion.

Our FWI strategy using the tomography models leads to

a relatively quick convergence of the FWI with less than

130 iterations, despite the high frequencies and the result-

ing fine FD discretization. Computationally, we reduce the

amount of resources required by using an optimal FD dis-

cretization, domain decomposition and shot parallelization to

run the isotropic, time domain, high-frequency FWI in about 2

days on a high-performance computer cluster using 128 cores

and 5 GB RAM in total. In addition, we take advantage of a

reduced Nyquist criterion suggested by Kurzmann (2012) to
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F I G U R E 1 3 Synthetic resolution test using the traveltime tomography models including low- and high-velocity anomalies. Source positions

are marked by stars (*), and receiver positions are marked by triangles (▾). Left: True model, centre: inverted model at stage 4 (top) and at stage 6

(bottom) and right: the difference between the initial and inverted model at stage 4 (top) and stage 6 (bottom). In regions of good wavefield coverage

and large velocity contrasts relative to the background model, the anomalies can be recovered well. At frequencies up to 350 Hz (stage 6), the

anomalies are sharpest.

reduce the number of forward modelled wavefields that need

to be stored for gradient computation. The l-BFGS method

also helps to reduce the sensitivity to the initial model (Zhang

et al., 2012).

We consider the stage 4 FWI results as a good compromise

between the waveform fit (Figure 11) and the occurrence of

small-scale structures in the model. The remaining amplitude

misfits of later arrivals might be related to the global correla-

tion norm that was chosen as a misfit function. This primarily

leads to a phase adjustment and gives a lower weight to the

amplitudes, in order to mitigate the source–receiver coupling

effects that are deemed critical for this dataset. Alternatively,

the waveform misfits might indicate a contribution from 3D

effects in the field data at higher frequencies. Despite the

application of a 2D-to-3D spreading correction in the pre-

processing of the data (subsection 4.2), which accounts for

the phase and amplitude changes caused by the 2D modelling,

the 3D geological information arriving from the first-order

Fresnel volume with a width of about 6.0–13.2 m at 250

Hz remains in the data and cannot be fitted in the inversion.

This may also cause some artefacts in the inverted model,

particularly at higher frequencies where seismic waves are

capable of detecting small-scale heterogeneities within the

medium, which might be indicated by the waveform fit at

stage 6 (Figure 11). A further reduction of the amplitude mis-

fit might be achieved by a visco-elastic FWI. In addition,

the finely layered sediments (Figure 8 (e)) can be expected

to be seismically anisotropic, such that both an anisotropic

traveltime tomography and FWI might yield an even bet-

ter data fit and more accurate description of the physical

subsurface conditions. Neglecting the anisotropy leads to dis-

tortions. Anisotropic parameter models, however, often suffer
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F I G U R E 1 4 SV-wave velocity profiles extracted from the FWI result at stage 4 along borehole C compared to final lithology (modified after

Schuster et al. (2024)).

from parameter trade-off as shown by a synthetic study by

Kazei & Alkhalifah 2019 and a field data study by Manukyan

and Maurer (2020). Furthermore, the angular coverage of our

crosshole experiment is too restricted to properly characterize

the anisotropy and derive reliable anisotropy parameters. To

increase the angular coverage, a longer receiver string with

more stations would have been required. This elongation of

the receiver spread could also be achieved by deploying a dis-

tributed acoustic sensing cable, which was tested by Koedel

et al. (2024).

Although the computational effort of FWI is much larger

than that of traveltime tomography, it is well justified by

the achieved increase of resolution. Both resolution tests do

not indicate significant kernel artefacts and show that struc-

tures can only be resolved in the regions of dense wavefield

coverage, as marked in Figure 2. The enhanced resolution

capability at the receiver side can be ascribed to the denser

wavefield coverage and the cylindrical source tapers follow-

ing an error function with a radius of 0.5 m which are applied

in the inversion and yield a smoothing effect around the source

positions. The 1D resolution test, which closely resembles

the subsurface structures expected and observed in area (e)

(Figure 8), also does not show small-scale, bend structures

suggesting that those are not artefacts in the common sense.

Instead, we hypothesize that those structures are related to

reflection information contained in the higher Fresnel zones

and the additional, oval migration isochrones (Mora, 1989;

Yao et al., 2020), which causes the FWI to produce model

updates that look similar to the impedance contrasts obtained

by waveform imaging at the frequencies added at stage 4 of

the FWI. At the same time, small-scale structures are intro-

duced by the higher frequencies, which are investigated by

the second resolution test. The checkerboard test reveals the

horizontal resolution capability which is linked to the hori-

zontal length of the anisotropic gradient smoothing operator.

This results in a notable smoothing effect in the horizontal

direction, while it simultaneously sharpens vertical velocity

contrasts originating from layer boundaries.

This improvement in vertical resolution subsequently

allows us to compare individual layers, with a thickness close

to 1 m, in the SV-wave velocity model and the core data of

borehole C. The correlation with the lithology within the lim-

its of vertical resolution in the FWI and the depth error of, on

average, ±0.2 m of sources and receivers is highly satisfac-

tory. The observation that the diamict layer just above 140 m

cannot be identified in the velocity profile, is attributed to an

inadequate wavefield coverage. In addition, the thick and sig-

nificantly denser diamict layer situated below 140 m (Schuster

et al., 2024) will act as a strong reflector and will result in a

superposition of the transmitted wave and the reflections that

arrive almost simultaneously at the receivers, given the longer

coda characteristic of the inverted source wavelets. Therefore,

we expect and can identify a strong smearing effect of the

velocity distribution at depths below the first diamict layer.

 13652478, 2025, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1365-2478.70024 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [06/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1602 BERAUS ET AL.

CONCLUSIONS

Our study presents an innovative field data application of

FWI in the complex geological environment of a glacially

overdeepened basin using SV-waves. The result demon-

strates that the dense crosshole setup allows to obtain a

high-resolution subsurface SV-wave velocity model using

elastic isotropic time-domain FWI. It is also evident that

we reach the frequency regime in which the FWI result

shows similarity with seismic imaging. The inverted model

reflects this by introducing small-scale structures, which

allows us to distinguish layers of 1 m thickness and struc-

tures that look like impedance contrasts. The model is

validated along the receiver borehole trajectory for the range

of the source depths by correlation with the core data,

thereby providing further evidence for an additional glacial

advance proposed to be identified at 119 m. In addition,

the model shows a laterally heterogeneous medium that

cannot be mapped by either the core or wireline logging.

Thus, the model provides two-dimensional information on

the shear properties. This information about the subsurface

cannot be obtained by acoustic FWI but is important for

geotechnical site investigations. An example is the deter-

mination of elastic soil properties for the purpose of site

classification and the application of building codes. The

latter are defined based on site amplification effects of

earthquakes and consider the impact of the load of build-

ings.
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T A B L E A . 1 Traveltime tomography parameters for the separate inversion of the P- and SV-wave first arrival picks. We use an unstructured

triangular mesh. The quality parameter refers to the minimum angle permitted in a triangle. The area parameter defines the cell size. The starting

models are provided in terms of slowness, denoted as 𝑝0, which is inversely proportional to velocity. The data error is given as the estimated sum of

position and picking error. The damping parameter 𝜆 is chosen such that there is a minimum systematic data residual by the end of the inversion,

given that the L-curve did not allow the determination of an optimal damping parameter. The parameters 𝐿𝑥 and 𝐿𝑧 define the length of the

horizontal and vertical axes of the geostatistical regularization ellipse, respectively. The last parameter gives the number of secondary nodes

employed in the ray tracing scheme used to forward model the data.

Wavetype Mesh Quality Area 𝒑𝟎 Data error 𝝀 𝑳𝒙 𝑳𝒛 Number of secondary nodes
(m2) (s/m) (ms) (m) (m)

P Triangular 34 2 1∕1770 0.125 2000 50 2 5

SV Triangular 34 2 1∕590 0.5 200 30 2 3
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