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ARTICLE INFO ABSTRACT

We carried out a small-scale 3-D seismic survey (120 x 120 rnz, bin size 1.5 m) in advance of a research borehole.
The target consists of 150 m of Quaternary sediments in a glacially overdeepened valley. We used a
wheelbarrow-mounted electrodynamic vibrator as seismic source and chose a simple orthogonal layout. During
one week of acquisition, we fired 1024 shots into 384 vertical geophones.

The key processing step was the interpolation and regularization of traces, realized by common reflection
surface (CRS) processing. This enhances data quality in low fold regions at small offsets. Despite the small source,
the entire Quaternary fill and the base of the valley is imaged well.

At a depth of 20-50 m, glaciotectonic deformation, in the form of cuspate-lobate folds, is visible, which was
not recognized previously in a 2-D seismic profile that runs along the edge of the 3-D area. The folding indicates
that compressional glacial stresses acted on layers of stiff till and less competent clastics. We interpret that the
varying fold axes’ directions indicate varying stress fields during the Last Glacial Maximum. Cuspate-lobate
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folding has hitherto not been used to describe the deformation of glacial sediments.

1. Introduction

Glacial and post-glacial sediments are found in many regions of the
world where Quaternary glaciation has left its footprint. They are often
very heterogeneous due to the dynamic behaviour of glaciers; thus their
characterization using boreholes and imaging by geophysics is chal-
lenging. Although glacial sediments were extensively eroded in post-
glacial periods, they are often conserved in overdeepened glacial val-
leys (Huuse and Lykke-Andersen, 2000; Buechi et al., 2017). These
valleys trap sediment that contain information about the past climate
conditions. An ambitious program to reveal the climate history of the
Alpine glaciations was started in 2021 (Anselmetti et al., 2016), in the
framework of the International Continental Drilling Program (ICDP).
This project will probe all major catchment areas of the Alps using
boreholes. One of these drill sites is the Tannwald Basin, an

* Corresponding author.

overdeepened valley excavated by the Rhine Glacier during the
HoBkirchian ice age (Ellwanger et al., 2011), about 50 km north of Lake
Constance (Fig. 1).

Burschil et al. (2018) used a network of high-resolution 2-D seismic
profiles to reveal the shape and the infill of the 250 m-deep Tannwald
Basin, which led to the proposed location of the drill site (Fig. 1). To
clarify the detailed tectonic situation before drilling, we carried out two
small-scale (~120 x ~ 120 mz) 3-D seismic surveys, one conducted with
two orientations of a horizontal source and 3-component receivers
(Burschil et al., 2020), the other one with a vertical source and receivers.
This paper focuses on the latter.

3-D surveys are not common in the near-surface,” because of the
increased effort that is necessary to image shallow reflectors with
respect to deeper ones, within the same area. The maximal minimum
offset is linearly related to the depth of the shallowest, to-be fully imaged
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reflector (Cordsen et al., 2000). Hence, the total length of shot- and
receiver lines of orthogonal layouts increases quadratically. Moreover,
near-surface reflections are often richer in high frequencies than deeper
reflections. To avoid wavefield aliasing, both geophone- and shot-
spacing have to be reduced.

Near-surface 3-D seismic studies, in the sense of our definition, have
been carried out for many tasks, e.g., fault recognition (Schmelzbach
et al., 2007; Kaiser et al., 2011), geohazards (Sargent and Goulty, 2009;
Lundberg et al., 2016), environmental issues (House et al., 1996), and
hydrology (Mari and Porel, 2007). ETH Zurich pioneered near-surface 3-
D measurements in the Suhre Valley in a comparable glacial environ-
ment (Biiker et al., 1998, 2000). They set up a primary orthogonal layout
with shot/receiver distances of 3-9/3 m and line distances of 6/12 m.
Because for most of the common midpoints (CMP) only 1-2 traces fell in
the offset range up to 20 m, they decided to set up a secondary near-
offset source-receiver pattern. This secondary pattern was responsible
for about half of the entire field effort (Spitzer et al., 2001): for an area of
320 x 420 m? a crew of six needed 85 days, accomplishing more than
12,000 shots. In order to reduce this effort, Spitzer et al. (1998, 1999)
simulated a doubling of shot and receiver distances and used the flex-
binning technique (Brune et al., 1994; Lu et al., 1996) to maintain the
same bin size as the original survey. This technique fills empty bins with
traces of neighbouring CMP, but leaves others unchanged. They
conclude that a reduction of the field effort up to 75% still yields a
comparable image quality to the original survey. However, flex-binning
should only be used in regions that are underlain by low- or moderately-
dipping structures (Spitzer et al., 1998).

In this study, we conducted a much simpler 3-D survey in terms of
acquisition effort. To overcome the problems that result from the
irregular offset distribution of the orthogonal layout, we used a common
reflection surface (CRS)-processing scheme (Hubral et al., 1998; Jaeger
et al., 2001; Hertweck et al., 2007) to regularize the pre-stack gathers.
Furthermore, we used a lightweight, electrodynamic, wheelbarrow-
mounted source (‘ELVIS’, Polom et al., 2011), with a peak force of
about 1 kN that performed well in previous testing (Burschil et al.,
2021).
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1.1. Geological setting

The Tannwald Basin is a north-south elongated, about 1 km wide and
up to 250 m deep overdeepened basin. It was excavated by the Rhine
Glacier during the HoBkirchian stage, mainly into Tertiary Upper
Freshwater Molasse. In its deepest part, it even reaches in to the Upper
Marine Molasse (Ellwanger et al., 2011). Its sedimentary infill was
analysed by a research borehole, drilled in 1993 (borehole ‘Schnei-
dermartin’, Fig. 1b), and a network of five, newly-acquired, P-wave
seismic reflection profiles (Fig. 1b); described in Burschil et al., 2018).

The infill of the basin comprises sediments from three glacial phases
(Fig. 2). After initial glacial erosion during the HoRkirchian (D3
discontinuity), sedimentation began with a waterlain till (A). This is
represented in the seismic sections by strong reflectors. At the same
time, the glacier plucked slabs of molasse blocks from the valley floor,
and deposited them in the deepest part of the basin (M’). Above this, less
reflective, basinal, fine-grained sediments were deposited with a thick-
ness of more than 100 m (B). In their lower part (B-2), they consist of
marly and silty, fining-upward beds, in the upper part upwards-
coarsening foresets (B-1). The fines were deposited from HoRkirchian
to early RiBian, as part of the Dietmanns basin sediments (Ellwanger
et al., 2011). Coarse-grained clastics and intercalated till layers of the
Scholterhaus Formation (early RiBian) follow above the basin sediments
(C-1). After a discontinuity, they are followed by an up to 5 m thick till
sequence (C-2) of RiBian age (Illmensee Formation, Ellwanger et al.,
2011). Finally, the sequence is capped by about 10 m of glaciofluvial
gravels (E) of the outwash (sandur, Wurmian, Fig. 1b), that formed
peripheral to the terminal moraine of the Last Glacial Maximum (LGM).
This push moraine is about 200 m away to the SW of the drill site
(Fig. 1b).

1.2. Survey

The aim of the 3-D seismic survey was characterization of the sedi-
mentary sequence and structure in the proximity of the planned research
borehole. We deemed an area of 100 x 100 m? to be sufficient for this
task and determined the following parameters (Fig. 3), with the help of a
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Fig. 1. (a) System of basins carved by the Rhine glacier north of Lake Constance. D3 — D1 are major regional unconformities developed in HoBkirchian, RiBian and
Wiirmian glacial stages, respectively. The red arrow and the red box mark the investigation area. (b) geological map of the survey site with boreholes, 2-D seismic
profiles (black lines, 1-5) and the 3D seismic survey (red box) covering the proposed drilling site. Note the proximity of the LGM terminal moraine to the survey area.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mark regions with poor imaging quality.

2-D seismic profile that runs alongside the site (cf. Fig. 2):

e Bin size: The maximum size to avoid aliasing can be formulated as:

Vinin

binsize < —————
4 frax Sina

where Vi, is the minimum velocity, .« is the maximum frequency, and
a is the reflector inclination, after Sheriff and Geldart (1995). This for-
mula yields a bin size of 2.5 m, using Vp,;; = 1000 m s’l,fmax =200 Hz,
and a = 30°. Since we want to compare this survey to an S-wave survey
carried out previously at the same location, we adopted the bin size of
1.5 m, which is rather conservative for this survey, giving a geophone
spacing of 3 m.

e Line spacing: This defines the fold and the mapping of shallow re-
flectors. As a rule of thumb, the maximal minimum offset should be
1.0-1.2 times the depth of the shallowest reflector (Cordsen et al.,
2000). Taking into account the number of available channels and the
size of the area we wanted to cover, a line spacing of 9 m was realized
without the need for more than one patch. This geometrically limits
shallow imaging to depths greater than 10 m. In favour of symmet-
rical sampling (Vermeer, 2004), we kept the same values for the shot
lines that run orthogonal to the receiver lines.

Shots: The area covered by shots has to exceed the area covered by
geophones to ensure a sufficient minimal maximum offset. Imaging
of the base of the basin at 150 m depth requires an offset of about
100 m, with regards to the ‘optimum window technique’ (Hunter
et al., 1984). This requires shot points to be extended about 50 m
outside the area covered by receiver lines. To limit the field effort, we
doubled the shot distance to 6 m outside the receiver lines (Fig. 3).

The recording equipment consisted of 16 seismographs with 24
channels and 384 vertical geophones (Table 1). We used the electro-
dynamic source — ELVIS (Polom et al., 2011), a wheelbarrow-mounted
device that has very little impact on the environment. This was
required to obtain permission to enter arable land and to avoid field
damage (Fig. 4). A 10 s sweep of 20-200 Hz was excited twice at each of
the 1004 realized shot positions. The whole survey was completed
within 5 days of field operation with a crew of 3—4. Geodetic measure-
ments took an additional half-day.

380

1.3. Processing

The raw data are dominated by refracted, guided, and surface waves,
with no reflections visible (Figs. 5a,b and 6a,b). The wide azimuth
acquisition resulted in a strong scatter of the reflection and refraction
onsets in the shot gather, as well as in the CMP gather (Fig. 6a,b). The
scatter could be reduced partly by refraction static; ~380.000 first ar-
rivals were picked using a neural net, and, where necessary, corrected
manually.

At first, we applied a number of pre-stack processing steps (1-7 in
Table 2), i.e., vertical stack of shots at the same position, refraction
static, bottom mute to eliminate air blast and surface waves, spectral
whitening considering the sweep frequencies, followed by a time vari-
able bandpass to enhance high frequencies, especially at small travel
times, and automatic gain control. A 3-D f-k filter applied to these data
still did not yield clear reflections (Figs. 6d, 7b).

In order to enhance the signal/noise ratio, we applied the common
reflection surface (CRS) technique. The CRS method takes dip, azimuth
and curvature of a local reflector element into account and defines a
spatial stacking operator that extends both in midpoint and offset di-
rections, whereas the well-known normal moveout (NMO) formula only
considers offset. Dips and azimuths of reflector surfaces are necessary to
construct the CRS operator and are determined in a preliminary zero-
offset stack. Since the quality of the stack was rather low so far
(Fig. 7a,b), we initially calculated the CRS-operator with dip values set
to zero and iteratively determined dips and azimuths. The velocity
analysis started with NMO velocities and was also iteratively refined.
The spatial aperture of the CRS operator determines the number of
neighbouring bins that are sampled into one CRS bin. It has a major
effect on stack quality — a larger value provides a better signal/noise
ratio at the cost of resolution. We found an optimum value of 4-5 m for
our interpretation. This is only half the value of the first Fresnel zone in
the upper part and much less in deeper parts.

The CRS-regularization achieved better-populated gathers, favour-
ing the application of multi-trace processes (Figs. 6e, 7c). In our case, we
used an f-k filter to attenuate refracted, guided, and S-waves (Figs. 6f,
7d). The velocity analysis on regularized and f-k filtered CRS gathers was
clearer than on conventionally-built supergathers. We found low
stacking velocities near the surface that start with values of only 900 m
s~1, considerably lower than previously found on the 2-D seismic profile
that cuts the survey area. However, the aliasing criterion for the bin size
is still satisfied. The top of the water table was expected at a depth of
around 35-40 m. After Kirchhoff prestack-time migration, residual
moveout was picked on migrated gathers and applied to the data
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Table 1
Recording parameters.

# source lines / # receiver lines
Point / line spacing

# CMP / CMP bin size

# inlines / # crosslines

area covered by receiver / shots / cmp

Source (peak force)

# source points planned / # realized / #
excitations

Source signal / duration / frequency range

Geophone type, resonance frequency

# geophones / # receiver positions / #
channels

Seismographs (# seismographs)

Recording, listening time, sampling
interval

22 /12
3m/9m

9600 /1.5m x 1.5m

100 / 95

93 x 99 m?/ 189 x 198 m? / 148.5 x
141 m?

ELVIS-VII (1kN)

1014 /1004 / 2
linear sweep / 10 s / 20-200 Hz
Sensor SM-6, 20 Hz

384 /384 /384
Geometrics Geode (16)

uncorrelated, 12 s, 2 ms

(Figs. 6g, 7e). Given the small extent of the survey, we used a single
velocity function, averaged from the 16 analysis locations, after stack to
convert the volume to depth.

1.4. Results and interpretation

After depth conversion and adjustment to the final datum, the vol-
ume was compared to the 2-D line (Figs. 8, 9). The inline shown in
Fig. 8a is the same as shown in Fig. 7e. It is located 15 m in front of the 2-
D line and shares the same overall features: strong reflections from the
upper till sequences (cf. Fig. 2) at 10-50 m depth, a transparent section
below indicating the basin fines, and the basin base at a depth of
~140-150 m. However, the most distinct difference between the 3-D
and 2-D sections is the former’s much higher resolution of the upper
till sequences and the overlying glaciofluvial sediments of the outwash
plain. Whereas in the 2-D section only a blurred pattern can be recog-
nized, a distinct folding pattern appears in the upper till sequences in the
3-D data. This folding is seen as well as on crosslines and random lines
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Fig. 4. 3-D seismic survey acquisition, (a, b) the ELVIS source operating in different field conditions, (c) hardly visible traces after source operation.
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(Fig. 9).

We interpret the folds of the upper till sequences as cuspate-lobate
folding (Ramsay, 1967; Ramsay and Huber, 1987). The cusps point
downwards, the lobes close upwards. In 3-D, there are three orientations
of fold axes. The youngest fold axes plunge horizontally SE-NW (white
lines — N137°, Fig. 10, termed here ‘major’ axes). There are two other
directions of folding visible in Fig. 10 (green — N48° and blue — N77°),
which are clearly offset by the major fold axes and thus older.

The wavelength of the folding varies between 40 m and 80 m, and
the amplitude of the folds is on average about 20 m. Folding terminates
downwards into the basin fines that do not show a pronounced reflec-
tivity; hence, a lower boundary cannot be clearly established. Above the
cuspate-lobate folding, reflectivity, as well as the continuity of the re-
flections, decreases.

We found only one clearly visible thrust fault that cuts through the
upper till sequences (Fig. 8b). The fault ends at top of the lower part of
the upper till units, the relationship to an arching element of the up-
permost reflector at a depth of 10 m is not clear due to the resolution of
the seismic image. The fault strikes SE-NW, similar to the major fold
axes.

2. Discussion
2.1. Methodology

We used a small, wheelbarrow-mounted electrodynamic source
(‘Elvis VII’, Polom et al., 2011), with a peak force of about 1 kN. This
source enabled us access to several land properties, since it left nearly no
impact on the environment (cf. Fig. 3c). Thus, it is suitable for appli-
cation in, e.g. environmental sensitive areas, such as nature reserves and
in urban environments. Despite its low peak force, the deepest reflector
of interest, the basin base, is imaged in a very comparable quality to the
previously shot 2-D seismic profiles (Fig. 8a). These were acquired using
a four tonne hydraulic vibrator (MHV4P, c.f. Burschil et al., 2018) that
reaches a peak force of 30 kN.

Tests made in advance to the 3-D survey with ELVIS VII revealed that

even the deepest part of the basin base, at more than 200 m depth, could
be imaged (Burschil et al., 2021). Frequencies recorded in raw data show
a drop of more than 20 db along the sweep range. Several steps in the
processing influenced the spectral content; in the end, we found a usable
frequency content of up to 180 Hz (Fig. 6) that contributed to the stack.
Using the Rayleigh criterion for vertical seismic resolution (Sheriff and
Geldart, 1995), a value of 1.25 m was achieved in the final depth-
converted sections (Figs. 8 and 9).

The sharing of traces between adjacent CMP to enable subsequent
regularization is the key step in improving the image quality in this
survey, since the simple orthogonal layout causes an irregular offset
distribution with a lack of small offsets in shot point as well as in CMP
domain. The advantage of CMP processing for low-fold areas is well
known (e.g. Eisenberg-Klein et al., 2008; Baykulov and Gajewski, 2009;
Gierse et al., 2009). The number of summed CMP can be defined by the
spatial aperture of the operator, which in our case gave an optimal
image with a value of 4-5 m. This is about 22 times the area of a single
bin. The CRS processing thus increases the fold: Inline 20 (cf Fig. 7, 8a)
originally has a fold of 56 at its centre that decreases rapidly to the
edges. The CRS stack enhances this fold up to 400. The 2-D seismic
profile with shot/receiver distances of 5.0/2.5 m reaches a near uniform
fold of 96.

In last decade, another technique has emerged that promises to
tackle sparse sampling at near offsets, such as in our simple orthogonal
layout; 5-D regularization (Trad, 2009; Poole and Wombell, 2010; Jin,
2010). This technique uses five dimensions, i.e. inline, xline, time, offset,
and azimuth for a simultaneous interpolation of a 3-D dataset, which
exploits the fact that the dimensions are connected by the wavefield and
possess differing bandwidths along these dimensions. Application has
shown that the technique enhances image quality, particularly within
the shallow overburden (Otto, 2017).

2.2. Tectonic development

The most prominent feature in the 3-D seismic volume is the cuspate-
lobate folding of the upper till sequence. We interpret the strong and
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and residual moveout correction.

Table 2
Main processing steps.

vertical stack (two shots at each CRS binning and

1 position) 9 regularization (aperture 4-5
m)
first break picking using a neural f-k filter (high pass velocity >
2 10 1
network 1600 m s~ )
3 refraFtlon static (diminishing residual 11 velocity analysis (iterative)
matrix)
4 bottom mute (air blast and surface 12 Kirchhoff pre-stack time
waves) migration

5  spectral whitening 25/30-180/240 Hz 13  residual moveout correction

time variable bandpass (<100 ms:

®  60-180 Hz, >100 ms: 40-180 Hz) 14 CRS stack

7 automatic gain control, window length 15 time-to-depth conversion
300 ms (final datum 600 m)

8 CRS dip search in preliminary stack
(iterative)

continuous reflectors, at a depth of 20 to 50 m, as multiple till layers
intercalated with fluvial clastics, which were deposited at the base of the
Ilmensee Formation (i.e. RiRian, Ellwanger et al., 2011). Because
cuspate-lobate folding implies a viscosity contrast (>4) between two
layers, with the lobes within the more viscous material (Ramsay and
Huber, 1987), we infer the upper till layer to be more mechanically
competent, at least with respect to the outwash plain clastic sediments
above.

Based on the findings of Burschil et al. (2018) and the sedimentary

log of the Schneidermartin borehole, all the folded units belong to the
RiBian, i.e. the till and overlying outwash plain sediments, and they are
topped by unfolded (outwash) sediments of the Wiirmian. We thus
conclude deformation most probably occurred during the LGM in this
area, i.e. Wiirmian. The survey site is situated just 200 m NE of the
geologically-mapped terminal moraine, of same age (Figs. 1, 10, 11;
Ellwanger et al., 2011). According to these authors, this moraine wall,
which is the most conspicuous in the Alpine Foreland, is a push moraine,
where the compression came from the SW. We envisage the terminal
moraine was deposited as folding took place; therefore the directions of
glacier push, i.e. the local compressive stresses, were similar. This would
explain the major SE-NW trending fold axes visible in Figs. 10 and 11.
However, previous fold axes with other orientations also occur. These
may be explained by other subordinate directions of compression before
the major event (Figs. 10, 11). One thrust fault is clearly visible in the
seismic volume, optimally imaged on crossline 29 (Figs. 9, 10). This
indicates that the strongest compressive stress, which caused failure of
the till package, was also oriented NE-SW.

Glacial push-moraine deformation (also known as ice-shove or
glacier-snout tectonics) in the form of folding and/or thrusting is very
typical, in fact more the rule than the exception, and its appearance has
been recognized over one hundred years ago (e.g., Fuller, 1914; Croot,
1987; Hambrey, 1994; Hart et al., 1990; Hart and Bolton, 1991; Boulton
et al.,, 1999; Brandes and Le Heron, 2010). However, often folding is
recognized from topographic morphologies or surface outcrops (e.g.
Croot, 1987); more rarely using geophysical methods, such as ground-
penetrating radar (Goetz et al., 2010) or seismic (Clement et al., 2010;
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Fig. 7. Application of processing steps, exemplified by stacked inline 20; (a) standard prestack processing (steps 1-7 in Table 2), (b) additional 3-D f-k filter, (c) CRS
regularization, (d) additional f-k filter, (e) additional prestack time migration.

Fig. 8. (a) Original 2-D seismic profile 3 and interpretation, adopted from Burschil et al

. (2018). (b) 2-D seismic profile 3 with inline 20 (cf. Fig. 7e) inserted. The
inline runs parallel 15 m in front of line 3 and shows cuspate-lobate folding in the upper till sequences. (c) crossline 39 showing a propagating fault (white arrow) in

the upper till sequence. Note the better resolution of the 3-D volume compared to the 2-D lines in (a) and (b). Letters E, C, B and M refer to sedimentary units
described in Fig. 2. The actual surface is ~10 m above reference datum.

Fig. 9. Cuspate-lobate folding in the upper till sequence on inline 70, crossline 80 and a south-north striking random line. Note the better resolution of the 3-D
volume compared to the 2-D lines. The actual surface is ~10 m above reference datum.
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Winterstettenstadt

Fig. 10. Simplified geological map of the area, overlain by a depth slice of the
3-D seismic at 29 m depth. Three fold axes‘orientations are apparent: green,
blue and white, whereby the white major axes are the youngest. The yellow line
is the thrust fault strike, ornament on the upthrown side. Seismic profiles 1 and
3 are the 2-D seismic lines referred to in this work. Elevation isolines at every
20 m above sea level. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Winsemann et al., 2020). Reported folding also ranges in scale from
centimetre (e.g., Blignault, 1970) to kilometre scale (e.g., Hayward and
Calvert, 2007). Many authors have also attributed the style of defor-
mation to the rheologies of the deformed (glacial) material (e.g. Hart
et al., 1990). Nevertheless, in our opinion, no one before has described
explicitly cuspate-lobate folding in unconsolidated glacial sediments.
For instance, Blignault (1970, p.33) describes: ‘Ice-thrust ridges are
characteristically sharp crested .... Synclines generally are much wider,
their axes being 50 — 100 m apart.” (the more competent layer is there-
fore above less competent material, as opposed to the case here). This
suggests that cuspate-lobate folding is commonly observed, but not
interpreted as such.

3. Conclusions

Our 3-D survey revealed glacial deformation at shallow depth that
was not recognized before on a previous 2-D line running along the
survey. The 3-D seismic data undoubtedly show cuspate-lobate folding
of upper till and gravel units at a depth of 20-50 m. To our knowledge,
this type of folding has never been described before in glaciotectonics.
Differing orientations of the fold axes indicate varying maximum hori-
zontal stress directions, but mainly from the SW.

This 3-D survey used a simple orthogonal 3-D layout and was ac-
quired using moderate effort, i.e., a crew of three to four operating for
one week. The small electrodynamic vibrator delivered sufficient energy
to illuminate the whole 150 m-deep Quaternary sequence and its base.

The low environmental impact of the source would also enable sur-
veys to take place in other sensitive areas, such as on sealed urban
surfaces or night operation. Current developments, such as nodal
acquisition and more available channels will ease the logistics of 3-D
surveys further, since their efficiency depends on channel count. This
means 3-D surveys may be more common in the future.

The key step in processing is the regularization of gathers in the pre-
stack domain to improve the fold, especially in the low fold, near-offset
region. We achieved this by CRS processing, however, other methods,
such as 5D regularization, may also work better in the future.

Authors statement

H.B. and T.B. concepted the seismic survey and processed the data.

fold axes

fold axes terminal moraine
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