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ABSTRACT

Over-deepened basins exist throughout the Alpine realm. Improving our knowledge
on these basins is of high social relevance, since these areas are often well-populated
and they possess, for instance, unusual hydrological settings. Nonetheless, geophysi-
cal and sedimentological investigations of over-deepened basins are rare. We analyse
the sedimentary succession of such a basin, the Tannwald Basin, through geological
interpretation of seismic reflection profiles. The basin is located approximately
60 km north of the European Alps. It was incised into Tertiary molasse sediments
by the Rhine Glacier and later filled by glacial, fluvial, and lacustrine deposits of
250 m thickness. The Leibniz Institute for Applied Geophysics acquired a grid of
five high-resolution seismic reflection lines that imaged till the deepest parts of the
Tannwald Basin. The seismic profiles, processed to a pre-stack depth migration
level, allow a detailed geological interpretation that is calibrated with the help of a
nearby borehole. We determine the structure and the seismic facies of the sediment
succession in the basin and presume the following hypothesis of the evolution of the
basin: sub-glacial erosion comprises the excavation of the over-deepened basin as
well as detachment of large fragments of molasse material. These molasse slabs were
deposited within the basin in a layer of basal till that graded upwards in water-lain
till and fine-grained deposits. During the last two glaciations, the basinal structure
became buried by till sequences and glacio-fluvial sediments.
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INTRODUCTION (Huuse and Lykke-Andersen 2000). Understanding the geo-

logical evolution of the over-deepened Alpine valleys is of high
The European Alps are surrounded by an apron of glacially g . i . b b v &
. . . . scientific and societal importance (MacGregor et al. 2000;
eroded, over-deepened valleys and basins, filled with glacial, .
. . . . , Anderson, Molnar and Kessler 2006; Preusser, Reitner and
fluvial and/or lacustrine sediments. The term ‘over-deepened i
. . . Schliichter 2010). New approaches to access, compare and
relates to the genesis of these valleys and basins, which ] ) ) ] ) :
. . . correlate the information that is archived in the sediments of
are of glacial origin. It is assumed that they were formed ) i ) ]

. . . these valleys will be undertaken in the International Continen-
by pressurized sub-glacial melt water below the glaciers Y - ) o
tal Scientific Drilling Program (ICDP) project ‘Drilling Over-

deepened Alpine Valleys’ (DOVE; Anselmetti et al. 2016).
Scientific drillings, distributed throughout the entire Alpine
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realm, should allow a reconstruction of its climatically driven
glaciation history.

Repeated glacial advances and retreats during the Qua-
ternary resulted in a complex distribution of over-deepened
basins that were refilled by glacial and post-glacial deposits
(Ellwanger et al. 2011). Consequently, boreholes that directly
access the sediments have only limited access to the three-
dimensional distribution of different sediment sequences in
the basins (van Husen and Mayer, 2007). In contrast, geo-
physical surveys are capable of determining the shape and
characterizing the infill of the basins. Among the geophys-
ical methods, the seismic reflection method yields the high-
est resolution to image the whole infill (e.g. Pfiffner et al.
1997; Nitsche et al. 2002; Briickl e al. 2010; Reitner et al.
2010). High-resolution seismic data are usually acquired on
lakes (van Rensbergen et al. 1998, 1999; Morend, Pugin and
Gorin 2002); onshore seismic data with a sufficient amount
of detail are rare (e.g. Biiker, Green and Horstmeyer 1998,
2000).

In contrast to studies of proximal basins (Pfiffner et al.
1997; van Rensbergen et al. 1998, 1999; de Franco et al.
2009; Barnaba et al. 2010; Briickl et al. 2010; Reitner
et al. 2010; Dehnert et al. 2012; Buechi et al. 2017,
Pomper et al. 2017), only a few geophysical data are avail-
able from over-deepened basins in the German part of the
Alpine foreland (Ehlers and Gibbard 2004; Ellwanger et al.
2011). These basins are typically located distally to the corre-
sponding catchment areas. Hence, the sedimentary processes
that occur as a response to the advances and retreats of the
glaciers probably differ from those within the intra-mountain
basins.

One such distal basin is the Tannwald Basin in southwest
Germany, a branch basin of a pre-Holsteinian advance of the
Rhine Glacier. It has been chosen as one of the drill sites
of DOVE. First evidence for an over-deepening in this area
was the sedimentary succession found in the Schneidermartin
research borehole, drilled in 1993/1994. It was confirmed by
a refraction seismic survey of Behnke and Bram (1998), but
without further details on the extent, shape, or orientation of
the structure.

In this paper, we investigate the Tannwald Basin using
high-resolution seismic reflection methods with the aim to
characterize this over-deepened basin. We image the shape of
the basin and the sedimentary facies that occur in the basin fill.
The seismic interpretations are calibrated using the sediment
succession of the Schneidermartin research borehole. Using
these data, we postulate the probable geological evolution of
the basin.

GEOLOGICAL SETTING

The Alpine Orogeny began during the Miocene, as the African
plate was thrust over the European plate (Pfiffner 2014). This
caused the formation of the wedge-shaped North Alpine mo-
lasse foreland basin (Pfiffner 1986), which is still undergoing
Alpine deformation (Pfiffner 1986; Ziegler, Cloetingh and van
Wees 1995; von Hartmann, Tanner and Schumacher 2016).

The orogenic development had a major influence on the
river network and therefore on the erosion and sedimentation
processes. Between 11 and 6 Myr B.P., an early Danube river
system developed northwards of the Alps, in the area presently
occupied by the rivers Rhone and Aare. It flowed from west to
east towards the Pannonian Basin. During the Late Pliocene,
this system was interrupted when its western part was cap-
tured by the river Rhine (e.g. Boenigk 1987). Hence, this part
achieved its present-day drainage towards the North Sea and
the remaining Danube river system began only eastwards of
the Upper Rhine Graben.

In the Early Pleistocene, the Alpine Rhine took its present-
day course, thus changing this part of the landscape of the Alps
(Ellwanger, Limmermann-Barthel and Neeb 2003; Pfiffner
2014). In this sector of the Alpine foreland, three terrace gravel
units (named Donau, Gunz, and Mindel) show the increase in
size of the Rhenish Alpine catchment area over time.

Climate-controlled landscape evolution by glacial over-
deepening took place only in the Middle-Late Pleistocene
(Preusser et al. 2010; Ellwanger et al. 2011). In the Rhine
Glacier area, Ellwanger et al. (2011) differentiated three main
formations based on lithostratigraphy (Fig. 1). They are, from
oldest to youngest, the Dietmanns Fm., lllmensee Fm., and
Hasenweiler Fm. (Table 1; cf. Litholex 2017). In terms of
chronostratigraphy, each of them comprises parts of two ad-
jacent glacial stages, that is, Hosskirchian—Rissian, Rissian—
Wurmian, and the Wurmian—present, respectively (Table 1).
Each formation shows good evidence of two separate ice ad-
vances of the Rhine Glacier. The formations are bound by
unconformities, which are termed, from oldest to youngest,
D3 to D1 (Table 1; Ellwanger et al. 2011).

The study area is the Tannwald Basin, located at the ter-
minal moraine of the last glacial maximum (LGM) (Fig. 1). In
the study area, the occurrence of a thick sequence of Qua-
ternary glacial sediments overlying molasse sediments was
drilled in the Schneidermartin research borehole in 1993/1994
(Fig. 2). In the borehole, a succession of glacial and melt-
water deposits of the Dietmanns Fm. and the Illmensee
Fm. was unveiled. At the base of the basin, there is nearly

15 m of molasse material that is distinct from the underlying
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Figure 1 (a) Map of basins of the Rhine Glacier, modified after Ellwanger ez al. (2011). The basins are generally younger and deeper towards a
more proximal position with respect to the glacier. Three different generations of basins can be identified, bounded by D1-D3 unconformities
(see Table 1). The maximum geographical extent of the unconformities is indicated; they correspond to the advances of the glaciers in the
Wurmian, Rissian and Hosskirchian ice ages. (b) Geological map of the survey area of the Tannwald Basin showing the location of reflection
profiles 1-5 and two borehole locations used in the interpretation.
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Table 1 Chrono- and Lithostratigraphic System of Rhine Glacier Sediments, modified after Ellwanger et al. (2011)

Fluvial deposits Sediments of the Rhine Glacier
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>
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molasse substrate (Fig. 2). It contains numerous shear hori-
zons and is therefore considered allochthonous (LGRB 2015).
The infill of glacial and melt-water deposits began with a
150-m thick sequence of aggrading water-lain till and lami-
nated fines, which is overlain by a prograding system com-
posed of sands and silts. The basin infill is conformably
overlain by a succession of glacial and melt-water deposits
pertaining to three younger ice advances (cf. Table 1): a 17-m
thick package of the Scholterhaus advance (Dietmanns Fm.,
Rissian stage), a 7-m thick package of the Duermentingen ad-
vance (Illmensee Fm., Rissian stage) and finally, a 22-m thick

package of the Kisslegg advance (Illmensee Fm., Wurmian
stage). Another borehole, located east of Wattenweiler
(Fig. 1), explored the western part of the Tannwald Basin.
Unfortunately, the Wattenweiler borehole shows less resolu-
tion than the Schneidermartin borehole, with respect to the
sedimentary information. It identified the erosional base of
the over-deepened basin at 80-m depth. Several seismic re-
fraction profiles were carried out by Behnke and Bram (1998)
across the Tannwald Basin. They determined that its depth
varied from 80 to 200 m, but they show only a few details of
the basin infill.
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Figure 2 Interpretation of the sediment succession of the Schneidermartin research borehole. For stratigraphic names see Table 1. Fourth
column shows a graphical lithology of the sediments, grey triangles denote fining-up and coarsening-up sequences (after Neeb, pers. comm.
2013; Ellewanger et al. 2011).
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Table 2 Acquisition Parameters

Source Hydraulic Minivibrator HVP-30
Source point spacing Sm (P5: 10 m)
Vertical stack 2

Source signal
Receiver type

Linear sweep, 20-200 Hz, 10 s
Sensor SM6 geophones, vertical,

20 Hz
Receiver spacing 2.5m (P5:5m)
No. of channels Up to 360

Spread type Split spread/roll along
Recording unit Geometrics Geode
Sampling rate 1 ms

Record length 2s

Vibroseis field correlation on

Total number of shot points 1516

SEISMIC ACQUISITION

In 2014 and 2015, LIAG recorded five P-wave seismic reflec-
tion profiles across the north-eastern part of the Tannwald
Basin (Fig. 1b). The profiles are concentrated on the deepest
part of the Tannwald Basin, as known from seismic refrac-
tion surveys (Behnke and Bram 1998). The seismic grid is
connected to the Schneidermartin borehole. Proceeding east-
wards, the molasse outcrop at the Venusberg (see Fig. 1b)
could only be approached up to 500 m due to habitation and
the presence of a major road.

A dense receiver and shot spacing of 2.5 and 5.0 m, re-
spectively, was chosen, in order to reconstruct the basin mor-
phology and the sedimentary infill in detail. Only profile §
was recorded using spacings of 5 and 10 m, respectively, for
logistical reasons. The seismic source is represented by a small
(4 t) hydraulic vibrator, developed at LIAG, that is able to
excite frequencies up to 500 Hz. Based on calibration tests,
we set the sweep frequencies to 20-200 Hz in this survey. The
acquisition parameters are summarized in Table 2.

The data quality was generally good, reflections from
inside and from the base of the basin can be easily recognized,
even in the raw shot gathers (Fig. 3a). However, at some
locations a significant loss in signal strength of refractions
and reflections is observed (white hexagon, Fig. 3a).

SEISMIC PROCESSING

Firstly, we performed a conventional dip move-out (DMO)
processing approach. After geometry assignment, the basic
steps in the pre-stack processing were: static corrections, bot-
tom mute, spectral balancing, and automatic gain control
(Table 3). This pre-stack processing flow generated the best

Figure 3 (a) Raw shot gather, with only automatic gain control ap-
plied, (b) with frequency spectrum for entire shot gather and (c) shot
gather after pre-processing, with (d) corresponding frequency spec-
trum. Location of the shot is approximately 670 m on profile 1. Note
the disappearance of both refractions and shallow reflections (white
hexagon), corresponding to the non-reflective region at 470 m on
profile 1 (Fig. 4a). The frequency spectrum (d) shows the 11 panels
(black and white boxes) used for spectral balancing.

stacking results in terms of frequency content and reflection
coherency (Fig. 3d). We determined seismic velocity fields
from interactive velocity analysis (IVA) and performed nor-
mal move-out correction, DMO correction in common offset
gathers and common midpoint stacking, and tested different
post-stack migrations.

Since the results of the DMO processing approach were
unsatisfactory with respect to the complex inner geologi-
cal structures, we decided to use Kirchhoff pre-stack depth
migration (PSDM), which produced higher quality images
of reflectors, in particular in the shallow parts of the seis-
mic profiles. Our processing flow chart is similar to that of

© 2018 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association of
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Table 3 Processing Parameters

Processing Step

Application

Data import

QC

Vertical stacking
Geometry load

Trace muting
Elevation statics

Refraction statics
Spectral balancing

Scaling

Profiles 1P, 3P, 4P,
5P:

Residual statics

Pre-stack Kirchhoff
depth migration

Spectral balancing

F-K filtering (offset
gather)

F-K filtering (CRP
gather)

Trace muting

CRP stacking

Profile 2P:

NMO correction

F-K DMO
CDP stacking

F-X decon

Spectral balancing

F-K filtering
(zero-offset
section)

FD time migration

Band-pass filter
Time-to-depth

conversion

SEG2-data load to SeisSpace®

Killing of bad traces

Two-fold

1.25 m (5P: 2.5 m) CMP bin interval,

2.5 m (5P: 5 m) absolute offset bin interval

Bottom mute of surface waves

Smoothed topography replacement velocity
1800 m/s

High-frequency part of refraction statics

Spectral whitening in 11 frequency panels
between 20 and 200 Hz

Automatic gain control (window 300 ms)

Correlation auto-statics

From topography, final reference datum
580 m, velocity field iteration by
interactive horizon RMO analysis and
ray-based tomographic inversion

Spectral whitening in 11 frequency panels
between 24 and 200 Hz

+0.6 ms per trace, 36-180 Hz accepted

+100 to £3500 m/s, 25-220 Hz rejected

Top and bottom mute in CRP gather
20% alpha trimmed mean

Stacking velocity field determined from IVA,
40% stretch mute

Common offset bins, single velocity field

20% Alpha-trimmed mean, shift to final
reference datum 580 m

10% White noise

11 Panels 24-200 Hz

+1 ms per trace, 36-180 Hz accepted

Emergence angle 80°, smoothed IVA
stacking velocity field, scale factor 0.5

36-180 Hz

Smoothed IVA stacking velocity field

Bradford ez al. (2006), who first showed the applicability of
PSDM to shallow seismic data. The accurate velocity model re-
quired by PSDM was built using a migration velocity analysis
(MVA) approach, which included residual move-out (RMO)
picking on common image gathers, and a ray-based tomo-
graphic inversion. The DMO velocities served as an initial

Reflection seismics of an over-deepened glacial basin 599

starting model. Refraction statics were restricted to the high-
frequency content to correct for very local variations, but al-
low MVA to adapt the shallow velocity field. A crucial step
proved to be data enhancement after PSDM. We tested various
filtering (fk with different flanking, spatial filtering), muting
(different windows) and signal shaping (spectral whitening,
de-convolution) in different gathers. Best results, in terms of
imaging quality, were produced by a sequence of spectral bal-
ancing and fk-filtering in common offset (COF), as well as
in common reflection point (CRP) gathers and a precise top
and bottom muting in CRP gathers (Table 3). We undertook
some 5-10 iterations for each profile to build the final velocity
model, that is, the velocity variations and the imaging quality
varied only marginally after each iteration.

The seismic processing was carried out using SeisSpace®
software. The processing was optimized for the upper 250 m,
that is, the basin infill. We did not focus on the deeper molasse
layers. Care was taken when analysing the uppermost layers,
because their reflections interfere with refracted signals, shear
wave reflections and guided waves. They can be best discrim-
inated by their comparably higher frequency; otherwise we
had to go back to the original pre-stack data for judgement.
All depths given in this paper are referenced to the seismic
datum of 580 m a.s.l.

For the very short profile 2, PSDM generated strong edge
migration artefacts, so we decided to use post-stack migration
of the DMO stack for the interpretation of this profile. The
depth of marker horizons was adjusted at the intersection with
profile 3 during time-to-depth conversion.

Depending on the local seismic velocity, the minimum
wavelength of the seismic signal varies from 8 m for shallow
reflections to 14 m at a depth of 200 m. This corresponds to
a maximum vertical resolution of 2-3.5 m. We estimate the
horizontal resolution after migration to be twice the vertical

resolution, that is, 4-7 m.

GEOLOGICAL INTERPRETATION

The pre-stack depth migration (PSDM) sections (Figs. 4,
5 and 6) and a three-dimensional seismic fence diagram
(Fig. 7) show the exceptional quality of the seismic profiles.
We interpreted the seismic section structurally by tracing ma-
jor reflectors. Geological units were calibrated with the stratig-
raphy of the Schneidermartin borehole (Fig. 2). The basin fill
shows very variable reflection patterns that enable us to distin-
guish several seismic facies types. The high-resolution seismic
acquisition allows us to follow reflections up to 10 m below
the surface.
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Figure 7 (a) Perspective three-dimensional view of the surveyed area, view towards the north, (b) view towards the south, (c) view towards the

west with the triangulated, smoothed D3 unconformity surface and (d) depth map of the D3 unconformity surface. Scale for the front part of

the model only. Note that the deepest part of the valley is elongated in a north—south direction.

Molasse units

The bedrock of the basin is composed of Tertiary molasse
deposits that can be divided into two units: an upper, highly
reflective part and a lower part with weak reflectivity. Four re-
flectors (M), at depths ranging from 80 to 245 m, can be traced
on most sections inside the upper part (purple lines in Figs.
4-6). The molasse reflectors are clearly truncated by the basin
on all profiles (except profile 2, which is too short), allowing
a reliable interpretation of this unconformity. The upper part
of the molasse units consists presumably of Upper Freshwater
Molasse (¢OS), which outcrops at the Venusberg (Fig. 1b). The
lower part consists of Upper Marine Molasse (tOM), accord-
ing to the sediment succession at the Schneidermartin borehole
(Fig. 2).

The basin base — D3 unconformity

The erosional base of the Tannwald Basin, the D3 unconfor-
mity (cf. Table 1), is marked by a prominent reflector visible

on all profiles (red lines in Figs. 4-6). The reflection signa-
ture of the D3 unconformity is a positive phase bounded by
negative phases, clearly seen at the slope of profile 1 (Fig. 4,
between lengths 500 and 1000 m). Since we recorded the
data with normal SEG polarity, this implies an impedance
increase. The D3 unconformity can be correlated uniquely
in most parts of the basin, especially on the flanks, where
the reflective layers of the molasse are truncated. In other
parts, for example in the deeper part of profile 1 (Fig. 4),
we were able to support our interpretation by using the cross
profile 4.

The D3 unconformity incises through all the molasse re-
flectors and reaches a minimum elevation of ca. 320 m a.s.l.
near the intersection of profiles 1 and 4, which means a maxi-
mum thickness of basin fill of 250 m. Profile 4 (Fig. 6a—c) very
clearly shows a more than 50-m deep and several 100-m wide
depression inside the basin, marking its deepest parts. This
trough structure is similar to the deeper parts of the Bodensee
Basin, that is, a Hasenweiler Basin (cf. Tab. 1), below Lake
Constance (Wessels et al. 2015).
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The flanks of the Tannwald Basin show prominent
straight slopes, best visible on profiles 1 and 5 (Figs. 4 and 6d-
f). Further to the west, the basin maintains a depth of about
80 m, as confirmed by the Wattenweiler borehole (Fig. 1b).
If one extends the D3 unconformity with the same inclina-
tion toward the East, it fits well with the outcrop of Upper
Freshwater Molasse (OS) that forms the Venusberg (Fig. 1b).

Considering the interpretation of all profiles we iden-
tify the deepest part of the Tannwald Basin as a north-
south elongated structure (Fig. 7) that varies from 150 to
250 m in depth. Two seismic refraction profiles (Behnke and
Bram 1998), located north and south of our investigation area,
show the D3 unconformity at a depth of ca. 170 m, so that
we assume the basin continues to the north as well as to the
south.

The basin infill

Based on reflection characteristics, we distinguish four differ-
ent depositional sequences within the basin: the lowermost
one is a highly reflective zone with distinct reflectors that oc-
curs only in the deeper part of the basin. It is overlain by a
thick sequence with low to medium reflectivity. This in turn is
covered by a band of high and mostly continuous reflections.
Above this, a nearly transparent region marks the top of the
basin fill.

In the deepest part of the basin, strong reflectors occur
above D3 unconformity, showing the same signature as be-
low the D3 unconformity (blue lines in Figs. 4¢c, Sc and f
and 6¢). We interpret these as slabs of allochthonous mo-
lasse, internally undisturbed, that were relocated subglacially
in the course of the basin erosion. This interpretation is con-
firmed by the core of the Schneidermartin borehole, where a
13-m thick allochthonous block of molasse shows evidence of
glacial shearing (including thin layers of sheared fines directly
on the undisturbed molasse bedrock, Fig. 2). At the base of
this allochthonous block of molasse on profile 3 (length 750-
1400 m; Fig. 5d—f), a channel structure of 50 m lateral and
10 m vertical dimensions is visible.

On top of the D3 unconformity as well as on top of the al-
lochthonous molasse, we interpret a high-frequency reflector
as the top of a layer of waterlain till (green lines in Figs. 4-6).
On the basin flanks, this reflector is parallel to the D3 uncon-
formity and indicates a constant thickness of this layer. On
top of the allochthonous molasse slab, it is unclear whether
the waterlain till was glacio-tectonically emplaced piggyback
or deposited after the emplacement of the slab. It varies in
thickness up to 15 m.

On profile 3, we identify two arch structures of ca. 20
m thickness and 250 m lateral extent (light green lines in
Fig. 5d-f). They may represent a system of eskers that were
deposited during the ice decay. Outside this central deep re-
gion, the flanks of the basin are overlain by D3 unconformity-
parallel reflectors that we interpret as bordering subaqueous
mass flows.

The reflective layers discussed so far are covered by a
horizon that reaches a thickness of more than 100 m and dis-
plays relatively low reflectivity on all profiles. We interpret this
unit as basinal fine-grained deposits of the Dietmanns basin
sediments (gDMb). The reflectivity increases in the shallower
parts, which can be explained by the occurrence of coarse-
grained sediments in the upper part of this unit (Fig. 2). The
depth of top gDMb increases slightly towards NE on profile
1 (Fig. 4) and NW on profile 4 (Fig. 6a—c).

Above the Dietmanns basin sediments (gDMb), a se-
quence of mainly horizontal oriented, parallel, strong reflec-
tors occurs. We interpret (1) the basis of the Scholterhaus Sfm.
(gDMS) as a continuous increase of reflectivity (orange line
in Figs. 4-6). (2) The basis of Duermentingen Sfm. (qILD)
occurs as a strong, continuous reflector accompanied by a se-
ries of less continuous horizontal reflectors below (red dashed
line in Figs. 4-6). This reflector marks the D2 unconformity,
which is developed locally as a concordant surface in the sur-
veyed area. (3) The basis of the Kisslegg Sfm. (qILK), that is,
the ice advance of the last glacial maximum (LGM), which
correlates with the uppermost phase of a sequence of par-
allel reflections (dark orange line in Figs. 4-6). This reflec-
tor sequence is partially absent in the eastern part of the
study area (Fig. 6), where glacial sediments were not de-
posited or subsequently eroded and replaced by melt-water
deposits. On profile 2 (Fig. 5a-c), these units are interrupted
by two opposingly dipping faults, which probably consti-
tute a glacio-tectonic push structure at the outer margin of
the LGM terminal moraine (gILKe). Push structures are also
present in the westernmost portion of profile 1 (Fig. 4, length
0-300 m).

East of the terminal moraine (qILKe), we encounter sand
and gravels of the outwash plain (gRTN) for the uppermost
units. The diamictons of the glacial super-maximum (qILK),
as indicated on the geological map (Fig. 1), are not covered
by the seismic reflection profiles.

FACIES CHARACTERIZATION

In the previous section, we discussed the molasse units and
the four major sedimentary units inside the basin. Each unit
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shows different seismic signatures, which are not homoge-
neous within themselves (Table 4).

Facies M

Facies M shows mostly horizontal, often continuous reflec-
tors with medium to high amplitude and medium frequency
content. It can contain foresets (white square in Fig. 4b) as
well. In the SW part of profile 1 (Fig. 4, length 250 m) and the
NW part of profile 3 (Fig. 5d—f, length 300 m), the molasse
reflectors are distorted, probably by static problems and/or a
fluctuating velocity field. This facies represents Upper Fresh-
water Molasse units (£OS). The lowermost units inside the
Quaternary basin, interpreted as slabs of allochthonous mo-
lasse, show a similar reflection pattern, although they are more
discontinuous, which may be due to their emplacement (facies
M’ in Figs. 4-6).

Facies A

Facies A describes medium to strong, continuous to discon-
tinuous reflections with low frequency content. Reflection se-
quences can be traced in the range of 10s to 100s of metres.
Reflector sequences are often parallel to each other, but some-
times onlap, for example on to the D3 unconformity. Layers
may occur with variable thickness.

Facies A occurs on profiles 1 and 3, in the deepest parts of
the basin, and constitutes the first basin refill after excavation.
Therefore, we interpret these facies as waterlain till. On profile
3, high reflective and low frequency sub-facies A-1 show a
trough structure as a channel at a depth of 220 m on profile
3. Sub-facies A-2 show medium reflectivity under an arch-
shaped envelope and is the uppermost unit of facies A at a
depth of 160 m, overlying the seismic facies M’ (Table 4). We

interpret these structures as eskers.

Facies B

Facies B varies between discontinuous to chaotic reflections
with a low to medium reflectivity and high frequencies. Gen-
erally, the upper part of the seismic facies shows more hori-
zontal and continuous reflectors (sub-facies B-1) with respect
to the lower part (sub-faces B-2). The two sub-facies laterally
grade one into each other. This facies can be observed on all
profiles.

Facies B represents basinal fine-grained deposits of the
Dietmanns basin sediments (¢DMb). The higher amplitudes in
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the upper part of the seismic facies are presumably controlled
by the coarsening-up sequence.

Facies C

Facies C is characterized by parallel reflectors with high re-
flectivity, frequency content, and amplitudes. The reflection
pattern is mostly continuous, but is locally downthrown by
faults that reach their higher density above the deepest part of
the basin and show offsets of up to 3 m.

Facies C can be divided into a less continuous sub-facies
C-1 and a more continuous sub-facies C-2. Sub-facies C-1 is
characterized by reflection segments of lateral extent ranging
from 10 to 100 m. The transition to facies B, located below, is
gradual. Over a wide area, the top of sub-facies C-2 is marked
by a prominent wavelet with a negative phase followed by a
positive phase.

We interpreted facies C as superimposed till and sand
units. The correlation with the lithostratigraphical data of the
sediment succession at the Schneidermartin borehole allows
us to identify sub-facies C-1 as Scholterhaus Sfm. (¢gDMS)
and sub-facies C-2 as Duermentingen Sfm. (qILD). The high
amplitudes of sub-facies C-2 were presumably controlled by
the contrast of acoustic impedance due to the passage from
coarse-grained gravels to fine-grained diamicton. In the centre
of the basin, a higher fault density was probably caused by the
greater compaction of the basin infill below. In the NE-part
of profile 1 (Fig. 4), the onlap of gILD onto gDMS units can
be clearly recognized.

Facies E

Facies E constitutes the uppermost unit (Table 4). Reflectiv-
ity is very low and chaotic so that it is almost transparent
in the seismic reflection pattern. We interpret this as fluvially
deposited sand and gravel of the outwash plain (gRTN) ac-
cording to the surface geology (cf. geological map; Fig. 1).

GEOLOGICAL EVOLUTION

Based on the geological interpretation and facies characteri-
zation, we suggest the following evolution for the Tannwald
Basin. During the Hosskirchian stage, glacial erosion incised
a basin through the Upper Freshwater Molasse and, in the
deepest parts, into the Upper Marine Molasse. The D3 un-
conformity forms the erosional base of this Dietmanns Basin.

Sedimentation began sub-glacially. Water-lain till was de-
posited forming a coarse-grained basal layer. Slabs of molasse
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Table 4 Seismic Facies Characterization

Seismic Facies
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Interpretation
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marker reflections

Low to medium amplitude,
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gradual transition from
low to medium
amplitude

Medium amplitude

Low amplitude

Less continuous, less coherent,
mostly horizontal and parallel,
short reflection segments, may
contain foresets

Continuous to discontinuous,
partially parallel, lateral extent
10 to 100 seconds of metres,
variable thickness

Trough structure, dimensions
100 m lateral, 20 m vertical

Arch structure, apparent
dimensions up to 250 m lateral,
20 m vertical

Discontinuous to chaotic, short to
very short reflection segments
with various dips,
predominantly horizontal
orientation

More horizontal, more continuous

Less horizontal, less continuous

Upper Freshwater
Molasse (tOS), M’
allochthonous
molasse slab

Lodgement till

Channel

Esker

Basinal fine-grained

deposits

Dietmanns basin
sediment, gDMb

Continued
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Table 4 Continued
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Geological
Seismic Facies Characteristics Geometry Interpretation
C High amplitude, high Mostly continuous, horizontal, Till sequences and till,
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parallel, sporadic interruptions, faults due to

distinct boundaries compaction

Scholterhaus Sfm.,
qDMS

Less continuous and higher
frequency content than A-1,
parallel, coherent reflection
segments

Duermentingen Sfm.,
gILD

Very continuous, prominent
reflection

Chaotic Fluvial deposits,
sand/gravel, outwash

plains, gRTN

were ripped off the substrate, transported and deposited to
different locations within the basin. The origin of such mo-
lasse slabs is until now unknown, but the depression on profile
4 (Fig. 6a—
was plucked. The age of the channel that was incised into the

may represent a zone from which a molasse slab

molasse slab on profile 3 (Fig. 5d—f) is unclear. Other glacial
landforms, such as the esker system on top of the molasse
slab on profile 3 (Fig. 5d—f), were formed during ice decay.
In the following ice-free environment, fine-grained lacustrine
Dietmanns basin sediments (gD Mb) were deposited as bottom
sets and, later, as foresets (cf. fining-up and coarsening-up de-
posits at the Schneidermartin borehole; Fig. 2).

The next ice stage (Rissian stage) deposited till and sand
of the Scholterhaus Sfm. (¢DMS) and Duermentingen Sfm.
(qILD). The ice advance did not erode a basin at this location,
but instead outwash plain sediments were deposited. Thus, the

D2 stratigraphical boundary at the base of the Duermentingen
Sfm. is a conform surface in the Tannwald Basin.

The sedimentary record ended with last glacial maximum
(LGM) terminal moraine (qILKe) in the first glaciation of the
Wurmian stage, but sporadic minor ice advances further than
the LGM locally deposited tills of the Kisslegg Sfm. (gILK).
The lows of the peri-glacial landscape beyond the LGM were
filled by glacio-fluvial gravels (gRTN), between the outcrops
of the Kisslegg Sfm.

DISCUSSION
Data quality and previous studies

The dense acquisition proved to be necessary for an optimal
imaging of the seismic facies units in the basin. Due to logistic
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reasons, we measured profile 5 with double shot and receiver
distances. For this reason, whereas the base of the basin and
major boundaries inside could be well resolved, the facies
of the basinal fine-grained deposits are not as well resolved
as on the other profiles (Fig. 6d). This observation proves
that a dense acquisition scheme is necessary for sufficient
resolution.

At some locations a remarkable loss in signal strength
of refractions as well as reflections could be observed (white
hexagon in Fig. 3a). This results in large transparent areas
in profiles 1 and 3 (white triangles in Figs. 4b and Se). We
explain this significant energy loss as due to a chaotic structure
of laterally limited sedimentary units, where the wavefield is
scattered and dampened. In the central part of profile 1, a high
amount of near-surface diffractions in the un-migrated stack
(not shown) indicates heterogeneously distributed scattering
material in the deposits of the last glacial maximum (LGM),
possibly blocks or boulders.

Below the basin flanks, reflectors often show pull-up due
to the complex, strongly varying velocity field at these po-
sitions that could not be mapped precise enough in the to-
mography. This is also a reason for a diffraction residual on
profile 4 (white star in Fig. 6b) that we could not completely
migrate. The stacked section shows a very strong diffraction
at this position. It is nearly impossible to achieve better ve-
locity mapping, because this part of the basin is too deep
and too complex to be resolved by refraction seismics, as can
be seen from previous surveys (Behnke and Bram 1998). An
improvement may come from full waveform inversion that
might be able to capture the velocity field in more detail (e.g.
Bleibinhaus and Hilberg 2012).

The depth of the basin determined by the seismic reflec-
tion survey coincides generally well with the results of the
previous refraction seismics (Behnke and Bram 1998), where
the boundary appears as a smoothed version of the unconfor-
mity found in our study. However, our results far exceed the
refraction seismics in terms of the detail of the imaging of the
structure and infill of the basin. For instance, at the deepest
part of the basin, the refraction survey indicates a depth of
only 200 m, whereas the maximum depth from our survey
is 250 m. This probably results from the misinterpretation of
compacted till layers and allochtonous slabs of molasse units
as the D3 unconformity.

Comparison of this basin with other glacial basins

Biiker et al. (1998, 2000) carried out the most detailed seis-
mic investigation of an over-deepened alpine valley so far in

the Swiss Suhre Valley. Their investigation area is located
more proximally to the Alpine Glacier than our survey area
and was covered by the last Wurmian ice advance, that is, it
probably represents a later generation of basin erosion (equiv-
alent to the D1 unconformity, Table 1). Nevertheless, some
remarkable similarities in the seismic image exist; prominent
quasi-continuous to short—high amplitudes reflections (inter-
preted as till layers), an up to 100-m thick nearly transparent
zone, and strongly inclined reflections (highly compacted till
or slabs of slumped basement, that is, molasse units). In the
Tannwald Basin, we also envisage an allochtonous molasse
block that was transported and deposited by the ice sheet,
and placed on top of the D3 unconformity. The process of
glacial plucking, as we hypothesize, is described by Bennett
and Glasser (2011). This interpretation is based on seismic
facies and is confirmed by the presence of sheared molasse
blocks at the base of the Schneidermartin borehole. Com-
pared to Biiker et al. (1998, 2000), the molasse block in the
Tannwald Basin exceeds dimensions of the slabs in the Suhre
Valley and is separated from surrounding molasse. Morend
et al. (2002) exposed facies of the Upper Freshwater Molasse
from Lake Geneva with a similar appearance to our facies M.
They showed a sediment succession that is similar to ours, but
also stratigraphically one glacial cycle later with respect to the
stratigraphy in the Tannwald Basin.

In Austria, geophysical investigations, including seismic
reflection in the inner alpine basin of Hopfgarten (Tyrol),
revealed the existence of three glacial sequences on top of each
other, which are separated by single high-amplitude reflectors.
These are interpreted as basal till and indicate the onset of a
new glacier advance (Reitner et al. 2010). This is in accordance
with our interpretation of the D2 unconformity as a major
reflector. Briickl et al. (2010) distinguished an ‘old valley fill’
in the deepest parts of two Austrian valleys (Oichten and Drau
Valleys) that show higher seismic velocities (2600 m/s) with
respect to the upper part. Velocities exceeding 2500 m/s have
been confirmed elsewhere in glacial valleys, for example Pugin
et al. (2013) gave a value >2500 m/s for compacted till. The
strong and rather continuous reflection pattern in the Oichten
Valley displays a similar appearance to our facies unit ‘A’. For
this unit, we also found elevated velocities (~2300 m/s).

Quaternary glacial valleys are not confined only to the
Alps, they are found worldwide. Some of them have been
explored onshore using the seismic reflection method, for ex-
ample in northern Germany (Wiederhold, Buness and Bram
1998), Denmark (Jorgensen and Sandersen 2009), Finland
(Maries et al. 2016) and Canada (Pugin et al. 2009, 2014).
Several of these studies investigated esker systems (Pugin et al.
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2009, 2014; Maries et al. 2016). Maries et al. (2016) showed
seismic facies of arched geometry and high amplitudes as well
as dimensions of 100 m length and 20 m height, which is com-
parable to the eskers that we found in profile 3. The eskers
described by Maries et al. (2016) appear to be more elongated
(250 m) than in our sections, however this is probably because
of the oblique cut, with regard to an assumed main ice flow
direction toward the north. Pugin et al. (2009, 2014) exhib-
ited several esker structures in Ontario and Saskatchewan,
Canada. One of them, the buried Vars-Winchester Esker,
shows a similar seismic signature to the eskers that we

found.

CONCLUSIONS

The very dense acquisition schema, combined with a high-
frequency vibroseismic source, proves to be well-suited to im-
age this glacial over-deepened basin, from a maximum depth
of ~250 m to only ~20 m below the surface. An essential pre-
requisite for a detailed and reliable interpretation is thorough
processing of the data. In our case, a significant improvement,
relative to DMO processing, is achieved by pre-stack depth
migration (PSDM) processing. However, this comes at a cost,
as PSDM needs several times more effort to iterate an appro-
priate velocity model. Furthermore, the transparent parts of
the seismic section indicate that chaotic layering may impede
seismic imaging almost totally.

The seismic reflection data allow us to distinguish various
facies inside the basin fill. Strongly reflective glacial till can
clearly be separated from less reflective basinal fine-grained
deposits. A lithofacial interpretation is feasible on the basis of
seismic data; however, reliable chrono-stratigraphical inter-
pretation will be greatly improved by borehole information,
since most of the Rhine Glacier area was affected by several
glacial events (cf. Fig. 1). On the other hand, we suggest that
other seismic investigations of glacial over-deepened valleys
will be able to use our seismic facies characterization.

Besides the internal facies, we interpret structures such
as small channels and eskers. The latter are of great signifi-
cance hydrogeologically, since they constitute very permeable
aquifers (Pugin et al. 2009; Maries et al. 2016) due to their
coarse-grained composition. Due to their position at the base
of the over-deepened valley they are presumably less affected
by surface pollutants than shallower aquifers.

Based on the geological interpretation and the facies char-
acterization, we hypothesize a geological evolution of the
Tannwald Basin that is sustained by the sediment succession
of the Schneidermartin borehole.
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