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Deep onshore reflection seismic imaging of the chalk group strata using a
45 kg accelerated weight-drop and combined recording systems with
dense receiver spacing
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ABSTRACT

The Chalk Group forms important hydrocarbon reservoirs
offshore and water aquifers onshore Denmark. Within a day
of fieldwork, a 450 m long reflection seismic profile was ac-
quired onshore in an area in southeast Denmark, where the
Chalk Group extends almost to the surface and is approxi-
mately 900 m thick. The main objective of the study was to
image the complete Chalk Group in high resolution and to
study the origin of reflectivity within the different chalk units.
A 45 kg accelerated weight-drop source, in combination with
dense receiver spacing using microelectromechanical sensors
mounted on a streamer and 48 planted geophones, was used for
data acquisition. The profile runs subparallel to the cliffs of
Stevns, and the recorded signal reaches the base of the Chalk
Group at approximately 600 ms. The fully cored 443 m-deep
Stevns-1 borehole, which is located at the recorded seismic

line, provides excellent control on lithologic and facies
changes. Comparison with the borehole data demonstrates that
our seismic data set provides a high-resolution image of the
internal layering of the Chalk Group. We find that the internal
reflection coefficients of the Chalk Group are, in general, small
based on wireline-log data. However, the reflected amplitudes
are just big enough to be recorded with the receiver setup used,
even from the pure chalk beds of the Chalk Group. The reflec-
tivity seen on the high-resolution seismic profile is influenced
by occurrences of clay-enriched chalk layers. Flint bands con-
sisting of numerous flint nodules are a characteristic of the
uppermost part of the Chalk Group at Stevns. The flint nodules
appear to produce significant scattering of the seismic signals,
and flint-rich layers appear with diffuse internal reflectivity
characteristics. Outcrop-scale mound structures in Danian
and Upper Cretaceous outcrops are for the first time seismi-
cally resolved.

INTRODUCTION

Forming an important reservoir for hydrocarbons in the North
Sea and groundwater onshore Denmark, the Danish Chalk Group
has been within the scope of extensive geologic and geophysical

studies for decades (e.g., Surlyk, 1997; Fabricius, 2003; Hjuler
and Fabricius, 2009; Almholt et al., 2013; Smit et al., 2018; van
Buchem et al., 2018). Due to strong internal contrasts in rock-physi-
cal parameters, high porosities, and high attenuation (Payne et al.,
2007), imaging the Chalk Group with reflection seismology is chal-
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lenging in terms of acquisition techniques, processing, and geologic
ties. Therefore, several studies have been carried out to investigate,
e.g., pitfalls in seismic velocity analysis, estimate porosity varia-
tions, and effects of porosity and hydrocarbons on seismic velocities
(e.g., Anderson, 1999; Abramovitz et al., 2010; Montazeri et al.,
2018). Using a small seismic impact source and a dense receiver
spacing with a combination of geophones and microelectromechan-
ical sensors (MEMS) landstreamer, we present a data set providing
new insights on controlling factors of reflectivity of the Chalk
Group rocks and resolve new small-scale structural features.
It is well-known that simple instrumental setups, such as using

sledgehammers, weight-drops or small explosives, and an array of
receivers (planted or landstreamer mounted), are capable of imaging
the shallow subsurface in high quality (e.g., Miller et al., 1986; Baker
et al., 2000) and in hard rocks sometimes to large depths (e.g., Mal-
ehmir et al., 2015). For example, imaging of fracture systems using
10–30 g explosive charges have been reported in the literature (Berg-
man et al., 2002; Kaiser et al., 2011). The newly acquired data re-
ported in this study are from the Danish island of Sjælland and prove
that the methodology can also be successfully applied in sedimentary
rocks, such as the fine-grained limestone of the Danish Chalk Group.
Furthermore, the relatively broad bandwidth of the impact source to-
gether with its successful recording enables a unique opportunity for
resolving the internal structures of the Chalk Group.
The usage of landstreamers for reflection seismics have proven to

be advantageous in several scientific studies and commercial appli-
cations due to their easy handling, dense receiver spacing, and fast
data acquisition without the time-consuming need for the planting
of geophones (e.g., van der Veen and Green, 1998; Inazaki, 2004;
Vangkilde-Pedersen et al., 2006). Most landstreamers are geophone
based with natural frequencies of 10–28 Hz; hence, they are band
limited between natural (approximately 10–28 Hz or higher) and
spurious (<350 Hz) frequency, imposing a shortcoming for broad-
band data acquisition when impact sources are used. Compared
with geophones designed to work above their resonant frequency,
MEMS-based sensors have the great advantage of having a theo-
retically flat-amplitude response for frequencies in the range of
0–800 Hz because they best perform below their resonance fre-
quency (e.g., 1000 Hz) (Maxwell et al., 2001; Brodic et al.,
2015; Malehmir et al., 2017). Therefore, MEMS provide a good
alternative for broadband data recording in land seismic acquisition.
Thus, the main objectives of this study are to (1) provide a full-

depth image of the Chalk Group using a 45 kg accelerated weight-
drop and a dense receiver spread by combining a MEMS-based land-
streamer with planted geophones, (2) explain the origin of the reflec-
tivity within the Chalk Group, and (3) discuss reasons for results in
terms of Chalk Group rock composition, study environment, and
such deep imaging within the perceived highly attenuative medium.

STUDY AREA AND EARLIER SURVEYS

The study area of the Stevns peninsula is located approximately
70 km south of Copenhagen at the southeastern margin of the Dan-
ish Basin (Figure 1). The basin was formed during the Permian and
includes an up to 2000 m thick succession of Upper Cretaceous and
Danian chalk (Erlstrom et al., 1997; Vejbæk et al., 2007). The Chalk
Group becomes thinner over the Ringkøbing-Fyn High and is ap-
proximately 900 m thick in the study area (Lykke-Andersen and
Surlyk, 2004; Nielsen et al., 2011). Eastward, the depositional
area is separated from the more stable Baltic Shield by the

north-northwest–south-southeast-oriented Sorgenfrei-Tornquist Zone
(Thybo, 2001). Deposition of the Chalk Group sediments took place
on a wide, relatively deep shelf that covered huge areas of northwest
Europe and extended eastward as far as the Krim Peninsula. The
Upper Cretaceous succession is dominated by pure nannofossil
limestone (chalk) with some marly intervals and increasing content
of flint upwards (e.g., Surlyk et al., 2013; Boussaha et al., 2016).
The youngest, Danian succession is dominated by bryozoan build-
ups along the coastal cliffs of the Stevns peninsula (e.g., Bjerager
and Surlyk, 2007). Outcropping Danian and Upper Maastrichtian
rocks at the cliffs of Stevns were shown to be to some degree ana-
logues to North Sea reservoirs (Ekofisk and Tor Formations) in
terms of stratigraphy and their petrophysical variability (Frykman,
2001). At Stevns, the Danian-Campanian part of the Chalk Group
has been cored in two, 350–450 m deep boreholes, and detailed
facies analysis as well as petrophysical and log data are thus avail-
able for the upper half of the succession (see Surlyk et al., 2013).
The deepest borehole, Stevns-1 is located less than 19 m from the
survey and are therefore well-suited to be tied to the seismic data.
Several studies have been carried out on the Stevns peninsula on

Upper Maastrichtian chalk and Danian bryozoan mound structures
expressed in the 40 m high cliffs along the coast and adjacent
quarries and in neighboring areas (Thomsen, 1976; Surlyk, 1997;
Nielsen et al., 2004; Anderskouv et al., 2007; Bjerager and Surlyk,
2007). Mounds of 30–60 m width and 5–10 m height observed
within the study area have previously been reported by Nielsen et al.
(2004). Although mound structures on the 100 m scale have been
mapped in the Chalk Group by marine seismic surveys, outcrop-
scale mounds were found not to be resolvable by high-resolution
marine seismic data with vertical resolution of 10–15 m (Nielsen
et al., 2004).
Nielsen et al. (2011) present a data set of refraction seismics and

one reflection seismic profile acquired for studying the compaction
and burial history of the Chalk Group by means of velocity varia-
tions. East of the study area, Lykke-Andersen and Surlyk (2004)
present a marine seismic profile, which is subparallel to our seismic
profile line. This profile was acquired in 1999–2000 with a sleeve
gun cluster of three synchronized airguns with a total volume of
45 in3 pressured at 100 bar. A 24 channel streamer with 6.25 m
hydrophone group spacing recorded the reflection seismic signal.
They found good a signal-to-noise ratio down to the base of the
Chalk (BC) Group, but fuzzy near-surface reflections due to multi-
ples from the water column. Moreau et al. (2016) reprocess the seis-
mic profiles to image polygonal faults within the Chalk Group. The
fault systems were interpreted to be of early diagenetic origin and
occur in zones. The Stevns-2 core suggests that the fault systems
identified in the seismic data are genetically linked to hairline
fractures.

SEISMIC SURVEY

Data acquisition

A 465 m long reflection seismic profile was acquired in one day
of field work in 2016, subparallel to the cliffs of Stevns, 400 m north
of an active chalk quarry (Figure 1). Table 1 summarizes the main
acquisition parameters of the survey. Most of the profile runs
along an asphalt road, whereas the northernmost 150 m part is lo-
cated on a well-compacted gravel road. Using mainly a 45 kg ac-
celerated weight-drop source (ESS 100, providing approximately

B260 Kammann et al.
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360 J energy, impact velocity likely approximately 4 m∕s, accord-
ing to the manufacturer), approximately 360 shot records were gen-
erated near the receiver positions (Figure 2). Only at a few places
was a 5 kg sledgehammer used as the seismic source. At each shot
position, on average 4 m apart, three shot records were generated
and vertically stacked to provide a better signal-to-noise ratio. A
combination of a landstreamer with 100 3C MEMS sensors
(236 m long with 2 and 4 m receiver spacing) and 48 wireless
recorders connected to 10 Hz vertical geophones were used for
the data acquisition. Prior to deploying the landstreamer, the
10 Hz geophones with wireless recorders were deployed with
10 m spacing to cover the entire spread. This provides a better fold
at locations where the streamer moved to a new position with an
18 m overlap, along with longer offsets for traveltime tomography
purposes (Figure 2; Table 1). Data merging between landstreamer
and wireless recorders were facilitated based on GPS-time stamping
of shots from the landstreamer data. The wireless recorded geo-
phone and landstreamer data were merged prior to vertical stacking
and used further for data processing. In the northernmost part of the
profile, only wireless geophone recorders were used due to logis-
tical/topographical issues.

Data processing

Before data processing, the vertical component of the 3C land-
streamer was isolated because P-wave reflection imaging was in-
tended. Comparison of the frequency spectra of the MEMS-
based sensors (accelerometer; receiver location 100–200) and the
geophones (velocity meter; receiver location 1–48), shows a clearly
higher content of high frequencies in the MEMS data with respect to
the 10 Hz geophones (Figure 3a, frequency spectrum of wireless
versus landstreamer data). The noise level of the data is comparable
for receivers with the same offsets because the geophones were
planted along the landstreamer spread (Table 1). Considering the
broader bandwidth of the MEMS, we used a spectral balancing filter
in the range of 50–70–250–300 Hz with a 30 Hz window and a

13 ms gapped deconvolution to equalize the two receiver types.
We later illustrate phase and amplitude consistency when we com-
pare stacked sections with and without the wireless (geophone)
data.

Figure 1. Map of the study area with profile location marked with
the corresponding CMP fold. Directly south of the newly acquired
profile is an active chalk quarry, outlined in red.

Table 1. Acquisition parameters.

Survey parameters

Acquisition type Swath with two streamer positions + fixed
planted geophones (wireless)

Acquisition system Sercel Lite 428 (GPS time stamping)

Source 45 kg accelerated weight drop

Shot interval 4 m

Source pattern Three records/shotpoint

Number of shots Approximately 360

(120 after vertical stacking)

Number of receivers 100-3C MEMS in the streamer

48-1C 10 Hz geophones

(planted, wireless recorders)

Landstreamer setup
(MEMS)

20 units with 4 m spacing

80 units with 2 m spacing

236 m total length

Wireless recorders
(geophone)

Fixed 10 m spacing along the whole profile

Maximum offset Approximately 500 m

Number of streamer
positions

2 (18 m overlap)

Profile length 465 m

Recording parameters

Record length 2 s

Sampling rate 1 ms

Number of traces Approximately 17,760 (after vertical
stacking)

Figure 2. Field photos from the seismic survey, (a) 45 kg acceler-
ated weight-drop source with metal base plate, and (b) MEMS-
sensors mounted on the landstreamer and 1C-10 Hz geophones con-
nected to the wireless recorders used to acquire the seismic data.
Wireless recorders operated in an autonomous mode. GPS-times
of the active sources recorded on the MEMS-sensors were used
to harvest the corresponding data from the wireless units.

Seismic imaging of chalk B261
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A prominent reflection event at approximately 600 ms can easily
be identified in the data, although strong surface waves (from near-
surface heterogeneities, waves on the shoreline, and a rock crusher
from the quarry) dominate the raw data (Figure 3). Previous studies
in the area showed that the base of the Chalk Group at approximately
900 m produced a strong reflection at 600 ms in the parallel seismic
profiles (Lykke-Andersen and Surlyk, 2004; Nielsen et al., 2011). The
BC reflection was used to ensure accuracy of the applied processing
steps, which are summarized in Table 2. A smooth crooked CDP line
with three control points, following the curvature of the road was used
for the data processing. Different binning geometries and sizes were
tested to find the optimum resolution and fold.
To provide input for refractions statics, first breaks were first

picked automatically and later manually inspected and corrected
wherever needed to estimate a two-layer refraction static model re-
moving an approximately 6 m weathered quaternary layer with a
velocity model ranging from 940 to 1045 m∕s. The improvement
in the continuity of the BC Group reflection after the refraction
static correction is remarkable when comparing Figure 3c and 3d
as well as when carefully inspecting the first breaks. Furthermore,
an elevation static to a fixed datum of 36 m was applied to account
for the high elevations on the northernmost part of the profile. In the

a) b)

c) d)

Base chalk Base chalk

Base chalk Base chalk

Figure 3. An example shot record illustrating effect of the applied
processing steps improving sharpness and strength of reflectivity.
(a) Unsorted raw data (after vertical stacking of the repeated re-
cords) with the vertical component of the MEMS at receiver loca-
tions 101–200 (receiver spacing 2–4 m) and wireless geophone
units at receiver locations 1–48 (receiver spacing 10 m). (b) Raw
data sorted by offset; note the consistency in the first-break phase
between the geophone and the MEMS data. Geophone data clearly
show lower frequency content as visually evident in the record, but
also in the amplitude spectrum (a). (c) The same shot record as (a),
but after a few processing steps, including band pass, spectral
equalization, deconvolution, and f-k filters, (d) refraction static cor-
rections. Note the continuity of the reflections at 600 ms and those
highly recovered at earlier arrival times. Up to 300 Hz frequencies
were kept and judged to be useful for reflection imaging and pre-
processed data, as shown in Table 2.

Table 2. Processing steps.

Step Parameters

Prestack

1) Read SEGD-data

2) Separation of the vertical component of 3C MEMS

3) Vertical stack (N ¼ 3)

4) Add binning geometry (CDP bin size 1 m, crooked line)

5) Trace edit (removing dead and noisy) traces

6) Average amplitude balancing to 1.00

7) f-k filter to remove ground roll and strong side noise

8) Band-pass filter (20–40–250–300 Hz)

9) Spectral balancing with 50–70–250–300 Hz

Window = 30 Hz

10) Refraction statics 940–1045 m∕s (approximately 6 m
removed)

11) Elevation statics to fixed datum 36 m (replacement
v ¼ 1400 m∕s)

12) Deconvolution 13 ms gap

13) AGC 50 ms

14) Residual statics

15) Velocity analysis

16) NMO correction 100% stretch mute

17) Stacking

Post-stack

18) Band-pass filter 30–45–180–220 Hz

19) f-x deconvolution: 15 traces L-R and R-L

20) f-k filter

21) Deconvolution 10 ms gap

22) Depth conversion

B262 Kammann et al.
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prestack domain, an f-k filter was applied to partly attenuate strong
surface waves. This was then followed by a band-pass filter to re-
duce low-frequency noise (Figure 3c). A final surface-consistent
residual static correction was applied, linked to the NMO velocity
to improve the continuity of the reflections. The stretch mute was
chosen rather high (100%) to be able to image the very near-surface
structures (<20 m depth). The choice of NMO velocities was crucial
in obtaining good-quality reflections. The final NMO velocity
model ranges from 1300 near the surface to more than 2500 m∕s
at the BC Group.
In the poststack domain, an additional f-k filter further reduced

coherent noise that had remained in the low fold area in the central
part of the profile (around CDP 350). A poststack f-x deconvolu-
tion filter was used to enhance continuity of the reflections. After
this, a poststack deconvolution with a time gap of 10 ms reduced
cyclic features and ringing events judged to be in the data. Migra-
tion for this short and predominantly horizontally layered section
was neglected.

RESULTS

As a basis for stratigraphic and lithologic ties
of the upper 450 m of the succession, log and
core data from the Stevns-1 borehole are avail-
able (Figure 4) (Rasmussen and Surlyk, 2012;
Surlyk et al., 2013). The borehole is located less
than 19 m east of the seismic line and is well-de-
scribed in terms of facies and stratigraphy by
Rasmussen and Surlyk (2012); hence, due to
the very close proximity, the tie to the seismic
data is well-substantiated. Furthermore, a de-
tailed analysis of the depositional history of
the upper Campanian-Maastrichtian chalk based
on the Stevns-2 core has been used to support the
interpretation (Boussaha et al., 2016, 2017). The
interval deeper than 450 m is not drilled at the
Stevns Peninsula, but seismic units defined by
Lykke-Andersen and Surlyk (2004) in an off-
shore seismic survey, immediately to the east,
can be used to classify the different chalk units.
Based on previously acquired seismic data on-

shore and offshore of the profile, the base of the
Chalk Group (BC) is well-constrained at approx-
imately 900 m (Lykke-Andersen and Surlyk,
2004; Nielsen et al., 2011). Figure 5 shows
the final seismic section, imaging the complete
Chalk Group all the way down to 900 m in depth.
The seismic data show distinctive variations in
strength of reflectivity, frequency of bedding,
bed dips, and erosional features. The Stevns-1
gamma ray and porosity logs were transferred
into the seismic TWT domain and projected onto
the seismic line (Figure 5b). The depth-to-time
conversion was based on seismic stacking veloc-
ities for the upper 30 m, sonic log data were
available, and below from the refraction seismic
model of Nielsen et al. (2011) (Figure 5).
The BC reflection is a prominent unconform-

ity, which can be observed in the entire Øresund
region as a sharp boundary of Upper Cretaceous

to likely Lower Cretaceous or Jurassic sandstone (e.g., Erlstrom
et al., 2018). The interval between the BC and Base Campanian
(BCa) corresponds to unit 1 of Lykke-Andersen and Surlyk
(2004). Based on correlation to the Höllviken boreholes in Sweden,
it is interpreted to represent Turonian-Coniacian siliceous chalk and
Santonian marly chalk (Lykke-Andersen and Surlyk, 2004). The
reflection pattern and strength of reflectivity are variable in this in-
terval. The lower 800 ms of the unit appears mostly horizontally
layered with a fault pattern with small to no offsets that can only
be observed due to amplitude variations. The upper part is com-
posed of three wedge-shaped sedimentary systems of which the
lower is dipping and wedging out southward and the overlying
is thinning northward to compensate. Within the wedges, the reflec-
tion strength increases upward. The Campanian unit from BCa to
the apparent Campanian Unconformity (CaU) shows a similar
development with a southward-thinning interval above a lower am-
plitude unit of undulating reflections and southward-directed down-
laps. The interval from CaU to the top of Flagbanke (TFb) is

Figure 4. Stevns-1 log data with stratigraphy, lithostratigraphy, and sedimentological
classifications from (Rasmussen and Surlyk, 2012). Shown are natural gamma, density,
porosity, and P-wave sonic log velocity, along with the calculated reflection coefficient
for corresponding depth intervals.
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characterized by weak reflectivity with small-scale mounded pat-
terns in the lower part and increasingly parallel reflectivity of higher
amplitude upward. The upper part of the Flagbanke unit is repre-
sented in the Stevns-1 core and is composed of chalk with some
marly beds (Figure 4) (Rasmussen and Surlyk, 2012; Surlyk et al.,
2013). From TFb and upward to the Base Hvidskud (BHv), the re-
flections are predominantly subparallel thinning slightly southward.
Undulations are occasionally observed. This succession consists of
interbedded chalk, marly chalk, and marl with maximum marl con-
tent at approximately 350 m, as indicated by the gamma-ray signal.
The Hvidskud Member from BHv to THv (top of Hvidskud) con-
sists of almost-clean chalk with less than 2%–5% noncarbonates in
the matrix (Figure 4). In the upper 80 m, flint bands occur regularly.
Seismically, the interval is divided into two units. The lower from
BHv to Internal Hvidskud (IHv) is characterized by subtle parallel
layering and corresponds to the cleanest and most homogeneous
chalk intervals in the Stevns-1 and Stevns-2 cores. The occurrence
of flint bands at IHv coincides with a clear change of the reflectivity
pattern to more chaotic with occasional diffractions and little lateral
coherency. The gamma ray indicates a slight increase in clay content
(marl) below 175 m as well as decreasing porosity and increasing
sonic log velocity (Figure 4). The seismic section of the Rørdal
Member between THv and Base of Sigerslev (BS) is not well-ex-
pressed and appears as a long-wavelength reflection in the south
and as a thinning layered in the north. Small-offset faults are ob-
served in the southern part of the Rørdal Member. The Sigerslev

Member ranging from BS to K-Pg (the Cretaceous-Paleogene boun-
dary) at 18–76 m depth shows a different complex reflection pattern
with internal undulations and terminations. The BS Member shows
onlapping surfaces with southward-directed downlaps of mound-
like structures. The K-Pg boundary, expressed by increasing poros-
ity and gamma ray in the wireline log (Figure 4), manifests itself as
a strong reflection at 30 ms and can be traced throughout the whole
section, although it is interrupted by the low fold around CDP 350
(Figure 5). The boundary undulates slightly along the profile and is
interrupted by a fault in the northern part. Throughout the profile,
several faults that can be traced only in one or two stratigraphic
units are observed. The faults have small to no offsets and are char-
acterized by a low-energy seismic signal and cluster predominantly
in the center to northern half of the profile.

DISCUSSION

Data quality

Despite being acquired with little expense, the presented profile
shows excellent data quality and successfully images the hetero-
geneous Chalk Group with a great level of detail. A neighboring
profile shown in Nielsen et al. (2011) (Figure 6) represents the typ-
ical data quality achieved in onshore studies of the Chalk Group.
The 7 km long reflection seismic line was acquired 800 m west
of our profile (Figure 1). This data set was acquired in 2006 using

a IVI mini Vib with a 4 s long sweep in the range
of 10–500 Hz (Figure 6b). The spread consisted
of 96 planted geophones in 5 m intervals result-
ing in 2.5 m CDP spacing. After processing, the
peak frequency was 100 Hz. Figure 6a shows the
northern 450 m of the profile at the same scale as
our seismic section.
We argue that the main features of the two pro-

files are consistent, although internal reflectivity
is imaged in greater detail in our data. Consistent
reflections in both data sets are the BC at 600 ms
and the reflectivity patterns between 400 and
500 ms and 250 and 400 ms. This indicates that
there are comparably stronger impedance con-
trasts at these boundaries. However, internal re-
flectivity within the different units, including
terminations, layering, and mounded structures,
are significantly better resolved in the new data.
The Hvidskud part of the Chalk Group shows in-
ternal fine layering with high resolution in our
data, which has not been imaged in other data
sets. Hence, the presented acquisition setup for
this field site excels by resolution and is compa-
rable in the penetration depth. Due to the
fundamentally different source and receiver con-
figurations, it is not clear which effect mainly
causes differences in data quality, and a direct
comparison of source alone or receiver alone
is not feasible. However, this data set shows
how a small and easy-to-handle impact source
with denser receiver spacing, using conventional
geophones and MEMS, provides not only com-
parable data quality, but also even enables imag-
ing of internal structures at higher resolution,

Figure 5. Final stacked section (a) before and (b) after interpretation. The secondary y-
axis is depth calculated using refraction velocity model (below 30 m), constrained by the
borehole data where available, and by Nielsen et al. (2011) below the borehole. Three
marker horizons were used to make sure the time-to-depth conversion was done cor-
rectly. These were the BC Group at 600 ms (900 m depth), CaU at approximately
400 ms (550 m depth) and the K-Pg boundary at approximately 18 m depth. Abbrevia-
tions in (b): K-Pg: Cretaceous Paleogene boundary; BS: Base of the Sigerslev member;
THv: Top of Hvidskud; IHv: Internal Hvidskud; BHv: Base of Hvidskud; TFb: Top of
Flagbanke; CaU: Campanian Unconformity; BCa: Base of Campanian; and BC: Base
of Chalk.
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while still being able to image down to the BC Group. This is sup-
ported by the study by Almholt et al. (2013), who use a similar
acquisition setup with a low energy source and high receiver den-
sity, in an area where the Chalk Group is of approximately half the
thickness.
Exclusion of the 48 planted 10 Hz vertical geophones connected

to wireless units along the whole profile length leads to a reduction
of the reflection continuity in the low-fold area (Figure 7). The
differences are more prominent when looking in detail at the central
part of the profile where the fold decreases dramatically (Figure 7b)
compared with the combined data sets (Figure 7c). This illustrates
that the wireless geophone units have a significant impact on the
data quality in terms of fold and, therefore, on the signal-to-noise
ratio. The shallower the reflection surface, the more important is the
effect of adding the wireless geophone units. However, the fre-
quency and resolution seem to be comparable after spectral balanc-
ing and deconvolution, which on the one hand validates the

combination of both receiver systems, and on the other hand rules
out receiver-dependent effects on the data quality in the poststack
domain. Using the examples shown here, we argue that using the
current processing approach combining the MEMS and geophone
data is not introducing negative effects (i.e., destructive stacking)
and appears appropriate in terms of amplitude and phase.

Geologic implications

Though we expected high attenuation of the seismic signal in the
Chalk Group (Payne et al., 2007) and limited reflectivity in the clear
chalk interval, we find that the Chalk Group is highly heterogeneous
in terms of seismic reflection. The impedance contrasts within the
Chalk Group appear to be at the recordable limit, suggesting that
most of the signal is being transmitted at the boundaries. To better
address this issue, we have calculated reflection coefficients with an
increment of 5 m for a plane wave, normal-incident reflection, based
on the log data from Stevns-1. The reflection coefficient ranges
from zero to numerical values of 0.09 (at the Top of Hvidskud

Figure 6. Reflection seismic line published by Nielsen et al. (2011).
For comparison, the northern 450 m (equivalent to 180 traces) were
cut out, running parallel to the presented profile. The line was ac-
quired with an IVI mini-vib similar to the one shown in (b) with 5 m
receiver spacing and 72 channels.

Figure 7. Stacked seismic section only considering the land-
streamer and without wireless recorders with planted geophones.
A close-up of the low-fold area in the central part of the profile
is shown in (b) without and (c) with the wireless recorders. The
CDP fold plot is also shown in the bottom of the figure (red without
wireless recorders and black with wireless recorders). Note that
the obvious improvement has an implication that merging the geo-
phone and MEMS data worked well and did not introduce any neg-
ative effect.
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member) within the range of the borehole (Figures 4 and 8). Ex-
cluded are values around the 150 m density anomaly because this
most likely represents a measuring (or calibration) error. However,
most of the reflection coefficients lie in an interval from –0.05 to
0.05 (Figure 8). Hence, only a small fraction of the energy is ac-
tually being reflected at the individual boundaries inside the Chalk
Group. We observe a high dependency of reflection amplitudes
from the presence of marl when comparing the gamma ray to
the seismic data. Assuming a velocity contrast from 4030 to
3000 m∕s at the boundary from chalk to sandstone (Nielsen et al.,
2011) and a density contrast of 2.58–2.61 g/m3, the reflection co-
efficient at the BC reflection is approximately −0.14. This coincides
with a phase shift and the relatively strong reflection observed at the
base of the Chalk Group.
In general, we observe that reflectivity increases with marl con-

tent, except in the Rørdal Member. Although the Rørdal Member
was observed as a cyclic marly chalk/chalk member in other out-
crops and boreholes in the Danish Basin (Surlyk et al., 2010), it is
not well-expressed in terms of cyclicity in the Stevns-1 borehole.
Changes in the clay content are gradual rather than having sharp
boundaries. This may be the reason for the Rørdal Member to
be less well-expressed in this particular location.
For the first time, a cyclic layering has been imaged within the

pure chalk appearing more pronounced below the flint layers of the
Hvidskud Member. Silica in the form of isolated flint nodules or a
few tens of centimeters thick, more-continuous flint bands do not
have a significant enhancing effect on the continuous reflectivity.
Rather, the flint-containing part of the Hvidskud Member, where
layering is recognizable in the core, is characterized by chaotic re-
flections and diffractions and little lateral coherency, whereas the
white chalk in the lower part of the member appears finely layered
in the seismic section (Figures 4 and 5).
The observed CaU may well be connected to intraplate shorten-

ing events, changing the basin formation and causing folding and
faulting within the area (e.g., Lykke-Andersen and Surlyk, 2004).

During deposition of the Chalk Group, the Danish Basin underwent
several stages of inversion tectonics. Four stages of inversion have
been identified in the Danish North Sea and could be related to the
study area (e.g., Vejbæk and Andersen, 1987). The most prominent
created a basin-wide unconformity during Campanian time and is
well-constrained by stratigraphic, 3D seismic, and thermochrono-
logic data (e.g., Vejbæk and Andersen, 2002; Kley and Voigt,
2008; van Buchem et al., 2018).
The observed unconformities with units of opposite-directed

trends between the BC and the Base of Campanian might represent
changes in the conturite drift system as observed by (Esmerode
et al., 2007). Conturite drift systems are observed within the basin
in the Santonian to late Campanian successions, forming uncon-
formities, sediment waves, drifts, and moats (Esmerode et al.,
2007). Faults observed in the profile show a similar pattern as com-
pared with the polygonal fault structures mapped offshore of Stevns
by Moreau et al. (2016).
The study by Nielsen et al. (2004) showed that observed mound

structures extending several hundreds of meters in marine seismic
data in the Kattegat are unlikely to be of the same origin as the out-
cropping mound structures at the cliffs of Stevns, concluding that
mounds, as observed in the outcrops, could not be resolved by seis-
mic data. This is also in accordance with the vibroseis data from
Nielsen et al. (2011) (Figure 6). In our newly acquired data from
the site, we were able to map several mound structures of outcrop
scale within the Danian as well as in the Sigerlev member. The dif-
ferent widths of the mounds on the northern compared with the
southern parts of the profile (i.e., 40–50 m versus 20–25 m accord-
ingly) can be caused by different imaging planes of the mound
structures.
In summary, we conclude that the combination of the small im-

pact source (weight-drop) and broadband recording with high CMP
fold results in successful imaging of a Chalk Group with relatively
low-impedance contrasts. The low-impedance contrasts allow the
energy to be transmitted through the Chalk Group, hence the rel-
atively deep depth penetration. All of the results shown indicate that
this is likely one of the first times that such a small impact source in
a highly noisy environment has enabled such high-resolution imag-
ing thanks to the setup used in the study.

CONCLUSION

We have acquired a high-resolution, 2–4 m receiver and source
spacing, 450 m long seismic profile over a section of the Chalk
Group, one of the main North Sea reservoir rock types, using a
weight-drop seismic source with a receiver setup consisting of a
combination of a MEMS-based landstreamer and geophones with
wireless recorders. The combination of a landstreamer and planted
geophones enabled us to save time compared with the more ideal
scenario of moving the streamer to an additional position with more
overlap, to increase the fold in the central part of the profile. Based
on our results, we conclude

• Despite being acquired at a low cost and short time (a day of
acquisition with all logistics), the presented profile shows
excellent data quality and great success in imaging the
heterogeneous Chalk Group in detail.

• Marl-rich successions appear generally more reflective.
• For the first time, we can image finely layered structures

within the white chalk member (Hvidskud).

–0.2 –0.15 –0.1 –0.05 0 0.05 0.1 0.15 0.2
0

10

20

30

40

50
Histogram - Reflection coefficient

Figure 8. Histogram of the estimated reflection coefficients from
the log data assuming a normal incident at every 5 m depth interval
(Figure 5). On this basis and the great penetration observed in the
data using only a 45 kg accelerated weight-drop, we argue that the
reflection coefficients were just big enough to reflect from many
boundaries within the Chalk Group, but they were still relatively
small; hence, most of the energy is being transmitted to deeper lev-
els. This combined with the high receiver density and broadband
data acquisition offered by the MEMS sensors led to successful im-
aging of the whole Chalk Group to the base at approximately 900 m.

B266 Kammann et al.

D
ow

nl
oa

de
d 

01
/0

8/
23

 to
 9

3.
12

9.
86

.1
55

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/g
eo

20
18

-0
75

5.
1



• The flint bands in this succession do not seem to result in a
parallel-layered reflection characteristics. Rather, they cause
diffractions and diffuse reflection patterns of limited lateral
continuity.

• Unconformities were observed within the Santonian to Cam-
panian unit indicative of intraplate shortening events and
changes in conturite drift systems.

• For the first time, Danian and Upper Cretaceous mounds
with comparable extent as mounds on the outcrop-scale were
imaged by high-resolution seismics.
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