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Abstract: The knowledge of the subsurface down to about one hundred meters is fundamental for a
variety of economic, ecological, and geoscientific tasks, particularly in coastal zones. Marine and
terrestrial processes influence coastal zones and both seawater intrusion and submarine freshwater
discharges may occur. The Federal Institute for Geosciences and Natural Resources (BGR) conducted
airborne geophysical surveys in the coastal region of the German Bight between 2000 and 2014. The
helicopter-borne system used simultaneously collected electromagnetic (HEM), magnetic (HMG),
and radiometric (HRD) data. An area of about 5900 km? was covered with parallel flight lines at 250
m line separation and additional tie-lines at larger separations. In total, about 25,000 km of data at
sampling distances of 4 m (HEM, HMG) and 40 m (HRD) were acquired. The electrical resistivity
(HEM), the anomalies of the magnetic field (HMG), and the exposure rate (HRD) are the resulting
geophysical parameters derived from the data. The results are displayed as maps of the geophysical
parameters as well as vertical resistivity sections (only HEM). Both data and products are publicly
available via BGR’s product center. The airborne geophysical results helped to outline the fresh-saline
groundwater interface, freshwater lenses on islands, submarine groundwater discharges, buried
tunnel valleys, mires, and ancient landscapes.

Keywords: airborne electromagnetics; airborne magnetics; airborne radiometrics; groundwater; soil;
freshwater lenses; saltwater intrusion; fresh—saline groundwater interface; peatlands

1. Introduction

Coastal zones are influenced by both marine and terrestrial processes that are highly dynamic and
continually change in time. The management of groundwater resources in coastal areas is a difficult
task because the hydrological processes are complex and the lack of observational data often prevents
a sufficient understanding of that resource [1]. Furthermore, the knowledge of the subsurface is
fundamental for an increased understanding to solve a variety of economic, ecological, and geoscientific
tasks. In order to investigate the physical properties of the subsurface in situ, ground-based or airborne
geophysical measurements are necessary (e.g., [2—4]).

In Germany, mapping was usually carried out on a local to regional scale using ground-based
methods, but only where this was required by law or where specific geoscientific studies were
performed. Such ground-based surveys are inefficient to map large areas. Airborne surveys help to
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overcome this difficulty, as demonstrated in other countries with national survey campaigns, e.g., in
Finland [5] and Ireland [6]. Furthermore, airborne surveys are able to provide spatial data sets, which
could be linked to other spatial data sets. For example, displaying airborne geophysical results with
respect to high-resolution elevation models enables us to link surface data with spatial geophysical
data of the subsurface. The upper one hundred meters of the subsurface are of particular importance,
because the fundamental exchange and transport processes are taking place here, e.g., for salts and
other minerals, fertilizers, and pollutants.

Before 2000, high-resolution airborne geophysical surveys were applied in Germany only for
certain isolated areas. Then, the Federal Institute for Geosciences and Natural Resources (BGR)
began to use their helicopter system to survey some areas at the north German coast [7]. Within the
in-house project “Airborne Geophysical Surveys for Mapping the Shallow Subsurface in Germany —
D-AERO” [8], which started in 2007, BGR conducted complementing surveys and gradually merged
the survey areas [9]. Besides standard mapping, BGR—together with state geological surveys and
research institutes—tested airborne geophysics for new applications and thematic mapping.

The helicopter-borne geophysical system used for these surveys consisted of three simultaneously
applied methods: frequency-domain electromagnetics (HEM), total field magnetics (HMG), and
256-channel gamma-ray spectrometry (HRD). HEM is suitable to reveal electrical conductivities within
the upper hundred meters of the subsurface and provides useful information for hydrogeological and
geological interpretation (e.g., [10,11]). HMG helps to investigate rocks of different magnetization,
indicating regional fault systems, mineral resources, or bedrock depths (e.g., [12,13]), as well as
near-surface disposal sites [14]. HRD measures the natural gamma radiation of the surface and can
be used to distinguish different types of soil (e.g., [15,16]). Particularly, the combination of these
methods [17] are suitable for any kind of geological or hydrogeological interpretation.

This paper presents an overview of the airborne geophysical data available along the coastal area
of northwest Germany. The general results of the entire survey area as well as a number of specific
applications are shown.

2. Study Area German North Sea Coast

The coastal region of the German Bight containing the East Frisian Islands, the tidal flats, and the
marshes are the youngest landscape elements in Lower Saxony (Figure 1). Most of the sediments in this
area have been deposited during the Quaternary and the accumulation is still continuing. During the
last 2.6 million years, the coastal region was formed due to climate changes with at least three glacial
periods, which were interrupted by two interglacials (Holsteinian and Eemian), related fluctuations
in sea level, and resulting depositional conditions [18]. These valleys were filled with meltwater
sediments consisting of till material, gravel, sand, silt, and clay. In particular, the advances of inland
ice masses from Scandinavia and the British/Scottish highlands during the Elsterian as well as the
Saalian glacial stages left striking, still distinguishable traces, such as terminal moraines, in parts of the
North Sea basin [19]. In the Elsterian glacial period, the first ice age, which covered northern Europe
with a few-kilometer-thick ice shield, meltwater deposits and glacial till were deposited in different
thicknesses [20]. Up to 500-m-deep, north-south- or northwest-southeast-oriented subglacial valleys
were formed by meltwater incision [18].

At the end of the Elsterian glaciation, the climate heated up and the Lauenburg clay, an important
glaciolacustrine stratigraphic marker, was deposited on top of the subglacial valleys. The sediments of
the Lauenburg clay are clayey to silty, sometimes fine sandy, calcareous basin deposits, which occur in
different thicknesses and depths [21]. The Saalian glaciation is characterized by several changes of
warm and cold periods [22]. Northern Germany was affected by two Saalian main ice advances, the
“Drenthe” and the “Warthe” advance. During the interglacial stages of the Holsteinian and Eemian,
which followed the Elsterian and the Saalian glaciations, respectively, typical marine-brackish coastal
sediments were deposited. With the exception of some deep embayments into the mainland, the spatial
distribution of these sediments is nearly coincident with the recent southern North Sea coastline [23].
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In the Weichselian glaciation, the global sea level decreases rapidly by approximately 110-130 m [24].
The entire North Sea area was exposed, the coastline was shifted approximately 600 km to the west,
and periglacial processes left their traces in the deposits [19]. After the Weichselian glaciation, the
inland ice shields began to melt down and the sea level rose and reached the southern North Sea
during the Holocene. The characteristic landscape with the East Frisian Islands, the tidal flats, and
the marshland developed in the past 8500 years [25]. During this period, tidal currents and waves
penetrated further into the hinterland and eroded the exposed higher parts of the former submerged
Pleistocene landscape. Large quantities of reworked sediment were shifted landward, building up a
wedge-shaped body of Holocene marine and brackish deposits [23]. On top of this cohesive sediment
body, the coastal zone was formed by salt marshes, tidal flat deposits, and in parts by barrier islands
(East Frisian Islands) with dunes of a height of up to 30 m [23].

Following the sea level, the groundwater table also rose, resulting in wide-ranging water logging
and the formation of peat bogs. Although frequently eroded by the transgressing sea, these basal peat
layers often mark the beginning of the Holocene depositional history of an area [26]. The characteristic
series of Holocene deposits consist of strata of fine-grained sand, silt, clay, and intercalated layers of
peat [26]. After the Weichselian glaciation (Elsterian, Saalian, and Weichselian), the inland ice shields
began to melt down and the sea level rose. The characteristic series of Holocene deposits consist of
strata of fine-grained sand, silt, clay, and intercalated layers of peat [26].

The main challenge in the study of coastal aquifers in northern Germany is the fresh—saline
groundwater boundary. Intrusion of seawater is a global challenge that is affected by sea level rise,
changes in recharge, and anthropogenic effects such as groundwater extraction or surface drainage
and canalization [27]. The coastal regions in Lower Saxony are characterized by low groundwater
recharge rates in the marshland—interpreted on the basis of widespread Holocene brackish and marine
cohesive sediments—and higher recharge rates in the moraine areas (Figure 1). The groundwater table
is located very close to the surface and the upper aquifer system is between 50 and 200 m thick [28].
The main aquifer consists of Pliocene to Saalian medium to coarse sands, in which low permeability
layers are enclosed.
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Figure 1. (a) Onshore surface elevation [29] in meters above sea level (m asl) on a topographic map [30]
of northwest Germany including numbered airborne survey areas. (b) Geology map [31] of northwest
Germany including a legend with the main units within the airborne survey areas (black lines).
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3. Airborne Geophysical Data

BGR operated helicopter-borne geophysical survey systems used to map large parts of the German
North Sea coastal region over the past two decades [9]. The raw and processed data sets as well as the
resulting products of these airborne surveys are publicly available via BGR’s product center.

3.1. Survey Systems

The helicopter-borne geophysical survey systems simultaneously recorded electromagnetic,
magnetic, radiometric, as well as position data (Figure 2, Table 1). While the gamma-ray spectrometer
and the navigation systems were mounted on a helicopter (Sikorsky S-76B), all other systems
(electromagnetic device, cesium magnetometer, laser altimeter, global positioning system (GPS)
receiver) were installed in a tube, the bird, which was towed about 40 m beneath the helicopter and
30-60 m above the ground. Most of the data sets were sampled at 10 Hz, except the radiometric data,
which was sampled at 1 Hz, resulting in sample distances of 4 and 40 m, respectively.
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Figure 2. Sketch of the helicopter-borne geophysical system (after [32]).

Table 1. Airborne geophysical systems.

System HEM HMG HRD
No. Bird No. (Freq.) Cs Magnetometer Spectrometer/Crystal Pack
1 BKS48 (5F) G-822A GR-820/GPX-1024 (4x4 L)
2 BKS36a (5F) G-822A GR-820/GPX-1024 (5x4 L)
3 BKS60 (5F) G-822A GR-820/GPX-1024 (5%x4 L)
4 BKS36a (6F) G-822A GR-820/GPX-1024 (5x4 L)
5 BKS36a (6F) G-822A RS-500/RSX-5 (5x4 L)
6 BKS60 (6F) G-822A RS-500/RSX-5 (5x4 L)

Helicopter-borne frequency-domain electromagnetics (HEM) is an active method which uses
transmitters (coils) to generate time-varying magnetic dipole fields (primary fields) in order to
induce eddy currents in an electrically conductive subsurface. In turn, these eddy currents generate
secondary magnetic fields, which are detected by receivers (coils). The ratios of secondary and
primary fields (measured in ppm) are used to reveal the subsurface electrical conductivity distribution.
Helicopter-borne magnetics (HMG) records the magnetic field, which is caused by the main field of the
Earth, the diurnal variations, and sources located in the subsurface. Helicopter-borne radiometrics
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(HRD) is a passive method that measures the natural radioactivity of the shallow subsurface. Gamma-ray
spectrometers detect the radiation from the three naturally occurring radioelements: potassium,
uranium, and thorium in the soil.

The surveys started in 2000 with a system that consisted of an analog five-frequency (5F) HEM
bird including a Cs magnetometer and a 256-channal gamma-ray spectrometer with four sodium
iodide (Nal) crystals (Table 1, system 1). The HEM bird (DighemBSR), especially designed for BGR,
used five horizontal-coplanar (HCP) rectangular coil systems with transmitter-receiver (T-R) distances
of about 6 m [14]. Since 2004, two similar Resolve birds (manufactured at the time by Fugro Airborne
Surveys) have been used. These birds consisted of five horizontal-coplanar circular coils systems
with T-R distances of about 8 m (Table 1, systems 2 and 3). The operating frequencies of these birds
were similar (f = 0.4, 1.8, 8.4, 41, and 130 kHz), but not identical (the frequencies of the first two
systems were somewhat higher in general, particularly the highest frequency of system 1: f = 193 kHz).
The latest versions of both Resolve birds, updated in 2007 [10], have an additional vertical-coaxial
(VCX) coil system with a T-R distance of about 9 m (operating frequency: f = 5.5 kHz). While the Cs
magnetometers (Geometrics G-822A) installed in the HEM birds remained unchanged, the spectrometer
(Exploranium GR-820) was first upgraded with an upward-looking crystal in 2004 and then replaced
by a modern one (Radiation Solution RS-500) in 2013.

3.2. Survey Areas

The airborne surveys took place between 2000 and 2014 (Table 2) using various airborne geophysical
systems (Table 1). With 13 surveys, a total survey area of about 5900 km? was covered. The nominal
line separation was 250 m, but the separation of the tie-lines varied (500, 1000, 2000, 2500 m) depending
on the size of the survey area. In total, about 25,000 line-km were achieved. The surveys extended over
an area beginning at the city of Hamburg in the east—over the cities of Cuxhaven, Bremerhaven, and
Wilhelmshaven in the center—to the city of Aurich in the west and included the East Frisian Islands of
Borkum, Baltrum, Langeoog, and the western half of Spiekeroog. Some surveys also covered portions
of the Wadden Sea (Figure 1).

Table 2. Airborne geophysical survey areas at the German North Sea coast, survey parameters, and
systems used (principal system, temporarily replaced by the system in brackets).

‘?\}E? Area Name Year Al;(;s;]ze Proﬁh(z;(]ength S){\s}toe.m
081 Cuxhaven 2000 530 2427 1
087 Bremerhaven 2001 550 2227 1
109 Hadelner Marsch 2004 700 2971 3
111 Ellerbeker Rinne 2005/06 280 908 3(2)
128 Langeoog 2008/09 259 1081 4
129 Esens 2008/09 379 1542 4
130 Borkum 2008 88 414 41
132 Gliickstadt 2008/09 1950 8581 4(3)
133 Jever 2009/14 490 2139 6 (4)
138 Nordenham 2009/10 368 1569 4
139 Varel 2014 319 1245 6
149 Langeoog 2 2014 10 39 5
155 Baltrum 2014 5 17 5

! Gamma-ray spectrometer out of order.

3.3. Data Processing

The general aim of data processing is to derive physical parameters from the raw data that
are useful for the interpretation of subsurface structures. This implies the elimination of those
portions in the data affected by influences not belonging to the subsurface (noise, drift, anthropogenic
effects), applying filters, leveling, and semi-automatic deselections. We processed the airborne data



Remote Sens. 2020, 12, 1629 6 of 25

using in-house software tools [16,33] and Geosoft’s software package Oasis montaj [34], suitable for
processing and visualization of airborne and other large data sets. All maps presented here are based
on minimum curvature grids [35,36] of cell size 50 m, 50 m search radius, 200 m blanking distance,
100 m extrapolation and tension 1.

3.3.1. Position Data

A GPS and laser altimeter installed in the bird (Figure 2) recorded bird position and altitude data,
respectively. These data sets were used to calculate the surface elevation. We compared this elevation
with digital elevation models (DEM) [29] in order to identify and, to a certain degree, to correct errors
of the position data, such as GPS drifts and jumps or tree canopy and attitude effects.

3.3.2. Electromagnetic Data

HEM data processing included calibration, baseline leveling, correction of anthropogenic effects,
and 1D inversion. Calibration compares measured data with known quantities. Initial calibration
factors provided by the manufacturer were adjusted using flights over highly conductive North Sea
water and repeated flights over onshore calibration lines. Baseline leveling is necessary, because
temperature variations affect the system electronics. Level errors were detected and corrected using
high-altitude data (baseline picking) and spatial filters (baseline adjustment) [37]. As the HEM system
is not only sensitive to the subsurface conductivity distribution, but also to metallic installations at the
surface, these anthropogenic effects (also known as man-made effects or cultural noise) were detected
and removed from the data [33].

The complex amplitudes of the HEM data, the relative secondary magnetic fields, depend on
system frequency and altitude as well as on physical parameters of the subsurface, predominately
the resistivity p (inverse of electrical conductivity). In order to reveal the subsurface parameters, the
HEM data have to be inverted. Inversion tries to find a model that explains the data. We used two
principal models, the homogeneous half-space and the layered half-space. The homogeneous half-space
inversion uses single-frequency data and provides two model parameters, apparent resistivity p,
(half-space resistivity) and apparent distance D, of the HEM sensor to the top of the half-space (air-layer
thickness). From both, a centroid depth z* =D, —h + 251 (pa/f)Y2 [38], with h = laser altitude, is derived,
which is regarded as the center of current flow in a homogeneous half-space [39]. This measure for the
mean depth of investigation demonstrates that deeper regions are revealed by lower frequencies and
higher resistivities. The model of an M-layered half-space (1D model) is used to invert the data of all
N¢ frequencies available together. This kind of model, which consists of M layer resistivities and M-1
layer thicknesses, is particularly important to reveal the dominant layers or interfaces of a subsurface.
We applied a Levenberg-Marquardt single-site inversion approach, i.e., without lateral constraints,
using starting models derived from p,—z* sounding curves [10,40]. Smooth models can be achieved
increasing the number of layers and the strength of regularization [41,42].

3.3.3. Magnetic Data

Magnetic signals measured by total field magnetometer is a scalar quantity T that include the
superposition of the geomagnetic main field of the Earth, the diurnal variations, and local components.
The sources of the latter can be located within the Earth (magnetization within the crust), at or close to
the surface of the Earth (infrastructure containing iron), or in the air (helicopter). Main field and diurnal
variations can be removed using the International Geomagnetic Reference Field (IGRF) and base station
data, respectively. The IGRF describes the large-scale structure of the Earth’s main magnetic field
and its secular variation by a mathematical model, which is updated every five years [43]. We used
the set of spherical harmonic coefficients of 2010. The base stations located close to the individual
survey areas recorded the changes of the magnetic field with time. The influences of the anthropogenic
sources have to be identified and corrected to extract the geogenic anomalies of the magnetic field AT.
Maps of magnetic anomalies are often dominated by long-wavelength signatures originating from
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deeper sections of the crust and by short-wavelength anomalies of varying magnitude originating
from anthropogenic sources, mostly settlements, streets, power lines etc. In order to reveal also weak
magnetic structures originating from geogenic sources in the uppermost crust, the anomaly maps have
to be free from anthropogenic anomalies and to be filtered in the space domain.

For the removal of anthropogenic anomalies, a number of processes were applied to the grid and
trace data. Grid operations included the morphological operators dilatation and erosion, explained,
e.g., in [44]. The first step was to create a binary raster map (pixel size 25 m) of the area that contained
all the infrastructure elements of the official topographic maps [45]. In order to widen the elements in
the map by about 50 m in all directions, a 3 x 3 dilatation operator was applied to the binary image
twice. The resulting image served to mask the AT traces and a new AT grid, which was clear of a
large part of disturbances, was produced. Remaining short-wavelength anomalies of relatively high
amplitude were attributed to anthropogenic sources not recorded on the topographic maps. These type
of signals are strongly enhanced in maps of the analytic signal (AS), which is defined as the Euclidian
norm of the three spatial gradients of the magnetic field. An AS grid was produced for the AT grid and
a threshold of 0.05 nT/m was applied to it, followed by a three-fold erosion and a two-fold dilatation
operator, each of size 3 x 3. The resulting grid represented a clean raster map of undisturbed areas and
was used for masking the AT data once again. The grid of the final cleaned AT data was virtually free
of short-wavelength-high-amplitude anomalies and therefore considered as free from anthropogenic
disturbances. Ultimately, however, it could not be excluded that anthropogenic anomalies were still
present in the data and that geogenic anomalies had been removed from the data.

In order to reveal local small-scale anomalies in the cleaned AT data, the grid was bandpass-filtered
in the wavelength range of 500 to 5000 m. The reduction to the pole method (RTP, [46]) was applied to
the filtered grid in order to correct the positions of the magnetic anomalies according to the inclination
and declination of the Earth’s magnetic field vector in the region. Since the single surveys in the region
had been carried out in different years, mean values for inclination and declination of the field vector
were formed and used for the reduction (inclination = 68°, declination = 1°).

3.3.4. Radiometric Data

The airborne gamma-ray spectra recorded by the spectrometer require a number of processing
steps in order to correct effects caused by interaction and attenuation of the gamma rays when travelling
from the source through the air to the detector in the helicopter. We largely used standard procedures
described in the recommendations of the International Atomic Energy Agency [47]. After a gain
stabilization, the so-called window method was applied to the spectra. This method is based on
energy windows within the gamma spectrum that are associated to the three naturally occurring
radioelements: potassium (K), uranium (U), and thorium (Th). The windows are located around the
1460 keV peak of K-40, the most prominent gamma peak in the U-238 decay chain (1765 keV of Bi-214)
and the most prominent peak in the Th-232 decay chain (2614 keV of T1-208). The integral count rate
within each window is related to the abundance of the associated radioelement, assuming that the
decay products Bi-214 and T1-208 are in equilibrium with their parent elements. Various correction and
processing steps were applied to the window count rates using system specific calibration parameters.
These included background, stripping and height attenuation corrections, low-pass filtering, and the
application of sensitivity factors leading to (in case of U and Th, equivalent) ground concentrations of
the three elements as well as the calculation of the exposure rate:

E [uR/h] = 1.505 K [%] + 0.653 eU [ppm] + 0.287 eTh [ppm].

A grid-based median filter of radius 50 m (one grid cell) was applied to the final data in the grid
domain to lower the high noise portion resulting from the statistical properties of radioactive decay.
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4. Results

We start with the presentation of the general results of the three airborne geophysical methods
achieved for the entire survey area and then show some specific local features. The data of the 13
survey areas were individually processed and combined to three databases (one per method) from
which the maps of the entire survey area were derived.

4.1. General Results

4.1.1. Results of Electromagnetics

In general, HEM results are displayed as resistivity maps derived from single-frequency evaluation
(apparent resistivity at a certain frequency) or 1D inversion (resistivity at a certain depth). Figure 3
shows, for example, two apparent resistivity maps at the second highest (f = 41 kHz) and second
lowest (f = 1.8 kHz) frequency revealing conductive and resistive structures at lower and greater
depth, respectively.

(a) '# 20 km Apparent resistivity
p, @ f=41kHz

Spiekeroog
pa QM .
500.0 -
200.0

Borkum,
@ 80.0
K

4 Upler engen !

Gnarreggrg
t ) i //

V;N‘"ME \ im\ i bl : 'H’. TK1000, Gzc:basisdaten @32(&3012

Marne " LN ’_mm e

Brunshis: /‘ ’)

g Del
P e
o P,
T

(b)

.’;M? /}!l_qi""

Apparent resistivity
p, @ f=18kHz

Spiekeroog

Pa[QM]  Gaitrum x e SRt

Borkum

-
v
'sg_%&
y /) Blemrie e .. s
VL e i by
'y {ﬂ ":“‘ \ Harselpfd '\‘/ W‘Eumr«
] t 1 g I
a3\ /
¥ uw”,’ Hotented o=t ;
[ L Eucl\hdzm- |

AN eioon I o iy

l%Jﬂamhsvgw ”"“m f
LA
Figure 3. Apparent resistivities p, at a frequency of (a) f =41 kHz and (b) f = 1.8 kHz. The corresponding
centroid depths z* for the red/yellow/blue areas are about < 2 m/7 m/> 13 m in (a) and < 10 m/30 m/>

60 m in (b). The red dotted and blue dashed lines indicate the old estimates of shallow and deep saline
groundwater, respectively [48]. Background: topographic map [30].

Red colors indicate conductive subsurface structures (low apparent resistivities) and blue colors
highlight the resistive ones (high apparent resistivities). Water salinity and clay content mainly cause
the variety of the resistivities and their values increase with decreasing salinity and clay content
(e.g., [2,49]). Therefore, saline and fresh groundwater can be distinguished by red (p, = 0.5-3 Qm)
and green to blue colors (p; > 30 (dm), respectively. The highly conductive seawater appears in
purple colors (p, < 0.5 Om). Also, freshwater saturated clayey and sandy sediments differ in their
resistivities [50] and range from orange to yellow colors (p; = 3-20 OOm) indicating clays, to blue
colors (pa > 60 Om) indicating sands. The resistivity values between the above-mentioned limits are
presumably caused by sediments with medium grain sizes, e.g., silt and till, or by sediments with some
clay. On the other hand, sandy sediments saturated with brackish water can also cause resistivities
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similar to those in the range of pure clays. The interpretation of these lower resistivities, however, is
ambiguous and additional information is required for a reliable interpretation.

4.1.2. Results of Magnetics

The anomalies of the magnetic field AT are shown in Figure 4. They are dominated by a broad
negative anomaly in the center of the area with strong positive values at the eastern edge. Moderately
positive values occur at the Jade Bay and at the estuary of the Elbe River as well as at the island
of Borkum. The sources of this anomaly pattern are presumably located at greater depth (several
kilometers) within the North German Basin and the strong positive anomaly near the city of Hamburg
is regarded as a relic of the collision between Baltica and Avalonia the old Scandinavian crust of high
magnetization [51].

O#

Magnetic anomalies AT

Magnetic anomalies AT “
plus BP-filtered AT

pigker =
0% >

e R
s r /:,.. i‘ )

i L
asisdaten © BKG 2012

Figure 4. Anomalies of the magnetic field AT (colors): (a) including anthropogenic effects, (b) cleaned
(anthropogenic effects removed) and superposed with positive bandpass (BP) filtered AT values (grey).
Background: topographic map [30].

A number of narrow, high amplitude anomalies (red and blue dots) appear on the AT map close
to cities and other infrastructures, e.g., harbors, main roads, and railway tracks (Figure 4a). These
anomalies are attributed to anthropogenic sources located at or close to the surface. They were removed
for further interpretation of the magnetic data (see Section 3.3.3).

After removal of the long-wavelength (>5000 m) regional field and attenuation of very
short-wavelength signals (<500 m) using a bandpass (BP) filter, another anomaly pattern becomes
visible in the cleaned (anthropogenic effects removed) AT grid. Figure 4b shows the positive values of
the resulting BP filtered pattern (grey colors) on top of the cleaned AT map. Numerous elongated, often
north to northwest or east-west trending anomalies appear. The possible sources of these anomalies
have been recently discussed [52] and one example will be shown in Section 4.2.4.

4.1.3. Results of Radiometrics

The radiometric pattern, displayed as exposure rate in Figure 5, shows three prevailing features:
1) high radiation (orange colors) in the coastal flatlands, 2) moderate radiation (yellow to green colors)
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in onshore areas with somewhat higher surface elevation, and 3) low radiation (blue colors) offshore
and in some areas onshore. A high radiation is often caused by clay minerals [53], whereas a low
radiation occurs where water absorbs the radiation [15]. The histogram of the exposure rate shows that
the main features can obviously be separated by two thresholds at about 1.5 and 5.5 uR/h (Figure 5b).
The corresponding contours are displayed in Figure 5b on top of the geology map. This comparison
demonstrates that the contours help to distinguish the main geologic units: 1) Holocene marshes are
indicated by high radiation, 2) Pleistocene sands and tills (Geest) and Holocene mudflats (Wadden
sediments) correlate with areas of moderate radiation, and 3) Holocene mires (bogs and fens) and
open waters (North Sea and rivers) show only a low radiation. It is worth noting that the radiation
measured mainly stems from the upper few decimeters of the subsurface, i.e., the indicated geologic
units below a cover, e.g., Pleistocene clay, may not be revealed by the radiometric data.
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Figure 5. Radiometric results: (a) exposure rate E on a topographic map [30], (b) contours (minima
in histogram: 1.5/5.5 uR/h) in comparison with geology [31]. Black line: frame of entire airborne
survey area.

4.2. Specific Aspects

After the presentation of the general results of the airborne geophysical data, some specific results
will be shown.

4.2.1. Freshwater Lenses on Islands

Freshwater lenses generally arise from water being trapped [54]. In particular, the freshwater
lenses belonging to islands are charged by rainwater and the seepage of this fresh groundwater is
prevented by the subjacent saline water, i.e., the somewhat lighter fresh groundwater floats on top of
the saline groundwater and forms a lens-like body. Most of a freshwater lens is located below mean sea
level, and the groundwater table is elevated by about 1/40 of the freshwater thickness due to density
contrast of fresh and saline water (Ghijben-Herzberg principle, [55,56]). Therefore, the thickness of a
freshwater lens depends on the surface elevation and the lateral extent of an island, which terminate
the maximum elevation of the groundwater table. Outflows from a freshwater lens (stream, submarine
groundwater discharge) occur if the storage capacity is exceeded.
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Airborne data exist for the East Frisian Islands of Borkum, Baltrum, Langeoog, and Spiekeroog
(western half). For example, Figure 6a shows the extent (map) and depth (cross-section) of the
freshwater lenses of the westernmost island of Borkum. The resistivities derived from four-layer
inversion of the HEM data successfully reveal the lateral shapes as well as the thicknesses of the
freshwater lenses on top of the saline water (Figure 6b). These thicknesses result from an accumulation
of all layer thicknesses having resistivities in the range of p = 30-500 (dm. This result, which clearly
indicates two separate freshwater lenses, is very similar to old results derived from direct current (DC)
geoelectric soundings [10]. In contrast to the ground-based geophysical survey, which focused on the
central portion of the freshwater lenses, the airborne results revealed the freshwater resources of the
entire island.
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Figure 6. East Frisian Island of Borkum: (a) resistivity map at -15 m asl and vertical resistivity section
derived from four-layer inversion of helicopter-borne electromagnetic (HEM) data, (b) thickness of
freshwater lenses derived from HEM (colors) and direct current (DC) geoelectric soundings (contours)
models [10] on a topographic map [57]. Numbered black lines: flight lines. For location, see area 130 in
Figure 1a.

4.2.2. Seawater Intrusion

Seawater intrusion occurs in northern Germany, where low-lying marshes exist (see Figure 1). The
fresh-saline groundwater interface (FSI) generally increases in depth moving inland. These areas were
periodically flooded in historic times due to their low elevation, and seawater remains local and close
to the surface, if shallow aquitards exist, preventing downward infiltration. Below these aquitards,
freshwater may occur again. Therefore, several fresh-saline groundwater interfaces may exist. As
the FSI depth is important information, e.g., for water suppliers, farmers, and drainage organizations,
the overview map used in the past [48] was often not sufficient for many problems and an update
was necessary.

Figure 6 shows that sediments saturated with saline water appears conductive (red to orange
colors). From Figure 3, we therefore attribute the onshore conductive areas to seawater intrusion,
which fairly well correlate with the distribution of saline water indicated by green and blue dotted lines
for shallow and deep occurrences, respectively. These two contours, however, could not sufficiently
describe the vertical gradients of the seawater intrusion.

In order to get a detailed status quo of the fresh—saline groundwater distribution at the coastal
region of Lower Saxony (Figure 7), the State Authority for Mining, Energy, and Geology (LBEG) recently
generated a model of the lower FSI [58]. Images of vertical resistivity sections derived from HEM 1D
inversion models were imported into modeling software (Skua Gocad [59]) to pick the depth of this
interface. In Lower Saxony, a chloride threshold of 250 mg/l is used to bound fresh (drinking) water,
which corresponds to bulk resistivity of about p = 30 Om [60]. As the application of resistivity threshold
values for this picking was ambiguous, because both brackish groundwater and clayey sediments
could cause similar resistivity values, a background geological model was used to distinguish between
both. The background model was built using both borehole data and HEM resistivity models [61].
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Figure 7 shows the resulting map for the onshore airborne survey areas located in Lower Saxony,
i.e., to the west of the Elbe River and without the islands. If the resistivity models provided no clear
indication for saline groundwater (often below -100 m asl), the freshwater minimum thickness was
estimated together with borehole data (blue colored area with white dots). For comparison, the old
contours indicating the extent of shallow and deep saline groundwater were added. These contours
often, but not always, bound the strongest vertical gradients of the FSI shown in the new map.
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Figure 7. Fresh-saline groundwater interface (FSI): The colored contour map was recently derived
from HEM resistivity models and borehole data (after [58]). The green and blue dotted lines indicate
the old estimates of shallow and deep saline groundwater, respectively [48]. Background: topographic
map [30].

4.2.3. Submarine Groundwater Discharge

HEM resistivity maps outline not only seawater intrusion, but also indicate the opposite
effect—submarine groundwater discharge (SGD). The outflows of fresh groundwater occur where
sufficiently large hydraulic gradients exist and aquitards preclude an intermixture of fresh and saline
water. We found examples for SGD within the Sahlenburg Watt to the west of the city of Cuxhaven [8],
within the Jade Bay to the south of the city of Wilhelmshaven [62] and in the Wadden Sea to the south
of the island of Langeoog [50]. These SGD locations coincide with areas where no shallow seawater
intrusions occur in Figure 7 (no red colors at the coastline), e.g., in Figure 8.

Dike
Jade Bay

4km Lines rased/interpolated % 0 icked values L.
DTK50-V, Geobasisdaten © BKG 2014 * DTK50-V, Geobasisdaten © BKG 2014

Figure 8. Jade Bay area: (a) resistivities at z = -25 m asl, (b) elevation of fresh-saline groundwater
interface. The black lines in (a) indicate erased and partly interpolated data due to increased sensor
elevations caused by anthropogenic effects (e.g., power lines) and regulations of the Wadden Sea
National Park (bird breading areas at the coastline). Background: topographic map [57]. For location,
see area 139 in Figure 1a.
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One SGD, represented by a channel-like resistive feature, crosses the coastline of the southwestern
Jade Bay (Figure 8). This tidal flat area was investigated during low tides in order to reduce the
shielding effect of seawater. Due to regulations of the Wadden Sea National Park (bird breading areas
at the coastline), the sensor elevation was increased to 200 m asl crossing the coastline. Figure 8 shows
resistivities at z = -25 m asl and elevations of the FSI, both derived from 20-layer inversion results [62].
The Jade Bay area appeared conductive at shallow depth (see Figure 3a), but locally resistive at greater
depth (Figure 8a), indicating fresh groundwater below the saline cover in two areas: 1) in extension of
the northwestwards trending freshwater zone and 2) to the south of a former island (Arngast). The
lower bounds of these features were found below z = -20 m asl (Figure 8b). Borehole results confirmed
that a few meters of Holecene silt, fine sand, and peat cover Pleistocene sand in the center of the
freshwater channel [63]. Such a shielding cover was not found at the ancient island of Arngast, which
finally vanished about a century ago. Therefore, it is not clear why here still freshwater seems to be
present in an isolated area.

4.2.4. Buried Valleys

Buried (tunnel) valleys are widespread in northern Germany [64]. These paleo valleys were
incised into the subsurface during warming periods of the ice ages by subglacial erosion caused by
meltwater. Quaternary sediments refilled and covered these channel structures [65]. HEM is able to
detect such channels if the channel fill, often clayey sediments, differs from the host material, often
sandy sediments [66].

The channel between the cities of Bremerhaven and Cuxhaven (BC channel) is one of
best-investigated channels in northern Germany (e.g., [8,67]). The resistivities clearly outline the BC
channel due to the high amount of Pleistocene clayey sediments inside and Tertiary sandy sediments
outside the channel (Figure 9).
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Figure 9. Cuxhaven-Bremerhaven (BC) channel area: clayey sediments appear as conductive signatures
(orange to green colors) on resistivity maps (here: apparent resistivity at f = 1.8 kHz). An increased
magnetic signal (here bandpass (BP) filtered magnetic AT data) also indicates areas with increased clay
content (grey colors), e.g., the BC channel (dotted arrow). Background: topographic map [30]. For
location, see areas 081, 087, 109, and 132 in Figure 1a.

Towards the north and south, however, the clear appearance of the BC channel vanishes on the
resistivity map due to an increase of groundwater salinity masking the conductive clay signature and
a decrease of clay content, respectively. Here, the magnetic data help to follow the course of the BC
channel northwards. Figure 9 shows that the magnetic anomalies (positive bandpass filtered magnetic
data (ATpp)) correlates with conductive signatures in a wide resistivity range (p = 3-60 (Qm) that
indicate occurrences of clayey sediments.
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4.2.5. Historic Landscapes

Saline groundwater may also be present in coastal regions not affected by current seawater
intrusion [1]. Such groundwater salinization may be related to processes in the geological past, when
the coastline was located further inland (e.g., [23,68,69]). In addition, high salinities caused by seawater
flooding during high tides or storm surges may still persist.

The island of Borkum is one example. This island has two freshwater lenses (Figure 6), because
until two centuries ago, Borkum consisted of two islands, Ostland and Westland, separated by a
tidal creek. Due to the installation of barriers, both islands merged, but the freshwater lenses are still
separated [10]. The marsh areas are further examples (Figure 5b). During a warming period of the Ice
Ages, the Eemean Ocean flooded large parts of the lower areas between the rivers Weser and Elbe.
Compared to the current coastline, the Eemean coastline of the German Bight was partly shifted to
more than 20 km inland [70]. Before land reclamation by enclosure started in the Middle Ages, tidal
flats were not protected by dikes and, therefore, seawater flooding by storm surges and sedimentation
of marine sediments could take place [71]. These marine sediments correlate with low resistivities
(Figure 3) caused by brackish groundwater and fine-grained clayey sediments (Figure 5a).

The ancient Harle Bay to the southeast of the island of Spiekeroog is nowadays an onshore area.
In the Middle Ages, however, it was a typical bay area. That is outlined in Figure 10 by a dashed line
showing the situation at the end of the 13th century. This dike line was heavily damaged in the 14th
century by storm surges and increased seawater flooding penetrated the lowlands creating tidal flats
with new shorelines.

(in 1400)

Pleistocene

p [Qm]
@ -5 m asl

Figure 10. Ancient Harle Bay area to the southeast of the island of Spiekeroog: resistivities at -5 m asl
in comparison with ancient shorelines due to land reclamations by enclosures. The bold dashed black
line shows the situation at the end of the 13th century and the bold black line the current shoreline. The
thin solid and dashed lines indicate the successive land reclamations in the century (Jh.) or year of
activity (after [71]). The grey dots surrounded by dotted black lines indicate the area of Pleistocene
sediments. For location, see area 133 in Figure 1a.

The maximum extent of the tidal flats of the Harle Bay area correlates with the boundary between
Holocene marshes and the area of Pleistocene sediments (Figure 5b), where the surface elevation is
increased (up to a few meters), and higher radiometric exposure rates indicate the marshes there
(Figure 5a).

Since the 15th century, successive land reclamations have been taken place [71]. The map in
Figure 10 shows the resistivities at -5 m asl in comparison with the ancient shorelines. Low resistivities
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(p < 5 Om) indicate areas of remaining seawater intrusion. Higher resistivities (p > 30 (Om) are
presumably caused by fresher groundwater. These more or less isolated freshwater occurrences are
shallow, because the resistivity decreases at greater depth (see Figure 3). Similar to the freshwater lenses
on islands (Figure 6) or comparable areas in the Netherlands [54], they are recharged by rainwater,
but no thick lenses could develop due to the lack of storage resulting from low elevation and flat
topography. The elevation of fresh—saline groundwater interface is mostly above -5 m asl and it is
below -10 m asl at only a few locations (Figure 7).

4.2.6. Peatlands

Peatlands generally contain a high amount of water and organic material, both of which are able
to absorb gamma radiation. As this gamma radiation is often very low there, airborne radiometric
measurements are suitable to outline peatlands [72]. This is shown in Figure 11, where the outlines of
the mires (bogs and fens) fairly well correlate with the threshold of E = 1.5 pR/h for the exposure rate
(see Figure 5a). Small mires, however, were often not detected by this single threshold. One reason is
that the lateral resolution of airborne radiometric measurements is generally low [73] and radiation
from outside may affect the measurements close to the edges of the mires. Therefore, somewhat higher
radiation is measured and a different threshold would be necessary.

The discrimination of bogs and fens is also difficult, because the corresponding radiation is very
similar. Furthermore, the very low radiation levels are close to that of open waters (lakes, rivers).
In order to discriminate these features, additional information is necessary (e.g., digital topographic
maps to clip the water areas). Bogs and fens can be often distinguished by their corresponding surface
elevation. For example, the definition of an elevation threshold of z = 0.5 m asl, in combination with
a slightly reduced radiation threshold of E = 1.0 uR/m [16], helped to outline the bog area of the
Ahlen-Falkenberger Moor (AFM, [74]), which is located about 20 km to the south of the Elbe River
estuary (red frame in Figure 11).

Krumfnhdm

Figure 11. Mires in northwest Germany [75]: Green colors indicate bogs and fens. The blue lines
derived from a threshold of the exposure rate at E = 1.5 uR/h fairly well outline most of the larger
mires. Black line outlines the airborne survey area and the red frame: shows the location of the
Ahlen-Falkenberger Moor (see Figure 12). Background: topographic map [30].

Besides the lateral extent of a mire, it is also possible to derive the peat thickness from
airborne geophysical data, either from electromagnetic models alone [76] or from a combination
of electromagnetic and radiometric results [16]. The latter was demonstrated at the AFM by a three-step
process. 1) The vertical extent was derived from smooth resistivity models in combination with
a steepest gradient approach, which indicated the base of the less resistive peat. 2) The relative
peat thicknesses derived from decreasing radiation were scaled using the electromagnetic results as
reference to transform the exposure rates (negative log-values) to thicknesses. 3) Both methods were
combined by averaging the corresponding thickness values. In order to estimate the elevation of the
peat base, the averaged peat thicknesses were finally subtracted from the surface elevation.



Remote Sens. 2020, 12, 1629 16 of 25

Figure 12 shows the estimated bog area and the elevation of the peat base from both airborne and
borehole results. The mean difference of airborne results and the results of about 100 boreholes was
very small (A = 0.1 £ 1.1 m). Although locally some (5%) deviations (>2 m) from the borehole results
do occur (double black circles in Figure 12), the airborne approach enables fast peat volume mapping
of large areas without the requirement of extensive drilling or core sampling. Furthermore, the HEM
inversion models also help to reveal the type of sediments below the peat, i.e., to distinguish between
sandy and clayey sediments [16].
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Figure 12. Elevation of the peat base of the Ahlen-Falkenberger Moor (AFM). The colored area resulted
from applying thresholds to the elevation and radiometric (exposure rate) data to estimate the bog area
(red lines). The grid shows the peat base derived from resistivity and exposure rate and the colored
circles the borehole results. Double black circles mark those boreholes, where the difference to the
airborne results exceeds +2 m. Red circles indicate clayey sediments below the peat, the other sands.
The brown lines outline Pleistocene sediments (Geest). The numbered flight lines are shown in black
(and white if the data of the highest frequency were interpolated). Background: topographic map [57].
For location, see red frame in Figure 11.

5. Discussion

5.1. Accuracy of Airborne Results

The airborne measurements presented in this paper were acquired along flight lines at a nominal
line separation of 250 m, i.e., the sampling distance along line (HEM, HMG: 4 m, HRD: 40 m) is
smaller than across line. Therefore, the grid cell size (50 m) used for map production is a reasonable
compromise of both separations. A smaller cell size does not increase the lateral resolution of airborne
geophysical maps, because the footprint, i.e., the area of remarkable influence on a single measurement,
is larger (in the order of a few hundred meters depending on the method, system altitude, and
subsurface conditions).

The depth of investigation differs for the three methods used and ranges from a few decimeters
(HRD) to about a hundred meters (HEM), and even to several kilometers (HMG). While the
interpretation of radiometric data is restricted to the near surface, the magnetic data allow distinguishing
between shallow (short spatial wavelength) and deep sources (long spatial wavelength). Only the
electromagnetic data provide information about a layered subsurface due to the use of several system
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frequencies corresponding to different penetration depths. The vertical resolution, however, is hard
to quantify, because it depends on a variety of influences, such as data quality, system geometry
(coil orientation and separation vs. system altitude), complexity of the subsurface, as well as on
interpretation procedures (e.g., type of inversion).

Sophisticated processing procedures (filter and leveling techniques) help to reduce data errors,
but anthropogenic effects require data erasure or replacement. Both are critical because erasure may
delete still meaningful information and replacement may introduce incorrect information. Therefore,
we used different strategies for the processing of anthropogenic effects. The HRD data set was not
corrected for anthropogenic effects in general, because most of these influences (shielding effect or
additional radiation of infrastructure) are often small compared with the geogenic signal and do
not notably appear on large-scale maps (Figure 5a). For special cases in areas with low radiation,
e.g., the investigation of peatlands (Figure 12), however, a removal and interpolation of the affected
data sections was necessary. The procedure applied was similar to that used to clean the HMG data,
which were very sensitive to anthropogenic effects (blue and red dots in Figure 4a). Therefore, it had
been mandatory to remove such effects automatically before BP filtering could be applied to enhance
local geogenic structures on the map displaying the magnetic anomalies (Figure 4b). Unfortunately,
this procedure was not able to reduce all the affected HEM data as well, because the anthropogenic
influence on the HEM data varies with system frequency, i.e., it is generally weak at high and strong at
low frequencies [33]. Therefore, a semi-automatic procedure was applied to optimize the masking of
affected data. As this time-consuming procedure was applied only to the newer data sets (acquired
after 2006), anthropogenic effects are still visible on the large-scale apparent resistivity maps (e.g., red
dots to the south of the city of Cuxhaven in Figure 3b).

System altitude is a very important parameter, because the signals measured often decay
exponentially with increased distance of the sensors to the sources. In particular, this causes a reduction
of the signal-to-noise ratio, i.e., worse data quality, and small-scale anomalies vanish in a broader
background signal causing smeared boundary structures. The nominal altitude of the towed bird of
about 30-40 m above ground is therefore a compromise between data quality and safety reasons. The
latter were also responsible for the numerous flight-line sections with higher flight altitudes, e.g., flying
over trees and power lines or restricted bird breeding zones. The resulting gaps were interpolated
(and marked) as long as they did not exceed the given blanking distance; otherwise, the gaps were not
closed (e.g., coastal area of the southern Jade Bay, Figure 8a).

Measured data always have errors, even after thorough data processing. Therefore, the derived
physical parameters are also biased, particularly if they are the result of an optimization process being
prone to over-interpretation, e.g., the inversion of HEM data to resistivity-depth models. Numerous
authors have addressed the problem of inversion (e.g., [77]). In principle, it is possible to find
extreme models ranging from discrete thin conducting sheets embedded in a resistive host to smoothly
varying resistivity-depths functions, which reasonably explain the data of a layered Earth, but both
are unrealistic. Comparison studies (e.g., [78]) demonstrated that the majority of models were able to
reveal the principle resistivity features, particularly if the true resistivity-depth structure was simple
enough and the resistivities above and below a boundary differ sufficiently. A further challenge occurs
if the subsurface is strongly inhomogeneous in lateral direction. Then, 1D models may fail to explain
the data and 2D/3D modeling or inversion is required. Fortunately, the time and computer source
demanding 2D/3D calculations are often not necessary in a sedimentary environment, because the
lateral resistivity changes are sufficiently moderate with respect to the HEM footprint. We applied
the Levenberg—Marquardt single-site inversion procedure to all our HEM data of this paper using
two model set-ups: discrete few-layer models and smooth 19-layer models. Both approaches have
advantages and disadvantages. Compared to smooth models, few-layer models better reveal sharp
layer boundaries, but they also are more sensitive to data inconsistencies. Therefore, small data
variations may cause abrupt model changes, which could be suppressed using constraints. Laterally
constrained inversion procedures helping to smooth model variations along line and vertical constraints
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are necessary to smooth multi-layer inversion models [41]. The resistivity maps at discrete depth levels
shown in this paper were derived from few-layer models without using constraints. For some specific
interpretation results, e.g., the fresh-saline groundwater interface (Figure 7) or the peat base estimation
(Figure 12), we additionally used vertically smoothed resistivity-depth models.

5.2. Estimation of Boundaries from Airborne Data

Airborne data provide smooth images of the subsurface, even if sharp boundaries exist, due
to the smoothing effects of the system footprints, which behave like low-pass filters, particularly
with increasing distance to the sources (boundaries). On a regional scale, the resulting geophysical
parameter maps appear quite sharp (Figures 3-5), but the boundaries become indistinct on more
detailed maps. In order to derive sharp boundaries, modeling and/or inversion is required. Due to the
enormous extra effort, this is only done where appropriate. The final parameter sets shown here were
not derived from modeling, except the HEM results, which show the resistivities at a certain frequency
(model: homogenous half-space) or depth (model: layered half-space). Instead, we used thresholds to
outline the boundary of specific units (Figures 5 and 11). In addition, appropriate color scales help to
visually group parameter ranges, which may represent a specific unit.

The use of thresholds and color scales as well as models is, of course, only useful to derive
boundaries if a single parameter affects the final product. In practice, however, varieties of source
parameters influence the measurements and, thus, the final products. Therefore, we have to accept this
uncertainty and that specific geological or hydrogeological units are attributed to overlapping ranges
of geophysical values. The reverse case, i.e., the discrimination of diverse source parameters derivable
from a single geophysical value, is much more complicated. For example, the electrical resistivity
is affected by both the salinity of the pore water and the lithological unit (mainly the clay content).
The resistivity ranges introduced in Section 4.1.1 (Figure 3) are based on experience stemming from
numerous comparisons with borehole results (e.g., [79-81]). As long as the influence of the dominant
unit, saline water or clay, is weak, the interpretation with respect to clay content or pore-water salinity
is quite straightforward, respectively. On the other hand, if the dominant unit is significant, a sound
interpretation requires additional information, typically in situ data, other geophysical data, or certain
model assumptions. The structural pattern derived from airborne data may help to reduce ambiguities.
An example is shown in Figure 9, where the clay signature of the BC channel derived from HEM
vanishes northwards due to the increase of pore-water salinity. There, the signature of the BP filtered
HMG data helps to follow the course of the channel towards the North Sea coast. A further example
is the estimation of the fresh—saline groundwater interface (Figure 7), where a resistivity threshold
(p = 30 Qm) was used to estimate the depth of the FSI. Due to the ambiguity discussed above, a
geological model derived from borehole data assisted by HEM vertical resistivity sections helped to
outline the clay layers. The use of a geological model helped to reduce, but not to remove, the ambiguity.
A further uncertainty has to be regarded, because the FSI (at a chloride value of 250 mg/L) is not a
sharp boundary between purely fresh and purely saline groundwater, but a threshold value indicating
drinking water. The transition (mixing) zone between fresh and saline groundwater is often several
meters thick [54]. The threshold used here is located in the upper transition zone and not in the center
of the transition zone. The resistivity models, which are sensitive to strong contrasts, reveal the center
of the transition zone, particularly if few-layer models are used. Smooth resistivity-depth models
may help to better approximate the true (smooth) transition from fresh to saline groundwater, but the
degree of model smoothness depends on the control parameters used for the inversion. Therefore,
the uncertainty of the FSI estimation depends on the thickness of the transition zone. Monte Carlo
interpretation procedures (e.g., [49,82]) may help to estimate such uncertainties.

5.3. Utilization of Airborne Results

The results of the airborne surveys conducted by BGR at the German North Sea coast are publicly
available via BGR’s product center [83]. In addition to the individual survey results, which include
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downloadable reports, data, maps, and vertical sections (only HEM), results merged for the entire area
are attached as Supplementary Materials. The latter are also viewable online via BGR’s geoviewer [84].
Besides the general and specific results presented in this paper, the airborne data, particularly HEM,
served as baseline data for a number of scientific projects, funded by the European Union (EU) or the
German government, and were further used by universities and stakeholders (e.g., water suppliers).

EU Interreg North Sea Region Programs helped to promote the utilization of airborne results.
One project [85] developed methods for the mapping of buried (tunnel) valleys under the aspect
of groundwater supply. HEM results were used in several pilot areas, e.g., between the cities of
Bremerhaven and Cuxhaven (BC channel) as well as near the metropolitan area of the city of Hamburg
(Ellerbek channel). The aim was to deliver knowledge and understanding of the structural and
hydrological properties of deeper groundwater resources found in buried valleys. The main target was
to differ between permeable and impermeable regions. HEM data were used to model the covering clay
layer of the buried valley and, thus, identify the meandering of the valley [86]. In areas where saline
or brackish groundwater masked the clear clay appearance on the resistivity maps, weak magnetic
signatures could be used to image the BC channel (Figure 9) and many other channels as well as further
(elongated) clay occurrences. Large-scale vulnerability maps were compiled for different depth levels
using the integrated conductivity derived from HEM models as an indicator for aquifer vulnerability
to the north of the city of Hamburg [87] (see Figure 3).

Another EU project [88,89] focused on groundwater dynamics and climate-change effects on
coastal groundwater systems, e.g., salinization problems and sustainable groundwater management.
In one of the German pilot areas, the North Sea island of Borkum, a numerical density dependent
groundwater model was set up [90]. HEM inversion models helped to reveal shape and dimension of
the freshwater lenses (Figure 6). Furthermore, HEM results were used to define the initial condition
for the constant mass transport boundary at the surface of the aquifer. The present day status of the
freshwater lens was simulated starting some hundred years before. In addition, HEM was important
for the understanding of the hydrological processes involved in the spatiotemporal evolution of the
island’s freshwater lenses, which had to be taken into account for the transient model calibration. At
the time of the airborne survey (March 2008), the model matched sufficiently the structures of the
freshwater lenses revealed from HEM. This well-calibrated model was then used to simulate future
development of the freshwater lenses under climate-change aspects [90].

Further projects [91,92] focused on areas for which the initial conditions for salt concentration were
difficult to define, e.g., within the Elbe-Weser triangle [93,94], where the spatial salinity distribution
was heterogeneous and not restricted to areas close to the current coastline (Figure 7). One approach
linked HEM resistivity models with nearby borehole lithology to derive lithology-resistivity relations
for, e.g., clay, silt, and sand. From the sand histogram, a resistivity threshold was used to derive the salt
fraction for the area of investigation [95,96]. Another approach derived chloride concentration from
the comparison of borehole lithology and HEM resistivity models. This approach used only a fraction
of the huge HEM data volume, i.e., close to the boreholes, to calculate the chloride concentration at
different depths used for map production [97].

The airborne results at the German North Sea coast were not only used for hydrogeological
interpretation, but also for geological modeling and the development advanced modeling
techniques [98,99]. One of the challenges is the integration of geophysical models (e.g., [100,101])
into geological models (e.g., [102]), which often require statistical analyses beforehand. Geostatistical
techniques (e.g., [80]) and automated analyses may help to better use the full value of multi-parameter
airborne geophysical data sets, which are able to provide diverse measurements at the same place
and time.

6. Conclusions

Airborne geophysics applies a variety of geophysical measurements, which are often
simultaneously conducted. As diverse aircrafts (fixed wing, helicopter, and drones) can be used for
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carrying geophysical systems, investigation areas range from local-scale (in the order of a square
kilometer) to large-scale (in the order of several hundreds of square kilometers). Regional or even
nationwide surveys can also be conducted merging individual surveys. This paper has presented an
example for a combination of 13 individual helicopter-borne surveys acquired over 15 years.

One of the main advantages of airborne geophysics is spatial mapping, i.e., thematic maps
presenting physical parameters at diverse depth levels help to reveal (even covered) subsurface
structures. Therefore, airborne geophysical multi-parameter results provide an ideal link between
regional surface mapping using remote sensing and local on-surface or in situ measurements.

The helicopter-borne surveys at the German North Sea coast revealed numerous structures, which
are important for the understanding of hydrogeological processes of the subsurface. The most prominent
one is the interaction of seawater and fresh groundwater. The structural investigation of fresh—saline
interfaces, offshore and onshore, help to better understand the dynamics of freshwater lenses of islands,
saltwater intrusions, and submarine groundwater discharges both in historical view and forecast. The
knowledge on the distribution of sandy and clayey sediments is fundamental to correctly describe
and model groundwater aquifers and aquitards, respectively. Airborne electromagnetics is a powerful
tool providing information for these groundwater-related tasks. Airborne radiometrics and magnetics
acquired simultaneously support these tasks, but they are restricted to specific aspects (e.g., cover-layer
lithology, clay in glacial channels). In order to classify the soil cover (including wetlands), radiometrics
is mandatory, because that method is able to investigate the upper few decimeters of the subsurface.

This paper has presented several applications of airborne geophysics in the coastal lowlands of
northern Germany. The full potential of this airborne data set has not been tapped so far. Although
some integrations of airborne results (particularly HEM) into geological or hydrogeological models
(e.g., to derive the fresh—saline groundwater interface) have taken place, numerous more applications
linking this publicly available airborne geophysical data set with remote sensing results and other
spatial data sets would be possible using sophisticated geostatistic interpretation tools.

Supplementary Materials: Data and products are available online: https://produktcenter.bgr.de/.
Merged results:
Maps from helicopter-borne electromagnetic data, BGR 2017; doi: 10.25928/bgr2017hem_sfpb-1064.
Maps from helicopter-borne electromagnetic inversion models, BGR 2017; doi: 10.25928/bgr2017heminv_22v5-bg06.
Maps from helicopter-borne magnetic data, BGR 2017; doi: 10.25928/bgr2017hmg_zd10-c310.
Maps from helicopter-borne radiometric data, BGR 2017; doi: 10.25928/bgr2017hrd_tbtd-d240.
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