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ABSTRACT  

 
 

                                                                                    
The original, natural settings of many coastal areas have been altered by anthropogenic influence. The two 
most widespread and serious sources of man-mad coastal impact are saltwater contamination and 
sedimentation from extensive freshwater pumping, land-clearing and erosion. Pollution and development are 
changing the coastal habitats. Presently, electrical resistivity methods are applied in a wide variety of 
geological and environmental site investigations. From a previous airborne electromagnetic survey, a distinct 
conductive zone above Eemian clay was investigated at the coastal area around Cuxhaven, northern part of 
Germany. Geologically, the coastal tidal flat sediments formed shallow channel-like features.  

We have applied three geophysical methods to image the saltwater and the shallow channel features at 
Lüdingworth, close to the estuary of the Elbe River, which is an open tidal coastal area in the northern-
western part of Germany. The geophysical techniques comprise the following methods: Direct current 
resistivity (DC), frequency domain electromagnetics (FDEM) and spectral induced polarization (SIP). We aim 
to evaluate these methods (DC, FDEM and SIP) to show which geophysical methods can perform well under 
the study area conditions, i.e. to show which techniques provide the required spatial resolution and target 
definitions in this area. This evaluation also includes a synthetic modeling to analyze the limitations of the DC 
resistivity imaging technique and assess a joint inversion of data sets from DC configurations in the study 
area. Extensive borehole data were used to overcome the equivalence problem and to augment the validity of 
the 1D interpretation (DC and FDEM).  

In general, our results constitute an encouraging example using these geophysical methods in characterizing 

the coastal aquifer. The geophysical inversion results are represented in form of 1D, 2D and 3D imaging. 

They show that the subsurface resistivity distribution of tidal sediments can change rapidly within a short 

distance. In addition, two saltwater bodies can be observed, perched saltwater and saltwater intrusion. The 

EM cross-sections and DC images indicate that the perched saltwater can be observed as a high conductive 
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layer above peat and Eemian clay layers. The saltwater intrusion is noticed in a wedge-like form. The 2D SIP 

inversion shows that the perched saltwater is restricted in patched forms above an impermeable layer.  

The EM and DC profiles show a shallow channel-like feature within tidal deposits. In presence of extensive 
boreholes, the DC and FDEM soundings are quick and cost effective reconnaissance techniques for 
identifying a large lateral variation in the lithology of coastal areas. The integration between both methods is 
effective and valuable especially in presence of noise sources (e.g., current cables and metals), where the 
FDEM method suffers from EM wave diffusions. 

Both DC sensitivity analysis and synthetic modeling are necessary to judge the model reliability. Two main 
limitations can be observed from the synthetic modeling: (a) A smearing in the lower boundary of the perched 
saltwater; (b) an amplification of the lateral effect of the high conductive layer. These limitations decrease the 
resolution of DC imaging for accurately defining our targets. The joint inversion of different arrays can improve 
the model reliability especially under no or limited prior geological information. The 2D SIP results 
demonstrate the suitability of this method for subsurface characterization in the coastal area with a very good 
resolution. The success of the SIP method supports further investigations into studying the hydraulic 
parameters of tidal deposits in this area. The information collected during this investigation provides an 
overview of the coastal aquifer and can serve as a basis for refining the conceptual model of morphological 
elements and sedimentary sequences of the coastal tidal flat aquifer in this part of Germany. 

The integration of aquifer parameters obtained from boreholes and resistivity parameters extracted from 

surface resistivity measurements can be highly effective. The intention here is to assess an empirical 

relationship between the aquifer resistivity ɟ, the transmissivity K and/or the hydraulic conductivity kf using 

the DC soundings. In presence of a good correlation between the observed kf and measured ɟ, we propose a 

simple equation of a power-law relation between them. Its coefficients are determined using a least-squares fit 

between the observed and estimated kf values. We used published data from Nigeria (gravelly to clayey 

sandy aquifer) and India (loose sands and highly to poorly weathered sandstone aquifer) of 1D soundings to 

establish this equation. In the Cuxhaven area, we used DC soundings and a 2D SIP profile to investigate the 

hydrogeophysical conditions of a Holocene tidal aquifer. The methodology has been correlated with kf values 

obtained from observed wells and established relationships. The good agreement between aquifer hydraulic 

parameters obtained from sounding parameters and those obtained from pumping test and grain size analysis 

proves the potential of the methodology. The overall results indicate that, for an area with a particular 

geological setting and range of water quality, this equation has a reasonable degree of accuracy. Thus by 

deriving two adjustable parameters in empirical relation, it is possible to determine kf and K in areas without 

boreholes.  

Keywords: Resistivity; Shallow channel; Hydrogeophysics. 
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Kurzfassung  

 
 

                                                                                     
Die natürliche, ursprüngliche Situation vieler Küstengebiete ist durch anthropogene Beeinflussung verändert 
worden. Die beiden am weitesten verbreiteten und ernsten Beeinflussungen der Küsten sind 
Salzwassereinträge und die Sedimentation aus Landabtragung und Erosion. Umweltverschmutzung und 
Entwicklung verändern die Küstenlebensräume. Derzeit werden elektrische Widerstandsmethoden zur 
Unterstützung einer Vielzahl von geologischen und ökologischen Untersuchungen in Küstenregionen 
angewendet. Aus einer früheren luftgestützten elektromagnetischen Untersuchung wurde eine deutlich 
leitende Zone oberhalb des Eemttons an der Küste rund um Cuxhaven im nördlichen Teil von Deutschland 
untersucht. Geologisch bilden die Sedimente auf den  Küstenwattflächen flache kanalähnliche Formen. 

 Wir haben drei geophysikalische Methoden zur Abbildung der Salzwasserverhältnisse und der flachen 
Kanalformen bei Lüdingworth angewendet, nahe der Mündung der Elbe, die ein offener Gezeitenästuar im 
nord-westlichen Teil von Deutschland ist. Die geophysikalischen Techniken umfassen die 
Gleichstromwiderstandsmethode (DC), Elektromagnetik im Frequenzbereich (FDEM) und spektral induzierte 
Polarisation (SIP). Unser Ziel ist es, diese Methoden zu bewerten, um zu zeigen, welche der 
geophysikalischen Methoden unter Untersuchungsgebietsbedingungen gute Ergebnisse liefern, d.h., welche 
Techniken die erforderliche räumliche Auflösung und lithologischen Kenngrößen in dieser Küstenregion liefern 
können. Diese Bewertung umfasst auch eine synthetische Modellierung: (a) um  die Grenzen der DC 
Widerstandverfahren zu analysieren und (b) um die gemeinsame Inversion von Datensätzen aus DC-
Konfigurationen in der untersuchten Region zu bewerten. Umfangreiche Bohrungsdaten wurden verwendet, 
um das Gleichwertigkeitsproblem zu lösen und die Validität der 1D Interpretation zu erhöhen (DC und FDEM). 

 In der Regel sind unsere Ergebnisse ein ermutigendes Beispiel für die Verwendung dieser geophysikalischen 
Methoden zur Charakterisierung von Küsten aquiferen. Die geophysikalischen Inversionsergebnisse werden in 
Form von 1D-, 2D- und 3D-Bildern dargestellt. Sie zeigen, dass die unter der Oberfläche liegende 
Widerstandsverteilung der Gezeitensedimente sich schnell auf kurzer Entfernung ändern kann. Darüber 
hinaus können zwei Salzwasserkörper beobachtet werden: hängende Salzwasser und lateral eingedrungenes 
Salzwasser. Die EM-Querschnitte und DC Bilder verdeutlichen  das hängende Salzwasser als hoch leitfähige 
Schicht über Torf- und den Eem- Tonschichten. Das Eindringen von Salzwasser wird in einer keilförmigen 



viii 
 

Form festgestellt. Die 2D-SIP Inversion zeigt, dass das hängende Salzwasser lateral begrenzt ist und sich 
über einer undurchlässigen Schicht gebildet hat. 

 Die EM-und DC-Profile zeigen eine flache kanalartige Form innerhalb der Gezeitenablagerungen. Mit der 
Hinzunahme von Bohrlochdaten bieten  die DC- und FDEM-Sondierungen schnelle und kostengünstige 
Aufklärungstechniken zur Identifizierung einer hohen seitlichen Variation in der Lithologie der Küstengebiete. 
Die Integration der beiden Methoden ist effektiv und wertvoll, besonders in Gegenwart von Störquellen (z.B. 
Stromkabel und Metalle), wo das FDEM-Verfahren unter EM-Wellendiffusionen leidet. 

 Sowohl die DC-Sensitivitätsanalyse als auch die synthetische Modellierung sind notwendig, um die 
Zuverlässigkeit des Modells zu beurteilen. Zwei wesentliche Einschränkungen können bei der synthetischen 
Modellierung beobachtet werden: (a) Ein Verschmieren an der unteren Grenze des hängenden Salzwassers 
und (b) eine Verstärkung des seitlichen Effekts der hochleitenden Schicht. Diese Einschränkungen verringern 
die Auflösung des DC-Imaging für unsere Ziele. Eine Joint-Inversion der verschiedenen Datensätze kann die  
Zuverlässigkeit des Modells besonders unter nicht oder nur begrenzt vorhandenen vorherigen geologischen 
Informationen  verbessern. Die 2D-SIP-Ergebnisse zeigen die Eignung dieser Methode für  die unterirdische 
Charakterisierung der Küstenregion mit einer guten Auflösung. In dieser Studie unterstützt der Erfolg der SIP-
Methode weitere Untersuchungen zum Studium der hydraulischen Parameter von Gezeitenablagerungen. Die 
erhaltenen Informationen bieten einen Überblick über den Küstenaquifer und können als Grundlage für die 
Verfeinerung der konzeptionellen Modelle der morphologischen Elemente und sedimentären Sequenzen der 
Wattflächen in diesem Teil von Deutschland  dienen.  

Die Integration von Aquiferparametern aus den Bohrungen und Widerstandsparametern, extrahiert aus 
Oberflächenwiderstandsmessungen, können sehr effektiv sein. In der Arbeit wird eine empirische Beziehung 
zwischen dem elektrischen Widerstand des Aquifers ɟ und der Transmissivität K bzw. dem hydraulischen 
Leitfähigkeit kf auf Grundlage der DC-Sondierungen aufgestellt. In Anbetracht der guten Korrelation zwischen 
den beobachteten ɟ und gemessenen kf schlagen wir eine einfache Gleichung zwischen ihnen vor. Die 
Koeffizienten sind dabei mit Hilfe einer Least-Squares-Anpassung zwischen den beobachteten und 
geschätzten kf-Werten zu bestimmen. Wir haben zudem Daten von 1D-Sondierungen aus Nigeria (kiesig bis 
sandig lehmige Aquifere) und Indien (Aquifere aus Sand und Sandstein) zur Ableitung dieser Gleichung 
verwendet. Im Gebiet von Cuxhaven haben wir DC-Sondierungen und ein 2D-SIP-Profil auf 
hydrogeophysikalische Beziehungen eines holozänen Gezeitengrundwasserleiters untersucht. Diese Methodik 
wurde mit kf-Werten aus den verfügbaren Brunnen und etablierten Beziehungen korreliert.   

Die gute Übereinstimmung zwischen hydrogeophysikalisch erhaltenen hydraulischen Parametern und solchen 
aus Pumpversuchen und Korngrößenanalysen belegt das Potential der Methode. Die Gesamtergebnisse 
zeigen, dass für ein Gebiet mit vergleichbarem geologischen Aufbau und Wasserqualität diese Gleichung ein 
vertretbares Maß an Genauigkeit liefert. Durch Bestimmung zweier Parameter in dieser empirischen 
Beziehung ist es möglich, kf und K auch für Bereiche ohne Bohrungen zu ermitteln.  

Keywords: Widerstand; Flachwasserkanäle; Hydrogeophysik. 
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1 INTRODUCTION  

 
                                                                                    

 
1.1 BACKGROUND  

Saltwater intrusion into shallow aquifers is often an important problem along coastal areas. It 

is the induced flow of seawater into freshwater aquifers primarily caused by groundwater development 

near to the coast. Nowadays, coastal areas are often densely populated, where dense population and 

touristic development are coupled to scarce water resources and require intense exploitation of 

groundwater. Below the withdrawn freshwater in coastal aquifers, there often exists a saltwater formed 

by recirculating seawater (Cameo, 2006). Freshwater pumping produces a saltwater wedge-like 

feature. This wedge develops because freshwater, which floats on the top of saltwater, is less dense 

than saltwater. The boundary between saltwater and freshwater is not distinct; the zone of dispersion, 

the transition zone or saltwater interface, is brackish with saltwater and freshwater mixing. The natural 

movement of freshwater towards the sea prevents saltwater from entering freshwater coastal aquifers 

(Barlow, 2003). 

As the majority of coastal areas are made up of unconsolidated sediments, they are also 

subjected to comparatively fast morphological changes. These areas are characterized by a large 

variety of morphological elements and depositional environments. They are regarded as a global 

problem (Alley et al., 2003) and therefore detailed knowledge about the geological setting is essential 

to understand the processes of coastal evolution.  

In northern Germany, Cuxhaven coastal region is a tidal flat area and is considered as a 

densely populated area. An increasing number of people and touristic development yet have led to a 

stronger demand for water supply than ever before. In history, this area was influenced by tidal 

fluctuations, long-term climate and sea level changes and seasonal changes in evaporation and 
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recharge rates. Recharge rates are sometimes lowered with increased urbanization involving 

impervious surfaces.  

Unless subsurface conditions are rather homogenous, the near surface deposits can 
generally not be adequately characterized by just drilling and logging a limited number of boreholes. 
Surface-geophysical methods provide quick, non-intrusive and relatively inexpensive alternatives for 
collecting continuous subsurface geologic information. They also provide information about the spatial 
distribution of subsurface physical properties, such as electrical conductivity (or its inverse, resistivity), 
dielectric permittivity, magnetic susceptibility, density and seismic velocity. Commonly employed 
geophysical methods include seismic, potential and geoelectric methods. In general, the geophysical 
methods have significant potential for environmental and hydrogeophysical applications. They have 
been successfully used in groundwater exploration and mapping the boundaries between freshwater 
and saltwater (e.g., Sharma, 1997; Gemail et al., 2004; Corriols and Dahlin, 2008; Corriols et al., 2009). 
Usually, multiple geophysical methods offer better answers than any individual exploration technique. 
The methods can be applied at a wide range of field scales and surveys made in arbitrary geometrical 
configurations (e.g., boreholes). Saltwater intrusion, buried hydrogeologic, geological features and 
subsurface layer characterization are ideal targets for mapping using geophysical methods.  

Among geophysical techniques, geoelectrical methods are powerful tools. They have a broad 
range of useful applications, including mineral exploration, engineering and environmental 
investigations and archeological studies. They can be divided into two categories: 
a. Electrical techniques: Direct current (DC) resistivity, induced polarization (IP) and self-potential (SP). 
b. Inductive or electromagnetic techniques: Frequency domain electromagnetic (FDEM), time domain 
or transient electromagnetic (TEM) and magnetotelluric (MT) methods. 

The area around Cuxhaven and Bremerhaven has been studied intensively geophysically 
and hydrogeologically (e.g., Kessels et al., 2000; Wiederhold et al., 2005; Kirsch et al., 2006). One 
purpose was to secure fresh water supply for the area from Pleistocene buried channels. Intense 
interdisciplinary research was performed and planned to study the groundwater dynamics in the 
Cuxhaven area (Friedhoff, 2001; Siemon et al., 2001b; Fulda, 2002; Wagenschein, 2002). High-
resolution seismic reflection surveys of the offshore North Sea area have been published, for example, 
by Praeg (1996), Schwarz (1996) and Huuse and Lykke-Andersen (2000). Helicopter electromagnetic 
(HEM) methods have been successively used to map buried valleys in northern Germany (Fluche and 
Sengpiel, 1997). Gabriel et al. (2003) studied various buried Pleistocene subglacial valleys in northern 
Germany, e.g., the Ellerbeker Rinne and Bremerhaven-Cuxhaven Rinne including seismic, gravity and 
helicopter electromagnetic (HEM) surveys.  

1.2 OBJECTIVES  

The present study is focused on DC, FDEM and SIP (spectral induced polarization) 
investigations over a coastal area near to the Cuxhaven region. The thesis, mainly, is an 
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environmental geophysical study about the saltwater-freshwater problem. Despite the large amount of 
scientific literatures about this topic in the Cuxhaven area (e.g., Siemon and Binot, 2003; Noell and 
Panteleit, 2004), detailed studies are still required and many questions have remained open. Therefore, 
the first objective of this thesis is to evaluate the geoelectrical methods in imaging and characterizing 
the younger glaciation (Saale) freshwater Quaternary aquifer and the saltwater intrusion. From previous 
HEM survey, an isolated shallow distinct conductive zone is known, in addition to saltwater intrusion 
(Siemon et al., 2001a; Siemon et al., 2004). Consequently, the second objective is to identify the HEM 
shallow conductive zone, which was observed in the Cuxhaven region.  

Heterogeneity is of extreme importance in many coastal deposits where lateral variations of 
facies are frequent and there exist paleochannels that act as preferential paths for incoming seawater 
(Cameo, 2006). In the research area, Streif (2004) expected, schematically, that the heterogeneity 
within the tidal deposits could produce a shallow channel-like feature, which has not been 
geophysically proved yet. Thereby, the third objective of this thesis is an attempt to evaluate the 
geoelectrical methods in imaging and characterizing this feature. Geologically, the tidal flat deposits are 
dominated by fine sediments, which can be considered to be a protection zone to freshwater aquifer 
from surface pollutants, e.g., tidal saltwater and fertilizer. The fourth specific objective of this thesis is 
to study the hydrogeophysical properties of the Holocene tidal deposits. Finally, we attempt to apply 
various geophysical approaches to understand the hydraulic properties of shallow tidal deposits. In our 
research, the key questions are: 

 (i) How can the combined use of geoelectrical methods (DC, SIP and FDEM) resolve the subsurface 
layers and heterogeneities within the Quaternary deposits? 
(ii) How can we optimize the survey design and identify limitations of the resistivity technique? 
(iii) How can the detailed study of geoelectrical configurations improve the reliability of the resulting 
models for reconstructing the subsurface electrical resistivity distributions in two or three dimensions 
(2D or 3D)? 
(iv) Can EM measurements over a wide range of frequencies (FDEM method) be considered faster 
and more accurate than DC soundings for characterizing coastal areas? 
(v) To which extent can IP measurements of resistivity magnitude and phase angle over a wide range 
of frequencies (SIP method) offer a robust mean for non-invasive characterization of geological 
heterogeneity within tidal flat deposits?  
(vi) To which extent can DC and SIP methods provide valuable information about hydraulic conductivity 
of tidal deposits? 

For these purposes, the steps in planning the present work were as follows (Fig. 1.1): 
1- We collected the available topographic, geological and geophysical information about this coastal 
area. 
2- 1D DC soundings were measured all over the study area to have a general overview about the 
subsurface layers and resistivity distributions. 
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I- Geological and geophysical
           background

II- 1D DC soundings

III- Freshwater-saltwater
          imaging

FDEM soundings

IV-Tidal flat deposits
    characterization

V- Holocene hydraulic
     properties study

FDEM soundings

3- 1D FDEM soundings were measured and a cross-section was constructed to image the saltwater 
and Quaternary aquifer at the central part of the investigated area. Guided by the 1D results, 2D and 
3D DC resistivity imaging campaigns were conducted at three selected sites to image the saltwater 
occurrences and Quaternary aquifer.  
4- For shallow geophysical investigation, FDEM soundings and 2D DC and SIP profilings were carried 
out.  
5- Geoelectrical parameters and SIP empirical relations were applied to characterize the hydraulic 
properties of Holocene tidal sediments.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.1: Flowchart relevance to the steps of planning the research work. 

 

1.3 APPROACH  

This dissertation consists of seven chapters and two Appendices. After this introduction the 
following chapters will be presented:  

Chapter 2 outlines the morphology, geological setting and hydrogeological background of 
the study area and provides the location map of the area. 

Chapter 3 focuses on the basic theory and fundamentals of geoelectrical methods including 
1D soundings (DC and FDEM), 2D imaging (DC and SIP) and 3D imaging (DC). It also gives an 
introduction to the inversion of DC, FDEM and SIP methods. Finally, it represents the roles of DC and 
SIP in hydrogeophysics. Various approaches for calculating the hydraulic conductivity and 
transimissivity from DC and SIP measurements will be shown. 
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Chapter 4 provides a detailed description on how to acquire the geophysical measurements 
in the study area. It explains the field parameters for each method, e.g., profile length and spacing, 
electrode spacing, electrode configuration and the measured frequency range. This chapter also shows 
a short description to the geophysical instruments which will be used in the data acquisition and 
outlines the data processing and inversion of our measurements in the investigated area. 

Chapter 5 shows the geophysical imaging of saltwater occurrences and a Pleistocene 
freshwater Quaternary aquifer using DC and FDEM. Also, the limitations of DC imaging will be 
discussed by preparing the synthetic modeling, in addition to assess the DC combined data sets of 
different configurations. A shallow geophysical characterization to tidal flat deposits at the southern part 
of the considered area is presented. The importance of SIP measurements to image and characterize 
the heterogeneity within the tidal flat deposits is shown. Finally, this chapter presents DC soundings 
application in predicting the hydrogeological parameters of Holocene aquifers in terms of hydraulic 
conductivity, transimissivity, clay content, grain size distribution and potentiality of the aquifer. The 
transimissivity estimation using different DC empirical relations will also be discussed. SIP inversion 
results will be used to estimate the hydraulic conductivity using various approaches. 

Chapter 6 summarizes the most important conclusions and results of this study. It also 
includes some recommendations for further research work. 
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2 STU DY AREA  

 
 

                                                                                    
2.1 LOCATION AND MORPHOLOGY  

The study area is located in Lower Saxony, in the northern part of Germany. It is close to 
the estuary of the Elbe river and between latitudes 53o 47 15 N and   53o 50 12 N and longitudes 
8o 41 34 E and 8o 46 40 E. It contains extensive drainage lines for agricultural and reclamation 
purposes. This flat coastal area is located between Bremerhaven and Cuxhaven (Fig. 2.1a). Before 
constructing the artificial coastal sea dikes next to the Elbe River, this area suffered from many phases 
of sea transgressions. Figure 2.1b shows locations of drilled boreholes, which will be used to construct 
geological cross-sections.  

The southern North Sea coast of Germany was studied morphologically by several authors. 

The area is characterized by a large variety of morphogenetic elements and depositional environments. 

The climatic changes occurring during the Quaternary period have led to a series of large, rapid 

changes in the shallow marine and coastal lowland areas. For most of the Quaternary period, the area 

of the German North Sea sector including the coastal areas was well above sea-level. Sea-level 

oscillations of about 100 m caused shoreline displacements of 500-600 km and left behind a 

fragmentary sedimentary record which can be used for the reconstruction of stages of landscape 

development (Streif, 2004). 

In general, the area between Cuxhaven and Bermerhaven represents a lowland of Holocene 
tidal deposits (Marschlands) and a highland of exposed Pleistocene deposits (Geest). Marschlands run 
more or less parallel to the Elbe and Weser rivers and along the shore line (Figs. 2.1a and 2.2a). The 
morphology of the survey is that of wet marschland just above sea level (LGN 1999). It is 
characterized by many drainage lines with spreading agricultural areas. CAT-LUD 1 is the name of 
scientific borehole in the Coastal Aquifer Test Field which was used to establish the hydrogeological 
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and geochemical properties in Cuxhaven area (Fig. 2.2). It was used also to study the interaction 
between freshwater and seawater (e.g., Panteleit et al., 2006), as will be discussed below. ´Geestµ 
represents smooth sand ridges with elevations of ten to thirty meters above sea level and can be 
observed at the western part of the study area (Fig. 2.2a).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1: (a) Location map of the study area (after Behre, 2004), the gray color refers to Geest areas. (b) locations 
of the drilled boreholes and geological cross-sections (inset map © Google Earth). 
 

2.2 GEOLOGICAL SETTING  

The study area is a part of the North West German Tertiary Basin, but Tertiary deposits are 
largely hidden by younger Quaternary sediments (NLfB 1999). The Pliocene and Miocene deposits of 
the Tertiary expose clays, siltstone and fine sands with an overall thickness of a few hundreds of 
meters. There is a hydraulic contact between Quaternary and Tertiary layers.  

During most of the Quaternary period, the German North Sea sector and coastal areas were 

above sea-level. In the Cuxhaven area, the accumulated average thickness of the Quaternary deposits 

is in the order of 80 m (Besenecker et al., 1981). Figure 2.3 indicates that from 2.6 million years ago, 

the beginning of the Quaternary was marked by repeated drastic cooling periods and thereafter three 

distinct phases of landscape development (Streif, 2004). The first one was characterized by marine to 

fluvio-deltaic sedimentation. In the second phase, repeated ice advances alternated with marine 

transgressions. The third phase started with melting of the most recent ice sheet. 
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Fig. 2.2: (a) Digital elevation model of the Cuxhaven-Bremerhaven region (LGN, 1999) and (b) a borehole composite 
of four sections, left to right: laterolog, cored section, gamma ray log and geological profile.   

 
 

 

 

 

 

 

 

 

 

 
2.3: Trends and dynamics of sea-level changes and their record in the sedimentary sequences of the coastal 
zone (Streif, 2004). 
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2.2.1 GEOLOGIC AL SETTING OF PLEISTOCENE SEDIMENTS  

The sedimentary sequence of Lower and early Middle Pleistocene reaches a total thickness 
of more than 800 m in the North Sea basin. Generally, during the Middle Pleistocene epoch, the 
survey area was periodically covered by the Scandinavian ice cap. The deposits are mainly of shallow 
marine to deltaic origin in the basin (Cameron et al., 1987, 1993; Long et al., 1988). Both seismic and 
borehole data provide evidence of series of marine transgression and regression which appear to have 
occurred during this epoch. As no exact figures are available for the amplitude of the sea-level 
changes, and only rough estimates are available of the duration of the phases of warm climate, the 
dynamics of transgressions and regressions during Lower and early Middle Pleistocene epoch are 
particularly unknown (Streif 2004). 

The upper Pleistocene is characterized by many phases of marine regression (cold climate) 
and transgression (warm climate). Table 2.1 shows that three regional glaciations affected north-
western Europe to different extends during the Elsterian (Anglian), Saalian (Wolstonian) and 
Weichselian (Devensian) glacial stages, when the Scandinavian and British ice sheets temporarily 
covered parts of the present-day North Sea (Streif, 2004). During the glaciation phases, very 
heterogeneous sediments had been deposited. Moreover, large structures, formed by subglacial 
erosion, cut deeply into underlying strata. They are called buried valleys, since they cannot be seen at 
the surface today (Kirsch et al., 2006). 

In the Cuxhaven area, the Elsterian glacial deposits lie on a regional unconformity which 
generally occurs at 80-90 m below the present sea level. The unconformity was formed as a result of 
the advancing ice, which left glaciofluvial deposits on a truncated fluviodeltaic sequence to shallow 
marine sediments (Streif, 2004). A complex system of anastomosing valleys was formed by the 
Elsterian ice sheet. The glacial valleys cut down deeply through the Pliocene and Miocene sediments 
into the Eocene clays. They reached depths of more than 350 m bsl whereas the width is only 1 or 2 
km. The valleys were filled with melt water deposits, beginning with sand and gravel at the base and 
often grading into silt and clay deposits in their upper part. Generally, the Elsterian valleys were 
covered by a thick clay layer (Lauenburg clay) of tens of meters. In places the Lauenburg clay is thin 
or absent. The system of subglacial valleys occurs in large areas of the present-day North Sea as well 
as the adjacent mainland. Kuster and Mayer (1979) could reveal the average total thickness of the 
channel fill to be in the order of 350 m (Fig. 2.4). The Bremerhaven-Cuxhaven buried valley was well 
imaged by HEM and gravity methods (Gabriel et al., 2003).  
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Table 2.1: Stratigraphic record of Middle and Upper Pleistocene of Northern Germany with marine ingressions 
indicated in the right column (Streif, 2004). 

 

 

 

 

 

 

 

 

 
Fig. 2.4: Geological setting through the Cuxhaven area (Panteleit et al., 2001b). 
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The marine transgression of the Holsteinian interglacial invaded a landscape with a rough 
morphology shaped by the Elsterian ice sheet (Streif, 2004). In the Hamburg area (southeastern part of 
the study area, Fig. 2.1a), which is a key region for demonstrating the interaction between sea-level 
rise and marine sedimentation, the Holsteinian interglacial transgression started with open-water 
conditions and fauna, indicating a water depth of 20-30 m. Evidence of warmer, shallow water and 
brackish conditions are found in the middle part. Most saline and slightly deeper water conditions are 
observed in the uppermost part of the sequence (Knudsen, 1993). In northern Germany, Holsteinian 
interglacial marine deposits are found at 20-30 m below sea level. In the Cuxhaven area and the lower 
reaches of the Elbe River, the Holsteinian transgression invaded as far as 160 km inland following the 
partially filled meltwater runoff valleys formed during the preceding Elsterian glacial stage (Linke, 1993; 
Hinze et al., 1995). Besides the sedimentary fill of these valleys, no other morphological features were 
left behind by this transgression. 

During the Saalian glacial stage, the Scandinavian ice sheet covered Denmark and parts of 
northern Germany, extending as far as about 40 km off the present-day coast of the northern 
Netherlands and about 110 km off the Danish coast (Foged, 1987; Joon et al., 1990; Cameron et al., 
1993; Laban, 2000). In the Cuxhaven area, coarse grained sediments of younger glaciations (Saale) 
are found above the Lauenburg clay or above the Pliocene fine sands in depths of about 50 m 
(Panteleit, 2004). No data is available about the sea-level low stand during the Saalian glaciation 
(Streif, 2004). 

The deposition of the Eemian clay can be attributed to a coastal transgression as deposits of 
marine origin (Sindowski, 1969). According to Streif (2004), the Eemian characteristic is a simple 
transgression-regression hemicycle, which left behind in the coastal zone a sedimentary sequence 
consisting of a thin basal peat, a thick unit of tidal sediments, and a peat layer on top of it. For the 
post-Eemian period an average sedimentation rate of 1.2 cm/century can be calculated in the coastal 
zone of Lower Saxony (Streif, 2004).The surface of the sequence is at -9 m to -7 m. Due to extensive 
post-Eemian erosion, no information is available about the coastline in the present-day Weser estuary 
area. In contrast, considerable geological evidence is available on the paleogeography of Eemian tidal 
bays along the Elbe Estuary, which has been reconstructed in detail (Höfle et al., 1985; Hinze et al., 
1995). In the Cuxhaven area, Lacustrine carbonates and marine clays of the Eemian interglacial (Höfle 
et al., 1985) are locally found at depths 7 m and 25 m b.s.l. (Panteleit, 2004). 

In the southern North Sea area, the sea level was more than 35 m below its present-day 
level during the Weichselian cold stage. To date, no indication of temporary high stands of the sea 
level have been recorded for the phases of temperate climate which occurred during the interstadials 
of the lower to middle Weichselian (Table 2.1). During the Weichselian cold stage, the last glaciation is 
locally recorded in Cuxhaven as sandy layers above Eemian sediments (Panteleit, 2004). At this stage, 
the sea level dropped to 110-130 m below the present level.  
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Figure 2.5 shows a general lithological description of sedimentary layers constructed from 
the drilled boreholes (Fig. 2.1b). The Pleistocene geology is represented by Eemian clay, Saalian 
coarse sand and Lauenburg clay. These deposits were covered by Holocene tidal deposits of silt, clay, 
sandy silt and silty sand. The Eemian clay becomes thicker (~ 7 m thick) at well WIT01 and is absent 
at wells DS31, GER05 and LAF05. The Lauenburg clay was observed at about 50 m depth at wells 
BUL01, SET05 and HAD03.  

 

 

 

 

 
Fig. 2.5: Lithological information from boreholes used for geological description in Cuxhaven area, Lüdingworth. 
 

2.2.2 GEOLOGICAL SETTING OF HOLOCENE SEDIM EN TS  

In the Cuxhaven area, the Holocene sedimentation normally starts with a basal peat horizon, 
followed by brackish lagoon or tidal flat sediments (Panteleit, 2004). In offshore sections, it consists of 
fine-to medium-grained shell-bearing shallow marine sand. In some places these are underlain by tidal 
flat sediments consisting of fine grained sand as well as silty-clayey deposits. Locally, limnic mud and 
peat (well WIT01) occur at the base of the Holocene sequence (Streif, 2004). Onshore peat 
sedimentation has been preserved to a minor extent. 

Three geological cross-sections were constructed from the available boreholes (Fig. 2.1a). 
Figure 2.6 shows the lower boundary and heterogeneity of the Holocene sedimentary sequence from 
northern (close to Elbe River) to southern parts. The thickness of the sequence ranges from about 11 
m to 18 m. The Holocene tidal flat deposits grade from fine sand at the northern part to clay and silt 
deposits at the southern part. The central part is characterized by intercalations between sand and fine 
sediments (silt and clay).  

In Lower Saxony, the coastal zone typically consists of a wedge-like body of sediments with 
fine-grained sand, silt and clay and intercalated layers of peat (Fig. 2.7, Streif, 2004). Such a cyclic 
alternation of transgressive overlaps (marine and brackish deposits overlying peat) with regressive 
overlaps is an indicative of repeated shoreline displacements, both landward and seaward, often of 
several kilometers. In general, close to the estuary of the Elbe River, the tidal flat deposits extend 80-
100 km inland (Streif, 2004). The seaward part of the Holocene accumulation wedge mainly consists of 
pure fine-to medium-grained sand deposited on high-energy environments like the foreshore area. 
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Further inland, the tidal sediments consist of fine sand, silt and clay layers deposited in sheltered or 
open tidal flats as well as in the brackish-water environment of coastal lagoons and estuaries 
alternating with peat layers which were formed in coastal bogs (Streif, 2004). In the coastal zone of 
Lower Saxony, the post Eemian clay, which deposited over the Pleistocene aquifer, can be attributed 
to a coastal transgression as deposits of marine origin (Sindowski, 1969). 

 

 

 

 

 

 

Fig. 2.6: Generalized geological cross-section through the study area from north (left) to south (right), see Fig. 
2.1. 
 
 

 

 

 

 

 

Fig. 2.7: A Schematic cross-section through the coastal Holocene showing the morphological elements and the 
sedimentary sequences during the last 7500 years B.P (after Streif, 2004). 
 
2.3  HYDROGEOLO GICAL  BACKGROUND  

Figure 2.8 shows a sketch of the geological setting and groundwater flow pattern in the 
Cuxhaven coastal area. Figure 2.8b shows that the deep glacial erosion channels cut down to the 
Quaternary aquifer base (Kuster and Meyer, 1979). The high hydraulic permeability of the coarse 
Quaternary textured sediments will lead to quicker change in the salt-fresh water distribution during a 
salinization or freshening scenario (Vandenbohede and Lebbe, 2002). A low permeable layer 
(Lauenburg clay) is intercalated into glacial sediments (Fig. 2.8b). In the flat marsh areas, Holocene 
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terrestrial and tidal flat sediments have a higher clay content and organic material with low permeable 
properties. At the well CAT-LUD1 location (marsch region), the surface cover is followed by 25 m of 
two interglacial (Holocene and Eemian periods) transgressive tidal flat sedimentary sequences (Fig. 
2.2b), which have a poor to medium hydraulic conductivity of kf = 10-5 to 10-6 m/s (Panteleit et al., 
2006). These interfinger with muds of brackish lagoonal type and with onshore peat deposits. This 
horizon overlays Pleistocene coarse sediments of Elster and Saale glaciations sand and gravel (kf = 
10-5 to 10-2 m/s). Figure 2.2b represents two laterologs (Serra, 1984): a shallow log, reflecting the 
conductivity of the borehole fluid and the nearby groundwater, and a deep penetrating log, displaying 
the conductivity of groundwater further away from the well. These logs represent a transition zone 
between freshwater and saltwater, from 45 m to 65 m depth. The gamma ray log gives a good 
indication of increasing clay content within tidal flat deposits (Holocene and Eemian sediments) than 
Pleistocene deposits. Figure 2.8c shows the interaction between saltwater from the Elbe River and 
freshwater from the Geest area. The glacigene-sandy deposits at the Geest ridges are important 
groundwater recharge areas (Panteleit et al., 2004). A natural saltwater intrusion can be observed 
below the marsh areas (Siemon et al., 2001b). Dispersion and advection processes create a transition 
zone between salt-and freshwater with intermediate salt concentrations (Panteleit et al., 2001a). There 
is no recharge to Holocene sediments in marsh areas due to the low permeability and to the extensive 
drainage for agricultural and land saving purposes, but upwelling groundwater is observed (Friedhoff, 
2001).  

 

 

 

 

 

 

 

 

 

 

Fig. 2.8: Location map of the coastal area (a), sketch of geological units at the CAT-field (b) and the 
hydraulic flow pattern (c), after Cooper (1959). 
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3 PRINCIPLES OF GEOELECTRICAL METHODS  

 
 

                                                                                    
A geophysical survey conducted as part of a hydrological investigation to determine 

groundwater resources usually has an investigation depth no greater than 300 m. Geophysical 
investigation depths for environmental, geotechnical engineering, and archeological applications typically 
do not exceed 30 m (Allred et al., 2008). Among geoelectrical methods, DC resistivity, IP and FDEM 
methods will be summarized within this chapter. 

3.1 DIRECT CURRENT (DC) RESISTIVITY METHODS   

3.1.1 BASIC THEORY  

   The direct current (DC) surveys are involving direct injection via electrodes at the ground 
surface. Current I is induced between paired electrodes A and B. The current used is either direct 
current, commutated direct current (i.e., a square-wave alternating current) or alternating current AC of 
low frequency (typically about 0.5 Hz to 10 Hz). Fig. 3.1 shows a square wave, which is widely used in 
DC method, and a background (self-potential) voltage Vsp. The potential difference ɲV between paired 
voltmeter electrodes M and N is measured. The ability to oppose the current flow by a conductive 
cylinder is called resistance, R. Eq. (3.1) shows Ohm³s law as  

                                                            Ўὠ ὙὍ                                                                             (3.1) 

Based on Ohm³s law, the resistance, R, is the voltage divided by the current, I. The situation 
will change if the geometry of the conductive material changes. Therefore, it is not a physical property 
and can be expressed as 

                                                            ὠ ”ὒȾÁ                                                                                             (3.2)  

where ́ is the resistivity in ɱm ,L is the length of the conductive cylinder in m and a is the cross-section 

area in m2.  

 



3 Principles of geoeletrical methods 

 

16 
 

 

 

 

 

 

 

 

 

Fig. 3.1: Typical current and idealized voltage waveforms for field DC resistivity surveys. Vp is the primary voltage, 
Vsp is some self-potential voltage. 
 

The general field layout of DC measurements is sketched in Fig. 3.2. Two pairs of electrodes 
are required: Current (A and B) and potential (M and N) electrodes. Stainless steel is the most widely 
used electrode material for field measurements. Fig. 3.2 shows the current flow lines (solid) and 
equipotentials (dashed) for a two layers underground. The voltage between the inner electrodes (M and 
N) with respecting to electrode A and electrode B respectively, can be computed as 

                                                       ὠ ”ὍȾς“                                           (3.3) 

                                                          ὠ ”ὍȾς“                                            (3.4) 

where r1 = AM, r2 = AN, r3 = BM, and r4 = BN. 

The voltage between the M and N electrodes can then be calculated as follows: 
                                               Ўὠ ὠ ὠ ”ὍρȾς“         (3.5)                                            

Replacing the factor in square brackets by 1/G, we obtain the resistivity of the homogeneous half-space 
as follows: 

                                                          ”  ὋЎὠȾὍ                                                        (3.6) 
where G is called geometric factor or configuration factor (unit: meter). 

Fig. 3.2 shows the general way of the current flow in a two layers underground, where there is 
a distortion to current or equipotential lines at the boundary between these layers. The equipotenials are 
everywhere orthogonal to the current flow lines. The current distribution is uniform over hemispherical 
shells centered on the source for each layer. For inhomogeneous conditions, Eq. (3.6) gives the 
resistivity of an equivalent homogeneous half-space. For this situation the term apparent resistivity á is 
introduced and it will be a function of the form of the inhomogeneity. Apparent resistivity is defined as 


