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ABSTRACT

The original, natural settings of many coastal areas have been altered by anthropo
most wgpread and serious sourgesdotomatal impact are saltwater contaminatio
sedimentation from extensive freshwatkrapum@ing,deogion. Pollution and developme
changing the coastal Prasieaity, electrical resi$todty are applied in a wide variety
geological and environmental site investigations. From a previous airborne electrom
conductive zone above Eemian clay was investigated at the comsthkbangaadarofind Cu
Germaryeologically, the coastal tidal flat sediments fikadeashedlow channel

Wehave apptie@e geophysical methods to image the saltwater and tkatshallow ch
Lidingworth, close to thetledflizeyRoW@hiclsan open tidal coasialthesathern

western part of Germany. The geophysical techniques comprise the following m
resistivity (DC), frequency domairs @iaibvihagdetpectral induced polarization (SIP). "
to galuate these methods (DC, FDEM and SIP) to show which geophysical methods
thestudy area condiebmshow which techniques provide the required spatial resoluti
definitions in this area. This evdldg®a aigthetic madalywetthe limitations of the DC

resistivity imaging teciothagsess a joint inversion of data sets fromn D€ studiguration
area. Extensive borehole data were used to overcome the egunaletaidgyobfem and

thelD interpretation (DC and FDEM).

In general, our results constitute an encouraging example using these geophysical r
the coastal aquifer. The geophysicalanveepoesezdatisin for® ahdCB2 imaging.
Theghow that the subsurface resistivity distribution of tidal sediments can change
distanda.addition, two saltwater bodies can be observed, perched salfideger and sa
EM cressctisandC imagedicate that the perched saltwater cantiglanrshkrotdeas a



layer abpeat ag@miaiay laydrse saltwater insusitoeda wedie forirhe 2D SIP
inversion shows that the perched saltwatdrad festnE@olovepacimpermeable layer.

The EM and DC profiles show a dikallteatcinarviighin tidal deposits. In presence of e»
boreholes, the DC and FDEM soundings are quick and cost effective reconnais
identifyingrge lateral variation in the lithology Bheoatsgtatreatetween both methods
effective and valuable especially in presence of noise sources (e.g., current cables
FDEM method suffers from EM wave diffusions.

BotiDC sensitivity analysis and synthetic modeling are necessary Tovuagairthe mode
limitations can be obsenesghfitetic modeling: (a) A smearing in thétlmevpefaw@adary
saltwater; (b) an amplfifealaddreffect of the high conductive layer. These limitations de
resation of DC imaging forcdefmuiragedyr targetgint inversion of different arrays can imj
the model reliability especially under no or limitddripatdhge@DgiSHP iresults
demonstrate the suitability of this method for subsurface charadtier&zagongodde coas
resolutiohe TsuccessheSIP method supports further investigations into studying tt
parametefstidal deposits in this area. The information collected during this investi
overview of the coastal aquifer and can serve as a basis for refining the conceptual
elements and sedimentary sequencedslidfahaqiaésighti of Germany.

The integration of aquifer plat@medeflmreholasd resistivity parameters extracted frc
surface resistivity measurements can be highly efieds/¢o Blssesgeatioampirical
relatmship between the aquifgr, thsidtartgmissaitgl/or the hydraulic candsicigyity

the DC soundings. Inqgfeegeodecorrelation thebliseniednd measyyede propose a
simple equation oHawao®lation between them. Its coefficidnisiageadeganasefit
between the observed and gatumated/e used published data from Nigeria (gravelly
sandy aquifer) and India (loose sands and highly to poorly weathered sandstone aq
establish thigiequtheCuxhaven arassedsC soundings and a 2D SIP profile to investige
hydrogeophysical conditions of a Holocene tidal aquifer. The methogeédggshas been
obtained from observed wells and establiBhedoeldtagiskipent between aquifer hydr
parameters obtained from sounding parameters and those obtaineddratygsmping te
proves the potntled methodology. The overall results indicate that, for an area w
geological setting and range of water quality, this equation has a reasonable degre
deriving@djustable parametersirical relaspossible to deteéramaeinareas without
boreholes.

Keywords: Resisityy Shannel; Hydrogeophysics.
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Kurzfassung

Dienatirliche, urgigtie Situationkiistengebiete ist durch anthropogene Bekinflussung
worden. Die beiden am weitesten verbreiteten und ernsten Beeinflussungen
Salzwassereintrage und die Sedimentation aus Landabtragung und Erosion. Um
Entwicklung verandern die Kustenlebensraume. Derzéidestaensetekiiosien zur
Unterstlitzung einer Vielzahl von geologischen und o6kologischen Untersuchung
angewendet. Aus einer friiheren luftgestitzten elektromagnetischen Untersuchun
leitende Zone oberhalb dearEdenttdirste rund um Cuxhaven im nérdlichen Teil von I
untersucht. Geologisch bilden die Sedimente auf den Kuistenwattflachen flache kane

Wir haben drei geophysikalische Methoden zur Abbildung der 3allashseserverhal
Kanalformen bei Ludingworth angewendet, nahe der Mindung der Elbe, die ein of
norgvestlichen Teil von Deutschland ist. Die geophysikalischen Techniken
Gleichstromwiderstandsmethode (DC), Elekteoaizeyeattk (FRDEM) und spektral induzi
Polarisation (SIP). Unser Ziel ist es, diese Methoden zu bewerten, um zu z
geophysikalischen Methoden unter Untersuchungsgebietsbedingungen gute Ergebr
Techniken aiederfiche rAumliche Auflésung und lithologischen Kenngréf3en in dieser
konnen. Diese Bewertung umfasst auch eine synthetische Modellierung: (a) um

Widerstandverfahren zu analysieren und (b) um dia yemd&kasanséthevermis DC

Konfigurationen in der untersuchten Region zu bewerten. Umfangreiche Bohrungsc
um das Gleichwertigkeitsproblem zu lI6sen und die Validitat der 1D Interpretation zu

In der Regel siack lErgebnisse ein ermutigendes Beispiel fur die Verwendung dieser
Methoden zur Charakterisierung von Kisten aquiferen. Die geophysikalischen Invers
Form von, 12Zbund 3Bildern dargestellt. Sie zeigemuntkasdedi Oberflache liegende
Widerstandsverteilung der Gezeitensedimente sich schnell auf kurzer Entfernung
hinaus kbnnen zwei Salzwasserkorper beobachtet werden: hangende Salzwasser ul
Salzwasser. D@uEkhnitte und DC Bilder verdeutlichen das hangende Salzwasser al
Schicht Uberdratifden E€onschichten. Das Eindringen von Salzwasser wird in einer

vii



Form festgestellt-Bie 1BZersion zeigt, dass das hasgentdefalavegrenzt ist und sich
Uber einer undurchlassigen Schicht gebildet hat.

Die Edhd BRTofile zeigen eine flache kanalartige Form innerhalb der Gezeitenabla
Hinzunahme von Bohrlochdaten bigtdnFREbixirungdgmedle und kostengtinstige
Aufklarungstechniken zur Identifizierung einer hohen seitlichen Variation in der Lithc
Die Integration der beiden Methoden ist effektiv und wertvoll, besonders in Gegenw
Stromkaloadl Metalle), wo dageFakidn untédrdibhdiffusionen leidet.

Sowohl dieSB@xsitivitdtsanalyse als auch die synthetische Modellierung sind not
Zuverlassigkeit des Modells zu beurteilen. Zwei wesentliche &ensymiretisohpen konn
Modellierung beobachtet werden: (a) Ein Verschmieren an der unteren Grenze des
und (b) eine Verstarkung des seitlichen Effekts der hochleitenden Schicht. Diese Eir
die Auflésung desaDidigr unsere Ziele. Eingelsinh der verschiedenen Datensatze kar
Zuverlassigkeit des Modells besonders unter nicht oder nur begrenzt vorhandenen

Informationen verbessetEDel#isse zeigen die EigpMetbatieskir die unterirdische

Charakterisierung der Kistenregion mit einer guten Auflésung. In dieser Studie untel
Methode weitere Untersuchungen zum Studium der hydraulischen Parameter von G
erhaltenefodmationen bieten einen Uberblick Giber den Kustenaquifer und kénnen a
Verfeinerung der konzeptionellen Modelle der morphologischen Elemente und sedi
Wattflachen in diesem Teil von Deutschland dienen.

Die Intagon von Aquiferparametern aus den Bohrungen und Widerstandsparame
Oberflachenwiderstandsmessungen, kdnnen sehr effektiv sein. In der Arbeit wird el
zwischen dem elektrischen WiderstanghdedeAgsaessivitdizw. dem hydraulischen
Leitfahigkeitf Grundlage &mmidi@érungen aufgestellt. In Anbetracht der guten Korrelati
den beobachtated gemessersmlagen wir eine einfache Gleichung zwischen ihner
Koeffizeamtsind dabei mit Hilfe eBguakéssmsassung zwischen den beobachteten
geschataéNerten zu bestimmen. Wir haben zud8onDiatemgen 4l Nigeria (kiesig bi
sandig lehmige Aquifere) und Indien (Aquifere augzBaAbleitchahelsteigleichung
verwendet. Im Gebiet von Cuxhaven -Sahdierunge®Cind -8iFPrafd auf
hydrogeophysikalische Beziehungen eines holozanen Gezeitengrundwasserleiters u
wurde riWVerten aus denareriiBlunnen und etablierten Beziehungen korreliert.

Die gute Ubereinstimmung zwischen hydrogeophysikalisch erhaltenen hydraulischer
aus Pumpversuchen und KorngroéfRenanalysen belegt dddiePGlesdiaitetgebhetsede.
zégen, dass flr ein Gebiet mit vergleichbarem geologischen Aufbau und Wasserqua
vertretbares MalR an GenauiDkedhli8estimmung zweier Parameter in dieser em,
Beziehung ist es mdgtichuch fir BereiobdBohrungen zu ermitteln.

Keywordaderstdfldchwasserkaty@egeophysik.
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1 | Introduction

1 INTRODUCTION

1.1 BACKGROUND

Saltwater intrusion into shallow aquifers is often an important problem alonc
is the induced flow of seawater into freshwater aquifers primarily caused by groun
near to the coast. Nowadayss eoasitibardansely populated, where dense populatic
touristic development are coupled to scarce water resources and require inter
groundwater. Belathdnafseshwater in coastal aquifersxisisra saltwater formed
by recirculating se@amateo, (20BGshwater pupnpidigces a saltwatdikevedge
feature. This wedge develops because freshwater, which floats on the top of salt
than saltwater. The boundary between saltvgahen aistifrestihatarne of dispersion,
thdransition zone or saltwatey Imserkaste with saltwater and freshwater mixing. The |
movement of freshwater towards the sea prevents saltwater from entering freshw

(Barlo003

As the majority of coastal areas are made up of unconsolidated sediment
subjected to comparatively fast morphological changes. These areas are chara
variety of morphological elements and deposiitoalaseyaalatedsa global
probleillgy et al.,)20tBtherefore detailed knowledge about the geological setting
to understand the processes of coastal evolution.

In northern Germany, Cuxhaven coastal region is aoidad di@daasaaand |
densely populated area. An increasing number of people and touristic developme
stronger demand for water supply than ever before. In history, this area was ir
fluctuations;tdong climate andvekahanges and seasonal changes in evaporation
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recharge rates. Recharge rates are sometimes lowered withvaherepsed urbal
impervious surfaces.

Unless subsurface conditions are rather homogenous, the near surface
generatigt be adequately characterized by just drilling and logging a limited numt
Surfageophysical methods providetqustle aod relatively inexpensive alternatives
collecting continuous subsurface geologicsmforovedemfdheptadn about the spatial
distribution of subsurface physical properties, such as electrical conductivity (or its
dielectric permittivity, magnetic susceptibility, density and seismic velocity. Co
geopsigal methods include seismic, potential and geoelectric methods. In genera
methods have significant potential for environmental and hydrogeophysical appl
been successfully used in groundwater exploeabonratatiesabpingeh freshwater
and saltwater§bayma, 1997; Gemail et al., &tiDéhor206B88; Corriols et al., 2009
Usually, multiple geophysical methods offer better answers than any individual e>
The methodbeapplied at a wide range of field scales and surveys made in arbitra
configurations (e.g., boreholes). Saltwater intrusion, buried hydrogeologic, geolc
subsurface layer characterization are ideal targetsdioysitab pneghasiag

Among geophysical techniques, geoelectrical methods are powerful tools. T
range of useful applications, including mineral exploration, engineering ant
investigations and archeological stedigadétegtoawb categories:

a. Electrical techniques: Direct current (DC) resistivity, indygett ptddi(3&tjon (IP) an
b. Inductive or electromagnetic techniques: Frequency domain electromagnetic (f
or transientrefeagnetic (TEM) and magnetotelluric (MT) methods.

The area around Cuxhaven and Bremerhaven has been studied intensive
and hydrogeologicaflggeets, et al., 2000; Wiederhold et al., 2006;®%esch et al., 2
purpose was teeseesh water supply for the area from Pleistocene buried chann
interdisciplinary research was performed and planned to study the groundwate
Cuxhaven dreadhoff, 28@mon et al.,, 2001b; Fulda, 2002; Wagkgischein, 2002
resolution seismic reflection surveys of the offshore North Sea area have been pul
byPraed996Schwa1096) andusand.ykk&nders@000 Helicopter electromagnetic
(HEM) methods have been successivaliedsadlegsmamorthernFEehsaaohy (
Sengpiel, 1Exbriel e@aIO)3studied various buried Pleistocene subglacial valleys in
Germany, e.g., the Ellerbeker Rinne -@wkiBreemeRiamerincluding seismic, gravity al
helictgr electromagnetic (HEM) surveys.

1.2 OBJECTIVES

The present study is focused on DC, FDEM and SIP (spectral inducec
investigations over a coastal area near to the Cuxhaven region. The thesis
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environmental geophysimaltshe wativasbrvater problem. Despite the large amount
scientific literatures abountth€togiaven areaemandBinot, 2003; &kl

Panteleit, p@@tailed studies are still required andavemysgasstionsherefore,

the first objective of this thesis is to evaluate the geoelectrical methods in imaging
theyounger glaciatiorfré&smi@ter Quaternary dtpidattamader infrosmrprevious

HEM survey, an isolatedlistiait conductive zone is known, in addition to saltwatel
(Siemon et al.,; S¥rhan et al), Zadvsequeindysdcond objective is to identify the HEM
shallow conductive zone, which was observed in the Cuxhaven region.

Heteroggni of extreme importance in many coastal deposits where lateral
facies are frequent and there exist paleochannels that act as preferential paths fo
(Cameo, 2006 the researctsasfB004expected, schéyndhiatlthe heterogeneity
within the tidal deposits could produce dikehdbaturehamheh has not been
geophysically proved yet. Thereby, the third objective of this thesis is an attem
geoelectrical methods in imaraoteanthg this feature. Geologically, the tidal flat depc
dominated by fine sediments, which can be considered to be a protection zone tc
from surface pollutants, e.g., tidal saltwater and fertilizetivEhe tbigtthepisasic obje
to study the hydrogeophysical properties of the Holocene tidal deposits. Finally, \
various geophysical approaches to understand the hydraulic properties of shallow
research kinguestoare:

(i) How can the combined use of geoelectrical methods (DC, SIP and FDEM) res
layers and heterogeneities within the Quaternary deposits?
(i) How can we optimize the survey design and identify limitpteshs of the resistivity
(i) How can the detailed study alogéigeletimaatove the reliability of the resulting
models for reconstructing the subsurface electrical resistivity distributions in two
(2D or 3D)?
(iv) Can EM measurememigdeveange of frequencies (FDEM method) be consider
ananoraccurate than DC soundings for characterizing coastal areas?
(v) To which extent can IP measurements of resistivity magnitude and phase angl|
of frequencies (8i&d)neffer a robust meanvésivieooharacterization of geological
heterogeneity within tidal flat deposits?
(vi) To which extent can DC and SIP methods provide valuable information about
of tidal deposits?

For these purgbsesteps in planning the present work were as follows (Fig. 1
1- We collected the available topographic, geological and geophysical information
area.
2- 1D DC soundings were measured all over the study areavodimee thgeneral o
subsurface layers and resistivity distributions.
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3 1D FDEM soundings were measusettand\@asrassistructed to image the saltwat
and Quaternary aquifer at the central part of the investigated area.n@uided by the
3D DC resistivity imaging campaigns were conducted at three selected sites to |
occurrences and Quaternary aquifer.

4 For shallow geophysical investigation, FDEM soundings and 2D DC and SIP prc
out.

5 Geoeleddtiparameters and SIP empirical relations were applied to characterize
properties of Holocene tidal sediments.

I- Geological and geophysical
background

v
[I- 1D DC soundings

— FDEM soundings

v
[ll- Freshwater-saltwater . .
imaging » 2D DC imaging
FDEM soundings[®¢—
 J — 3D DC imaging

n

IV-Tidal flat deposit
characterization

2D DC imaging |e

. . v A 4
2D SIP imaging @—— .o hydraulic

properties study

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

1.3 APPROACH

This dissertationscohsessen chapters and two Appendices. After this introdu
following chapters will be presented:

ChapteroRitlines the morphology, geological setting and hydrogeological b:
the study area and provides the location map of the area.

Clapterf®cuses on the basic theory and fundamentals of geoelectrical meth
1D soundings (DC and FDEM), 2D imaging (DC and SIP) and 3D imaging (DC
introduction to the inversion of DC, FDEM and SIP methtias rélesaty, D0 amese
SIP in hydrogeophysics. Various approaches for calculating the hydraulic ¢
transimissivity from DC and SIP measurements will be shown.
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Chapteprbvides a detailed description on how to acquireg¢heegophysical
in the study area. It explains the field parameters for each method, e.g., profile Ie
electrode spacing, electrode configuration and the measured frequency range. Thi
a short description to the geopissisavimsirwill be used in the data acquisition
outlines the data processing and inversion of our measurements in the investigate

Chaptershows the geophysical imaging of saltwater occurrences and a
freshwater Quaternarysiaquid€? and FDEM. Also, the limitations of DC imaging
discussed by preparing the synthetic modeling, in addition to assess the DC con
different configurations. A shallow geophysical characterizationtteetialalaffat deposit:
of the considered area is presented. The importance of SIP measurements to ima
the heterogeneity within the tidal flat deposits is shown. Finally, this chapter pres
application in predicting thecayqraxgeo&igrs of Holocene aquifers in terms of hyd
conductivity, transimissivity, clay content, grain size distribution and potentiality
transimissivity estimation using different DC empirical relatidhsnwversitso be discu
results will be used to estimate the hydraulic conductivity using various approache:

Chapters@mmarizes the most important conclusions andtradts of this st
includes some recommendations for further research work.



2 | Study area

2 STU DY AREA

2.1 LOCATION AND MORPHOLOGY

The study area is located in LowgraSekeny,part of Germany. It is close to
the estuamhedlbe river and bititades 5815 N and °5®12 N and longitudes
84134 E and 8640 E. It contains extensive drainage lines for agricultural and re
purposes. This flat coastal area is located between Bremerhaveriamad Cuxhaven
constructing the artificial coastal sea dikes next to the Elbe River, this area suffere
of sea transgressions. Figure 2.1b shows locations of drilled boreholes, which will
geological sesions.

The southdonth Sea coast of Germany was studied morphologically by sev:
The area is characterized by a large variety of morphogenetic elements and depos
The climatic changes occurring during the Quaternary eerddangee rigoido a ser
changes in the shallow marine and coastal lowland areas. For most of the Quaterr
of the German North Sea sector including the coastal ateesl.WEeslell above se
oscillations of about 100 m daesdé@hoeshents60D 308 and left behind a
fragmentary sedimentary record which can be used for the reconstruction of st
developmetre(f, 2004

In general, the area between Cuxhaven and Bermerhaven epresents a low
tidal deposits (Marschlands) and a highland of exposed Pleistocene deposits (Gee
more or less parallel to the Elbe and Weser rivers and along the shore line (Figs. .
morphology of the isuivatly @fet marsothlgust above seal BMel1O% is
characterized by many drainage lines with spreadind. dfrittdarabareas. CAT
scientific borelibe @oastal Aquifer Test Field which was used to establish the hyc
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and geochepriopérties in Cuxhaven area (Fig. 2.2). It was used also to study th
between freshwater and se®anatele(ee. al), 2806ill be discussed Gedow.s t
representsosth sand ridges with elevations of ten ice thety |easti:en dim

observed at the western part of the study area (Fig. 2.2a).
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Fig. 2.1: (a) Location map of the study area (after Behre, 2004), the gray color refers to C

of the drilled boreholes antbgseligifiaket nfas00gle Earth)

2.2 GEOLOGICAL SETTING
The study area is a part of the North West German Tertiary Basin, but Tert

largely hidden by younger Quaterhdfp sEpbBleniliocene and Miocene deposits of
the Tertiary expose clays, siltstone and fine sands with an overall thickness of :

meters. There is a hydraulic contact between Quaternary and Tertiary layers.
Duringhost of heaternary period, the German North Searsastorezed coastal :
above degel. theCuxhaven area, the accumulated average thickness of the Quater
is in the order ofEfsemécker et gl. Fi8®e 2.3 indicates that from 2.6 million years
the beginning of the Quaternahpyeeatddkstic coqergpdsd thereafter three
distinct phases of landscape SaedlopiEne (first one was characterized by marine
fluvideltaic sedimentation. In the second phase, repeated ice advances alterna
transgressions. The third phase started with melting of the most recent ice sheet
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Fig. 2.2: (a) Digital elevation modeBretherGaxéavegion (LGN, 1999) and (b) a borehole ¢

of four seclieisayht: laterotwgdcsectgammma ray log and geological profile.
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2.2.1 GEOLOGIC AL SETTING OF PLEISTOCENE SEDIMENTS

The sedimgnsequence of Lower and early Middle Pleistocene reaches a to
of more than 800 m in the North Sea basin. Generally, during the Middle Pleist
survey area was periodically covered by the Scandinavianatdycapsidldeposits &
marine to deltaic origin inrCheé&asiref al., 1987, 1993; Langath aleidr®88and
borehole data provide evidence of series of marine transgression and regression v
occurred during this epoekadidigares are available for the ampituele of the se:
changes, and only rough estimates are available of the duration of the phases of
dynamics of transgressions and regressions during Lower and early Middle Plei
particularly uni®tosvh2D04

The upper Pleistocene is characterized by many phases of marine regress
and transgression (warm climate). Table 2.1 shows that three regional glaciatic
western Europe to diffedsntderitey the Elsterian (Anglian), Saalian (Wolstoniar
Weichselian (Devensian) glacial stages, when the Scandinavian and British ice
covered parts of thedayeddth Heeif, 200Buring the glaciation phases, very
hetewgeneous sediments had been deposited. Moreover, large structures, form
erosion, cut deeply into unddihapastratdled buried valleys, since they cannot be s
the surface t&dlaglf et al.).2006

In the Cuxhavenharddsterian glacial deposits lie on a regional unconformi
generally occurB@n80elow the present sea level. The unconformity was formed a
the advancing ice, which left glaciofluvial deposits on a tmeedtedhifliaadeltaic se
marine sedimemesf,( 2004 complex system of anastomosing valleys was formed
Elsterian ice sheet. The glacial valleys cut down deeply through the Pliocene and
into the Eocene clays. They reachedumptBs0oimist whereas the width is only 1 ot
km. The valleys were filled with melt water deposits, beginning with sand and gra
often grading into silt and clay deposits in their upper part. Generally, the Elste
coved by a thick clay layer (Lauenburg clay) of tens of meters. In places the Laue
or absent. The system of subglacial valleys occurs in dagdNartiaSebthe malbent
as the adjacent mKnéaedand NEB/A9codlreveal the average total thickness of the
channel fill to be in the order of 350 m (Fig. 2-Ouxey&rcmedthvatiey was well
imaged by HEM and graviBameshetsl(). 2003
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Holocene

Younger Dryas stadial
Upper Alleréd-Interstadial

Weichselian Older Dryas stadial
Boélling-Interstadial

Oldest Dryas stadial
Meiendorf-interval

Glacial Maximum
lowstand

Denekamp-interval
130 m

Middle Hangeic-interval

Weichselian Weichselian Moershoofd-interval-complex
cold stage Glinde-interval

Ebersdorf-Stadial

Oerel-interstadial
Schalkholz-Stadial

Upper Pleistocene

Odderade-interstadial
L_OWGI‘ . Rederstall-Stadial
Weichselian Brorup-Interstadial

Hening-Stadial

Eemian interglacial stage (128,0000- 117,000 Bp) >

Warthe glacial substagp

e Younger Drenthe (Lamstedt phase)

H Drenthe glacial substag
Saalian renthe giacial SUbstage  enthe main advance (Hamein phase
complex
% Domnth temperate stae  (Wacken Schéningen)
8 Fuhne cold stage
=
8 [Holsteinian interglacial stage (no later than 230,000- 245,00 )>
o
(b} Elsterian cold stage sensu stricto
% Elsterian Gelkenbach t te st
S complex elkenbach temperate stage

Bilshausen Red Clay

Table 2.1: Stratigraphidliddmcuodl Upper Pleistocene of Northern Germany with marine
indicated in the right column (Streif, 2004).

Netherlands

Fig. 2.4: Geological setting through the Cuxhaven area (Panteleit et al., 2001k
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The marine transgrekditolstéiniastenglacial invaded a landscape with a roug
morphology shapedisterian ice Steaf, (2004 the Hamburg area (southeastern part c
the study area, Fig. 2.1a), which is a key region for demonstratidgvidle interaction
rise rad marine sedimentation, the Holsteinian interglacial transgmgssion started
conditions and fauna, indicating a wafemddptlden@oOof warmer, shallow water ar
brackish conditions are found in the middle pkghtMaegaine/atied conditions are
observed in the uppermost part okihedsegugdfs{orthern Germany, Holsteinian
interglacial marine deposits a3 foubdlatv2iea level. In the Cuxhaven area and the
reaches of the iglvetRe Holsteinian transgression invaded as far as 160 km inland
partially filled meltwater runoff valleys formed during the predadingd=I8terian glacie
Hinze et al.).1B6Sides the sedimentary fill gfrthexbaratteyrphological features were
left behind by this transgression.

During the Saalian glacial stage, the Scandinavian icasgpeetscolvered Denn
northern Germany, extending as far as about 4dakncadbtie fhreseotthern
Netherlands and about 110 km off the@=thid9806a3o0n et al., 1990; Cameron et
1993; Laban).2060De Cuxhaven area, coarse grained sediments of younger glaci
are found above the Lauenburg clay or abuwedhdsPindepshs of about 50 m
(Panteleit, ROR4 data is available abdéenahtwestand during the Saalian glaciatio
(Streif, 2004

The deposition of the Eemian clay can be attributed to a coastal transgressi
marine or{§indowski, )196&ording to ZMftke Eemian characteristic is a simple
transgressegmession hemicycle, which left behind in the coastal zone a sedimen
consisting of a thin basal peat, a thick unit of tidedtsegenemtsppnof &.d-or the
podtEemian period an average sedimentation rate of 1.2 cm/century can be calcul;
zone of Lower Saueify 0 surfafehe sequena® m td m. Due to extensive
posEemian erosiamionmation is available about the coastliag Weker mstemy
area. In contrast, considerable geological evidence is available on the paleogeogr
bays along the Elbe Estuary, which has been refiflettalctdd856;ddiadg et al.,
1995 In the Cuxhaven area, Lacustrine carbonates and marine cliiéflef the Eemiar
et al., 1p8ke locally found at depths 7 m &zohtBeaim, 604 (

In the southern North Sea ared,whs ssardetien 35 m belowdals present
level during the Weichselian cold stage. To date, no indication of temporary higr
level have been recorded for the phases of temperate climate which occurred dul
of the loveemiddle Weichselian (Table 2.1). During the Weichselian cold stage, the
locally recorded in Cuxhaven as sandy layers abBem ekt @08dihisstag €,
the sea level droppd@@m @low the present level.
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Figure 2.5 shows a general lithological description of sedimentary layers ¢
the drilled boreholes (Fig. 2.1b). The Pleistocene geology is represented by Ee
aarse sand and Lauenburg clay. These depositsarezdidaldegobbiysHiblsilt, clay,
sandy silt and silty sand. The Eemian clay/ectnwg diiokadr YWVITO1 and is absent
at wells DS31, GERO5 and LAFO05. The Lauenburg clay was observed at about &
BULO1, SETO5 and HADOS3.
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Fig. 2.5: Lithological information from boreholes used for geological desthiption in Cuxha

2.2.2 GEOLOGICAL SETTING OF HOLOCENE SEDIM ENTS

In the Cuxhaven area, the Holocene sedimentation normally starts with a bz
followed by brackish lagoon or tidaP8atededjrg@0sffsheretiogns consists of
findo medignained ghediring shallow marine sand. In some places these are underl
flat sediments consisting of fime @saveddassisiltgy deposits. Locally, limnic mud and
peat (well WITO1) occur at the base of the HStomén€DH@mshmre peat
sedimentation has been preserved to a minor extent.

Three geologicaantiess were construittechWaitable boreholes (Fig. 2.1a).
Figure 2.6 shows the lower boundary and heterogeneity of the Holocene sedimer
northern (close to Elbe River) to $bethi@okpestsof the saogesdem about 11
m to 18 m. The otwtz flat deposits grade from fine sand at the northern part to
deposits at the southern part. The central part is characterized by intercalations be
sediments (silt and clay).

In Lower Saxony, the coastdy zomsistpiodla-ikedgedy of sediments with
fingrained sand, silt and clay and intercalated layen®ibf 2e@uEhga 2ytlic
alternation of transgressive overlaps (marine and brackish deposits overlying pe
overlaps is an indicative of repeated shoreline displacements, both landward ant
several kilometers. In general, close to the estuary of the Elbe River, the tidal flat
100 km inl&nekif, 200he seaward parHoldcene accumulation wedge mainly consis
pure fitee medignained sand depositednenghigimvironments like the foreshore are:

12
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Further inland, the tidal sediments consist of fine sand, silt and clay layers depos
openidal flats as well as in thevdbeackishronment of coastal lagoons and estua
alternating with peat layers which were forngiceify 2p8dtahbaymgtal zone of
Lower Saxony, the post Eemian clay, which dsjoocsitedaonefethedticbe attributed
to a coastal transgression as depositSofdoeske)bea§Hh (
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Fig. 2.6: Generalized geokmgitahdiussigh the study area from north (left) to south (right)
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Fig. 2 X:Schematicsgossn through the coastal Holocene showing the morphological eler
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 geahohgadusettuater flow pattern in the
Cuxhaven coastal area. Figure 2.8b shows that the deep glacial erosion channe
Quaternary aquifeKusieandVieyer, 799 The high hydraulic permeability of the coar:
Quaternary texturedtsedintead to quicker chandgesh tvatsaltlistribution during a
salinization or fresheningVaoelemioh@uiiebbe, 200R low permeable layer
(Lauenburg clay) is intercalated into glacial sediments (Figeds8blolbtéme flat mar:

13



2 | Study area

terrestrial and tidal flat sediments have a higher clay content and organic material
properties. At the WelDQA®cation (marsch region), the surface cover is followed L
two interglacial (Holocene paddfsimieansgressive tidal flat sedimentary sequence
2.2b), which have a poor to medium hydrauticlsadifrtivif{aotteleit et al.,

2006 These interfinger with muds of brackish lagoonal type and Witis onshore pe
horizon overlays Pleistocene coarse sediments of Elster and Saalte=glaciations sc
10 to 1®m/s). Figure 2.2b represents t8eriatelBegsHallowrkftectitie
conductivity of the borehole fluiolyagmbiinelwiater, and a deep peimrsgilaying log,

the conductivity of groundwater futthevedwahdsmrogs represent a transition zon
between freshwater and saltwater, from 45 m to 65 m depth. The gamma ray
indicatidnrereasing clay content within tidal flat deposits (Holocene and Eemian
Pleistocene deposits. Figure 2.8c shows the interaction between saltwater from
freshwater from the Geest area.-SHmelygldempmies Gedst ridges are important
groundwater rechardeaateksst (et al), 2004tural saltwater intrusion can be observi
below the marshSaepasn( et al.,) 2D@sdersion and advection processes create a tran
zone betweearshftestevavith intermediate salt coRestdlaticetsa(.). ZD0d1e

is no recharge to Holocene sedimaptssidueaio the low pErthaathiEextensive
drainage for agricultural and land saving purposes, buibbperidte dnodihdwater is
2001

100 km |

Fig. 2.8: Location map of the coastal area (a), sketbBCZio=aldo)candiite at
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 investigatiol
groundwater resources usually has an investigation depth no greater than 3(
investtga depths for environmental, geotechnical engineering, and archeological &
do not exceed Blred (et al.,)Z2088ng geoelectrical methods, DC resistivity, IP and
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 electrod
surface. Cuhieninduced between pairedAalediolies current used is either direct
currermpmmutated direct current (waya sljelarating current) or alteftating current
low frequency (typically about 0.Fig2.1oshowiz)a square wave, which is widely use
DC method, and a backgrotendiggiitigé, The potential diffi¢teetecen paired
voltmeter electvbaledNis measurBake ability to oppose the current flow by a condt
cylinderiscalledreBistaréeg . (3. 1) shows Ohmds | aw

Yo YO (3.1)

Based on Oh mRisshe Volage divitled by thEneustmrison a n c
will change if the geometry of the condu@s/eThmaielioat ciaagot a physical propert
and can be expressed as

o " UA (3.2)

whereis the rsgvitynm ,is the length of the conductive cydirsdireircrassion
area irf.m
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Fig. 3.1: Typical current and idealized voltage waveforms fyisidtet PDOmesistivitagerveys.
\,issomsetpoteial voltage.

The general field layout of DC measurements is sketched in Fig. 3.2. Two |
are required: Current (A and B) and potential (M and N) electrodes. Stainless ste
used electrode material for field. R&psBr2nséoiss the current flow lines (solid)
equipotentials (dashed) for a two layersvoitddegtoaerd. theanner elbanoddes (

N with respecting to dlectt@dect®aspectively, can be computed as

o "R - - (3.3)
R . (3.4)
wherg= AM,= ANy= BN&nd,= BN.
Theoltagpetween MandNelectrodesticabe calculated as follows:
Yo & o et — — — — (3.5)
Replacing the factor in squargé®naekelddny the resistivity of the hoapageneous half
as follows:
"oTO (3.6)
whei@is called geometric factor or configuration factor (unit: meter).
Fig. 3.2 shows the general way of the current flow in a two layers undergrot
a distortion to currentemtidjlipes at the boundary between these layers. The equip
everywhere orthogonal to the current flow lines. The current distribution is unifori
shells centered on the source fdfoeaohdm@yeneous condBi6Nsyikes the

resistivity of an equivalent horsgpeedim hlailé situation the term appaent resistivit
introduced and it will be a function of the form éfpiber émboasisfensitis defined as
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