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Abstract
The area around Cuxhaven and Bremerhaven, between the Elbe estuary and the Weser estuary, has been
studied intensively geophysically and hydrogeologically in order to secure the fresh water supply of the
area. The geophysical investigations comprised of VES measurements along profiles, one 2D geoelectrical
section, SIP measurements, geophysical borehole logging, and a helicopter borne EM survey covering the
whole area. Thorough reinterpretation of the geophysical measurements revealed a saline water layer on
top of Eemian clay. The thickness of the saline water layer varies but appears to never exceed 15 m.
According to the hydraulic equilibrium conditions, the “classical” salt-fresh water transition zone can be
detected at increasing depths with greater distances from the coast line. Hydrochemical studies determined
a salt content of 11 g/L in the shallow saltwater body. A marine origin of the saltwater was inferred from
element ratio analysis. Accordingly, the saltwater body was interpreted as a relict from one of several
flooding events. These are documented by the geological records of the region.
Keywords: Geophysical investigation, isolated saline water, HEM, semivariogram analysis

Introduction
Since 1999 the Coastal Aquifer Testfield (CAT) between Bremerhaven and Cuxhaven in Lower Saxony,
Germany, has been intensively studied using various geophysical and hydrogeological methods (e.g.
Kessels et al., 2000). Near Cuxhaven-Lüdingworth many different geoelectrical measurements were
applied, i.e. Vertical Electrical Soundings (VES) along a profile, 2D-Dipole-Dipole measurements along the
same profile and Spectral Induced Polarisation measurements (SIP) at three sites. One investigation
borehole and 6 groundwater observation wells were drilled and installed. All wells were geophysically
logged using gamma-logs, resistivity logs, salinity logs, etc. In the years 2000 and 2001 the whole CAT was
*
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covered by a Heliborne EM-survey (HEM) (Eberle et al., 2001). The data were inverted applying a 1Dinversion algorithm based on a 5 layer case (Siemon, 2001).
Geohydrological and geophysical investigations in the whole area can be dated back well into the last
century (Herzberg, 1901; Richter and Flathe, 1954). Since then about 500 boreholes were drilled and
geologically logged and about 200 wells were installed. Data on hydrochemistry exist for about 100 sites.
Some 200 VES measurements were carried out and near the coast, VES measurements were specifically
interpreted for the purpose of water salinity mapping (Repsold, 1990).
Therefore this area (Figure 1) offers an advantageous possibility for the research on regional aquifer
behaviour with geophysical and hydrogeological means.

Figure 1. Location and geological situation of the CAT Testfield.

418

18 SWIM. Cartagena 2004, Spain

U. NOELL and B. PANTELEIT

Geological setting
The topographical and geological characteristics of the area bear witness for the ice ages and the effect of
sea level changes. Sea level oscillations of about 100 m caused shore line displacements of 500 – 600 km
and left behind a fragmentary sedimentary record (Streif, 2004).
The beginning of the Quaternary period 2.6 million years ago was marked by a drastic cooling and
thereafter three distinct phases of landscape development can be distinguished (Figure 2). First a marine
to fluvio-deltaic sedimentation, in the second phase repeated ice advances alternated with marine
transgressions and the third phase started with the melting of the most recent ice sheet, the rising of the
sea level and the development of the present landscape (Streif, 2004). This sedimentological history is
revealed by the geophysical measurements. In the area of investigation the relatively highly electrically
conductive lowest layer is of Tertiary age (50 – 300 m bmsl), and is filled with saline water at increasing
depth as the distance to the coastline gets farther. Buried channels of Elsterian age are deeply incised into
the Tertiary layers but they are filled by Quaternary and covered with Holocene sediments.

Figure 2. Trends and dynamics of sea-level changes and their record in the sedimentary sequences of the coastal
zone (Streif, 2004).

The deposition of the Eemian clay can be attributed to a coastal transgression as the deposits are of marine
origin (Sindowski, 1969). 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 average depth of the Eemian
sediments is supposed to be -7 m to -9 m bmsl in Lower Saxony (Streif, 2004), but the findings of the
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boreholes and the VES measurements in the CAT area reveal a greater depth of -12 m bmsl. In the
following Weichselian cold stage the sea level dropped to 110 – 130 m below the present level and the
Holocene transgression inundated the landscape, and presently tidal flats, extended marshes and raised
bogs are developed.
Historical records on floods are available and parts of the Hadelner Bay were affected by those events
(Sindowski, 1962). As a relict of these floods a shallow saltwater body was detected by airborne resistivity
measurements. This shallow saltwater body is lying in an area of low permeable sediments, preventing the
saltwater to be flushed out from the upconing fresh groundwater in this area.

Theoretical background
DC-electrical methods and electromagnetic methods measure the bulk (or formation) resistivity of the area
under scrutiny. The ambiguity of the formation resistivity measured with geophysical methods in porous
media has its base in the combination of different mechanisms of electrical conductance. Various studies
have been done in this field (Archie, 1942; Sen et al., 1988).
If there are ions dissolved in the pore fluid, the density of the electrical charges in the pore fluid, the
porosity of the media, the tortuosity of the pores (how good the pores are connected), and the saturation
of the sediments determine one part of the electrical conductance.
In addition to this mechanism, the density of electrical charges on the internal surfaces of the material,
their mobility, and the amount of internal surfaces determine the other part of the electrical conductance
(Lorne et al., 1999; Ishido and Mizutani, 1981).
(1)
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Another approach towards the phenomenon of formation resistivity is a formulation based on the
Bolzmann distribution law (Bolt and Peech, 1953). According to this approach the soil property (any
characteristic feature of the formation related to the density of the electrical charges, i. e. water content,
cation exchange capacity, amount of internal surfaces, etc.) of the formation is exponentially related to the
formation resistivity (Poznyakova, 1999).
(2)

The advantage of this approach is its applicability regardless the scale of measured resistivities. It is
therefore best fitted for studies of the vadose zone where resistivities may vary between 10 000 Ωm and
20 Ωm.

Interpretation of the formation resistivity
In the area Bremerhaven/Cuxhaven data on filter depth, resistivity of the pore fluid and formation resistivity
from the HEM survey are available in 98 boreholes. The data were plotted versus the formation factor, as
calculated from formula 1 (Figure 3). The analysis of the graph reveals that formation resistivities below
8 Ωm are almost only measured in areas of brackish or saline water (resistivity of the pore fluid below
3 Ωm, electrical conductance >3 333 µS/cm). Formation resistivities above 30 Ωm are almost always
measured in areas of fresh water (resistivity of the pore fluid above 10 Ωm), while formation resistivities
between 10 Ωm and 30 Ωm could be found in areas of fresh and brackish water alike.
No sieve analysis were available for the groundwater bearing layers and therefore the attempt to relate
clay content or porosity to the formation resistivity, as could be guessed from equation (1), remains
doubtful. In areas of fresh water the formation factor is highly variable, while it is markedly more stable in
the saline to brackish areas (F ~ 5).
In saline and brackish areas the formation resistivity is mainly determined by the resistivity of the pore fluid.
Hence surface resistivity and porosity of the formation play a minor role and can therefore not be
determined from the formation resistivity. The resistivity of the pore fluid can be approximately determined
by applying the average formation factor of F = 5.
In the fresh water areas of Bremerhaven/Cuxhaven it appears from the graph that neither the resistivity of
the pore fluid (except that it is >10 Ωm) nor the surface resistivity or the porosity can be determined from
the formation resistivity alone.
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Figure 3. Formation factor versus resistivity of the pore fluid (equation 1). In areas of saline water the formation
factor is approximately 5, in areas of fresh water the formation factor varies between 0.2 and 12. Formation
resistivities below 10 Ωm are only measured in areas of saline water.

Geophysical measurements
The geophysical measurements applied for the detection of the isolated saline water body are Vertical
Electrical Soundings (VES), Spectral Induced Polarisation Measurements (SIP), 2D-Dipole-DipoleMeasurements and the Heliborne Frequency Domain Electromagnetic (HEM) survey. The saline water and
the Eemian clay could not be distinguished by SIP and Dipole-Dipole measurements due to inter alia
limited resolution. Therefore, in the following only the VES and HEM measurements are discussed.

Vertical electrical soundings
Vertical electrical soundings using Schlumberger configurations were measured at 14 points along a profile
(Figure 4). The maximum AB/2-spacing was 600 m. The 1D-interpretation was carried out using the
programme Resixip (Interpex Ltd.). The interpretation clearly reveals a thin layer of very low resistivity
(<5 Ωm) on top of a layer with intermediate resistivity (8-30 Ωm).
As is typical for vertical electrical soundings, the depth to the deep (>40 m bmsl) saline water layer, the
lowest layer seen in the sounding curve, is determined only with difficulties. The calculation of the
equivalent cases reveals a wide range of possible depths, as is shown in Figure 5. Resistivity and depth of
the saline intrusion near surface is better determined as it is underlain by a layer with higher resistivity.
However, as is known from the drilling, saline water lies on top of Eemian clay, of variable thickness. This
variable thickness, varying within the range of the AB-spacing of the soundings, may cause a distortion of
the sounding curve. The 1D interpretations of all VES curves therefore have to be taken with care in spite

422

18 SWIM. Cartagena 2004, Spain

U. NOELL and B. PANTELEIT

Figure 4. Vertical electrical soundings along the Norderscheidung profile crossing the salt water intrusion near
Cuxhaven/Lüdingworth. For location of the sites see Figure 6. The saline zone can be clearly distinguished by the
apparent resistivity low of measurements 14,15,16,17 and 18.

of their low error and good fit (RMS < 3 %). Uncertainties in the interpretation of the thickness of the clay
underneath the saline water are likely but they are difficult to quantify since equivalence calculation for 2D
structures are not yet available.

Figure 5. Interpretation of the VES measurements above the saltwater intrusion. The analysis of the equivalent
solutions shows resistivities of the saline water layer of 3.8 Ωm (+-1.3 Ωm). The depth of the saline layer is 6.1 m
(+-0.9 m) – 14.6 m (+- 5.4 m).

423

Geophysical detection and hydrochemical analysis of an isolated shallow salt water body near Cuxhaven, Lower Saxony, Germany.

HEM measurements
The Heliborne EM (HEM) measurements were carried out by means of the equipment owned and used by
the Federal Institute for Geosciences and Natural Resources in Hanover (Gabriel et al., 2003). This
equipment and method has been widely used in the field of groundwater investigation (Sengpiel and
Siemon, 2000). The data were inverted and resistivities and thicknesses of five layers were calculated. The
inversion results are used to compile depth slices of resistivity distribution (Figure 6). The figure shows a
sickle shaped inclusion of low resistivity. This area coincides with the near surface saline water layers at
the location of the soundings. The dense measurements of the HEM equipment (along the flight lines
measurements every 3 m averaged to values every 6 m, flight line distance 100 m) enable the calculation
of the spatial extent of the saline water intrusion of some 16 km2.

Figure 6. Shallow
saltwater intrusion
with location of VES
measurement sites
and the salt water
intrusion (HEM
resistivities at 9-13 m
bmsl).
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The very low resistivity is a clear sign for saline water. However, since the theoretical interrelationship
between formation resistivity and resistivity of the pore fluid is ambiguous, other characteristics of the HEM
data are analysed for clarification.
Semivariogram analysis
Semivariogram analysis is a typical tool used in order to analyse how strong data are spatially
interconnected. It is often applied in geographical information science and in environmental studies. The
semivariogram is defined as
(3)

The semivariogram gives information about the degree of spatial correlation or dependence between
sampling points. The semivariogram therefore reveals whether points near together are more similar than
those farther apart and at what distance the sampling points are independent from each other.
For the semivariogram study of the HEM data from a specific depth layer sections having a spatial extent
of 1 km2 (test squares) were selected (Figure 7). Owing to their narrow spacing the semivariogram analysis
can be applied for HEM data without difficulties, as there are at least 200 – 300 data pairs (Webster and
Oliver, 1992) for most distances < 700 m within the test squares of one km2.
These test squares were chosen from typical parts of the survey area but within these typical parts they
were chosen randomly. The semivariogram was calculated and manually fitted with a spherical model. The
test areas were chosen from the
1. sandy geest sediments (9-14 m bmsl),
2. saline intrusion near Cuxhaven/Lüdingworth ( 9-14 m bmsl),
3. marshes close to the North sea (9-14 m bmsl),
4. buried valley near Oexstedt (44-49 m bmsl).
The semivariograms are calculated on the basis of conductivity values. The results (Table 1, Figure 8) show
distinct differences in range and sill. The sill reflects the variance of the data. The differences in range
between the different areas are interpreted in terms of sedimentation pattern.
Table 1. Parameters of the semivariogram analysis.
Area
Geest ridge
Saline intrusion
Marshes
Buried valley

Range
190 m
700 m
1000 m
180 m

Sill
520
1 200 000
4 000 000
20 000
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Nugget
10
100
100
100
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Figure 7. Resistivity distribution in the Northern part of the Coastal Aquifer Testfield at -6-12 m depth from the
HEM survey (Eberle, 2001). Inverted data reprocessed for enhancement of the saline intrusion by using kriging
algorithm (test areas for the semivariogram analysis:
;salt water body:
)
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Considering the number of sample pairs (Figure 8), range calculation with distances greater than 700 m
are possibly obscured owing to the small number of samples pairs at these distances. The study shows that
for the saline intrusion and the marshes. the semivariogram is basically unbounded.

Figure 8. Semivariogram calculation at the four test squares (Figure 7). Upper left: test square within the saltwater
intrusion near Cuxhaven/Lüdingworth. Upper right: test square within the sandy geest ridge. Lower left: test square
in the coastal marshes towards the North Sea. Lower right: test square within the buried valley near Oexstedt.

The reason for this can be attributed to the inhomogeneous sedimentation conditions in the marshes and
the saline intrusion and it is expected that a semivariogram analysis will give additional hints on the
sedimentation characteristics. Long wavelength (range of 180 m and 190 m) structures are present within
the geest ridge and the buried valleys. No long wavelength structures can be distinguished within the
marshes and the saline inclusion. There the high variance reflects heterogeneous sedimentation conditions.

Geochemical drills and wells
The NLfB had installed about 25 groundwater wells in the CAT-Field (Figure 9), among them are four multilevel well clusters. Geological drills went down to 90 m below surface (mbs) and were screened between
5 and 50 mbs, filters have a length of 1 or 2 m. During the installation of selected wells, aquifer material
was sampled in core sections. Groundwater analysis of the CAT-Field was completed by analysis of a series
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of existing wells of various origin (irrigation
wells, fire brigade and research wells from
earlier investigations). Filters of existing
wells reach down to 190 mbs.
A research well was installed within the
area of a shallow saltwater body. This well
reaches down to 120 m below surface and
is located in a distance of 6 km to the
coastline. Since it is almost completely
screened, it provides a vertical analysis of
the changing groundwater composition in
the transition zone between salt- and
freshwater.
One hundred and fifteen groundwater
samples were taken at different times of the
year, but showed no seasonal variation. For
the sampling of groundwater, a vertical
flow-through cell was used which
accommodates probes for the simultaneous
determination of sensitive parameters (pH,
Eh, dissolved O2, temperature and electric
conductivity (EC)). For the analysis of
alkalinity a water sample of 100 mL that
passed a 40 µm filter was titrated with 0.1
N hydrochloric acid to a pH of 4.3 (Cook
Figure 9. Sampling locations and position of the shallow
and Miles, 1980). Two samples for
saltwater body in the CAT-Field.
laboratory analysis were passed through a
40 µm cellulose filter, one subsample was
acidified for cation analysis, the other one
untreated but stored cool for anion
analysis. Standard laboratory analyses were performed of about 40 components. Inductive coupled plasma
atom emission spectroscopy (ICP-AES; Perkin Elmer, Optima 3000) was used for the measurement of the
cations Na+, Ca2+, K+, Mg2+, Li+, Sr2+, Ba2+, Mn2+, Fe2+ as well as for the anions BO3- and SO42- and
further rare elements. Chloride was determined by high pressure liquid chromatography (HPLC; tpp P100
with a Kratos Spectroflow 773 absorbance spectrometer). For detailed horizontal analysis of the changing
condition in the research well a well sondage (Knödel et al., 1997) has been performed.

Results and interpretation of geochemical analysis
The distribution of cation and anion mixing ratios from field samples are shown in a Piper diagram (Figure
10). Data range from typical fresh water to seawater compositions. Major cations in fresh water are Ca2+
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and Mg2+, HCO3- is the major anion, while SO42- and Cl- are of minor importance. Water samples of typical
seawater composition are of a NaCl type. The transition between these two water types is not linear but
tends towards a NaHCO3 type with Na+ and K+ contributing up to 81% of the total cation equivalent
concentration (TEC=Σ(n·Xn+)). HCO3- contributes up to 79% of the total anion equivalent concentration
(AEC=Σ(n·Xn-)), while almost no SO42- was detected.

Figure 10. Piper plot of groundwater analysis from the CAT-Field Cuxhaven-Germany showing anion and cation
ratios ranging from typical freshwater to typical saltwater values. Dashed lines indicate a coarse classification of
water types related to the dominating ion types. Groundwater with intermediate salt concentrations are of a
NaHCO3 type.

Origin of the salt content
Three different sources can be discussed for the origin of the salt content measured in the CAT-Field
groundwater.
• The most likely source might be the marine influence of the nearby North Sea. Salt water would
intrude into the fresh water aquifer based on density effects (Badon-Ghyben, 1889; Herzberg, 1901).
Thus, the position of the transition zone could reflect the recent equilibrium situation. However, in a
non steady state situation it could be a remnant from an ancient seawater intrusion. Such was
demonstrated for the Wittmund area west of the river Weser by Hahn (1991) and related to climatic
changes.
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• For a sallow saltwater body above fresh water, Post et al. (2003) discussed several marine sources
of the salt contend as modern seawater, aerosols, evapotranspiration and transgressions.
• A second source to discuss is residual water of marine origin mobilized from deeper layers by
dispersion processes. As demonstrated by Meinardi (1991) this is the source for salt in Dutch
brackish groundwaters.
• The dissolution of halite from the underlying Permian salt dome, as well as the weathering of
minerals would represent a non marine, but mineral source of the salt content of the CAT-Field
groundwater.
Information about the origin of the salt content can be obtained from the Br-/Cl- ratio. If evaporitic minerals
would be the source, chloride should be enriched due to the lower solubility of chloride minerals compared
to bromide (McCaffrey et al., 1987). Different sources, e.g. the degradation of marine organic matter
(Manheim, 1972), anthropogenic pollution (Davis et al., 1998) or the release of interstitial water from
silicate minerals (Stober and Bucher, 2000) could cause an enrichment of bromide and thus a higher Br/Cl- ratio. Figure 11 compares the Br-/Cl- ratio and the Li+/Cl- ratio from the CAT-Field to the seawater
ratios. Since measured Br-/Cl- ratios are in a very good agreement with the seawater ratio, a marine origin
can be assumed.

Figure 11. Ion ratios of Br- and Li+ versus Cl- from sampled wells in the CAT-Field; lines represent seawater ratio

The Li+/Cl- ratio explains whether the source of the salt content is a recent seawater intrusion or the
dispersion from relict water originating from underlying layers. Lithium may be released from mineral
lattices of clayey minerals or from exchanger places of organic matter after the salt content or temperature
changed. Once lithium is dissolved, there is no process that is able to separate it from water again. Thus,
lithium can be used as indicator of the residence time of water in the aquifer (Gimenez and Morell, 1997).
There is a positive correlation between the salinity and the lithium content of the samples, although the
groundwater samples show a steeper slope than the line of conservative mixing (seawater ratio). Thus,
saline water had some time to react with the solid phase of the aquifer. The presence of residual water
seems to be excluded through results from isotope hydrological investigations. Estimated time scales for
groundwater flow in the CAT-Field are between several centuries to a few millennia (Suckow et al., 2003),
showing the weakness of isotope dating methods in this time window. This time scale seems to be
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reasonable for a steady state flow as proposed by Cooper (1959) for the dynamic balance of fresh water
and salt water in a coastal aquifer.
Water types
Ion concentrations analysed from different field samples, each representing a typical groundwater type, are
presented in Table 2. Saltwater can be found in greater depths and close to the shoreline as well as close
to the surface in a low permeable sediment layer in parts of the CAT-Field. Samples from the shallow
saltwater body, due to the dominant Cl- concentration, can not be distinguished from the deeper saltwater
in the piper diagram. Despite of this, the absolute concentrations show some significant characteristics: the
concentration of HCO3- is very high, while the SO42- content, that is usually high in seawater, is very low.
These characteristics are a result of the oxidation of organic carbon. Due to the fine sediments at the
surface of the marsh areas and the Eemian clay below the saltwater body, the shallow saltwater body in
the organic rich sediments is sealed from the influence of dissolved oxygen. In absence of other oxidants,
SO42- is reduced to sulphide and fixed in the sediment.

2 CH2O + SO42- → H2S + 2 HCO3According to this process, the Eh in the shallow
saltwater body is very low (Table 2). This process has
also been identified by a 2D flow-chamber experiment,
using sediments from the CAT-Field (Panteleit et al,
subm.). As the Ion/Cl ratios of the field samples show
(Figure 12), this process is present in all areas of the
CAT-Field. The SO42-/Cl ratios are well below those of
the seawater. Lowest ratios result from samples from
the area of the shallow saltwater body. As a product of
the oxidative degradation of organic matter, the HCO3ratios are elevated in the field samples compared to
the seawater ratio. Another common process, cation
exchange as a result from aquifer refreshening,
producing NaHCO3 type water might be neglected
referring to the mentioned age of the water and the
rising sea level at the German north sea coast. The
latter is in contrast to the Dutch observations, where
fresh water infiltrates due to man made hydraulic
gradients (Post et al., 2003).

Figure 12. Ion/Cl ratios of groundwater samples
from the CAT-Field (boxes) compared the seawater
ratio (line). Slight enrichments of Ca, K, and Mg
result from Carbonate dissolution. SO42- is
consumed by oxidative degradation of organic
matter releasing HCO3-.

Table 2. Typical concentration of major components for different water types as analysed from CAT-Field samples.
species
fresh water
deep NaHCO3 water
shallow NaHCO3 water
shallow saltwater body
salt water

pH
7,1
6,3
7,0
7,2
7,9

Eh [mV] Ca2+ [ppm] Na+ [ppm] Mg2+ [ppm] K+ [ppm] HCO3- [ppm] SO42- [ppm] Cl- [ppm]
90
0
160
-329
330

17,0
28,0
64,0
209
200,0

15,0
56,4
547,4
2510
3301

41,0
7,3
65,6
449
396,1
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11,8
38,3
5,0
113
133,0

575,0
207,4
1318
2640
237,9

134,0
0
28,8
12
864

45,0
60,4
462
4219
6159
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The different water types in a depth profile are also reflected in the results of the geochemical log of the
research well (Figure 13). The transition from fresh to saltwater is documented by an increasing electric
conductivity from 60 mbs on.

Figure 13. Geochemical log of the research well. Showing from left to right electrical conductivity, pH, temperature
and redox versus depth of groundwater. The two darker lines represent the same location, well LUD1a is disturbed
by a lost iron drill string between 60 and 80 m depth, for this reason well LOD1 was drilled 3 meters apart. Well
LUD 49F has only a depth of 62 m

Conclusions
From hydrochemical analysis five different water bodies can be distinguished. According to the hydrostatic
equilibrium a saltwater intrusion is observed close to the shoreline and at greater depths. In parts of the
CAT-Field with low hydraulic permeability a shallow saltwater body exists as a relict from ancient flooding
events. In the transition zone from saltwater to fresh water NaHCO3-water types are found, resulting from
calcite dissolution and the oxidation of organic matter. Ion exchange as a result of a refreshening of the
aquifer might be neglected owing to the sea level changes and the age of the water body.
To appreciate the complicated hydrogeological conditions and processes in coastal aquifers endangered
by saline intrusions thoroughly, geophysical methods are necessary to assist the hydrogeological
investigations. The resulting conceptual model has to be verified by detailed hydrochemical monitoring. The
CAT-Field survey shows the possibilities of such an interdisciplinary approach.
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