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Abstract

Information on chloride (Cl) distribution in aquifers is essential for planning and management of coastal zone groundwater
resources as well as for simulation and validation of density-driven groundwater models. We developed a method to derive
chloride concentrations from borehole information and helicopter-borne electromagnetic (HEM) data for the coastal aquifer
in the Elbe-Weser region where observed chloride and electrical conductivity data reveal that the horizontal distribution
of salinity is not uniform and does not correlate with the coastline. The integrated approach uses HEM resistivity data,
borehole petrography information, grain size analysis of borehole samples as well as observed chloride and electrical
conductivity to estimate Cl distribution. The approch is not straightforward due to the complex nature of the geology
where clay and silt are present. Possible errors and uncertainties involved at different steps of the method are discussed.
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Kiistennahe Grundwassersysteme: Kartierung der Chloridverteilung aus Bohrdaten und Geophysik

Zusammenfassung

Informationen zur Chloridverteilung im Grundwasserleiter sind fiir Planung und Management von Grundwasserressourcen
in Kiistengebieten sowie fiir die Simulation und Validierung von dichtegesteuerten Grundwassermodellen von wesentlicher
Bedeutung. Es wurde eine Methode zur Ableitung der Chloridkonzentration aus Bohrungen und hubschrauber-elektroma-
gnetischen Daten (HEM) entwickelt und fiir den Kiistengrundwasserleiter des Elbe-Weser-Dreiecks eingesetzt. Die dort
beobachteten Chloriddaten und elektrischen Leitfdhigkeitsdaten zeigen eine ungleichmifige horizontale Verteilung des
Salzgehalts, die nicht mit der Kiistenlinie korreliert. Der integrierte Ansatz verwendet HEM-Daten des spezifischen elek-
trischen Widerstands, Bohrloch-Petrographie-Informationen, Korngré8enanalysen von Bohrlochproben sowie beobachtete
Chlorid- und elektrische Leitfihigkeitswerte, um die Chlorid-Verteilung abzuschitzen. Mogliche Fehler und Unsicherheiten

bei den verschiedenen Schritten des Verfahrens werden diskutiert.

Schliisselworter Hubschrauber-Elektromagnetik - Kiistenaquifer - Chloridverteilung - Elektrische Leitfahigkeit des

Grundwassers - Formationsfaktor

Introduction

Worldwide coastal aquifers are increasingly endangered by
saline water intrusion from oceans and rivers (van Weert
et al. 2009). Saline water intrusion is triggered by several
driving forces, natural and anthropogenic, that act on differ-
ent spatial and temporal scales. Changes in rainfall patterns
and sea level rise driven by climate change interact with
increased groundwater exploitation, land drainage, and ur-
banization (White and Kaplan 2017). The effects of these
driving forces make sustainable coastal zone groundwater
management very complicated. Accurate groundwater re-
source assessment and information on the spatial distribu-
tion of salinity is required (Barlow and Reichard 2010).
Groundwater resource assessment allows the planning of
drinking water supplies which involves considering present
and future water demand (Cosgrove and Loucks 2015). Un-
derstanding the three-dimensional distribution of chloride
supports the siting of groundwater extraction wells and the
definition of the proper filter depth. Groundwater models
can support this planning action (Dogrul et al. 2016) but
for density-dependent groundwater modelling, information
on existing freshwater head and chloride distribution is re-
quired at sufficient resolution.

Direct and indirect methods are available to estimate
chloride (CI) content in the groundwater (Goes et al. 2009).
Direct methods involve groundwater sampling and mea-
surement of Cl concentration in the laboratory. This anal-
ysis is more expensive than the indirect measurement of
groundwater electrical conductivity (ECy) that can be mea-
sured in the field by a conductivity meter (Peinado-Guevara
et al. 2012). It is common practice to install monitoring sta-
tions for groundwater levels and salinity measurements, and
in some cases, data availability is adequate and fulfils the
requirement for groundwater modelling. However, as the
chloride concentration varies with depth, multilevel moni-
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toring stations would be necessary (Margane 2004), but are
not often realized due to cost issues.

Some indirect survey techniques can support the re-
quired data density for mapping the chloride concentration
in a coastal aquifer (Table 1). These indirect techniques are
mostly based on EC,, or the bulk electrical resistivity (Rp).
Both can be translated into chloride concentration by em-
pirical equations that require aquifer and water properties,
such as the formation factor or porosity.

A number of studies apply geophysical surveys for salin-
ity estimation or fresh-saline groundwater interface delin-
eation. In particular, airborne electromagnetic (AEM) meth-
ods enable spatial mapping of R, with high resolution (in
the order of tens of meters to hundreds of meters) along the
line and acceptable resolution (hundreds of meters) across
the lines (Siemon et al. 2009). Vertical resolution decreases
with depth (from meters to tens of meters) and depends
on system parameters and the subsurface conductivity dis-
tribution, which limits the depth of investigation (Chris-
tiansen and Auken 2012). Large-scale groundwater surveys
increasingly apply AEM methods to investigate large areas
in reasonable time and at relatively low costs (Paine and
Minty 2005; Siemon et al. 2009). AEM results have been
used not only for mapping purposes, but also as base-line
data estimation for geological and groundwater modelling
(e.g. De Louw et al. 2011; Gunnink et al. 2012; Sulzbacher
et al. 2012).

Several large-scale AEM studies for fresh-saline ground-
water mapping have used fixed R, thresholds or gradi-
ents to distinguish between fresh and saline water (e.g.
Siemon et al. 2009 (island of Borkum), Viezzoli et al. 2010
(Venice lagoon), Kirkegaard et al. 2011 (Hvide Sande, Den-
mark), Pedersen et al. 2017 (Zeeland, the Netherlands)).
Further AEM studies were supported by additional informa-
tion including Electric Cone Penetration Tests (ECPT; De
Louw et al. 2011; Siemon et al. 2019 (both in the Nether-
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Table 1 Overview of methods that can be used for Ry, ECy, porosity, and chloride estimation
Tab.1 Uberblick iiber Verfahren zur Bestimmung von Ry, ECy, Porositéit und Chloridverteilung

Method Type Information availability =~ Parameter Characteristics
(D: dimension)

Electrical borehole 1D Ry, lithology Indirect method (in-situ)

logs®

Electrical cone penetra- 1D ECu, lithology Indirect method (in-situ)

tion test (ECPT)

Direct push? 1D ECw, Ry, Cl Direct and indirect value of chloride; costly and might not be pos-
sible to perform in a regional scale with high resolution (in-situ)

Vertical electrical 1D Rp Indirect method, problem due to equivalent inversion results (sur-

sounding (VES) face method)

Electrical resistivity 2D, 3D Rp Indirect method (surface method)

tomography (ERT)

Electromagnetic (EM) 1D, 2D Rp Indirect method (surface method)

method

Helicopter-borne EM* 3D Rb 3D high-resolution data; indirect method (airborne method)

(HEM)

Nuclear magnetic reso- 1D ®, hydraulic Indirect method; used in the estimation of water content and as-

nance (NMR) conductivity

Spectral induced polar- 1D, 2D Ro

ization (SIP)

Grainsize Analysis® 0D [}

Ground penetrating 1D, 2D ‘Water content

radar

Monitoring wells? 0D, time series Cl

Monitoring wells® 0D, time series ECyw

sessment of hydraulic conductivities (surface method)
Indirect method (surface method)

Used in the empirical formula to estimate FF (laboratory)

Used in the empirical formula to estimate water content and poros-
ity and afterwards FF (surface method)

Direct method; it involved extensive cost to get high resolution
horizontal and vertical chloride information (in-situ)

Indirect method (in-situ)

4 Data type that were used in this study

lands)), ground based EM, EC,, and petrography informa-
tion (Chongo et al. 2015 (Zambia)), or borehole results
(Pedersen et al. 2017).

Ground-based resistivity methods like Vertical Electric
Sounding (VES) for fresh-saline water interface mapping
were used by Kumar et al. (2015 (India)), supported by wa-
ter quality parameter estimation, and Goes et al. (2009 (the
Netherlands)), supported by ECPT, borehole logs, EC,, and
chloride measurements. Paine (2003 (Texas, USA)) used
AEM and borehole induction logs to map the resistivity
distribution in the groundwater.

The spatial distribution of chloride in groundwater was
mapped by Delsman et al. (2018 (Zeeland, the Nether-
lands)) using frequency-domain helicopter-borne electro-
magnetic (HEM) and Peinado-Guevara et al. (2012 (Mex-
ico)) using VES; both studies were supported by chloride
measurements.

In this paper an integrated approach is presented to esti-
mate the formation factor distribution from HEM resistiv-
ity data, borehole petrography information, and grain size
analysis of borehole samples. CI concentrations are then
calculated from observed chloride and electrical conductiv-
ity (EC) values. A final map is produced showing the Cl
distribution in the aquifer at several depth intervals. The
method is applied to a coastal area of Lower Saxony (Ger-

many) between the Weser and Elbe rivers. The obtained
Cl distribution is used to model its future development un-
der climate change conditions (Gonzélez et al. 2020). The
method is general and applicable to other regions with com-
parable geological conditions. We critically discuss possi-
ble errors and uncertainties involved at different steps of
the method.

Study area

The study area is situated in the coastal area of Lower Sax-
ony, Germany, between the Elbe and Weser rivers (Fig. 1).
This study is performed as part of the project TOPSOIL
in the framework of the EU INTERREG VB North Sea
Region Programme. The analysis covers an area of about
1700km?, and the depth range covered by the HEM sur-
vey is between the surface and 30-160m depending on the
bulk electrical conductivity distribution in the subsurface.
The study area is bounded by the North Sea in the west
(ca. 37km coastline) and the Elbe River in the north and
east (80km long reach). Another major river within the area
is the Oste (reach ca. 50km). The topography of the area
is relatively flat (marshlands) with some highlands (Geest)
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Fig. 1 Study area showing the topography. The black dotted line is the separation between marshlands and highland (Geest)
Abb. 1 Untersuchungsgebiet mit Topographie. Die schwarz gepunktete Linie trennt Marsch und Geest

in the west and in the south. Terrain elevations are in the
range between —2m to 71 m above sea level (ASL).

Geology and hydrogeology of the area

The geology of Elbe-Weser region is relatively complex and
characterized by sedimentation in Quaternary glacial and
interglacial periods as well as by the Holocene sea level
rise. During the Elsterian and the Saalian glaciations, the
glacial maximum reached the Central German Basin; thus
the Elbe-Weser region was covered entirely by ice several
times (Ehlers 2011). During this period, massive glacioflu-
vial sediment bodies were deposited, mainly consisting of
sand and gravel with an average thickness of 20m. In ad-
dition, during the Elsterian glaciation, tunnel valleys up to
500m deep were formed by subglacial erosion and filled
predominantly by glaciofluvial sand. The valleys are cov-
ered by so called ‘Lauenburger Clay’ (Kuster and Meyer
1979). Due to sea level rise in the following Eem inter-
glacial, the sea extended into the region bounded by the
moraine ridges of Land Hadeln (Hofle et al. 1985). The
maximum of the Weichselian glaciation did not reach the
Elbe-Weser region (Streif and Koster 1978) so that the area
has only been influenced by proglacial processes. Brackish-
marine sediments of the marshlands were deposited in the
Holocene (Streif and Koster 1978).

Pleistocene and partly Pliocene sands, and the occa-
sional presence of gravel, form the upper aquifer of the
Elbe-Weser region with local variations. The uppermost
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groundwater storage in the Elbmarsch consists of Weich-
selian fluvial sand and glaciofluvial sand of the Drenthe
glacial (Saalian). In the Unterweser Marsch and the Geest
area, Pleistocene sand forms the upper aquifer. The tun-
nel valley aquifer consists of Elsterian glaciofluvial sed-
iments. The hydraulic contact between the tunnel valley
aquifer and the surrounding Pliocene sand is discontinu-
ous. The Lauenburger Clay in the region is the most impor-
tant dividing layer between the different aquifers (Elbracht
et al. 2016). Hydraulic conductivity values of the Saalian
aquifer at the region range between 10~ and 10 m/s (Reut-
ter 2011). Clayey Holocene sediments in the marshlands
work as a protective layer for the groundwater, whereas the
protection potential of groundwater in the moraine ridges is
very low. Groundwater in the marshlands has a high salin-
ity in contrast to the moraine ridges, where groundwater is
fresh (Elbracht et al. 2016).

The study area lies between the moraine ridges of Al-
tenwalde in the west and the Elbe River in the east, includ-
ing the Hadelner Marsch. The area is characterized by low
groundwater recharge (between 51 mm/year and 150 mm/
year) in the marshlands and high groundwater recharge
(between 101 mm/year and 400 mm/year) with a relatively
high groundwater level (>10m ASL) (NIBIS® Kartenserver
2018) in the moraine ridges. The groundwater level in the
study area follows the topography. In general, the ground-
water level varies between -4 m and 28 m ASL.
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Source of salinity in the aquifer

The primary source of salinity in the aquifer is saline water
intrusion from the North Sea (average Cl concentration of
North Sea water close to the coast is about 16,000 mg/l)
and from the Elbe River (average Cl concentration between
9000 mg/l and 40mg/1 (WSV 2019)). The chloride concen-
tration of the Elbe River decreases upstream. Salt also accu-
mulated in the shallow aquifer below Unterweser Marsch,
Hadelner Marsch, and Elbmarsch due to Holocene trans-
gressions (leading to saline water infiltrating vertically from
the flooded area before the dykes were built). At Stade,
a salt structure exists that contains a different geochemi-
cal signature than the saline water originating from the sea
(Rahman et al. 2018). The contribution of this salt structure
to the groundwater salinity at Stade is yet to be quantified.

Methodology

The following steps were performed to estimate the CI
distribution from HEM data: (1) analysis of borehole in-
formation, (2) formation factor estimation, (3) assigning
petrography classes to HEM resistivity at different depths,
(4) estimation of groundwater electrical conductivity (ECy),
(5) establishment of a relation between EC,, and Cl, (6) 2-D

Table2 Main data type used and number of samples obtained from
different institutions

Tab.2 Liste der verwendeten Datentypen und Anzahl der Proben, die
von verschiedenen Institutionen zur Verfiigung gestellt wurden

Data Volume Sources
Petrographic infor- 8622 Boreholes LBEG*
mation 94,237 Samples
Grain size Analysis 83 Boreholes Geozentrum
641 Samples Hannover
(BGR?, LBEG
and LIAG®)
Electrical Logs 136 Boreholes LBEG
5406 Samples
HEM Cuxhaven, Hadeln, Bre- BGR
merhaven, Gliickstadt:
ca. 3.3 Mio resistivity
models
Observed ECy 1936 Samples NLWKN¢
and chloride from
groundwater quality
monitoring
Observed ECw and 350 Samples LBEG

chloride from direct
push test

4Geological Survey of Lower Saxony
YFederal Institute for Geosciences and Natural Resources
“Leibniz Institute for Applied Geophysics
9The Lower Saxony Water Management, Coastal Protection and Nature

Conservation Agency

interpolation of Cl data, and (7) manual inspection, valida-
tion and adjustment of Cl distribution.

All data were obtained from several secondary sources
(Table 2). The data were checked for possible errors, consis-
tency, then were processed after corrections. Python codes
were written for step 1 to step 7 (except step 6) to perform
the tasks quickly and efficiently. The codes are general and,
therefore, applicable to any other comparable HEM survey
area (unconsolidated sedimentary rocks) after minor modi-
fication. Golden Software Surfer 8 was used for 2D inter-
polation. A brief description of each step is given below.

Analysis of borehole information

Borehole description is considered as one of the primary
sources of information to understand the horizontal and
vertical distribution of the petrography at the study area.
A total of 8622 boreholes with depths in the range of
1-2000 m were obtained from Geological Survey of Lower
Saxony (LBEG) for the study area. Borehole ID, coor-
dinates, depth, and corresponding petrographic symbols
were extracted from the database. The petrographic sym-
bols were converted to petrography descriptions using the
geology key-symbol database of LBEG (LBEG 2018), e.g.
T-U (clay to silt) was converted to ‘silty clay’. Altogether,
13 petrography classes were defined this way and listed in
Table 3, together with values for porosity and, if available,
formation factor (FF). Afterwards, the petrography infor-
mation was assigned to every meter depth of the borehole.

Formation factor estimation

The straightforward way to estimate the formation factor
FF would result from its definition. FF is the ratio of EC,,
to the bulk conductivity of the fully saturated rock (Archie
1942) or, expressed in terms of resistivity, the quotient of the
resistivity of the fully saturated rock (Ry) and the resistivity
of the pore water (1/EC,,). As information on EC,, is not
spatially available, we considered estimating FF from grain
size data and porosity. FF was estimated using the following
empirical equation (Taylor Smith 1971):

FF = @19 (D

where @ is the porosity of the sediment sample. This equa-
tion is for clay-free sediment, and is valid for ® <0.6, which
is within the limit for the porosities of our samples (except
peat). Sediment porosity was estimated using the following
equation (Vukovic and Soro 1992):

® =0.255(1 +0.83Y) (2)
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Table 3 Formation factor and porosity of the 13 petrography classes, € is the standard deviation of corresponding parameter
Tab.3 Formationsfaktor und Porositét der 13 Petrographieklassen, € bezeichnet die Standardabweichung des jeweiligen Parameters

Petrography class Symbol after LBEG  Porosity e (D) Average e (FF) Sample numbers/reference (own analysis
(2018) (D) FF if no reference)

Clay T 0.42 - 2.50 0.60 192/De Louw et al. (2011)

Silty Clay T-U/T,U/T,S1 0.41 0.01 2.50 - FF same as clay

Clayey Silt U-T/U,T 0.46 - 3.20 - FF same as silt

Silt (clayey fine U/Ss/S1 0.46 - 3.20 - 299/De Louw et al. (2011)

sand)

Sandy Clay T-S/T,S 0.42 - 2.80 0.80 52/De Louw et al. (2011)

Sandy Silt U-fS/U-ffS/U-S 0.42 0.00 4.41 0.19 4

Clayey Sand S,T/S,T/mS, T 0.26 - 2.80 0.80 52/De Louw et al. (2011)

Silty Sand fS-U/ffS-U 0.40 0.05 3.95 0.68 481

Fine Sand S 0.39 0.02 4.33 (3.2)* 0.98 56

Medium Sand mS 0.39 0.05 4.40 (4.0 0.77 106

Coarse Sand eS 0.43 - 5.00 - Goes et al. (2009)

Gravel fG/gG 0.31 - 7.00 - Goes et al. (2009)

Peat H - - 2.10 0.70 41/De Louw et al. (2011)

2 The value in brackets is from de Louw et al. (2011)

where U is the coefficient of uniformity and defined as
the ratio of de to djo from grain size analysis. A total
of 647 grain size analysis data at different depths from
83 boreholes were obtained from the LBEG, BGR, and
LIAG databases.

The spatial distribution of grain size data is mainly lim-
ited to the Geest area in the western part of the study area,
only a few samples are available in the marshlands. FF val-
ues of silt, clay, coarse sand, gravel and peat were obtained
from the literature (e.g., De Louw et al. 2011; Goes et al.
2009). In addition, if petrography classes whose formation
factor or porosity were not included in our database or the
literature, we considered FF values from similar petrogra-
phy classes (see details in Table 3).

Assigning formation factor to HEM data at different
depths

BGR conducted airborne surveys covering the entire study
area, simultaneously recording electromagnetic, magnetic,
and radiometric data (Siemon et al. 2020). The electromag-
netic data used here were acquired in 2000 for the Cuxhaven
area (Siemon et al. 2013), in 2001 for the Bremerhaven
area (Siemon et al. 2011), in 2004 for the Hadelner Marsch
area (Siemon et al. 2017) and in 2008-2010 for the Gliick-
stadt area (Steuer et al. 2013), all available at Produktcen-
ter BGR (2017). After inversion of the frequency domain
electromagnetic data by BGR using Levenberg-Marquardt
inversion techniques (Sengpiel and Siemon 2000, Siemon
et al. 2009), the layered vertical distribution of the bulk re-
sistivity Ry, was obtained at sampling distances of 4m along
the flight line. The number of layers varies between 5 and 6,
however for the Gliickstadt survey, smooth multilayer mod-
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els were available. Considering the relative stationarity of
the groundwater Cl distribution, time differences between
the surveys are acceptable (De Louw et al. 2011).

For each borehole in the study area with petrographic
information, the nearest HEM data point was identified
and the corresponding petrography class and FF were as-
signed at each meter depth of the HEM resistivity model (R,
data).

Estimation of groundwater electrical conductivity
(EC.)

Using the information of R, [(2m] and FF at each meter
depth of the selected HEM data points, EC,, [S/m] was
derived by:

EC,, = FF/R, 3

This relation is valid for clay-free sediments. Drilling re-
sults show that clayey sediments mainly occur in the Geest
area with the exception of the clayey near-surface layer in
the marshlands.

Relation between EC,, and Cl

EC,, is usually used as a salinity indicator. Since chloride
ions are the main constituents in groundwater and in saline
sediments that directly affect EC,, chloride concentrations
in groundwater can be an indicator of the degree of saline
intrusion (Peinado-Guevara et al. 2012).

Lower Saxony Water Management, Coastal Protec-
tion and Nature Conservation Agency (NLWKN) provides
a database of measured Cl content and EC,, values mea-
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sured at 25 °C. The dataset used in this paper contains 1936
EC.-Cl pairs from 67 groundwater-monitoring stations.
We applied the EC,, temperature compensation relation
(Sorensen and Glass 1987) defined by:

ECy25 = ECyt/ (1 + a(t-25)) 4

Here, EC, is the EC,, at 10°C, the mean groundwater
temperature at the study area. In Eq. 4, o is a temperature
compensation factor which was recommended as 0.0191 by
Clesceri et al. (1998).

In many studies (e.g., De Louw et al. 2011) a strong
correlation between EC,, and Cl has been found. We ap-
plied a linear regression analysis to determine the corre-
lation between EC,, and chloride concentration CI (mg/l)
from groundwater samples:

Cl=m-EC,y5 +c¢ (5)

where m and c are regression coefficients.

The high electrical conductivity of groundwater in the
study area (>2000uS/cm) is mostly dominated by chlo-
ride and sodium ions, although the piper diagram pre-
sented by Rahman et al. (2018) shows that Ca(HCO3), and
Mg(HCO:3), are also present in the groundwater. To avoid
uncertainties involved in bicarbonate measurement and to
consider that the electrical conductivity is not linearly re-
lated to the CI concentration (De Louw et al. 2011), we
separated the entire data set into three classes. Therefore,
three different regression analyses were performed. The
classifications based on the range of groundwater conduc-
tivity were freshwater (EC,s <500uS/cm), brackish water
(500puS/cm <EC,s <2000uS/cm) and saline water (ECss
>2000uS/cm). Using the regression analysis results, we
converted all estimated EC,, (uS/cm), derived from HEM
resistivity (2m) and borehole data, to Cl concentration
(mg/1).

After the regression analysis, the relations were validated
against the measured EC,s and Cl from 350 samples from
direct push tests in 2017 and 2018 provided by LBEG.

2-D interpolation of chloride data

Instead of interpolating FF values, we chose chloride values
to interpolate all data in the entire area because the chloride
distribution in the groundwater is smoother than the FF
distribution which is rather heterogeneous due to spatial
and vertical variability of the petrography. The interpolation
was based on a 100m by 100 m grid using ordinary Kriging
method with Auto Fit option. The Cl concentration was
interpolated at different depths by Surfer 16.0 in the 64-bit
version 16.0.330 (www.goldensoftware.com).

Manual inspection, validation and adjustment of Cl
distribution

The groundwater in the Geest area is considered freshwa-
ter, i.e., the CI concentration in groundwater is less than
250mg/1, the threshold set for drinking water in Germany
(BMJV 2001).

The initial interpolation results showed relatively higher
ClI concentration in some areas due to clayey material, e.g.
the Lauenburger Clay on top of a tunnel valley. To avoid
such visible and unrealistic errors, we performed some man-
ual validation (e.g., checking resistivity and borehole pet-
rography information) and adjustment for the Geest area.
The fresh saline water interface defined by the resistivity
limit of 30Qm (Repsold 1990; Deus et al. 2015) is found
at the Geest-Marsch boundary. First, we deleted resistivity
values below R,=30Qm in the Geest area. Second, we de-
cided to set the maximum CI concentration to 250mg/l in
the Geest area. Finally, the new dataset was re-interpolated.
The interpolation was done for each meter depth below the
surface of the vertical extent covered by the survey area.

Results and discussion
Formation factor for the petrography classes

Table 3 shows the porosity and formation factor of each
petrography class. For completeness, formation factors of
coarse sand, silt, sandy clay, and clayey sand were taken
from De Louw et al. (2011) or Goes et al. (2009) who in-
vestigated comparable sites in the Netherlands. In addition,
because of the invalidity of Eq. 1 for cohesive materials (in
which the porosity must be below 0.6, and surface conduc-
tivity which is common to clayey material is neglected), the
apparent formation factor of clay and peat were also taken
from the literature. Due to a lack of available information
on the formation factor of silty clay and clayey silt, we
assigned formation factors of clay and silt, respectively.

Resistivity and petrography classes

Measured resistivities (R,) from HEM data were grouped
in a box plot, which shows that the median resistivity value
of most petrography classes increases with the increase of
grain size, except in the case of peat (no grains) and gravel
(Fig. 2a). The highest median resistivity occurs in coarse
sand with only 70 Qm, and the lowest resistivity is in clay,
around 20Qm. Medium sand shows the largest spectrum
of resistivity values ranging between 10QQm and 140 Qm,
while silty clay has the smallest range, between 15Qm and
35Qm. The resistivity occurrence of some selected classes
shows the dominance of sandy material (Fig. 2b). The most
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frequently occurring resistivities for the sand fraction are in
the range of 80 2m, which corresponds to the freshwater-
saturated sands in the Geest areas. The accumulated values
in the lower resistivity range are interpreted as saline water-
saturated sands in the marshlands; the minimum at about
8Qm is suggested to define the threshold to the saline af-
fected sands. This relatively straightforward interpretation
of the histogram is consistent with Wiederhold and Ull-
mann (2017); Siemon et al. (2019) also discuss such low
resistivity threshold values for fresh-saline groundwater in-
terfaces.

Relation between EC,, and Cl

Fig. 3 illustrates the regression analysis and its validation
for groundwater samples of each ECy, group. The result of

@ Springer

the regression analysis with R? and number of samples (1)
is:

Freshwater :

Cl[mg/1] = 0.0933EC,, [.S/cm] + 0.254;
(R?2=0.61; n = 1267)

Brackish water :

Cl[mg/1] = 0.259ECw[S/cm] — 96.064;
(R? = 0.62; n = 421)

Saline water :

Cl[mg/1] = 0.358ECw[S/cm] — 535.72;
(R>=0.97; n =256

(6)

(N

®)
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validation of the regression analysis (R? = 0.90)

Abb. 3 Beziehung zwischen ECy und Cloridgehalt fiir a StiBwasser, b Brackwasser und ¢ Salzwasser; d beobachteter (x-Achse) und abgeleiteter

(y-Achse) Cl-Wert zur Validierung der Regressionsanalyse (R? = 0,90)

De Louw et al. (2011) considered the relation between
Cl and EC,, as follows:

Cl[mg/1] = 0.360ECw[S/cm] — 450;

(R>=0.98; n =79) ®
which is in good agreement with the relation of our saline
water samples. De Louw et al. (2011) considered a single
relation but which was only valid from a EC, of about
2000 uS/cm, above which the linearly related Cl- and Na+
ions dominate the electrical conductivity (Delsman et al.
2018).

We used Egs. 6-8 to convert EC,, derived from HEM
resistivity to CI concentration.

Cl distribution in the aquifers

Fig. 4 shows the different steps to obtain the chloride distri-
bution from the R, distribution, and the resistivity chloride

conversion, omitting resistivities below 30 Qm in the Geest
area and additionally setting the maximum chloride value
to 250mg/l in the Geest area. Fig. 5 shows the final maps
for different elevations down to —60m ASL. The high chlo-
ride concentration in the groundwater occurs mainly in the
marshlands close to the seaside; the high salinity is also
distributed along the Elbe River and Oste River. The saline
area expands with the decrease in elevation, as higher chlo-
ride concentrations are also present in the lower part of the
seaside. However, below —50m ASL, the resistivity infor-
mation from the HEM survey as well as lithology informa-
tion is scarce and cannot provide good interpolation results.

Discussion on errors and uncertainties

We identified the following uncertainties that might con-
tribute to the erroneous Cl distribution.

@ Springer



200

Grundwasser - Zeitschrift der Fachsektion Hydrogeologie

a

Resistivity

5970000 —

5960000

5950000

5940000

[ [
32470000 32480000 32490000

32500000

b

- [Qm]

8500
8000
7500
7000
6500
6000
5500
5000
4500
4000
3500
L 3000
2500
2000
1500
1000
500
250

I I
32510000 32520000 32530000 ' 0

5970000

5960000 —

5950000

5940000 —

Depth 20m

32470000 32480000 32490000 32500000

T
32510000

32520000

32530000

Fig.4 a Resistivity distribution, b Cl distribution obtained after conversion

Abb. 4 a Verteilung der spezifischen elektrischen Widerstinde, b abgeleitete Cl-Verteilung

Analysis of borehole information

The deduction of petrography classes and formation fac-
tors from well information depends on the quality of the
sediment profiles. Different drilling methods and thus asso-
ciated uncertainties in sediment description need to be con-
sidered. In hydraulic circulation drillings, for example, the
fine grain content is often underestimated. Another problem
can be the simplification in the description of the sediment
profiles, which is based on the subjective view of the re-
sponsible geologist.

@ Springer

Formation factor estimation

The sampling procedure for grain size analysis can lead to
errors and uncertainties in follow-up estimations. Grain size
analyses provide a quick overview of the grainsize distri-
bution and the porosity. Because of the very high spatial
variation in the composition of Quaternary sediments, the
results are only valid for the sampling location. In addition,
the method does not take the alignment and the compaction
of the sediment into account, and results could differ from
real conditions.

Porosity is calculated from grain size analysis using the
coefficient of uniformity (Eq. 2). If the content of fine grain
material is underestimated, as some of the fine material
might be lost in the mud, the uniformity (d60/d10) will be
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Abb. 4 c Cl-Verteilung nach Anwendung des 30 Qm-Kriteriums im Geest-Gebiet, d Cl-Verteilung nach Festsetzung eines maximalen Chloridge-
halts von 250 mg/l im Geest-Gebiet. Der spezifische Widerstand und die Chloridverteilung beziehen sich auf 20 m Tiefe unter Geldndeoberfliche,

die Datenverteilung ist in Fig. 5 dargestellt

too low leading to an overestimate of porosity. This results
in an underestimate of the formation factor. Additionally,
the porosity exponent in Eq. 1 is set to 1.5 following Taylor
Smith (1971), but for unconsolidated sediments it can be in
the range of 1.3-2. Values from Goes et al. (2009) imply
porosity exponents (cementation factors) of 1.9 for coarse
sand and 1.7 for gravel (Table 3), while other authors, e.g.,
Repsold (1989), used the modified Humble formula (FF =
0.81 ¢2).

Comparing formation factors for a porosity of 0.4 calcu-
lated after Taylor Smith, Goes and Repsold leads to an un-
certainty of about 25%. Therefore, the uncertainty in poros-

ity estimation from uniformity can be neglected against the
uncertainty resulting from porosity exponent errors.

For drillings where no porosity data are available, the
formation factors were assigned to the layers according to
the particular petrography class. Here the same uncertainty
must be taken into account.

The applied method for formation factor estimation is
valid for clay-free material only. In this study, areas with the
possibility of clay occurrence (e.g. in the Geest area) were
excluded. Even in the marshlands the clay content is low
compared to the sand fraction as shown in the histograms
of Fig. 2b.
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HEM data and inversion

As measured data always have errors, even after thorough
data processing, the derived physical parameters are also
biased, particularly if they are the result of an optimization
process being prone to over-interpretation, e.g., the inver-
sion of HEM data to resistivity-depth models. The resulting
1D models used in this study represent only one solution
explaining the data. Such a solution is always a simplified
image of the subsurface. Comparison studies (e.g., Delsman
et al. 2018 and King et al. 2018), however, demonstrated
that the majority of models were able to reveal the princi-
ple layered resistivity features. A further challenge occurs
if the subsurface is strongly heterogeneous in the lateral di-
rection. In this case, 1D models may fail to explain the data,
and 2D/3D modelling or inversion is required. Fortunately,
this point is not essential here.

Assigning petrography class to HEM data at different
depths

At the HEM resistivity model location, we assigned petrog-
raphy from the nearest available (proximity max. 100m)
borehole. Considering the geologic and petrographic het-
erogeneity at the study area, assigned petrography might
not be accurate. Therefore, the formation factor, which is
related to petrography, might also be inaccurate. Subse-
quently, erroneous results can be generated. In a regional
aquifer system, it is challenging to resolve the spatial and
vertical heterogeneity in an automated process. Manual in-
spection definitely reduces the uncertainty but time and re-
sources would be vital.

Estimation of groundwater electrical conductivity
(EC.)

EC. is estimated from the bulk resistivity and formation
factor. Since both quantities are linearly related, the 25%
uncertainty of the formation factor leads to the same amount
of uncertainty in EC,. Additionally, a uniform groundwa-
ter temperature of 10°C is assumed that also corresponds
to the average temperature of groundwater samples at the
study area (average value of 204 samples is 10.1°C and
€ is 0.92). The spatial variation in temperature is between
13.1°C and 8.4°C, which is non-uniform and might con-
tribute uncertainty in the EC,, estimation by +8% to —4%.

Relation between EC, and Cl
We considered that Na+ and Cl- dominate the electrical
conductivity through the entire range of EC,, data available,

although the linear relation may only be valid at higher EC,,
(>2000uS/cm) (De Louw et al. 2011). Below this limit,

@ Springer

other ions, such as bicarbonate ion (HCOj3-) due to the pres-
ence of Ca(HCOs3), and Mg(HCO:s),, also might influence
the EC. (Goes et al. 2009). The CI concentration might
therefore be overestimated.

Interpolation error

In addition to the above problems, interpolation error can
also be considered as one of the main issues that generates
error in the chloride distribution. In our case study, the
data points were neither evenly nor densely distributed, and
therefore, the interpolation methods might produce some
deviation from the true chloride distribution.

Conclusions

Despite many uncertainties, the 3D chloride distribution in
the aquifer of the study area was determined by HEM data
in combination with borehole data, grain size analysis and
laboratory results on the relation of CL content and elec-
trical conductivity from groundwater samples. A threshold
value of 8 Qm for saline-affected sandy glacial sediments
was found by a statistical analysis of HEM resistivity data.

The database was substantially enlarged by the HEM
data, nonetheless, the full data density of HEM has not yet
been exploited. HEM resistivity data were taken only to de-
termine formation factors in the surrounding boreholes. The
chloride concentrations obtained at the borehole locations
were interpolated. Resistivity variations from between bore-
holes as seen in the HEM data, indicating lateral changes in
the geology, were not taken into account. For future stud-
ies, one has to consider interpolation methods that take the
geology into account to be able to use the full HEM data
set for interpolation of Cl concentrations.

The estimated EC,, can be useful to generate a density-
driven groundwater model. The EC,, data could be used as
an initial condition when the generation of initial condition
considering a historical change in natural recharge and other
boundaries (such as seaside boundary, historical flooding)
is not possible.

The fresh-saline groundwater interface derived in this
study can be validated and investigated in detail with
densely-spaced surface measurements, e.g. with 2D or 3D
ERT.

The grouping of borehole data in terms of petrogra-
phy classes as applied in this study was used to deter-
mine a depth profile of porosities and formation factors.
This method can be extended to other petrophysical char-
acteristics such as, for example, hydraulic conductivity and
verified by borehole NMR. This can lead to an extended
database for groundwater modelling.
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