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ABSTRACT

Cadmium is a highly toxic trace metal, which can be of geogenic or anthropogenic origin, for example, minerals, phos-
phate fertilizers, and combustion emissions. Due to its low sorption affinity compared to other heavy metals, Cd is easily
mobilized, potentially resulting in elevated Cd concentrations in groundwater. This study assessed background levels of Cd
in groundwater related to hydrogeology and hydrogeochemical processes through evaluation of a large hydrogeochemical
data set composed of groundwater analyses from 6300 wells in Northwestern Germany. Calculated Cd background levels in
groundwater were between 0.01 pg/L in hydrogeological units with mainly reducing conditions and 0.98 pg/L in less reducing
groundwater recharge areas. The results showed that groundwater Cd concentrations above 0.5 pg/L (the German threshold
value) are not necessarily elevated but could be the regional or ambient background level, depending on the hydro-
geological unit. What would be considered as ambient background levels, however, indicated the influence by continuous
intensive land use as well as the local geology, which is dominated by glacial deposits. Cadmium concentrations in
groundwater were mainly controlled by hydrogeochemical and hydrogeological parameters and not by the amount of
anthropogenic Cd input, in particular through the use of phosphate fertilizers. Instead, analyses of the solid phase revealed
that Cd release from the aquifer matrix due to changes in hydrogeochemical parameters was more likely. Aquifer sediments
in Northwestern Germany can be enriched in Cd originating from multiple sources, which in turn can cause elevated Cd
concentrations in groundwater. Integr Environ Assess Manag 2020;16:103-113. © 2019 The Authors. Integrated Environ-
mental Assessment and Management published by Wiley Periodicals, Inc. on behalf of Society of Environmental Toxicology

& Chemistry (SETAC)
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INTRODUCTION

Cadmium is one of the most toxic and mobile elements in
the environment (Alloway and Jackson 1991; Nies 1999,
2003). It bioaccumulates in several human organs (Pan et al.
2010; Hajeb et al. 2014) and is classified as carcinogenic
(UNEP 2010). It is listed as a priority hazardous substance in
the European Water Framework Directive (WFD; EC 2000),
and due to its toxicity Germany implemented a threshold
concentration of 0.5 pg/L (GrwV 2017). Therefore, it is im-
portant to identify and understand sources and pathways of
Cd in the environment, particularly in groundwater because
of its potential source for drinking water. Anthropogenic Cd
sources include phosphate fertilizers, combustion emissions,
sewage sludge, landfills, traffic, metal industry, mining, and
environmental incidents (Merkel and Sperling 1998; Mirlean
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and Roisenberg 2006; Sprynskyy et al. 2011; Bigalke et al.
2017). Atmospheric emission, wastewater reuse, and agri-
cultural activities (UNEP 2010; Sprynskyy et al. 2011; ATSDR
2012) can serve as diffuse sources, causing a widespread
distribution of Cd. Beyond this, Cd release into the envi-
ronment can occur from geogenic sources, such as soils,
sediments, and rocks (Birke et al. 2017). Processes control-
ling Cd concentrations in groundwater are mainly the dis-
solution of Cd-bearing minerals, such as sulfides, sorption,
and desorption processes due to pH changes, advective
transport, and formation of aqueous Cd complexes
(Kjeldsen et al. 2002; Caetano et al. 2003; He et al. 2005).
Compared to other trace metals, Cd has a low sorption af-
finity to mineral surfaces and thus is considered mobile
(Lynch et al. 2014). There are 2 common possible ex-
planations for elevated Cd concentrations in groundwater in
areas dominated by farmland. The first could be the appli-
cation of Cd-containing phosphate fertilizers, whereas the
second could be the release of geogenic Cd, triggered by
agricultural nitrate and phosphate fertilization (Kubier and
Pichler 2019). A similar scenario was reported recently for U
(e.g., Liesch et al. 2015; Riedel and Kibeck 2018).
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Cadmium can substitute for divalent cations, such as Ca,
Fe, Zn, Pb, and Co, in several minerals due to their similar
jonic radius, for example, in carbonate and phosphate
rocks (Merkel and Sperling 1998; Smolders and Mertens
2013). Under oxic conditions, Cd can also accumulate in Fe
oxides and hydrous oxides (Anderson and Christensen
1988; He et al. 2005). Cadmium can also replace Ca in
apatite, which is the main constituent of phosphorites (Mar
and Okazaki 2012). Consequently, Cd can be a common
impurity in phosphate minerals and phosphoritic rocks,
which are indispensable for fertilizer production. The
average crustal Cd content is 0.1 to 0.2 mg/kg (UNEP
2010). Naturally, Cd occurs in concentrations of 0.1 to
1 mg/kg in soils of Europe and the United States (Smolders
and Mertens 2013; Smith et al. 2014; Taylor et al. 2016). In
general, Cd concentrations in sedimentary rocks (0.01 to
2.6 mg/kg) are higher than those in igneous rocks (0.07 to
0.25 mg/kg) and metamorphic rocks (0.11 to 1.0 mg/kg)
(Hammons et al. 1978; Page et al. 1987; Mar and Okazaki
2012; Smolders and Mertens 2013). Cadmium contents in
fertilizers result from the presence of Cd as a impurity in
phosphate minerals and phosphoritic rocks. This pathway
of Cd pollution into groundwater has been reported for the
United States, Canada, Britain, Norway, Sweden, Finland,
Denmark, Germany, Australia, and New Zealand (Grant
2011; Taylor et al. 2016; Bigalke et al. 2017). The Cd
content, however, varies significantly between geologic
occurrences, and there are no commercial means to en-
tirely remove Cd during the phosphate fertilizer production
(Mar and Okazaki 2012).

Information about the natural or so-called “background”
concentration of potentially toxic elements, such as heavy
metals, is necessary to evaluate contamination (Flem et al.
2018). Despite a multitude of studies concerning the back-
ground concentrations of many heavy metals (Lazareva and
Pichler 2007; Pichler et al. 2011; Molinari et al. 2012), to
date no such attempt has been made for Cd.

With this in mind, the goal of the present study was to
differentiate between geogenic and anthropogenic (mainly
fertilizer-derived) Cd and to evaluate how agricultural prac-
tices increased Cd concentrations in groundwater. For this
purpose, it was necessary to evaluate trend tests of
groundwater analyses with elevated Cd concentrations in
order to identify changes and to calculate background levels
for different regional areas with stable Cd concentrations to
identify whether elevated Cd concentrations have a geo-
genic origin. The first part covered geospatial and statistical
analyses of Cd in groundwater from 6300 wells in North-
western Germany in relation to hydrogeology and land use.
This region was deemed an appropriate model region be-
cause it provides a unique combination of different geo-
logical units, dominated by glacial influences, with some
areas of solid rock and marine influences. Land use is pri-
marily agricultural, interspersed with areas of woodland and
moors (BKG 2018). Those factors were considered in the
evaluation of elevated Cd concentrations in groundwater,
and based on geospatial and statistical data it was possible

to better understand and estimate the role of geogenic Cd
in groundwater.

CHARACTERIZATION OF GEOGENIC
BACKGROUND

The natural baseline concentration of a substance in
groundwater is defined as “the concentration of a given
element, species or chemical substance present in solution,
which is derived from natural geological, biological, or at-
mospheric sources” (Edmunds et al. 2003). However, it is
difficult to define a baseline that refers to pre-anthropogenic
element levels in shallow groundwater (Reimann and Garrett
2005). As a consequence, it should favorable to use back-
ground values instead and to separate those into 1) natural
background, the concentration uninfluenced by man, and 2)
ambient background, the usual background concentration
that consists of a natural pedogeochemical fraction and an
anthropogenic fraction.

Shallow groundwater has a mean age of some decades,
depending on the aquifer thickness. As a consequence,
groundwater composition in European countries like
Germany is often influenced anthropogenically. Farmland,
for example, covers half of the German landscape (BKG
2018), and farming was conducted intensively for more than
a century. Hence, the term “natural background” should not
be applied to farmland but only to areas not influenced
by man.

The chemical composition of groundwater is influenced
by a variety of factors related to both natural causes and
anthropogenic activities. Natural factors can be rainfall,
chemical and biological processes in the unsaturated zone,
the components of the aquifer material, the water flow, and
the resulting redox environment in the aquifer (Biddau et al.
2017). Agricultural or industrial activities can have an effect
on the composition of shallow groundwater (Kellner et al.
2015; Liesch et al. 2015; Biddau et al. 2017); however, it
seems that the predominant process would be chemical
interaction between the aqueous and the solid phase in the
aquifer (Wendland et al. 2008). The occurring types of
chemical reactions depend on local geological conditions
and include mineral dissolution and precipitation, redox
reactions, cation exchange, sorption, and mixing (Edmunds
et al. 2003). Therefore, the major geogenic factors that in-
fluence Cd concentrations in groundwater are the petro-
graphic properties of the aquifer matrix in the vadose and
groundwater-saturated zones together with regional hy-
drological and hydrodynamic conditions (Wendland et al.
2008), for example, variations between wet and dry seasons
(Mehrabi et al. 2015; Lu et al. 2018).

According to the German groundwater regulation, the
background level is the natural concentration of a parameter
at a given location, that is, without any influence by human
activity (GrwV 2017). Different approaches were developed
to determine background concentrations in groundwater.
There were direct approaches using historical data or
groundwater dating using isotopes (Edmunds et al. 2003;
Biddau et al. 2017). Indirect methods using indicator
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parameters were also used to identify pollution (Edmunds
et al. 2003). A common method in soil science is the cal-
culation of enrichment factors (Reimann and Garrett 2005)
comparable to trace metal pollution indices in water
(Mehrabi et al. 2015; Lu et al. 2018). In general, graphic
evaluation is a simple way to compare different samples and
to draw conclusions about their origin, for example, pie di-
agrams and dendrograms (Guler et al. 2002). The classi-
fication of water types is a consequent development of
using indicator parameters and diagrams. They can explain
elevated contents of potential pollutants and possible
sources of components in groundwater. Several approaches
to groundwater classification and source separation exist
(e.g., Khadra and Stuyfzand 2014; Liesch et al. 2015;
Hepburn et al. 2018).

In addition, statistical tools can help to derive concen-
trations or relations that indicate the origin and behavior of
substances in the environment. Bivariate statistics, such as
correlation analysis, were performed in some studies to re-
veal the same behavior and thus the origin of trace metals in
groundwater (Liesch et al. 2015; Lu et al. 2018). More ad-
vanced techniques include multivariate statistics, such as
cluster analysis (Flem et al. 2018), factor analysis (Huang
et al. 2013), and multicriteria evaluation (Banning et al.
2009; Khadra and Stuyfzand 2014). According to Hinsby
et al. (2008), potential outliers can be identified by, for ex-
ample, using ionic balance or indicator parameters such as
nitrate. This approach allows the elimination of compro-
mised data from further statistical analyses, such as mis-
balanced analyses or analyses with nitrate exceeding a
threshold value. Another possibility is the identification of
outliers that are 1.5 times above the interquartile range,
which is the difference between the value corresponding to
the 75th percentile and the 25th percentile as applied for
box and whisker plots. Another approach defines outliers as
the mean *2 times the standard deviation in order to avoid
calculations assuming a normal distribution, which is un-
common in geochemical data sets (Reimann et al. 2005;
Ducci and Sellerino 2012). Cumulative probability plots can
be used as a component separation to identify multiple
populations within the data set and to remove single outliers
without certain data set preparations (Reimann et al. 2005;
Wagner et al. 2011; Preziosi et al. 2014). The background
level is usually derived as the 90™ percentile of the normal
population in a data set with respect to the ubiquitous
human impact on groundwater (Hinsby et al. 2008;
Godbersen et al. 2012). Both box plots and probability plots
are the preferred methods of deriving representative values
because they show unbiased statistical data and disregard
analytical and sampling errors (Edmunds et al. 2003).

MATERIALS AND METHODS

Study area and regional hydrogeology

The present study area comprises the German federal
states of Lower Saxony and Bremen in Northwestern
Germany (Figure 1) totaling almost 48 000 km? (BKG 2018).

The study area consists of the Cenozoic North German Plain
as the main part to the north and the mountainous region to
the south, which belongs to the Central German Uplands
(Elbracht et al. 2016). In the present study, the uplands were
considered as 1 hydrogeological unit, whereas the North
German Plain consists of 4 different hydrogeological units:
islands, tidal wetlands, lowlands, and Pleistocene glacial
deposits, called “Geesten.” As mostly unconfined upper
aquifers, they represent groundwater recharge areas as well
as catchment areas for water supply (Elbracht et al. 2016).
The highest elevation, the Harz Mountains, consists of Pa-
leozoic rocks, whereas the aquifers of the fault-block
mountains north of the Harz Mountains consist of Mesozoic
limestones and sandstones (Wendland et al. 2008), partly
covered by Pleistocene deposits (Figure 1). The 5 hydro-
geological areas divide into 80 subareas, which are hydro-
geological units that feature a homogeneous structure with
respect to natural areas and topographical borders (Elbracht
et al. 2016).

Due to the different hydrogeological settings, the
groundwater chemistry is heterogeneous within the study
area. The following groundwater types were found: 1)
groundwater from the islands was primarily of the bicar-
bonate-predominated alkaline-earth type, 2) groundwater
from tidal wetlands is mainly Fe and sulfate reducing and
belongs to alkaline waters with decreasing bicarbonate
contents, 3) groundwater in the lowlands and the Geesten
was predominantly of the alkaline-earth type with de-
creasing bicarbonate contents, and 4) groundwater in the
uplands appeared to be oxic, bicarbonate dominated, and
was of the bicarbonatic-sulfatic alkaline-earth type.

The main land use in the present study area is farmland
(46%), followed by woodland (22%), grassland (21%), and
urban areas (7%) (BKG 2018). Most groundwater Cd con-
centrations that exceeded 0.5 pg/L were found in the
western part of the Geesten (Figure 1), which is charac-
terized by intensive livestock farming and agriculture (LSKN
2011; Wriedt et al. 2019). That observation seems to be
closely related to the input of nitrate into groundwater, ei-
ther by fertilizers or by effluent or manure application
(Kubier and Pichler 2019).

Data

The data set was compiled from the federal database
maintained by the Niedersachsischer Landesbetrieb fur
Wasserwirtschaft, Kisten- und Naturschutz (NLWKN), the
Landesamt fur Bergbau, Energie und Geologie (LBEG), the
Senator flir Umwelt, Bau und Verkehr (SUBV) of Bremen, and
the administration of Hannover representing the water
management and geological surveys of Lower Saxony and
Bremen. The data set included more than 24 000 samples
from 6300 observation wells and production wells. The data
was collected by the various state and federal agencies as
part of a continuous groundwater monitoring program and
included samples taken between 1976 and December 2015.
Sampling and analysis followed established procedures
(DVWK 1992).
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Figure 1. Cadmium concentrations in shallow groundwater of the study.

The data set included in situ parameters, such as pH and
redox potential, and the following main components and
trace elements: Na, K, Ca, Mg, SOy, Cl, HCO3, NOs3, Fe, Mn,
Cd, Co, Cr, Cu, Ni, Pb, POy, U, and Zn. Analyses with a Cd
detection limit above 1.0 pg/L were discarded in order to
avoid values of half the detection limit that met the German
threshold value of 0.5 pg/L for Cd in groundwater (GrwV
2017). Similar to Wagner et al. (2011), the most recent data
were chosen for each sampling location to avoid a potential
bias toward the more frequently sampled locations. Fur-
thermore, the evaluation of recent data ensured lower Cd
detection limits, down to 0.002 pg/L, which was considered
advantageous, rather than a conversion to median values.
Consequently, 5512 groundwater analyses were exploitable
for statistical analysis.

Statistical analysis

The sampling points were classified according to hydro-
geological units and land use using ArcGIS (ESRI 2018) to
reveal possible effects of geogenic release or fertilizers on

B Glacial deposits ("Geesten")

Cd concentration in groundwater (ug/L)
e <DL
¢« >DL-05
e >05

DL - detection limit

25 50 100,
Kilometer

Cd concentrations in groundwater. Data from the land use
mapping project CORINE Land Cover from 2012 (BKG
2018) were used. Lateral transport of Cd with groundwater
and influence from adjacent areas were disregarded. The
number of classes were reduced to practical size, for ex-
ample, 5 hydrogeological units instead of 10 and 4 land use
classes instead of 32. Results were given as boxplots using
SPSS statistics 24 (IBM 2016) and empirical cumulative
distribution functions. Wells with at least 4 Cd analyses
that included 1 Cd value in excess of the German threshold
value of 0.5 pg/L were examined with the Mann-Kendall
trend test.

For the calculation of background levels, all recent Cd
analyses from wells with more than 1 value were used. The
probability plot was used to determine the geogenic back-
ground of Cd in groundwater. The background levels were
calculated for all hydrogeological subareas according to
Wagner et al. (2011), but contrary to their approach, anal-
yses from wells with a screen depth below 50 m were also
considered to avoid a fixed exclusion criterion. Additionally,
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wells with analyses before 2005 were used to ensure a high
data density. In contrast to Wagner et al. (2011), analyses
from wells that failed the Mann-Kendall trend test were not
used to calculate background values because those wells
underwent changes in groundwater quality, and thus they
were not suitable. Using the probability plot, it was possible
to determine and exclude outliers at the top and bottom of
each data set in order to achieve a lognormal distribution. In
case of more than 10 available analyses, the 90t percentile
of the normal population was set as natural background for
Cd. In case of N < 10, subareas that had similar hydro-
geochemical or stratigraphic-genetic characters were ag-
gregated to determine a common Cd background level.

RESULTS AND DISCUSSION

Cadmium in groundwater in relation to hydrogeological
units and land use

The conduction of empirical cumulative distribution
functions was preferred over simple statistical analyses such
as correlation to compare the behavior of Cd in ground-
water between groups of similar size. As discussed in Riedel
and Kibeck (2018), the observation of linear relationships in
a large data set would cause misleading results.

Two thirds of the Cd concentrations in groundwater were
below the detection limit. There were 363 analyses that
exceeded the German Cd threshold of 0.5 pg/L (7% of 5512
analyses), which were mainly encountered in the Geesten
area (Figure 2) (219 of 363 analyses), indicating a relation
between hydrogeological unit and Cd concentration.

100

Groundwater within islands, tidal wetlands, and lowlands
showed lower median Cd concentrations, between
0.03 pg/L and 0.05 pg/L, compared to groundwater in the
Highlands and Geesten area (Figure 2). The 90t percentile
of Cd concentrations in the Geesten was 0.58 ug/L, thus
exceeding the 90" percentile of the other hydrogeological
areas and the German Cd threshold of 0.5 pg/L (GrwV 2017).
The Geesten is a recharge area, so groundwater is mainly
influenced by surface input and interactions during
seepage. In addition, there is a limited retention of pollu-
tants due to the low sorption capacity of the glacial deposits
that form the Geesten (Elbracht et al. 2016). Nitrate input
due to agriculture in conjunction with a low nitrate reduction
potential of glacial deposits (Cremer 2015) would lead to
the dissolution of pyrite, a sulfide known to contain Cd
(Abraitis et al. 2004; Houben et al. 2017) and thus provide a
mechanism for the release of geogenic Cd to groundwater.
Once in solution, the formation of complexes with inorganic
and organic ligands would prevent adsorption by hydrous
ferric oxides, keeping Cd in solution in the vadose zone
(Hammons et al. 1978; Carrillo-Gonzalez et al. 2006; Najafi
and Jalali 2015).

Although the mean Cd concentration for all land
use classes was similar, between 0.05 pg/L and 0.1 pg/L
(Figure 3), an elevated 90t percentile of Cd was observed in
the case of farmland (0.57 pg/L) and woodland (0.45 pg/L).
Most groundwater samples showing Cd concentrations
above 0.5 pg/L belonged to wells that occurred in associa-
tion with farmland (42% of 363 sampling locations) and
woodland (33%), indicating an influence from seepage. The
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Figure 2. Empirical cumulative distribution functions for Cd concentrations, classified by hydrogeological areas. The dashed vertical line represents the

German Cd groundwater threshold value of 0.5 pg/L.
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Figure 3. Empirical cumulative distribution functions for Cd concentrations, classified by land use. The dashed vertical line represents the German Cd

groundwater threshold value of 0.5 pg/L.

relation to water depth supported that assumption because
most elevated Cd concentrations were detected in the
upper 15 m below the water table where water chemistry
evolves fast and is influenced by human impact (Edmunds
et al. 2003).

Assessment of elevated Cd concentrations in groundwater

The trend test revealed 157 wells (3% of 5512 wells) with
an unstable temporal development of Cd concentrations,
and those were discarded for the calculation of background
levels. Of those 157 wells, 30 wells showed an increase of
Cd concentrations with time and were mainly screened in
the upper 15 m below the water table. Those wells were
located in the Geesten, and the most recent Cd concen-
trations were between 0.28 pg/L and 4.8 ug/L. They often
had a low pH and elevated nitrate and heavy metal con-
centrations, for example, Mn, Ni, and Zn. Those ob-
servations were in agreement with the chemical behavior of
Cd, that is, under oxygenated conditions solubility increases
as pH decreases (Merkel and Sperling 1998). The Cd?* ion
itself is not redox sensitive. However, it is indirectly tied to
redox conditions due to the incorporation into redox-
sensitive minerals, such as pyrite. Consequently, it can be
assumed that Cd release was linked to hydrogeochemical
processes that were caused by agricultural activities, for
example, through nitrate reduction coupled with pyrite ox-
idation (Bohlke 2002).

Assessment of background levels

On the basis of the 80 hydrogeological subareas in
combination with 5355 Cd analyses, background levels for
Cd in groundwater were determined to be between
0.01 pg/L and 0.98 pg/L. Low Cd background levels were
observed in hydrogeological units with mainly reducing
conditions. Elevated background levels that exceeded the
German threshold value of 0.5 pg/L for Cd were calculated
for 9 of 80 subareas, which exclusively belonged to the
Geesten and the Highlands (Figure 4). Background levels for
Cd in groundwater in the Harz Mountains are at best am-
biguous due to the influence of mining activities in the past
(Monna et al. 2000).

In general, Cd background levels in the Geesten were
higher than in the other hydrogeological units. For 7 minor
subareas, no Cd background level could be calculated due
to missing analyses. There were 24 Cd concentrations above
0.5 pg/L (7% out of 363 analyses) that were in the range of
the background levels, indicating a geogenic origin of Cd in
groundwater. Consequently, 93% of the groundwater anal-
yses exceeded both the German Cd threshold and those
background levels, indicating geogenic anomalies or an-
thropogenic influences.

Despite the ubiquitous human influence through the
centuries-old cultivation of the landscape, impacting the
natural background of compounds in groundwater (Wagner
et al. 2011), the applied method of using probability plots
was a reliable tool to assess groundwater composition and
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Background levels of cadmium in groundwater (ug/L)
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Figure 4. Background levels of Cd in groundwater, classified by hydrogeological subareas.

to derive background levels. The background levels for Cd
were mainly elevated in the sandy aquifers of the Geesten
area where agricultural activities in combination with little
minor groundwater cover protection seemingly have an
impact on the “natural background” of Cd.

Alternatively, the occurrence of elevated Cd background
levels in the Geesten area (Figure 4) could have been
caused by Cd release from glacial deposits and the low
sorption capacity of the Geesten sediments, when com-
pared to finer-grained and organic-rich sediments present in
the lowlands and wetlands. The Quaternary sedimentary
cover in the northern part of Central Europe is known to be
enriched in Cd relative to the remainder of Central Europe.
Birke et al. (2017) concluded that apart from its glacial his-
tory, the Cd budget in this region must have been influ-
enced by mineralization, bonding to organic matter in
organic-rich soils, Cd emissions from Zn smelters, and an
agricultural overprint. Contrary to Cd, other heavy metals
have a higher sorption capacity to mineral surfaces (Lynch
et al. 2014), which can be an explanation of missing

elevated concentrations, for example, of Zn, Pb, and Ni, in
groundwaters where Cd concentrations were increased.
Antoniadis and Tsadilas (2007) observed poor Cd sorption
affected by competition with Ni and Zn, which can be a
reason for elevated Cd concentrations in the data set,
whereas elevated Ni and Zn concentrations in groundwater
were missing.

It was difficult to compare the results from our study to
findings from other regions due to the use of different ana-
lytical methodologies. Furthermore, different threshold
values in different countries lead to dissimilar assessments of
elevated Cd concentrations in groundwater. For example,
the German threshold value for Cd of 0.5 pg/L (GrwV 2017) is
20 times lower than the Chinese threshold value of 10 pg/L
(Li et al. 2017). Hence, it is difficult to compare reports in
which the risk assessment is based on different threshold
values. For example, findings of Cd concentrations above
the German threshold value might be disregarded in coun-
tries like Japan because, there, target values for unpolluted
groundwater are much higher. The occurrence of elevated
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Cd concentrations also strongly depends on the frame of
investigation. Typically, the focus of large-scale measure-
ment campaigns is the general groundwater composition,
and thus the results are based mainly on groundwater
monitoring wells that feature long screens and a low spatial
and temporal resolution. Additionally, such large-scale
campaigns often use sampling and analytical methods with
lower sensitivities that are not suitable to detect trace con-
centrations of heavy metals like Cd.

Cadmium sources

Overall, 50% of the groundwater samples with Cd con-
centrations above 0.5 pg/L had nitrate concentrations above
50 mg/L, which is the threshold value for groundwater (EC
2006; GrwV 2017). Those groundwater samples were col-
lected mainly from wells in the Geesten hydrogeological
unit. There, it can be assumed that the relatively high annual
groundwater recharge of 200 mm to 400 mm (Elbracht et al.
2016) caused fast seepage of nitrate surplus from agriculture
(Wriedt et al. 2019). Denitrification caused changes in the
redox composition and subsequent acidification of
groundwater, for example, by pyrite oxidation (B&hlke
2002). Consequently, Cd was released during sulfide dis-
solution or it was desorbed due to decreasing pH. Apart
from the general connection to farmland, there was no di-
rect link to phosphate fertilizers as a Cd source in the data
set because elevated Cd groundwater concentrations were
also present in nonagricultural areas. Furthermore, elevated
concentrations of other trace metals, such as, Zn, U, and Pb,
which can also occur as impurities in phosphate fertilizers
(Carrillo-Gonzalez et al. 2006; Grant 2011), were not ob-
served. Beyond this, elevated Cd concentrations in
groundwater are at best an ambiguous proxy for the appli-
cation of phosphate fertilizers because phosphate can either
decrease or enhance Cd mobility (Seaman et al. 2001;
Carrillo-Gonzalez et al. 2006; Grant 2011). Atmospheric
deposition as a common Cd source was also unlikely be-
cause today there is low Cd input via atmospheric deposi-
tion. However, higher rates of atmospheric deposition in the
past caused Cd accumulation in plants and soils, which are
currently being released. In European soils, for example,
Cd input via atmospheric deposition decreased from
3.0 g-ha'y™" in 2002 to currently 0.35 g-ha™'y™". Presently,
Cd output from soils via leaching is 2.56 g-ha'y™ (Six and
Smolders 2014).

Large parts of the Geesten are covered by forests
(woodlands). Huang et al. (2011) stated that forest soils are
an effective sink for atmospherically deposited pollutants,
whose release is controlled by pH and dissolved organic
carbon (DOC). Our results are in agreement with the Huang
et al. (2011) study, given that the release of Cd from forest
soils is mainly controlled by a decrease in pH. This relation is
also accompanied by the elevated 90" percentile of Cd in
groundwater within the woodlands of 0.45 pg/L in our study.
Godbersen et al. (2012) found elevated Cd background
concentrations of 0.8 pg/L in groundwater in sandy soils
under forested land in Northern Germany.

Groundwater from the islands and tidal wetlands hydro-
geological units had reducing conditions, and thus limited
elevated Cd concentrations were observed. Both units are
without considerable agriculture. In addition, these hydro-
geological units had low background levels for Cd.

According to Banning et al. (2009), it is necessary to select
a set of parameters that can be used to identify geogenic
sources of trace elements. Hence, potential Cd sources and
the corresponding amount of soluble Cd need to be linked
to groundwater Cd concentrations at the study scale.
Background values for sandy subsoils in Northern Germany
are between 0.07 mg/kg and 0.4 mg/kg (LABO 2017). These
concentrations are by no means elevated and fit well into
the range generally accepted for Cd concentrations in
sedimentary rocks (0.01 to 2.6 mg/kg) (Hammons et al.
1978; Smolders and Mertens 2013). Nevertheless, elevated
concentration of a trace element in the aquifer matrix is not
required to cause a considerable increase of that element in
the corresponding groundwater (e.g., Price and Pichler
2006; Wallis et al. 2011).

Recently, however, pyrites were identified as Cd-bearing
minerals in reducing aquifers in the Emsland region in
northwestern Lower Saxony (Houben et al. 2017). Cadmium
content for pyrites reached up to 300 mg/kg in the median,
1600 mg/kg in the maximum, and depending on the pyrite
content in the aquifer matrix, up to 2.6 mg/kg in the bulk
sediment (Houben et al. 2017). That study was spatially
limited to a relatively small area, although it is conceivable
that similar values could be encountered locally in glacial
deposits, which are common in our study area (Birke et al.
2017; Houben et al. 2017). Thus glacial deposits in the
study area could be a significant source of geogenic Cd,
which is already evident by the relatively higher Cd con-
centrations in groundwater in the Geesten hydro-
geological unit.

Our study suggests that elevated Cd concentrations in
groundwater are related to 1) the occurrence of farmland or
woodland, 2) insufficient groundwater cover protection of
sandy aquifers, and 3) release of geogenic Cd from sedi-
ments through nitrate reduction coupled with pyrite oxida-
tion. Besides, an input of anthropogenic Cd from historical
industrial and agricultural processes cannot be excluded
(Birke et al. 2017).

SUMMARY AND CONCLUSIONS

A large chemical data set for groundwater in North-
western Germany was utilized to characterize the “geo-
genic” Cd background in shallow groundwater, using
statistical methods, such as the trend test, in conjunction
with consideration of the general chemical behavior of Cd in
aqueous media.

The major findings and conclusions are as follows:

e There were 7% of 5512 groundwater analyses that ex-
ceeded the German threshold value for Cd of 0.5 pg/L.
e Cadmium background levels in groundwater ranging
between 0.01 pg/L and 0.98 pg/L do not represent

Integr Environ Assess Manag 2020:103-113

wileyonlinelibrary.com/journal/ieam

© 2019 The Authors



Cadmium Background Levels in Groundwater—Integr Environ Assess Manag 16, 2020

111

pre-anthropogenic levels and thus cannot exclude influ-
ences by human activity.
® There was no direct evidence that the application of
phosphate fertilizers had considerable impact on Cd
concentrations in groundwater. However, it is favorable
to use fertilizers low in Cd impurities in order to minimize
further Cd input.
Although recent Cd input via atmospheric deposition
has been decreasing, Cd accumulation in soil could have
occurred in the past and thus could be a source for
today’s Cd concentration in groundwater.
Elevated background levels of Cd in groundwater were
related to the Geesten, which are glacial deposits that
are groundwater recharge areas.
Relatively elevated Cd concentrations in groundwater
were found more frequently in agricultural areas. Due to
the association with nitrate, Cd release is considered
anthropogenically induced.
® The presence of Cd in groundwater was linked to hy-
drogeochemical conditions that facilitate Cd release
from the aquifer matrix, such as low pH and changing
redox conditions, from reducing to oxidizing. Never-
theless, Cd concentration in groundwater did not cor-
respond to its concentration in the aquifer matrix.

Based on our observations, we also conclude that in order
to advance the study of what are considered natural or
ambient background concentrations and to make results
comparable across political boundaries, it will be necessary
to agree on consistent methodologies to be followed.
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