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Regional geochemicalmapping projects have been carried out for mineral exploration in Germany since 1954. In
the early days, geochemical prospecting methods were mainly used for exploration of ore and non-metal de-
posits inGermany.Mapping for thefirst geochemical atlas of Germanywas conducted in the 1980s by the Federal
Institute of Geosciences and Natural Resources (BGR) with a sample density of one sample per 3 km2. Parts of
eastern Germany (Flechtingen Ridge, Harz Mountains, Thuringian Forest, Slate Mountains, Ore Mountains,
GranuliteMountains, the Lausitz region, and along the Elbe River)weremapped by the former Central Geological
Institute Berlin (ZGI) during the same period at a density of 1.3 samples per km2. Stream sediment and surface
water were sampled in all of these high-density geochemical mapping projects. The first low sample density
geochemical survey (one site per 380 km2) was carried out for the latest geochemical atlas of Germany, which
presents comprehensive information about the regional distribution of hazardous inorganic and organic sub-
stances. A density of one sample per 5000 km2 was also used in Germany for the FOREGS Geochemical Mapping
Project of Europe. Geochemical stream sediment and surfacewater data obtained at these three different scales in
different geochemicalmapping projects have been compared in this study for the elements Ba, Cu, Cr, Pb and U in
stream sediment as well as pH, EC and U in streamwater. Comparison of overlapping high and low sample den-
sity surveys conducted in the same study areas, demonstrates that the geochemical patterns produced from low
sample density surveys are very nearly the same as those from the high sample density surveys, and that they can
be related to natural processes. The low sample density geochemical surveys in Germany provide element back-
ground values very similar to those obtained by high sample density mapping of the same region. In unmapped
terrain, low-density geochemical mapping provides a cost-effective reconnaissance technique to establish ele-
ment background values.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

For the past eighty years geochemical prospectingmethods have in-
volved trace-element analysis of bedrock, soil, stream sediment, stream
water, plants and soil air (Hg exploration), with the aim of using elevat-
ed concentrations of certain elements to detect mineralised zones, ore
deposits or contaminated areas. Since the 1950's geochemical explora-
tion in both parts of Germany has usually been confined to analysis of
a few elements of interest in small study areas. In western Germany,
the Institute for Geosciences and Natural Resources (BGR) commenced
studies of the application of geochemical prospecting in 1958 (Fauth,
1960, 1962a, 1962b, 1964, 1966, 1968a, 1968b, 1969, 1971, 1973,
1975, 1976a, 1976b, 1978a, 1978b; Fauth and Hindel, 1973, 1975,
1978; Fauth et al., 1975, 1978; Hindel, 1975, 1977, 1978; Schneider,
1978). In western Germany, geochemical exploration has been carried
out mainly for U, Pb, Cu, Zn, baryte and fluorite. These and other types
49 30 36993 212.
of mineralisation were also the targets of geochemical prospecting in
eastern Germany (Bernstein, 1960; Dahm et al., 1968; Leutwein, 1957;
Leutwein and Pfeiffer, 1954; Michael and Schön, 1964; Rösler, 1962,
1963), e.g., tin ores, polymetallic skarn deposits, fluorite, baryte and
non-ferrous metals.

At sampling densities traditionally used for geochemical exploration
(1–4 samples per km2 and 1 sample per 1–25 km2), geochemical map-
ping of countries or continents is logistically extremely demanding and
tremendously expensive. One of the first relatively low-density surveys
in northern Europe was the Nordkalott Project (Bølviken et al., 1986),
based on a sample density of one site per 30 km2. The Geochemical
Atlas of Finland based on till sampling (Koljonen, 1992), and the
geochemical mapping programme in north-eastern Europe, the Kola
Project (Reimann et al., 1998), were based on a similar low sample
density of one site per 300 km2.

Low-density geochemical surveys provide a cost-effective means to
assess the composition of near-surface materials over large areas.
Many countries have compiled geochemical atlases based on such
data. In the last fifteen years, large land areas in northern Europe, and
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more recently all of Europe, except some Eastern European and Balkan
countries, have been mapped at ever decreasing sample densities: one
site per 1000 km2 (Barents Project, Salminen et al., 2004); one site per
2500 km2 (Baltic Soil Survey, Reimann et al., 2003); one site per
5000 km2 (Geochemical Atlas of Europe, Salminen et al., 2005; De Vos
et al., 2006), and finally one site per 2500 km2 (GEMAS Project,
Reimann et al., 2014a, 2014b). In the Environmental Geochemical
Monitoring Network (EGMON) project of China an extremely low sam-
ple density survey of one site per 18,000 km2 was conducted (Wang,
2005, 2012;Xie, 2008; Xie and Cheng, 1997, 2001). The soil geochemical
survey of North America (North American Soil Geochemical Landscapes
Project, NASGLP) used a sample density of one site per 1600 km2 in the
USA (4857 sites in conterminous U.S.; Smith and Reimann, 2008; Smith
et al., 2013, 2014; Woodruff et al., in this issue). In preparation for this
American low-density soil survey, the USGS conducted a pilot study
on a regional-scale in northern California (Goldhaber et al., 2009;
Morrison et al., 2008), and a continental-scale study along two transects
across the United States and Canada (Smith and Reimann, 2008; Smith
et al., 2005, 2009, 2012, 2013). In the first Australia-wide geochemical
survey (National Geochemical Survey of Australia, NGSA, Caritat and
Cooper, 2011a, 2011b, 2011c, 2011d) an average sample density of
around one site per 550 km2 was used.

The geochemical mapping in Germany has been conducted at two
quite different scales. The Regional Geochemistry Reconnaissance Pro-
ject (Birke and Rauch, 1993; Birke et al., 1995a; Fauth et al., 1985;
Röllig et al., 1990) collected samples of stream sediment and stream
water from about 75,600 sites throughout western Germany (one sam-
ple per 3 km2), and 18,000 stream sediment and surface water samples
in eastern Germany (one sample per 1.3 km2). A low-density geochem-
ical survey (one sample per 380 km2) was conducted in 2002–2006 as
part of a new geochemical mapping project (Geochemical Atlas of
Germany, Birke et al., 2006).

In 1977, a systematic multi-element geochemical survey of western
Germanywas begun to supportmineral exploration and to establish en-
vironmental baselines (Fauth et al., 1985, Table 1). A geochemical sur-
vey of the Variscan basement was conducted with the same aims in
an area of about 14,000 km2 in the southern part of eastern Germany
from 1977 to 1985 (Birke et al., 1995a, 1995b; Röllig et al., 1990).

After reunification in 1990, several German Geological Surveys
(Saxony, Thuringia, Brandenburg) resumed regional geochemical map-
ping of their areas (Barth et al., 1996; Kardel et al., 1996; Müller and
Scheps, 1997; Pälchen et al., 1996, 2004; Rank et al., 1999, 2009;
Table 1
Geochemical mapping projects in Germany.

Mapping project Time
period

Number of
samples

Geochemical Atlas of FRG
Fauth et al. (1985)

1977–1985 76,665 stream water
66,750 stream sediment

Geochemical survey of eastern Germany
Röllig et al. (1990); Birke and Rauch (1993);
Birke et al. (1995a, 1995b)

1977–1985 17,443 stream water
17,395 stream sediment

FOREGS Atlas (German part)
Salminen et al. (2005); De Vos et al. (2006)

2000–2001 75 stream water

75 stream sediment

Geochemical Atlas of Germany
Birke et al. (2006)

2002–2006 944 stream water

945 stream sediment
Schramm et al., 1997). They used old geochemical data sets and supple-
mented these partly by recent high-density sampling. Especially in Sax-
ony new geochemical atlases were produced for topsoil, stream
sediment and rock formations. In 2010, selected geochemical maps of
the distribution of As, Cd and Pb in topsoil in Saxony were published
at a scale of 1:4.000.000 (Kardel and Rank, 2010a, 2010b, 2010c).

In 2002, sampling for the first relatively low-density Geochemical
Atlas of Germany, based on surface water and stream sediment, was
started (Birke et al., 2006, Table 1). An extremely low-density sampling
project had begun in 2000 (streamwater, stream sediment, topsoil, sub-
soil, humus, and floodplain sediment) throughout Germany for the
FOREGS Atlas of Europe (De Vos et al., 2006; Salminen et al., 1998,
2005) and completed in 2002. The FOREGS programme was initiated
to provide high-quality environmental baseline data for Europe. The
FOREGS Atlas is the product of the European input to the Global Geo-
chemical Baselines project of the International Union of Geological Sci-
ences (IUGS) and International Association of GeoChemistry (IAGC). It
represents thefirstmulti-purpose,multi-media, andmulti-method geo-
chemical atlas on a European scale, but also globally.

Geochemical exploration methods are based on the established
principle that a stream sediment sample and a floodplain sediment
sample represent the average composition of the investigated part
of catchment upstream of the sample site, including any anthropogenic
contamination. Streamwater reflects the interplay between geosphere/
hydrosphere and anthropogenic pollution. The selected samplingmedia
streamwater and stream and floodplain sediments are considered to be
the most representative of the surface environment, and they are the
most commonly used media in past and current environmental geo-
chemical mapping programmes.

From the beginning of the various mapping surveys, the environ-
mental aspects of the surface geochemistry were taken into account
by including one of the most important factors of the landscapes –

land use – in the statistical treatment of the geochemical data.
In this paper, the original data for some trace elements from three

different German geochemical surveys and the FOREGS Project in sur-
facewater and stream sediment samples are compared. The study dem-
onstrates that comparable analytical data of certain elements in
different surveys with reduced sampling densities can produce the
same patterns. Finally, the geochemical mapping of all Germany with
high- and low-density surveys shows that the geochemical patterns
produced from lower density surveys are very nearly the same as
those from high-density surveys.
Sample
density

Analysed determinants

1 sample
per 3 km2

10 parameters: pH, EC, Cd, Co, Cu, F, Ni, Pb, U, Zn
15 elements: Ba, Cd, Co, Cr, Cu, F, Li, Ni, Pb, Sn, Sr, U, V, W, Zn

1.3 samples
per km2

3 parameters: pH, EC, F
31 elements: Ag, As, B, Ba, Be, Bi, Co, Cr, Cu, F, Fe, Ga, Hg, La, Li, Mn,
Mo, Nb, Ni, Pb, Rb, Sc, Sn, Sr, Ti, V, W, Y, Yb, Zn, Zr

1 sample per
5,000 km2

67 parameters: Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er,
Eu, Fe, Ga, Gd, Ge, Hf, Ho, I, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni,
Pb, Pr, Rb, Sb, Se, Sm, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr,
pH, EC, Brˉ, Clˉ, Fˉ, HCO3ˉ, NO3ˉ, SO4

2ˉ, SiO2, DOC
55 parameters: Al, As, Ba, Be, CaO, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe,
Ga, Gd, Hf, Hg, Ho, K2O, La, Li, Lu, MgO, MnO, Mo, Na2O, Nb, Nd, Ni,
P2O5, Pb, Pr, Rb, S, Sb, SiO2, Sm, Sn, Sr, Ta, Tb, Th, TiO2, Tl, Tm, U, V, W,
Y, Yb, Zn, Zr, TOC

1 sample per
380 km2

75 parameters: Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er,
Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, I, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb,
Nd, Ni, Pb, Pr, Rb, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V,
W, Y, Yb, Zn, Zr, BO2ˉ, Brˉ, HCO3ˉ, Clˉ, Fˉ, NO2ˉ, NO3ˉ, NH4ˉ, PO4

3ˉ, SO4
2ˉ,

SiO2, pH, EC, AOX, DOC
61 parameters: Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Cl, Co, Cr, Cs, Cu, F,
Fe, Ga, Ge, Hf, Hg, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, SO3,
Sb, Sc, Se, Si, Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn, Zr, LOI, TC, TOC,
AOX, PAH, PCB, HC, PCDD, PCDF
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2. Methods

2.1. Sampling

The sampling sites for high-density geochemical mapping in West
and East Germanywere chosen using 1:25,000 topographic and geolog-
ical maps. In East Germany, only crystalline basement areas (about
14,000 km2) were sampled for mineral exploration. The sampling sites
were selected to be as random as possible so that no one geological
unit would be given preference. The samples in both high-density sur-
veys were collected between May and September in the upper reaches
of streams, according to harmonised procedures using standardised
equipment and sample containers.

Details of the sample collection, sample treatment, and the geo-
chemical analysis of the different geochemical surveys of Germany
and the FOREGS Project are described in Fauth et al. (1985), Röllig
et al. (1990), Birke and Rauch (1993), Birke et al. (1995a, 2006),
Salminen et al. (1998) and Salminen et al. (2005).

For low-density mapping, covering all of Germany (Birke et al.,
2006), the sampling sites were chosen using 1:100,000 topographic
maps. To obtain uniform coverage, three to five randomly numbered
sample pointswere provided on each topographicmap. The streamsed-
iment and streamwater samples were taken from one geologically rep-
resentative small drainage basin of a 24 × 36 km grid cell.

In the FOREGS project, covering 237 GTN (Global Terrestrial Net-
work) sampling cells in Europe and 18 GTN sampling cells in
Germany, stream water and stream sediment were collected at the
mouth of rivers with a drainage basin of less than 100 km2 (Salminen
et al., 1998, 2005). The sampling procedures and the sample treatment
of the latest low-density Geochemical Atlas of Germany (Birke et al.,
2006) are very similar to the FOREGS Atlas (De Vos et al., 2006;
Salminen et al., 2005). This first national low sample density geochem-
ical mapping project in Germanywas begun in 2002 (Birke et al., 2006),
and the results are in the process of publication.

2.2. Chemical analysis

For the latest Geochemical Atlas of Germany, 125 inorganic and 10
organic parameters were analysed in 945 stream sediment and 944
stream water samples (Tables 1–3). The b0.20 mm fraction of stream
sediment was dried at 25 °C and analysed for a maximum of 60 major
and trace elements byWD-XRF, ICP-QMS, flameless AAS, IR spectrosco-
py and pyrohydrolysis. Additionally, six organic parameters (AOX, PAH,
HC, PCB, PCDD, PCDF) were also determined on the stream sediment
samples. The streamwater was analysed for a maximum of 75 parame-
ters by ICP-QMS, ICP-AES, IC (Cl−, Br−, NO3

−, SO4
2−), photometry (NH4

+,
NO2

−, PO4
3−), titration (HCO3

−), AFS (Hg), coulometry (AOX), IR spec-
troscopy (DOC), potentiometry (pH) and conductometry (EC). Each of
the analytical methods, described in Birke et al. (2006), gives the total
contents of the parameter determined. Tables 2 and 3 compare the an-
alytical methods and detection limits used in the different geochemical
surveys of Germany.

For analytical quality control of high-density geochemical surveys in
West Germany about 6000 sites were re-sampled in duplicate (Fauth
et al., 1985). The duplicate sampleswere analysed twice, and a visual as-
sessment of data from these samples gives an additional dimension to
the monitoring of data quality. Additionally, internal control standards
and certified referencematerials were inserted. In the high-density sur-
vey of East Germany (Birke and Rauch, 1993; Birke et al., 1995a, 1995b;
Röllig et al., 1990), 10 certified reference materials (standard rock sam-
ples) were used, which were produced at the former Central Geological
Institute in Berlin (anhydrite— AN, basalt— BM, feldspathic sand— FK,
granite— GM, greisen— GnA, limestone— KH, limestone— KH-2, black
shale— SW, slate— TB). In both surveys, the control samples and refer-
ence materials were analysed at the beginning and end of each analyti-
cal run, and after not less than every 20 or 30 unknown samples.
In the low-density geochemical mapping of Germany (Birke et al.,
2006), in addition to routine laboratory QC measures with internal
control standards, three reference materials for stream sediment
(SJS-1, NBS-1645, BSK-1) and for stream water (NIST-1640, NIST-
1643, SLRS-4) were analysed regularly throughout the batches of
samples. Data from these analyses were plotted on Shewhart charts to
identify discrepant runs or undue instrumental drift. Any samples not
confirmed by the QC sample were re-analysed. A blank solution was
also analysed at the beginning of the procedure, after each control stan-
dard and before each batch of samples. River water and stream sedi-
ment standards and reference materials were prepared according to
the same procedure and analysed at regular intervals within each
batch of samples. The accuracy of the results was confirmed in ring
test experiments. All BGR laboratories participating in this survey have
participated in several ring tests per year involving water, soil and
stream sediment analyses.

The QC for the FOREGS Atlas of Europe is described in detail in sec-
tion “Quality assurance and control” (Sandström et al., 2005, p. 83).
The reference materials used were the Wageningen ISE 921 and
WEPAL ISE 982. The precision was calculated from analytical pairs
from ANOVA samples. Finally, the quality of the results was ensured
by blank analyses, and analyses for reproducibility and accuracy.

2.3. Map presentation and statistical processing

Among the available presentation techniques, colour surface maps
were selected (Gustavsson et al., 2001) to show regional-scale trends
of element contents. Colour surface maps are generated from gridded
data and help to overcome the problem of mapping irregularly distrib-
uted data points in the mapped area. Kriging interpolation method
was used to convert the concentration values from irregularly distribut-
ed sampling sites to a regular grid for representation of the geochemical
data on a map. A variogram analysis was first made to extract the pa-
rameters of the kriging function. The cells of the resulting regular grid
were classified into 72 classes according to background and enrichment
levels. Areas of the same classwere then formed andgiven the same col-
our on the map. In this way, the distribution of local and regional back-
ground values can be more easily visualised. The regional data of all
German geochemical surveys (Table 1) were interpolated and calculat-
ed by the samemethods. The same colour scale and classification is used
for all plotted geochemical maps.

Basic statistical parameters for each element were calculated using
IBM SPSS 20.0 for Windows.

3. Results and discussion

3.1. Spatial distribution of electrical conductivity and pH values in stream
water

The pH values of surface water are influenced by the chemistry of
the bedrock, its weathering products and the existing unconsolidated
sediment cover, as well as by the type and intensity of land use. The
pH values show a strong dependence on landscape geochemical factors,
such as elevation, bedrock composition and degree of weathering, par-
ent material, soil type and vegetation. Thus, the significant differences
in pH values and electrical conductivities aremainly caused by different
solubilities and reactions of bedrock and soil. In addition to the redox
potential, the pH value is one of the most important landscape-
dependent migration factors.

In the surfacewater samples of Germany the same pHmedian value
of 7.60 (Table 4) was determined for all sampling densities of the sur-
veys. The exception is the high-density geochemical mapping of the
crystalline basement areas in eastern Germany, where a lower back-
ground value of 6.60 was determined (Birke and Rauch, 1993; Birke
et al., 1995a). The cumulative frequency diagrams (CP plots, Fig. 1) con-
firm the lower pH values for this high-density sampling survey in
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eastern Germany (Birke and Rauch, 1993; Birke et al., 1995a), while pH
in all other data sets is comparatively very similar. In all low and high-
density geochemical surveys, the moorlands in the north-western
Table 2
Analytical methods used by different stream sediment geochemical surveys in Germany.

Element/
parameter

Geochemical Atlas
(Fauth et al., 1985)

Geochemical survey
of eastern Germany
(Birke and Rauch 1993; Birke et al., 199

Method DLa

(mg/kg)
Method DLa

(mg/k

Ag – – AESb 1
Al2O3 – – – –

As – – WD-XRFd 15
B – – AESb 20
Ba AESb 1 WD-XRFd 100
Be – – AESb 1
Bi – – AESb 10
CaO – – – –

Cd AASf 0.3 – –

Ce – – – –

Cl – – – –

Co AASf 5 AESb 5
Cr AESb 5 AESb 5
Cs – – – –

Cu AASf 5 AESb 2
Dy – – – –

Er – – – –

Eu – – – –

F ISEg 20 PYRh 20
Fe2O3 – – WD-XRFd 100
Ga – – AESb 5
Gd – – – –

Ge – – – –

Hf – – – –

Hg – – AASf 0.005
Ho – – – –

In – – – –

K2O – – – –

La – – AESb 30
Li AASf 3 AESb 30
Lu – – – –

MgO – – – –

MnO – – WD-XRFd 80
Mo – – AESb 2
Na2O – – – –

Nb – – WD-XRFd 3
Nd – – – –

Ni AASf 5 AESb 5
P2O5 – – – –

Pb AASf 5 AESb 5
Pr – – – –

Rb – – WD-XRFd 25
SO3 – – – –

Sb – – – –

Sc – – AESb 10
Se – – – –

SiO2 – – – –

Sm – – – –

Sn AASf 1 AESb 5
Sr AESb 5 WD-XRFd 25
Ta – – – –

Tb – – – –

Te – – – –

Th – – – –

TiO2 – – WD-XRFd 100
Tl – – – –

Tm – – – –

U FMj 0.1 – –

V AESb 3 AESb 5
W PHOk 2 WD-XRFd 10
Y – – WD-XRFd 5
Yb – – AESb 2
Zn AASf 5 WD-XRFd 10
Zr – – WD-XRFd 30
TC – – – –

TOC – – – –
German lowlands and the ridges of mountains throughout Germany
(Upper Palatinate Forest, Black Forest, Odenwald, Spessart, Fichtelgebir-
ge, Solling, Franconian Forest, the Bavarian Forest, Thuringian Forest
5a, 1995b)

Geochemical Atlas
of Germany
(Birke et al., 2006)

FOREGS Atlas
(Salminen et al., 2005)

g)
Method DLa

(mg/kg)
Method DLa

(mg/kg)

ICP-MSc 0.01 – –

WD-XRFd 500 WD-XRFd 1000
ICP-MSc 0.05 WD-XRFd 1
ICP-MSc 1 – –

WD-XRFd 5 ED-XRFe 3
ICP-MSc 0.01 ICP-MSc 0.02
ICP-MSc 0.005 – –

WD-XRFd 100 ED-XRFe 500
ICP-MSc 0.005 ICP-MSc 0.02
WD-XRFd 20 ICP-MSc 0.02
WD-XRFd 10 – –

ICP-MSc 0.01 WD-XRFd 2
WD-XRFd 3 ED-XRFe 3
ICP-MSc 0.005 ED-XRFe 4
ICP-MSc 0.01 WD-XRFd 1
– – ICP-MSc 0.02
– – ICP-MSc 0.02
– – ICP-MSc 0.02
PYRh 20 – –

WD-XRFd 100 WD-XRFd 100
ICP-MSc 0.005 WD-XRFd 1
– – ICP-MSc 0.02
ICP-MSc 0.01 – –

WD-XRFd 5 ICP-MSc 0.05
AASf 0.01 AASf 0.0001
– – ICP-MSc 0.02
ICP-MSc 0.005 – –

WD-XRFd 100 ED-XRFe 500
WD-XRFd 20 ICP-MSc 0.02
ICP-MSc 1 ICP-MSc 0.05
– – ICP-MSc 0.02
WD-XRFd 100 ED-XRFe 1000
WD-XRFd 10 ED-XRFe 100
ICP-MSc 0.005 ICP-MSc 0.05
WD-XRFd 100 WD-XRFd 200
ICP-MSc 0.005 WD-XRFd 1
– – ICP-MSc 0.02
ICP-MSc 0.01 WD-XRFd 1
WD-XRFd 10 ED-XRFe 100
ICP-MSc 0.01 WD-XRFd 1
– – ICP-MSc 0.02
ICP-MSc 0.005 WD-XRFd 1
WD-XRFd 100 ICP-AESi 50
ICP-MSc 0.005 ICP-MSc 0.02
WD-XRFd 2 – –

ICP-MSc 0.05 – –

WD-XRFd 1000 WD-XRFd 1000
– – ICP-MSc 0.02
ICP-MSc 0.01 WD-XRFd 1
WD-XRFd 2 WD-XRFd 1
ICP-MSc 0.002 ICP-MSc 0.05
– – ICP-MSc 0.02
ICP-MSc 0.01 – –

WD-XRFd 5 WD-XRFd 1
WD-XRFd 10 ED-XRFe 50
ICP-MSc 0.005 ICP-MSc 0.02
– – ICP-MSc 0.02
ICP-MSc 0.002 WD-XRFd 1
WD-XRFd 5 ED-XRFe 2
ICP-MSc 0.005 ICP-MSc 0.05
WD-XRFd 3 ICP-MSc 0.02
– – ICP-MSc 0.02
ICP-MSc 0.1 WD-XRFd 1
WD-XRFd 3 WD-XRFd 1
IRl 100 – –

IRl 100 IRl 2



109M. Birke et al. / Journal of Geochemical Exploration 154 (2015) 105–128
Vogtland, Ore Mountains and Harz Mountains) are marked by acidic
surface water (pH 4.5–6.5) with low conductivity, i.e., low total dis-
solved solids (TDS) (Figs. 2 & 3). The pH minima occur in areas under-
lain by granite, gneiss, quartzite and sandstone, while limestone areas
are characterised by alkaline water (higher pH values between 7 and
9) and higher conductivity values. On mountain ridges there is a clear
relationship between the distribution of low pH and low conductivity,
indicating a lack of dissolvable substances in the weathered rocks and
a reduced buffer capacity. Elevated pH values are also typical of the
loess landscapes of mountainous areas (hilly loess areas in the northern
Upper Rhine lowlands, north of Stuttgart and in the Ore Mountains), as
well as in the Central German loess zonewest of Cologne; this is associ-
ated with intensive agricultural land use (use of mineral fertilisers).

Electrical conductivity is a measure of the sum of cations and anions
dissolved inwater. It is used to characterise themineralisation of surface
water, and often provides an indicator of anthropogenic pollution, since
the entry of a wide variety of dissolvedmatter in wastewater, as well as
fertilisers and industrial emissions into the rivers and streams, may in-
crease the electrical conductivity of their water.

The background values of conductivity measured in high sample
density surveys (320–380 μS/cm) are similar to the median values of
low sample density surveys (300–496 μS/cm) in Germany (Table 4).
The significant decrease of conductivity maxima of 100,000 μS/cm in
1995 to 30,000 μS/cm in 2006 indicates a downward trend in the acidi-
fication of surface water in Germany (Fig. 3).

In many cases, a connection between the high (low) pH values and
high (low) conductivity values is observed (Figs. 2 & 3). Thus, conduc-
tivity minima are characteristic of dense coniferous forest areas
(e.g., in the Brocken area of the Harz Mountains, the Ramberg area of
the Lower Harz Mountains, Hohwald Forest, Zittauer Mountains, Stone
Forest, Solling, etc.). The pH and conductivity minima in surface water
in the upper elevations of the mountainous areas partially overlap
with the forest damaged areas (e.g., western Ore Mountains).

The most extensive elevated background values N1500 μS/cm,
caused by agricultural land use, are observed in the loess deposition
areas of the eastern and northern Harz foreland and of the Thuringian
basin. From there, the Central German loess belt extends with increas-
ing conductivity values south-east of Hannover as far as the areas east
and west of Dortmund (Figs. 3 & 4). Similar distribution patterns of
elevated electrical conductivity values occur in the loess landscapes of
the hilly areas on the north-west side of the Elbe Valley, south-east of
Leipzig, the East Lausitzer hilly area, north-west of Stuttgart, the
Upper Rhine lowlands south of Mainz, and in the Lower Rhine Basin
west of Cologne.

The anomalous values in the Hercynian (NW–SE) trend south-west
of Magdeburg (up to 3000 μS/cm) mark the diapiric salt structure of
the Stassfurt–Oschersleben saddle. The elevated values in the central
German loess belt south of Magdeburg, and the local maxima south
and west of Berlin, are caused by agricultural land use (the latter is
related to former sewage farm areas, Fig. 3b).

The most extensive conductivity anomalies caused by agricultural
land usewere detected in the loess areas of the eastern Harz Mountains
(Fig. 5). Similar electrical conductivity distribution was observed on the
north-west side of the Elbe Valley (Fig. 3), while increased intensity of
Notes to Table 2:
a DL = detection limit.
b AES — optical emission spectroscopy.
c ICP-MS — inductively coupled plasma mass spectrometry.
d WD-XRF — wavelength dispersive X-ray fluorescence spectrometry.
e ED-XRF — energy dispersive X-ray fluorescence spectrometry.
f AS — atomic absorption spectroscopy.
g ISE — ion selective electrode after acid digestion.
h PYR — pyrohydrolysis.
i ICP-AES — inductively coupled plasma atomic emission spectroscopy after hot aqua regia l
j FM — fluorimetric after extraction with tri-n-octylphosphinic oxide/cyclohexane.
k PHO— photometric as dithiol complex after digestion using HCL-HCLO4.
l IR— infrared spectroscopy.
fertiliser use led to an increase in the electrical conductivity of stream
water in theHarzMountains tofive times the normal geochemical back-
ground. The local conductivity maxima (N2000 μS/cm) at the northern
and southern margins of the Harz Mountains (Fig. 5) are caused by de-
position of wind-blown particulate matter from industries in the areas
around the Harz Mountains (effect of the Harz Mountains escarpment).
Brine (leachate from the evaporitic Upper Permian Zechstein beds) as-
cending through the peripheral faults of the Harz Mountains is another
reason for high conductivities in the streamwater of the region, as well
as along the margins of the Thuringian Forest (Figs. 3 & 5).

The anomalous conductivity values (N5000 μS/cm) in the northern
Thuringian basin are associated with salt deposits as well as the potash
industry (Fig. 3b).

The absolute maxima (up to 30 mS/cm), observed along the North
Sea and Baltic Sea coasts, are related to maritime climate (sea salt influ-
ence, Fig. 3), which is confirmed by the distribution maps of chloride,
sodium and magnesium in surface water of both low and high-density
geochemical mapping. The distribution of electrical conductivity,
based on low-density sampling, illustrates that the maritime influence
along the Baltic coast is significantly lower than along the North Sea
coast (Fig. 3b). This is also confirmed by precipitation studies in the
two coastal areas (Fricke et al., 1997).

The comparison of the patterns from high and low-density sampling
shows a high stability of large-scale geochemical patterns based on
climate-related processes, the influence of geology (parent material
and geotectonic structural zones), and the land use.

3.2. Uranium distribution in stream sediment and stream water

The spatial distribution of U in stream sediment (Fig. 6) in both low
and high sample density surveys is presented as an example of strong
geological control. The U distribution shows the same main influences
of mineralisation and lithologically related factors at both high and
low sample density mapping.

In general, U in stream sediment is mainly linked to the
presence of weathering-resistant heavy minerals and ore minerals
(uraninite — UO2, pitchblende — U3O8, carnotite — K2(UO2)2V2O83H2O,
coffinite — (USiO4)1 − X, bannerite — (U, Ca, Th, Y)(TiFe)2O6, autunite
— Ca(UO2)2(PO4)2xH2O), uranotile Ca(UO2)2Si2O76H2O and others).
Uranium can also be strongly adsorbed to organic matter, clay minerals
and iron oxide. Higher concentrations in accessory minerals, such as ap-
atite, xenotime, allanite,monazite, zircon and Ti–Nb–Ta oxide complexes
are known. In rock-formingminerals (e.g., quartz,muscovite, biotite, pla-
gioclase), U concentrations may occur from 5.0 to 8.0 mg/kg (Bernhard,
2004).

The cumulative frequency (CP) plots (Fig. 7) show large differences
between the high-density sampling (Fauth et al., 1985) and the low
sample density surveys, which can be explained by the three different
analytical techniques used (fluorometric, ICP-QMS,WDXRF). Themedi-
an values of U are very similar (Table 4) in the low-density national- and
continental-scale data (Birke et al., 2006; De Vos et al., 2006; Salminen
et al., 2005). The U concentrations in low-density national mapping lie
between 0.46 and 47.4 mg/kg and correspond to the variation of the
FOREGS data (b1–59 mg U/kg) in stream sediment at the continental
each.



Table 3
Analytical methods used by different stream water geochemical surveys in Germany.

Element/
parameter

Geochemical Atlas
(Fauth et al., 1985)

Geochemical survey of
eastern Germany
(Birke and Rauch 1993; Birke et al., 1995a, 1995b)

Geochemical Atlas
of Germany
(Birke et al., 2006)

FOREGS Atlas
(Salminen et al., 2005)

Method DLa

(μg/L)
Method DLa

(μg/L)
Method DLa

(μg/L)
Method DLa

(μg/L)

Ag – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Al – – – – ICP-QMSb 0.1 ICP-QMSb 0.1
As – – – – ICP-QMSb 0.01 ICP-QMSb 0.01
B – – – – ICP-QMSb 1 ICP-QMSb 0.01
Ba – – – – ICP-QMSb 0.005 ICP-QMSb 0.005
Be – – – – ICP-QMSb 0.005 ICP-QMSb 0.005
Bi – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Ca – – – – ICP-AESc 5 ICP-AESc 1
Cd AASd 0.3 – – ICP-QMSb 0.002 ICP-QMSb 0.002
Ce – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Co AASd 1 – – ICP-QMSb 0.005 ICP-QMSb 0.005
Cr – – – – ICP-QMSb 0.01 ICP-QMSb 0.01
Cs – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Cu AASd 0.3 – – ICP-QMSb 0.005 ICP-QMSb 0.005
Dy – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Er – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Eu – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Fe – – – – ICP-QMSb 1 ICP-QMSb 1
Ga – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Gd – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Ge – – – – ICP-QMSb 0.005 ICP-QMSb 0.005
Hf – – –– – ICP-QMSb 0.002 ICP-QMSb 0.002
Hg – – – – AFSe 0.01 – –

Ho – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
I – – – – ICP-QMSb 0.01 ICP-QMSb 0.01
In – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
K – – –– – ICP-AESc 50 ICP-AESc 10
La – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Li – – – – ICP-QMSb 0.1 ICP-QMSb 0.005
Lu – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Mg – – – – ICP-AESc 5 ICP-AESc 1
Mn – – – – ICP-AESc 1 ICP-QMSb 0.05
Mo – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Na – – – – ICP-AESc 20 ICP-AESc 5
Nb – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Nd – – –– – ICP-QMSb 0.002 ICP-QMSb 0.005
Ni AASd 1 – – ICP-QMSb 0.005 ICP-QMSb 0.005
Pb AASd 1 – – ICP-QMSb 0.005 ICP-QMSb 0.005
Pr – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Rb – – – – ICP-QMSb 0.005 ICP-QMSb 0.002
Sb – – – – ICP-QMSb 0.005 ICP-QMSb 0.002
Sc – – – – ICP-QMSb 0.01 – –

Se – – – – ICP-QMSb 0.01 ICP-QMSb 0.01
Sm – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Sn – – – – ICP-QMSb 0.002 – –

Sr – – – – ICP-QMSb 0.01 ICP-AESc 1
Ta – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Tb – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Te – – – – ICP-QMSb 0.005 ICP-QMSb 0.005
Th – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Ti – – – – ICP-QMSb 0.01 ICP-QMSb 0.01
Tl – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Tm – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
U FMf 0.1 – – ICP-QMSb 0.002 ICP-QMSb 0.002
V – – – – ICP-QMSb 0.01 ICP-QMSb 0.05
W – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Y – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Yb – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
Zn AASd 1 – – ICP-QMSb 0.01 ICP-QMSb 0.01
Zr – – – – ICP-QMSb 0.002 ICP-QMSb 0.002
BO2ˉ – – – – ICP-AESc 20 – –

Brˉ – – – – ICg 30 ICg 10
HCO3ˉ – – – – TITh 1000 TITh,i 1000
Clˉ – – – – ICg 60 ICg 100
Fˉ ISEj 100 ISEj 40 ISEj 100 ICg 50
NO2ˉ – – – – PHOk 10 – –

NO3ˉ – – – – ICg 50 ICg 40
NH4

+ – – – – PHOk 10 – –

PO4
jˉ – – – – PHOk 20 – –

SO4
fˉ – – – – ICg 100 ICg 300

SiO2 – – – – ICP-AESc 30 ICP-AESc 10
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Table 3 (continued)

Element/
parameter

Geochemical Atlas
(Fauth et al., 1985)

Geochemical survey of
eastern Germany
(Birke and Rauch 1993; Birke et al., 1995a, 1995b)

Geochemical Atlas
of Germany
(Birke et al., 2006)

FOREGS Atlas
(Salminen et al., 2005)

Method DLa

(μg/L)
Method DLa

(μg/L)
Method DLa

(μg/L)
Method DLa

(μg/L)

DOC – – – – IRl 100 IRl 500
AOX – – – – COUm 10 – –

pH POTn – POTn – POTn – POTn –

ECo CONp – CONp – CONp – CONp 5

a DL = detection limit.
b ICP-QMS= inductively coupled plasma quadrupole mass spectrometry.
c ICP-AES = inductively coupled plasma atomic emission spectroscopy.
d AAS = atomic absorption spectroscopy.
e AFS = atomic fluorescence spectroscopy.
f FM= fluorimetric after extraction with tri-n-octylphosphinic oxide/cyclohexane.
g IC = ion chromatography.
h TIT = titration.
i Determined in field, data quality highly variable.
j ISE = ion selective electrode.
k PHO= photometric.
l IR = infrared spectroscopy.
m COU = coulometric.
n POT = potentiometric.
o In μS/cm.
p CON = conductometric.

Table 4
Statistical comparison of the geometric mean and median of selected element and parameter values obtained from different geochemical surveys of Germany.

Stream water

Element Geometric mean (μg/L) Median (μg/L)

D-1985a SEGb D-2006c FOREGSd D-1985a SEGb D-2006c FOREGSd

pH 7.34 6.27 7.49 7.33 7.60 6.60 7.60 7.60
ECe 321 295 425 402 380 320 496 530
Cd 0.338 – 0.024 0.026 0.300 – 0.020 0.024
Co b1 – 0.299 0.164 b1 – 0.250 0.160
Cu 1.34 – 1.10 0.897 1.50 – 1.03 0.880
Fˉ b100 167 136 124 b100 200 100 110
Ni 1.98 – 3.15 2.42 2.00 – 3.40 2.36
Pb 1.48 – 0.084 0.079 1.00 – 0.110 0.090
U 0.213 – 0.249 0.279 0.200 – 0.330 0.335
Zn 9.48 – 2.98 2.71 9.00 – 3.00 2.82

Stream sediment

Element Geometric mean (mg/kg) Median (mg/kg)

D-1985a SEGb D-2006c FOREGSd D-1985a SEGb D-2006c FOREGSd

As – 17.6 8.69 7.14 – 19.0 8.41 7.00
Ba 412 492 362 387 410 490 355 380
Cd 0.580 – 0.462 0.560 0.600 – 0.405 0.530
Co 9.57 10.0 8.45 6.48 10.0 10.0 9.17 6.00
Cr 49.9 46.7 67.6 65.5 53.0 50.0 70.0 65.0
Cu 9.42 28.9 16.5 12.8 10.0 29.0 16.1 14.0
F 27.1 393 317 – 20.0 400 360 –

Hg – 0.128 0.069 0.049 – 0.120 0.070 0.047
Li 9.56 54.3 25.4 25.4 9.00 54.6 28.4 26.4
Mo b1 b2 0.620 0.503 b1 b2 0.565 0.480
Pb 24.5 58.0 28.9 26.4 25.0 54.0 26.6 26.0
Rb – 112 38.9 67.5 – 110 39.4 69.0
Sn b1 7.14 2.61 1.92 b1 6.00 2.57 2.00
Sr 85.5 88.3 90.6 95.2 89.0 89.0 86.0 94.0
U 0.464 – 2.51 1.96 0.400 – 2.52 2.00
V 33.0 62.1 43.4 49.0 41.0 64.0 47.0 51.0
W b2 b10 1.45 1.43 b2 b10 1.49 1.45
Zn 54.7 148 97.6 77.0 55.0 147 93.2 72.0
Zr – 443 463 554 – 430 481 517

a D-1985: Geochemical Atlas of Germany (Fauth et al., 1985).
b SEG: Geochemical survey of eastern Germany (Birke and Rauch 1993; Birke et al., 1995a, 1995b; Röllig et al., 1990).
c D-2006: Geochemical Atlas of Germany (Birke et al., 2006)
d FOREGS: FOREGS Atlas (German part; De Vos et al., 2006; Salminen et al., 2005).
e In μS/cm.
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Fig. 1. Comparison of values from high and low sample density mapping of selected parameters and elements in stream water (cumulative frequency diagrams).
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scale. The background (median) U values in areas of igneous andmeta-
morphic rocks are twice the median value for Germany as a whole
(Figs. 4 & 6).

Anomalous U concentrations are found in the crystalline basement
areas of the Black Forest (known mineralisation at Menzenschwand,
Wittichen), the Fichtelgebirge (Falkenberg granite in Tirschenreuth,
Tingranit near Wunsiedel), the Bavarian Forest (Bodenmais) and the
Upper Palatinate Forest (Nabburg). Elevated values of U also occur
north and east of Freyung in connection with granite masses of the
Bavarian Forest (Fig. 6a–b).

The uranium deposits in the Elbe Valley (uranium ores occur in
Upper Cretaceous sandstone), and the former ore processing areas at
Königstein and Freital, and Schmiedeberg and Altenberg, also correlate
with elevated concentration levels at low-density sampling (Fig. 6b).
The anomalous U contents in the western Ore Mountains (Annaberg,
Aue, Schneeberg and south of Zwickau) are caused by anthropogenic in-
fluences of old mining and ore processing.

The stratabound deposits in Gera–Ronneburg and the impregnation
mineralisation at Ellweiler (Saar-Nahe basin on the northern edge of
the Permian rhyolite at Nohfelden) correlate with weakly elevated U
concentrations (up to 6 mg/kg). The anomalous values west of Leipzig
are caused by the occurrence of U and rare earth element-bearing ultra-
mafic rocks and carbonatite (Röllig et al., 1995). The Permian sediments
and volcanic rocks in the Saar–Nahe basin and the Palaeozoic volcanic
rocks of the Thuringian Forest aremarked by extensive areas of elevated
U concentrations. Anomalous U values were detected in the area of the
Ramberg granite in the Lower Harz ore zone (Fig. 6b). South of the line
Hannover–Magdeburg there is a slight increase in the background U
values.

The distribution patterns of U in stream water differ greatly from
those observed in stream sediment (Figs. 6 & 8). However, the U distri-
bution patterns of low- and high-density sampling in stream water
show virtually identical distributions (Fig. 8). The CP-plot of U also ex-
hibits nodifferences (Fig. 1) between high and low sample densitymap-
ping in Germany. Uranium concentrations in streamwater in Germany
are caused by both geogenic and anthropogenic factors (Birke and
Rauch, 2008; Birke et al., 2009).

The background level from low-density sampling of U in stream
water in Germany is 0.33 μg U/L and this is in agreement with the me-
dian value of 0.32 μg U/L (De Vos et al., 2006; Salminen et al., 2005)



Fig. 2. Distribution of pH values from high and low density sampling of stream water in Germany.
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for the FOREGS Atlas of Europe (Table 4). The U concentrations in
stream water in Germany lie between 0.002 and 43.7 μg U/L.

Uranium in stream water is mainly present in the +VI oxidation
state. Themost important with respect towater are the two uranyl spe-
cies (UO2

+ and UO2
2+), although there are many other water-soluble U

species. The high solubility of U is due to its ability to form very stable
complexes. Depending on the physicochemical conditions, it can form
complexes with sulphate, carbonate, hydroxyl ion, halide, phosphate,
and hydrogen phosphate, as well as humic substances (Birke et al.,
2009). Uranium carbonate complexes predominate in the aqueous sys-
tems of the natural environment, while phosphorous and carboxyl com-
plexes are also present in biosystems (Bernhard, 2004).

Using the programme PHREQC (Parkhurst and Appelo, 1999) to cal-
culate U species in stream water, it has been shown that the U species



Fig. 3. Distribution of electrical conductivity values (in μS/cm) from high and low density sampling of stream water in Germany.
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are predominantly anions, which are more strongly sorbed by organic
matter in acidic solution than in neutral and basic solutions.

Uranium species decrease in the order: UO2(CO3)22−, UO2(CO3)4−,
and UO2(HPO4)22− in German stream water (Fig. 9). The U species
UO2CO3, UO2(OH)3−, UO2HPO4 and UO2OH+ are less than 1% by vol-
ume (Fig. 9).
In the north, the areas of Schleswig-Holstein, Mecklenburg, and
northern Brandenburg are marked by elevated and anomalous U con-
centrations (N0.7 μg U/L). However, the sediments of the last glaciation
in northern central Europe are characterised by especially high U levels
(Fig. 8). The Weichselian moraines contain material of Scandinavian
granite; the U(IV) in the granite till oxidises to U(VI), which dissolves



Fig. 4. Geological map of Germany (BGR, 2004) and soil map of Germany (after BGR, 2006).
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Fig. 5. Distribution of electrical conductivity (in μS/cm) from high density sampling of stream water in the Harz Mountains, Germany (geochemical data for the Upper Harz from Fauth
et al., 1985).
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with the formation of uranyl cations (Birke et al., 2009; Fauth et al.,
1985). Elevated U concentrations are also observed in the moraine
areas of the Alpine foreland (Tertiary loess deposits in Bavaria, moraine
areas along the Isar, Inn, Danube, Iller, and Lech Rivers).

Elevated U concentrations are also evident in eastern Germany
(the Magdeburger Börde region, the eastern foreland area of the Harz
Mountains, the Thuringian basin), and in the hilly loess areas south of
Mainz and north-east of Frankfurt/Main (Fig. 8). The elevated values
in these regions are probably due to the presence of loess soil (central
German loess zone), but may also be related to decades of intensive ag-
riculture and the use of phosphate fertilisers. The loess areas east of
Hannover, east of Leipzig, and south of Riesa (hilly areas of Saxony)
and in the northern part of the Upper Rhine Valley also have elevated
U concentrations N4.0 μg U/L, and can be related to decades of intensive
agriculture and the use of phosphate fertilisers (Fig. 8b). The elevated
U levels in streamwater in loess areas of agricultural land use correlate
with elevated Ca, Mg, Cd, and Se concentrations, as well as with
elevated EC and low pH values (Birke et al., 2009). The slightly elevated
U concentrations in the Lower Rhine and Westphalian lowlands
(Fig. 8) may also be due to use of fertilisers and the burning of hard
coal (north of the area between Essen and Dortmund, and north of
Saarbrücken).

Areas of uranium ore deposits in the western Ore Mountains (Aue-
Schlema, Hartenstein) have U concentrations up to 14.3 μg U/L, and
the highest values (43.7 μg U/L) were observed in the area of the
Gera–Ronneburg uranium deposits in eastern Thuringia (Fig. 8b).
Geogenic factors influencing anomalous U concentrations north-west
and west of Leipzig include Upper Permian Zechstein outcrops along
the east and south sides of the HarzMountains, the Kupferschiefer min-
ing district between Hettstedt and Sangerhausen, and the ultramafic
lamprophyre and carbonatite occurrences west and south-west of
Delitzsch (Röllig et al., 1995). The elevated U concentrations in the
Saar–Nahe region correlate with the occurrence of U in Lower Permian
Rotliegende sediments and vulcanite deposits. Geogenic U enrichments
of up to 10 μg U/L occur in the areas of Triassic Keuper sandstone south
of the Thuringian Forest and from west of Nürnberg to the Stuttgart re-
gion (Fig. 8a).

The spatial distribution of U in stream sediment of high and low
sample densitymapping is governed for themost part bymineralisation
factors, while the distribution observed in streamwater shows both in-
fluences of lithological (geogenic processes), as well as anthropogenic
effects from, for example, proximity to old mining districts, ore treat-
ment and agricultural fertiliser use.

3.3. Barium distribution in stream sediment

The spatial distribution of barium in Germany shows the same large
regional differences of background levels in both low and high sample
density mapping (Fig. 10). The CP plots confirm a clear similarity be-
tween data from low- and high-density sampling (Fig. 7).

The most important barium minerals are baryte (BaSO4), witherite
(BaCO3) and hollandite (Ba2Mn8O16). Barium substitutes for potassium
in many rock-forming minerals, especially in K-feldspar and mica. It is
also found in apatite and calcite. Barium is concentrated inMn and P con-
cretions and is adsorbed on oxides and hydroxides (Madejón, 2013). In
nature, Ba occurs in only one oxidation state (+II). Comparison of the
median values shows significantly higher median values for the low
sample density geochemicalmapping projects (Table 4). The bariumdis-
tribution in the stream sediment of Germany is mainly controlled by
geogenic (lithology) and mineralisation (known baryte mines) factors.

While lower Ba concentrations occur in areaswith sand and boulder
clay of Holocene and Pleistocene formations of the North German low-
lands, the basement highlands (Hunsrück, Westerwald, Taunus,
Odenwald, Black Forest, Harz Mountains, Thuringian Forest, Franconian
Forest, Thuringian-Vogtland SlateMountains, OreMountains, Upper Lu-
satia, Upper Palatinate and Bavarian Forest) are marked by elevated
Ba levels in both low and high sample density mapping (Fig. 10a–b).
The elevated Ba background levels are caused by high contents of feld-
spar and mica. The sedimentary formations of the Lower Permian
Rotliegende and the Triassic Bunter Sandstone in the Saar–Nahe-up-
lands, Palatinate Forest, Spessart, Südrhön regions, northern Black For-
est, and in the Weser–Leine and Osthessischen uplands, as well as the
Triassic Keuper in the Franconian and partly in the Swabian Keuper–
Lias region showmarkedly elevated Ba concentrations (Fig. 10).

Anomalous Ba concentrations, caused by hydrothermal vein
deposits and mineralisation occur in the Ore Mountains (Zöblitz,
Bärenstein), Vogtland (Auma), and the Odenwald and Thuringian
Forest (Ilmenau region). The baryte deposits in thewesternHarzMoun-
tains (Bad Lauterberg) and in the Black Forest south of Pforzheim (Clara
Mine in Wolfach) are also marked by anomalous Ba concentrations
(Fig. 10a–b). Baryte also occurs in the Rammelsberg base metal deposit
near Goslar. The baryte veins in the Rhenish Massif (near Dreislar,



Fig. 6. Distribution of uranium concentration values (in mg/kg) from high and low density sampling of stream sediment in Germany.
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Meggen, Ürsfeld, and other locations) are distinctly indicated by high Ba
concentrations (Fig. 10a–b).

In southern Germany the zone of elevated Ba concentrations does
not extend into the Swabian Jura and Franconian Jura. The region
north of the LimestoneAlps (Kalkalpen) is characterised by an extensive
Ba minimum.
3.4. Copper distribution in stream sediment

Copper occurs naturally in many minerals and as native metal. The
threemost important sources of copper are chalcocite (Cu2S), chalcopy-
rite (CuFeS2), and malachite (Cu2CO3(OH)2) (ATSDR, 2006; Rösler,
1981). Other sources of copper are minerals, such as sulphides (bornite



Fig. 7. Comparison of values from high and low sample density mapping of selected elements in stream sediments in Germany (cumulative frequency diagrams).
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(Cu5FeS4), covellite (CuS)), carbonates (azurite (Cu3(CO3)2(OH)2) and
the oxide cuprite (Cu2O).

The distribution patterns of copper and zinc are very similar in
stream sediment. Both element distributions show a strong similarity
in high and low sample density geochemical mapping (Fig. 11). This is
also confirmed in the CP plots (Fig. 7). Only the high sample density sur-
vey of the crystalline basement areas in eastern Germany shows a
higher concentration level (Table 4). The main Cu anomalies mark the



Fig. 8. Distribution of uranium concentration values (in μg/L) from high and low density sampling of stream water in Germany.
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same locations in the different sample density surveys (Fig. 11). In
stream sediment, copper accumulates in the finer grained sediment
fraction, and can be adsorbed by Fe and Mn hydroxides and clay min-
erals and bound to organic matter. Both Cu and Zn have anthropogenic-
ally elevated background values. The median values in Germany
(Table 4) of the high and low sample density surveys, excluding the
basement survey in eastern Germany, are very similar and comparable
to the FOREGS median value of 17.0 mg Cu/kg for Europe.

The crystalline basement areas of eastern Germany have a higher
background Cu concentration than other parts of Germany (Fig. 11a–
b). The largest natural variation of Cu concentration is observed in
stream sediment samples collected from areas with Upper Zechstein



Fig. 9. Boxplot comparison of percentages from low sample density mapping of uranium species (in %) in stream water versus different land uses in Germany.

120 M. Birke et al. / Journal of Geochemical Exploration 154 (2015) 105–128
sediments (Fig. 4 in Section 7.17, Birke et al., 2006). Extensive anomalies
are observed in large parts of the OreMountains and the Elbe Valley, the
Lower Harz Mountains, including the eastern and south-eastern Harz
forelands (Sangerhäuser and Mansfeld basins), the Leipzig lowlands
and the Thuringian Forest, the Thuringian-Vogtland Slate Mountains,
and the Vogtland (Fig. 11).

The Kupferschiefer deposit near Mansfeld–Sangerhausen, and its
mining sites and smelters, have produced a large anomaly of up to
120mg Cu/kg. Local Cumaxima are superimposed by anthropogenic in-
fluences of the old Cu mining sites and smelters between Hettstedt,
Mansfeld and Sangerhausen (up to 120 mg Cu/kg), as well as industrial
emissions in west of Bernburg (N150 mg Cu/kg) and near Merseburg–
Weissenfels (N200 mg Cu/kg, Fig. 11b).

The anomalous concentrations between Waldheim and Radebeul
(Elbe Valley), and south of Dippoldiswalde (up to 167 mg Cu/kg), are
caused by sulphidemineralisations and superimposed by oldmining ac-
tivity and industrial emissions. The latter are related to theMeissner sy-
enite complex.

Overall, the Cu spatial distribution in eastern Germany (Birke
et al., 2006) confirms the fact that copper is present in almost
all epigenetic mineralisation (e.g., polymetallic mineralisation, fluo-
rite and cassiterite mineralisation, Bi–Co–Ni mineralisation, skarn
mineralisation), and is dispersed in the greisen-type tin deposits of
the Saxonian basement (Baumann et al., 2000; Walther and Dill,
1995). In the Ore Mountains, the Cu anomalies around Schneeberg,
Aue, Schwarzenberg, Johanngeorgenstadt, Annaberg, Hermsdorf,
Ehrenfriedersdorf, Marienberg and Brand-Erbisdorf coincide with
known mineralisation and/or ore deposits and old mining sites
(Fig. 11a-b).

Anthropogenic Cu enrichments of up to 230 mg/kg are observed in
the lignite and industrial region south and south-west of Leipzig.

Geogenic influences (Palaeozoic volcanic rocks, mineralisation of
outcropping Kupferschiefer, structurally controlled sulphide vein
mineralisation) cause the anomalous and elevated Cu levels in the
Thuringian Forest and the Thuringian-Vogtland Slate Mountains. In
theHarzMountains, the source of Cu anomalies is the Rammelsberg de-
posit near Goslar, and other smaller deposits (e.g., near Clausthal-
Zellerfeld) and old smelters. By comparison, the Aachen–Stolberger
ore district is marked only by slightly elevated Cu concentrations. Indi-
vidual Cu concentration maxima indicate the strataboundMechernich–
Maubach Pb–Zn deposit in the Eifel region (Fig. 11a–b).

Slightly elevated copper values characterise the Pb–Zn–Cu
mineralisation in the Saar–Nahe region. Anomalous Cu concentrations
also occur in the Rhenish Massif, where numerous ore deposits
(e.g., chalcopyrite occurrences near Meggen in the northern Siegerland
region, in the Dill depression, and near Bensberg) have produced
copper as a by-product. Local Cu anomalies mark the chalcopyrite
mineralisation at Lam and in the Upper Palatinate, and the deposits in
the volcano-sedimentary Randschiefer series of the Münchberger
Gneiss. Other known copper occurrences are also marked in both high
and low sample density mapping, for example, near Bieber, Kupferberg
(Franconian Forest), Fischbach and Bodenmais (Fig. 11a–b).



Fig. 10. Distribution of barium concentration values (in mg/kg) from high and low density sampling of stream sediment in Germany.
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The elevated Cu concentrations up to 45mg/kg in the vineyards and
hops-growing areas in Rhine Palatinate, in Rhine Hesse, and in the
Hallertau are due to the use of pesticides.

The regional copper distribution in stream sediment of low and high
density sampling (Fig. 11a–b) is mainly related to mineralisation, lithol-
ogy and different anthropogenic influences (industrial and agricultural).
3.5. Lead distribution in stream sediment

The most important source of lead is the ore mineral galena (PbS).
Lead forms several rarerminerals, including anglesite (PbSO4), cerussite
(PbCO3), crocoite (PbCrO4), minium (Pb3O4), wulfenite (PbMoO4),
stolzite (PbWO4), and boulangerite (Pb5Sb4S11). It is also found at



Fig. 11. Distribution of copper concentration values (in mg/kg) from high and low density sampling of stream sediment in Germany.
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trace levels in other minerals, including plagioclase, K-feldspar, mica,
zircon, magnetite and apatite. Lead in ore minerals is always associated
with zinc. It also has a strong affinity for sulphur and is, therefore,
concentrated in the sulphur phases of rocks. The Pb2+ cation replaces
K+ in silicate lattices and Ca2+ in carbonate, silicate, phosphate, mica,
K-feldspar and plagioclase by isomorphic substitution.
The distribution patterns of lead are very similar in both low and high
sample densitymapping (Birke and Rauch, 1993; Birke et al., 2006; Fauth
et al., 1985). Most of the lead in stream sediment is present in the finer
grain-size sediment fraction (silt and clay fractions). It precipitates in sul-
phides, carbonates and sulphates; it can be bound to organic matter and
to a small extent adsorbed by Fe and Mn hydroxides and clay minerals.



Fig. 12. Distribution of lead concentration values (in mg/kg) from high and low density sampling of stream sediment in Germany.
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The median values for total Pb in stream sediment (Fig. 12) are very
similar in both high and low sample density surveys. Only the median
Pb value of the basement areas of eastern Germany (Birke and Rauch,
1993; Röllig et al., 1990) is more than twice that in other surveys
(Table 4). The higher Pb concentration level observed in the survey re-
ported by Birke et al. (1995a) is also confirmed in the CP plots (Fig. 7).
Finally, the median values (Table 4) correspond to the background
value for uncontaminated fine-grained river sediment of 25.0 mg Pb/kg
(Schudoma et al., 1994).

The Pb distribution maps (Fig. 12) show lower concentrations
throughout northern Germany in the areas of Quaternary deposits
(north of the line Münster–Hannover–Neubrandenburg) and Tertiary
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deposits south of the Danube. In contrast, the Carboniferous, Devonian
and Ordovician-Cambrian formations (Birke et al., 2006) are, like plu-
tonic rocks, marked by elevated Pb concentrations. This also explains
the elevated background level in the basement areas of eastern
Germany (Birke and Rauch, 1993; Birke et al., 1995a). When compared
with the distribution of parent material, significantly elevated Pb back-
ground levels are recognisable in stream sediment in areas of loess,
loess derivatives and sand loess, felsic igneous rocks and metamorphic
rocks, and shale (Birke et al., 2006).

In the Upper Harz, the Pb maxima are found on and around the
Rammelsberg near Goslar (Pb–Zn deposit) and near Bad Grund.
Anomalous Pb concentrations are widespread in both the low and
high sample density mapping of the Harz Mountains (Fig. 13). The
highest Pb–Zn concentrations in Central Europe occur in the north-
western part of the Harz Mountains. These concentrations are due to
contamination by the local mining and smelting activities. The emission
aureole of the Clausthal lead smelter (shut down in 1968) and the nu-
merous older metallurgical plants extends about 30 km E–W, with a
commensurate doubling of the regional geochemical background
(N150 mg Pb/kg) observed in stream sediment. In this district, the
high sample density mapping at the regional scales shows an extensive
Pb anomaly with concentrations N5000mg Pb/kg (max. 9500mg Pb/kg;
Fig. 13).

The Lower Harz ore zone (Fig. 12) appears even in the low sample
density mapping (Birke et al., 2006; Salminen et al., 2005). The Pb
anomalies on the eastern edge of the Harz Mountains are mainly
geogenic, caused by sulphide veinmineralisation of theHarzgerode dis-
trict and the Zechstein outcrop between Sangerhausen and Mansfeld.
These anomalies are also overprinted and further enhanced by anthro-
pogenic influences (historic mining activity and smelting).

In the Ore Mountains widespread elevated Pb background concen-
trations (Fig. 12a–b, Table 4) are observed in both high and low sample
density surveys. The highest Pb anomaly contrast is in the Freiberg
area, and is related to Pb–Zn–Ag mineralisation. Anthropogenic influ-
ences from mining, ore processing, smelting and other industries
are also responsible for the extent and intensity of this Pb anomaly.
Even in the low sample density mapping, the anomaly extends south-
east to the crest of the Ore Mountains, and is attributed to geogenic
sources (mineralisation). In the western Ore Mountains, the Pb
anomalies are less intensive and local to the known ore districts
(e.g., Marienberg, Annaberg, Schneeberg), because the Pbmineral series
is less developed in the quartz-sulphide association than in the Freiberg
district (Fig. 12a-b).
Fig. 13. Distribution of lead concentration values (in mg/kg) from high density sampling of stre
Fauth et al., 1985).
The anomalous Pb concentrations in the area around Waldheim
(373 mg Pb/kg), Meissen and Grossenhain (145 mg Pb/kg) can be di-
rectly linked to geogenic (sulphide mineralisation) and anthropogenic
sources. Local elevated Pb concentrations occur along the Lusatian
thrust fault (Fig. 12a–b).

The anomalous and elevated Pb concentrations on the northern
(near Ilmenau and Mellenbach), and southern edges (near
Schleusingen) of the Thuringian Forest, are derived from the outcrop-
ping Kupferschiefer. The local Pb anomalies west of Leipzig (near
Merseburg), and east of Cottbus, are clearly related to anthropogenic in-
fluences (opencast lignite mines).

Elevated Pb background concentrations characterise the Rhenish
Massif, the most well-known Pb-Zn occurrences at Ramsbeck,
Brilon, Mechernich–Maubach, Aachen, Lintorf, Bleialf and Bensberg are
marked by Pb maxima (Fig. 12a-b; Birke et al., 2006; Fauth et al.,
1985). Anomalous Pb concentrations up to 200 mg/kg are associated
with the centuries-old Pb–Ag mining in Bad Ems. The ore deposits
(Schauinsland, Münstertal) of the southern Black Forest are also clearly
indicated by anomalous Pb concentrations.

The regional lead distribution in stream sediment of both the low
and high sample density surveys can be related to geogenic factors
(mineral occurrences, lithology) and to anthropogenic influences
(industrial emissions, historic mining activities).

3.6. Chromium distribution in stream sediment

Chromite (FeCr2O4) is the primary geological source of chromium. It
is relatively resistant to weathering, diagenesis, and metamorphic reac-
tions (Oze et al., 2004). The chromate ion (CrO4

2−) ismoremobile, and is
readily sorbed by clay and hydrous oxides. Chromium is also contained
at trace levels in other minerals, includingmagnetite, ilmenite, and sev-
eral silicates. It can be enriched to several percent in pyroxene
(e.g., chromium diopside), amphibole and mica. Chromium III also re-
places Fe3+ and Al3+ in many other minerals, resulting in chromium
tourmaline, garnet, mica and chlorite.

Higher Cr concentrations aremainly associatedwithmafic and ultra-
mafic rocks, in which it can reach values between 100 and 3400 mg/kg
(Kotás and Stasicka, 2000). Elevated chromium concentrations also
occur in mudstone (mean of 100 mg Cr/kg). The mean value of
the lignite deposits located east of the Elbe is 56 mg Cr/kg (range 2.4–
450 mg Cr/kg; Darbinjan, 1988). Chromium occurs in the oxide and
silicate minerals of early magmatic differentiates, thus it is considerably
more concentrated in silica-poor than in silica-rich rocks.
am sediment in the HarzMountains, Germany (geochemical data for the Upper Harz from



125M. Birke et al. / Journal of Geochemical Exploration 154 (2015) 105–128
During weathering and subsequent transport, Cr is enriched in alu-
minium- and iron-rich detritus. Accordingly, Cr enrichment in stream
sediment is associatedwith iron in thefine grain-size sediment fraction.
Substantial amounts of Cr are bound to secondary clay minerals. Chro-
mium is also incorporated in Fe hydroxides, and it can be sorbed by
humic substances.
Fig. 14. Distribution of chromium concentration values (in mg/kg) from
The regional distribution pattern of Cr (Fig. 14) in streamsediment is
characterised mainly by lithological and rarely by anthropogenic
influences.

The estimated Cr background values for Germany are considerably
lower in the high than in the low sample density surveys (Table 4).
The CP plots (Fig. 7) also show that obvious differences exist between
high and low density sampling of stream sediment in Germany.
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the compared data sets at concentrations near the respective detection
limit. The similarity of the Cr distribution patterns is fairly good in both
the high and low sample density maps (Fig. 14).

In the north German lowlands, the Cr concentrations in all geochem-
ical surveys of different sample density are always well below the
median value (Fig. 14, Table 4), while in the mountainous area the Cr
concentrations exceed it. High Cr concentrations are associated with
the basalt of the Vogelsberg, Westerwald, and Rhön areas. In the
Vogelsberg area, high Cr concentrations are also present in stream
water.

Elevated Cr concentrations are also observed in other areas in which
silica-poor igneous rocks outcrop rather extensively, e.g., in the Franco-
nian Forest, Fichtelgebirge, Hoher Bogen, and Eifel areas, around the
Swabian volcanoes, in the Harz Mountains, and in the Dill depression.
The cause of elevated Cr concentrations that occur in the stream sedi-
ment over wide areas of the Rhenish Massif is probably also geological.
In this region the widely distributed shale and siltstone series with in-
tercalated basalt and spilitic rocks contain naturally elevated Cr con-
centrations (N120 mg/kg). The volcanic rocks in the Permian basin
(Rotliegendbecken) of the Saar also give rise to significantly higher Cr
concentrations (Fig. 14). These Cr maxima are nearly the same as
those for vanadium.

The Palaeozoic volcanic rocks in the shale sequences of the Vogtland
and the metamorphic gabbro (eclogite) in the gneiss complex of the
Thuringian-Frankonian CentralMountains also exhibit significant Cr en-
richments. The elevated Cr concentrations in the Granulite Mountains
(up to 130 mg Cr/kg) are related to the presence of mafic metamorphic
rocks, ultramafic igneous andmafic volcanic rocks. The slightly elevated
Cr concentrations in the West Lusatian granodiorite and east of the
Lusatian thrust fault arise from the presence of mafic igneous rocks.
Local elevated Cr concentrations (N140 mg/kg) occur in the area of
the Vogtland diabase (Figs. 4 & 14a–b) and in association with small
mafic–ultramafic intrusions (e.g., near Siebenlehn, north-west of Sankt
Egidien).

In many cases of isolated and very locally anomalous Cr concentra-
tions (e.g., east of Celle, in the Lower Lusatia, east of Merseburg, and
near Bad Schandau), anthropogenic contamination is probably respon-
sible (Fig. 14).

4. Conclusions

The goal of this study was to show the advantages and disadvan-
tages, the difference in the significance of the data and the loss of infor-
mation between low and high density sampling in water and stream
sediment surveys of Germany.

The early regional geochemical mapping projects in Germany
(Table 1) were generally high-density surveys (one sample site per 1–
3 km2) for mineral exploration (Birke and Rauch, 1993; Birke et al.,
1995a, 1995b; Fauth et al., 1985; Röllig et al., 1990). Stream sediment
and stream water, as well as topsoil (in part), were the predominant
sample media reported in regional high sample density mapping and
were used for a long time in Germany.

In German cultural landscapes stream sediment conveniently
provides a composite sample of the weathered minerals of the bedrock,
glacial sediment or soil, in the catchment basin upstream from the sam-
pling site. The subsequent low sample density mapping (one sample
site per 380 to 5000 km2) for national and continental (European)
scale projects has commonly been multi-media to provide information
on the natural geochemical processes, and the sources such as migra-
tion, and the influences of lithology and bedrock. One of the main
aims was also to determine national and European background levels
for the analysed elements.

Some general trends (large regional differences in background
levels) in the spatial distribution of the studied elements can be ob-
served on the geochemical maps derived from both the high and
low sample density surveys. These spatial distributions are controlled
primarily by geogenic causes, such as lithology, soil parent material,
mineralisation and ore deposits, and climate. Anthropogenic influ-
ences, such as industrial emission, urbanisation, historical mining
and agricultural practices (use of fertiliser) are superimposed on the
natural or geogenic background distributions. In most cases, a variety
of different factors determine the observed regional element distribu-
tion. The higher sampling densities permit delineation of features re-
lated to processes acting over smaller areas. Thus, in the German
high-density mapping projects (Birke and Rauch, 1993; Birke et al.,
1995a, 1995b; Fauth et al., 1985; Röllig et al., 1990), it is observed
that at these scales the anthropogenic influences, associated with
contamination and different land use, can be better identified and
characterised.

The national-scale geochemicalmaps of Germany based on low (one
sample per 380 to 5000 km2) and high density (one sample per 1 to
3 km2) sampling delineate element patterns that are related to process-
es acting over relatively large areas. The spatial distribution patterns of
elements, such as Ba, Cr and U in stream sediment of both the high
and low density sampling, are mainly caused by geogenic sources
(mineralisation, bedrock composition). The distribution patterns of
high and low sample density mapping of metals, such as Cu and Pb in
stream sediment show both the influence of geological processes
(mineralisation, lithology) and anthropogenic effects from industrial
emission and old mining activities.

The spatial distribution of U in streamwater of low and high sample
density surveys can be linked with both lithology and anthropogenic
sources (mining, agriculture). The distribution pattern of electrical con-
ductivity values in stream water in both high and low sample density
geochemical mapping is based on geological, and anthropogenic
climate-related influences. The pH values of streamwater showa strong
dependence on landscape geochemical factors in both low and high
sample density mapping.

The comparison of the element and parameter patterns in high and
low density sampling in Germany also substantiates the robustness of
the geochemical patterns produced from low sample density surveys,
as has already been demonstrated by Smith and Reimann (2008),
Garrett et al. (2008) and Cicchella et al. (2013). The geochemical maps
show a high stability of large-area geochemical patterns with
superimposed high-contrast element anomalies. But it is also observed
that local anomalies delineated by high density sampling often just
merge into the elevated background in extremely low sample density
mapping. Thus, it is clear that the total variance (upper and lower
outliers) is lost, which is confirmed in all the element distribution
maps (Figs. 2c, 3c, 6c, 8c, 9c–12c and 14c). It is clear that in extremely
low density geochemical sampling projects resolution is lost, but not
the overall patterns revealed at the regional or national scale. In these
low sample density patterns most of the information about local anom-
alies is also lost.

In contrast, the resolution of the patterns generated at the national
scale is greatly increased in geochemical surveys at regional scales
with high-density sampling, leading to identification of the patterns
not revealed by the extremely low sample density surveys.

Finally, the benefits of the reduction in the cost of sampling and anal-
ysis of low sample density surveys are unambiguous. The comparison of
high and low sample densitymapping in Germany shows that low sam-
ple density surveys with only about 1% of the number of samples of a
high-density survey yield the same element background values
(Table 4) and distribution trends as the high-density survey (Birke
et al., 2008). Consequently, low density sampling is extremely useful
for determining the regional or national background or baseline values
for different elements at considerably reduced cost.

The results of this study clearly demonstrate that the use of low sam-
ple density geochemical mapping is possible and appropriate to deter-
mine the element distribution of regional, national or continental-
scale trends and patterns controlled by natural geochemical processes
(geology, metallogenic zones, climate).
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However, it is also clear that lowdensity sampling cannot be used for
environmental geochemistry projects in industrial regions and urban
areas to identify local contamination.
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