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Abstract 

Phosphorus (P) mineral fertilisers are found to contain high concentrations of uranium (U) 

(up to 206 mg U kg-1) and other trace elements (TE), such as Cd, Pb, Ni, Cu, Zn, Th, Nb, Sr, V, 

and rare earth elements. The content of U and other trace elements is depended on the 

sedimentary of igneous origin of the rock phosphate. In this study, the production of P 

fertilisers has been shown to contaminate top soil horizons with U and other trace elements 

in the close vicinity of a factory located in Southern Brazil. In contrast to this point source, 

agricultural P fertilisation leads to a diffuse contamination of the agro-ecosystem with U and 

other fertiliser-derived trace elements on a large scale. Top soil horizons of arable land 

accumulate fertiliser-derived U. According to the geochemical behaviour of U(VI) species 

under oxidising conditions, the mobilisation capacity for U in top soil horizons is considered 

to be high, contrary to other fertiliser-derived heavy metals (e.g. Cd). Hence, it is assumed 

that U can be leached to shallow groundwater and can reach fresh water resources 

potentially used for drinking water supply.  

The aims of this study were to investigate the concentration of U and other 

contaminants in P fertilisers, to identify geochemical processes of fertiliser-derived U 

mobility and mobilisation from arable top soil horizons to the groundwater, and to evaluate 

the origin of U in German groundwater and tap water. This study presents the broadest 

recent data set on regional distribution of U concentrations in German tap water to which 76 

% of the German population has access. The mean U concentration was 0.68 µg L-1, the 

median 0.50 µg L-1. 1.3 % or 1 million of the 80.6 million inhabitants in Germany are exposed 

to U concentrations in tap water which are higher than the German drinking water threshold 

limit of 10 µg L-1. The regional distribution of U concentrations largely agrees with the 

geological setting reported for mineral waters, however, in addition evidence for fertiliser-

derived U in tap water was found in certain areas in Northern and Southern Germany. To 

test the hypothesized fertiliser-derived U leaching to groundwater, samples from different 

depths were taken in an area intensively used for cropping production in Lower Saxony. The 

correlation between fertiliser-derived nitrate (NO3
-) and U especially in shallow (< 15 m) 

groundwater samples indicates the anthropogenic origin of U.  

However, there is not yet a clear picture of quantities and processes of U leaching 

from fertilised soil into groundwater. The future aim is to investigate these processes of U 

migration via isotope fingerprinting and geochemical modelling to provide a solid foundation 

for future risk assessment.  
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Chapter 1 - Introduction 
 

Outline  

The study is structured into six chapters referring to the study aims. These consist of an 

introduction, three published studies, one unpublished manuscript, and the conclusions 

including a future outlook. The references are listed directly after each chapter. The 

references for the introduction (chapter 1) and conclusion (chapter 6) are given at the end of 

this thesis. 

 Chapter 1 presents an introduction and overview on the recent knowledge about U in 

fertilisers, soils, and bio-geochemical processes affecting the U behaviour in groundwater. 

This chapter provides background information, which could not be extensively presented in 

the following chapters. 

 In Chapter 2, the production of P fertilisers is shown to pollute the top soil horizons in 

the vicinity of a fertiliser factory in Southern Brazil (Title: Heavy metal concentrations in soils 

in the vicinity of a fertilizer factory in Southern Brazil). Here, the release of heavy metals (U, 

Th, Pb, Zn, Co, Ni and Cu) rare earth elements (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, 

Tm, Yb, Lu, and Y (REY)), and other trace elements (Sr, V, Zr, and Nb) was sourced to the 

sedimentary or igneous origin of phosphate rocks processed at the factory. The study was 

conducted by Geerd A. Smidt, Andrea Koschinsky, Leandro Machado de Carvalho, José 

Monserrat, and Ewald Schnug and is published in vTI Agriculture and Forestry Research 

(61)4. Geerd Smidt and Andrea Koschinsky developed the conceptual frame of this study and 

carried out the sampling campaign. Leandro Machado de Carvalho and José Monserrat 

provided fertiliser samples, background information on the samples and sites, and 

contributed on the local logistics for the sampling campaign. Ewald Schnug was involved in 

the data evaluation and discussion within this publication.   

 A comparison of U and Cd contents in German and Brazilian P fertilisers and their 

possible contribution to annual heavy metal loads to arable top soil horizons is presented in 

Chapter 3 (Title: Cadmium and uranium in German and Brazilian phosphorous fertilisers). 

The study is published by Geerd A. Smidt, Franziska C. Landes, Leandro Machado de 

Carvalho, Andrea Koschinsky and Ewald Schnug in Merkel, B., Schipek, M. (eds.): The New 

Uranium Mining Boom: Challenge and lessons learned Springer Geology, Berlin Heidelberg, 

167-175. As the first author Geerd Smidt developed the initial concept of this study. The 
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laboratory work of Franziska C. Landes was supervised by myself and Andrea Koschinsky. 

Leandro Machado de Carvalho provided the sampling material and background information. 

Ewald Schnug provided additional data and was involved in the evaluation and discussion 

within this study.   

 By far the largest geo-referenced dataset of U concentration in German drinking 

water (N=4092) is presented in Chapter 4 (Title: Uranium in German tap and groundwater –  

occurrence and origins). The regional distribution of U concentrations largely agrees with the 

geological setting reported for mineral waters, however, there is evidence for anthropogenic 

influence through agricultural activities were found in certain areas. The study is published 

by Geerd A. Smidt, Rula Hassoun, Manfred Birke, Lothar Erdinger, Mathias Schäf, Friedhart 

Knolle, Jens Utermann, Wilhelmus H.M. Duijnisveld, and Ewald Schnug in Merkel, B., Schipek, 

M. (eds.): The New Uranium Mining Boom: Challenge and lessons learned Springer Geology, 

Berlin Heidelberg, 807-820. As the first author I summarized the results of different studies. 

The large dataset derives from many different sources and was partly evaluated by Rula 

Hassoun and Ewald Schnug. I contributed background information of U in water and soils, 

added my results from a groundwater study and linked the given data evaluation to recent 

knowledge of U in soils, groundwater, and tap water.  

 The unpublished results presented in chapter 5 (Title: Indications for phosphorus-

fertiliser-derived U leaching from arable soil to groundwater) summarize the results of 

different study projects. Additionally the results of guided research projects conducted by 

myself, Amy Parks, Franziska C. Landes and Rasesh Pokharel are presented, which were 

supervised by myself and Andrea Koschinsky. Soil and water samples were taken in an area 

of intense agricultural cropping production in South-Eastern Lower Saxony. Differences in 

total and extractable U concentrations in fertilised and unfertilised top soil horizons were 

found. Uranium concentrations in drainage water, lysimeter water, and groundwater were 

determined to test the hypothesis about fertiliser-derived U leaching from arable top soil 

horizons. The presence of U in groundwater as carbonate complexes could be linked to the 

geochemical behaviour of the radionuclide. The correlation of U with nitrate in groundwater 

samples, indicate possible fertiliser-derived U contamination of groundwater. Unpublished 

results from a study done by Jens Utermann (Federal Institute for Geosciences and Natural 

Resources, BGR) were jointly evaluated, discussed, and are labelled in this chapter. The 
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further development of the publication of these results will be in my responsibility. All other 

studies presented in this chapter were initiated and evaluated by myself.  

 Finally, chapter No. 6 summarized the results of the studies presented in this thesis. 

Besides a general conclusion, a detailed future outlook describes open questions and 

objectives for future study projects. Although the extensive results of this study indicate 

fertiliser-derived U leaching from soils to groundwater, continuative research is necessary 

and desired. It is proposed to source anthropogenic and geogenic U by isotopic 

fingerprinting and a coupled modelling and field study. 

 

Objectives  

Uranium is an element of considerable environmental concern, due to its radioactive and 

toxic nature. Initiated by studies on drinking water quality (Foodwatch, 2008; Schnug et al., 

2008; Strahlentelex, 2008), U concentration in mineral and drinking water and the discussion 

of thresholds alignment has made the headlines in several newspapers and magazines (Der 

Spiegel, 04.08.2008; SZ, 05.08.2008; FAZ, 05.08.2008; Die Zeit, 07.08.2008). Up to the 

present day the public interest and discussion is continued (report München, 18.05.2009; 

Frontal21, 12.04.2010). Two TV documentaries on the fate of fertiliser-derived U were 

broadcast based on research results presented in this thesis (NDR – 45 Minuten – 

26.04.2011; Markt im Dritten – 12.09.2011). A recent study of the European Food Safety 

Authority (Alexander et al., 2009) pointed out that the exposure of infants to U from drinking 

water is 3-times higher than for adults, on the body weight basis. Uranium concentrations 

below 2 µg l-1 in drinking water already induce 50 % of the tolerable daily intake of 0.6 µg per 

kg body weight per day (WHO, 2005) for infants. In September 2011 a legal threshold limit of 

10 µg L-1 for tap water became operative in Germany. Additionally a limit of 2 µg L-1 for 

bottled mineral water is proposed to be declared as an acceptable concentration for the 

nursing diet.   

 The long-term diffuse input by agricultural activity has long been neglected as a 

possible way of U immission to drinking water. In 2008, the committee for drinking water 

(TWK, 2008) of the German Environmental Agency (UBA) published a report about U in 

drinking water, which points out the influence of agriculture on the introduction of U into 

the ecosystem and recommends observing the possible impact of P fertilisers on U 

concentrations in shallow groundwater, which is used as drinking water. The topic reached 
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political discussions in 2008 and 2011 following two requests to the German parliament 

posed by the fraction Bündnis 90/Die Grünen (Behm et al., 2008 and 2011) and the response 

by the parliament (Deutscher Bundestag, 2009 and 2011).  

Even though U is known to be a harmful heavy metal with a high mobility in arable 

soil, the geohydrochemical processes in the particular setting of fertilised agricultural fields 

did not receive careful considerations. A focused work on the impact of the loads of 

fertiliser-derived U to regions with intense crop productions was missing so far. The 

understanding of U leaching and mobilisation processes is a prerequisite for risk assessment 

and possible future regulations of U input to the environment.  

 

Current state of the research 

Uranium in fertilisers 

The production of phosphorus fertilisers requires raw phosphate rock material, about 87 % 

of which originates from marine sedimentary sources (Kratz et al., 2008). Uranium and many 

trace elements (Cd, Zn, Pb, Cu, Ni, Co, Sn, Cr, Hg, As, Sb, Th, Ra, Sr, Ba, Y, Rb,  Mo, Ti, Se and 

many Rare Earth Elements) are enriched in these phosphates during deposition and 

diagenesis. The pure raw phosphate is very water insoluble and for fertilisation 

requirements an industrial processing is needed. Phosphoric acid is produced by dissolving 

the P-rich minerals with H2SO4, with phosphogypsum as a by-product. During this process 

the radionuclides U and Th become enriched in the P fertiliser to about 150 % of the original 

concentration of the rock phosphate (Sattouf, 2007a). Several studies have indicated that 

the U content of P-fertilisers increases with an increasing P2O5 content of the product 

(Spalding and Sackett, 1972; Barisic et al., 1992; Smidt et al., 2011). Table 1 gives an 

overview about the U concentrations in different types of mineral and organic fertilisers and 

phosphate rock. Uranium concentrations up to 208 mg kg-1 in straight P fertiliser indicate the 

potential of U contamination of the environment. 

Uranium in soils 

The median concentration of U in topsoils in Europe is 2.00 (range 0.48-5.73) mg kg-1 

and in subsoils 2.03 (range 0.29-4.58) mg kg-1 (Salminen et al., 2005). In uncontaminated 

soils the U content is dependent of the content of the soil parent material, with soils 
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developed from granites, claystones, lime- and marlstones having higher U values than soils 

originated from basic rock or unconsolidated materials. 

Table 1: U concentrations (mg kg-1) from different types of P rocks and P containing fertilisers (from 
Kratz et al., 2008) (n=number of samples, N=nitrogen, P=phosphorous, K=potassium). 
Fertiliser type and origin n Min. Max. Mean 

Phosphate Rock:     

USA  65 141  

Marocco and W- Sahara  75 130  

Israel  99 150  

Brazil  46 220  

Superphosphate:     

USA 3 60.5 172 104 

Germany 1   91 

Brazil 11 21.4 93.7 65.2 

Triple superphosphate:     

USA 4 143 208 178 

Germany 2 52.3 160 106 

Brazil 11 14.7 69.7 50.2 

Soft/ground phosphate:     

USA 4 8.7 144 42.9 

Germany (unknown source) 2 56.6 72.9 64.8 

North Africa 32 56.6 72.9 64.8 

NP fertilisers:     

USA 16 161 165 163 

Germany 3 0.62 61 27 

Brazil 2 49.6 93.8 71.7 

PK fertilisers:     

USA 3 69.9 109 89.4 

Germany 3 31.2 163 82.1 

NPK fertilisers:     

USA 5 39.7 113 65.5 

Germany 20 <0.05 33.3 9.9 

Brazil 12 5.2 54.3 27.1 

Manure from organic farming:     

Organic cattle manure 197 0.03 1.4 0.24 

Organic pig manure 57 0.05 4.6 1.1 

Manure from conventional farming:     

Conventional cattle manure 28 0.15 1.4 1.1 

Conventional pig manure 14 0.35 11.1 3.5 

Anthropogenic load of U to soils 

Utermann and Fuchs (2008) mapped the U content in German top- and subsoils. They 

found the tendency of higher U content in topsoils compared to subsoils. The difference of 

the median values in forest and arable soil is 0.15 mg kg-1 U. This study agrees with the 

results of Salminen et al. (2005), who set up an enrichment factor of 1.2 for Northern 
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German soils. Such enrichment was also found by Huhle et al. (2008), who detected a 

difference of 0.2 mg kg-1 U between arable and forest soils. Anthropogenic U in soils can 

originate from mining operations, dust deposition or fertiliser application. 

Due to U mining activity the soils of the surrounding fluvial plains can show U 

concentrations higher than 6 mg kg-1 (Utermann and Fuchs, 2008). Especially in areas of old 

crystalline rocks elevated contents of U are found in surface water and sediments (Birke et 

al., 2006). 

Dust deposition can increase radionuclide concentrations in soils. U is present in 

fossil energy sources. In lignite coal concentrations are low (2-3 mg kg-1) compared to hard 

coal (up to 1000 mg kg-1) (Birke et al., in prep.). Gabbard (1993) calculated a worldwide 

cumulative U release of 828,632 t for a period of 100 years of coal combustion. The largest 

part stays in the ashes which can be stored in landfills, but 1 % of the fly ashes might 

disperse in the environment. The U content in precipitation in Germany is 0.02-0.2 µg l-1 U 

(Schneider et al., 2003), which has its origin from coal combustion but might originate also 

from atmospheric nuclear bomb tests or nuclear reactor accidents (Chernobyl). Also warlike 

operations can increase the U concentration in dust, which can be transported around the 

globe. Since the Persian Gulf War in 1991 the US and UK forces have used depleted uranium 

(DU) ammunition. Also in the Balkan War (late 1990s), in Afghanistan (2002) and Iraq (2003) 

such ammunition has been used. Busby and Morgan (2006) found clear evidences for a 

dispersion of DU dust from the Iraq War to the South of England in 2003.  

Another important route of U input to soils is the application of phosphorous 

fertilisers. A comparison of archived soil collections in New Zealand from the year 1992 with 

soils from a period 36-43 years earlier showed a U accumulation during the later time period 

(Taylor, 2007). The concentration range of total U was 0.62-2.34 mg kg-1 in the older samples 

and 1.69-3.54 mg kg-1 for the soil sampled in 1992.  

Four agricultural sources of soil contamination with U and other trace elements (TE) 

can be distinguished. With the application of fertilisers such as liming, manure and slurry, 

sewage sludge and mineral fertilisers the concentrations in arable soils may increase 

dependent on the concentrations of U and TE in the fertiliser. 

In long-term fertiliser experiments in different areas of Germany increased U 

concentrations (+0.09 mg kg-1) were found in top soils fertilised with NPK (nitrogen-

phosphorous-potassium) fertilisers. The increasing U accumulation is dependent on the 
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cumulative amount of mineral P fertiliser application (Fig.1). When the applied fertilisers like 

manure and lime did not contain P no increase of U could be found (Rogasik et al., 2008). 

Sewage sludge which is allowed to be applied to agricultural fields is not increasing the U 

content in soils (Kratz et al., 2008). Compared to the U input with lime and manure the U 

load with P fertiliser is high and likely responsible for the major enhancement of U levels in 

agriculturally used soils (Taylor, 2007).  

 

Fig. 1: Relationship between cumulative mineral P fertilisation and accumulation of U in top soil 
horizons (NPK fertiliser experiment Braunschweig, Rogasik et al., 2008). 

 

Kratz et al. (2008 and 2011) calculated the annual U load for different types of 

mineral fertilisers (TSP, NP, PK, NPK) under consideration of guidelines for “Good 

Agricultural Practices” and the possible load with farmyard slurry and manure as well as 

sewage sludge.  Their results show a distinctly higher annual U load of mineral fertilisers 

(22.0, 7.0, 23.0, 8.0 g ha-1 yr-1, respectively) than the farmyard slurry and manure (2.3 g ha-1 

yr-1) or the sewage sludge (3.2 g ha-1 yr-1). The calculated cumulative load of U from P 

fertilisation to German arable soils is 1 kg ha-1 54 yr-1 (Schnug and Haneklaus, 2008).  

Uranium speciation and U mobility in soils and the vadose zone 

In contrast to many other cations, U has been identified as being moderately mobile 

in oxidizing conditions across the whole pH range and immobile in reducing conditions. 

Comparable to other heavy metals the mobility of U is limited by the adsorption to clays and 

organic matter (Edwards et al., 1995). For the prediction of its mobility in the soil column an 

understanding of knowledge about the U speciation in soil is necessary. The typical redox 

states of U in the environment are U(VI) and U(IV) (Langmuir, 1978). Under oxidizing 

conditions the hexavalent form is the most common, which occurs as the bivalent uranyl ion 
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(UO2
2+). Under reducing conditions the tetravalent uranium dominates and U precipitates as 

uranite (UO2(s)). The abiological reduction of U(VI) was shown to be inhibited in the 

presence of carbonate in the solution (Fredrickson et al., 2000; Beyenal et al., 2004). Besides 

the inefficient reduction of U(VI)-CO3 complexes by inorganic species, such as H2, H2S, and 

Fe(II), a decreased rate of enzymatic reduction of Ca-U(VI)-CO3 complexes was found (Suzuki 

and Suko, 2006).  

The mobility of U(VI) in soils and sediments is pH dependent. At pH values above 5.5 

the mobility is increased (Sheppard et al., 2006), where the HCO3
- becomes an important 

complexation partner. The formation of complexes with carbonate produces the species 

UO2CO3
0, UO2(CO2)2

2- or UO2(CO3)3
4-, which are highly mobile in soil (Zheng et al., 2003). This 

is based on their low adsorption onto soil particles as Fe(III) and Al oxyhydroxides and 

mineral colloids due to their negative charge (Langmuir, 1978; Giblin et al., 1981; Waite et 

al., 1994; Echevarria et al., 2001; Zhou and Gu, 2005). Bicarbonate solutions (100 mM) are 

used to extract U from contaminated soils giving a yield of 97 % of a nitric acid (1 N) 

extraction (Phillips et al., 1995). Hence, the liming procedure, which is undertaken frequently 

on agriculture land to improve the properties of soil structure and for neutralizing 

acidification, can also possibly affect the mobility of U. By ion exchange with Ca2+ the loosely 

bound uranium-carbonate complex is released from the soil particles (Sheppard et al., 2005). 

Also acidification of soils contaminated with U, may mobilise is mobilising UO2
2+ by H+ ion 

exchange (Schroetter et al., 2005 and 2006). Uranium mobilisation with carbonates is often 

cited in geochemical modelling studies. Remediation of highly U contaminated soils is highly 

efficient (75-90 %) with leaching procedures using potassium and sodium carbonates (Mason 

et al., 1997). So far nothing is known about the magnitude of U mobilisation after the 

application of lime to arable soil.  

Iron- and manganese-(hydro)oxides are well known adsorbing minerals, with a high 

capacity for U binding and retention in soils and sediments. Giammar and Hering (2001) 

showed that the sorption of U on goethite was initially reversible in groundwater, but during 

the aging over months a fraction of U was no longer readily exchangeable. 

The well-known affinity of U to organic matter is often cited in the context of 

immobilisation processes in soils (Owen and Otten, 1995; Echevarria et al., 2001). Crancon 

and van der Lee (2003) pointed out the possible migration of U to the groundwater via 

complexation of U(VI) with humic and fulvic acids which are present in soil solutions/pore 
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water. The comparison of the results of their batch experiments with geochemical modelling 

(CHESS) showed an overestimation of the immobilisation capacity of organically coated soil 

minerals due to the competitive presence of mobile organic ligands in the soil solutions. This 

effect of such a colloidal leaching of U(VI)-humate complexes was also highlighted in column 

experiments with quartz sand in the presence of humic acids (Mibus et al., 2007). 

The excessive application of phosphorus fertilisers is hypothesized to increase the 

mobilisation of soil colloids such as iron (Fe) oxides (Ilg et al., 2008). The authors assume that 

the adsorption of P causes the surface charge to become more negative, which increases the 

repulsive forces between the colloids and the sand grains, and between the colloids in 

suspension. A stronger colloid-mobilising effect was shown to occur with organic P than with 

ortho-P, implying the strong influence of manure application on colloidal P leaching. So far 

nothing is known about the influence of the described enhanced colloidal mobilisation on 

the migration of U to the groundwater with field investigations of colloidal U mobilisation 

from arable soils missing.  

Leaching of U from soil to groundwater 

The calculated enrichment of U in soils under agricultural use is 0.35 mg kg-1, based 

on official P field balances for Germany (Kratz et al., 2008). The statistical approach of 

Utermann and Fuchs (2008) determined an average enrichment of U in top soil horizons 

compared to sub soil horizons of + 0.15 mg kg-1. The comparison of the soils of a continuous 

observation field with an unfertilised forest soil close by could show an enrichment of 0.20 

mg kg-1 (Huhle et al., 2008). The U uptake of plants can be neglected. The phytoremediation 

capacity is low and the amount of U taken up per hectare and year is in a range of 0.1 to 0.35 

g depending on the crop plant (Kratz et al., 2008). The hypothesis for these observations is: 

“The difference between calculated and measured U values in soils indicates the potential 

loss of fertiliser-derived U to the groundwater.” 

Strong runoff of surface water from agriculture fields is causing soil erosion, but also 

slight runoff is leaching nutrients (NO3
-, NH4

+, PO4
3-, and K+) to the ambient drainage. Also U 

is known to enter the surface water via runoff (Spalding and Sackett, 1962). Elevated U 

concentrations in polish river waters were shown to be possibly fertiliser-derived (Skwarzec 

et al., 2010a and 2010b). Zielinski et al. (2006) found low U concentration (< 0.1 µg l-1) in 

runoff water samples, compared to the U concentrations in the surrounding channels and 
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streams (0.21 ± 0.28 µg l-1). The authors assume active sorption of U to the soil organic 

material under the ambient conditions, which limits the flux of dissolved U into the local 

waters.  

There are only few studies which indicate the hypothesized U leaching to the 

groundwater from P fertilisation of arable soils (Birke et al., 2009 and 2010). An investigation 

of mineral water (and tap water throughout Germany sourced the occurrence and origin of 

U (Knolle, 2008). The results of the principle component analyses have indicate the relation 

of U, B and K in tap waters. These elements are known to be applied to agricultural fields via 

direct fertilisation or fertiliser-associated elements and were shown to correlate with U in 

Portuguese groundwater as well (Dekkers et al., 1989). Another study on U concentrations in 

tap water showed a significant correlation with nitrate (NO3
-) (Schäf, 2007). The downscaling 

of the supply area from a federal state (Baden-Württemberg) to the area of one waterworks 

outlined the linearity of the relation between NO3
- and U. Elevated U and NO3

- 

concentrations in shallow drinking water wells in comparison with neighbouring deep wells 

(Tab. 2) indicate the impact of agricultural use of fertilisers on groundwater quality in 

Southern Germany. 

Tab. 2: Uranium and nitrate concentrations in neighbouring shallow (7-9m) and deep (70-90m) 
wells of two waterworks in Southern Germany (Waterworks Straubing and Rehlingen, 2008).  

Location Well type U [µg l-1] NO3
- [mg l-1] 

Straubing shallow 2.8 40.0 
 deep < 0.2 2.8 
Rehlingen shallow 10 22.0 
 deep 1.6 8.2 

 

 Such a close correlation between NO3
- and U was also found in well water in an 

agricultural area of Slovenia (Popit et al., 2004). Presumably all these findings are related to 

the leaching of uranyl-carbonate complexes with the percolating water, which is much faster 

than the migration of other heavy metals. For the maintenance of the fertility of arable soil 

the nutrients N, P and K have to be applied in balanced amounts every year. It was found 

that nitrate concentrations in groundwater can be linked to the intensity of agricultural 

production (Wienhaus et al., 2008; Osterburg and Schmidt, 2008). Thus a correlation 

between U and NO3
- concentration in shallow groundwater can be considered as a function 

of intensity of fertilisation, however, redox processes in soil and sediments, amounts of 
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groundwater regeneration and the predominantly applied type of fertiliser (mineral or 

organic) have to be considered.  

Uranium mobilisation governed by microbial induced redox processes 

Besides the direct anthropogenic contamination of groundwater with fertiliser-derived U, 

another possible anthropogenically induced process should be considered, which can 

potentially mobilise geogenic U in sediments. Reduction and oxidation govern the 

groundwater geochemistry of redox sensitive elements like Fe, N and U. Microbial 

denitrification is one of the best known processes. Different microorganisms (denitrifiers) 

use nitrate (NO3
-) as oxidizing agent (or electron acceptor) for the oxidation of e.g. dissolved 

organic carbon, hydrogen sulphide or elemental hydrogen (electron donors). Some 

autotrophic denitrifiers (e.g. Paracoccus denitrificans and Thiobbacillus denitrificans) are 

commonly found in groundwater aquifers (Carlson and Ingraham, 1996; Torrentó et al., 

2010). A prerequisite of this process is the absence of oxygen. Under anaerobic conditions in 

groundwater nitrate is reduced in several steps (eq. 1) to elemental nitrogen (N2), which 

requires ten electrons to reduce two NO3
- molecules.  

 

(eq. 1) NO3
− → NO2

− → NO + N2O → N2 (g)  

(eq. 2) 2 NO3
− + 10 e− + 12 H+ → N2 + 6 H2O 

 
Laboratory studies indicated that some denitrifiers (Thiobbacillus denitrificans and 

Geobacter metallireducens) couple the reduction of NO3
- with the oxidation of reduced U(IV) 

to U(VI) (eq. 3) (Beller, 2005). The results of this study were confirmed by other research 

projects performed on sediments and groundwater at former nuclear fuel or nuclear 

weapon production sites in the U.S. (Senko et al., 2005). 

(eq. 3) UO2(s) + 2/5 NO3
- + 12/5 H+ → 3 UO2

2+ + 1/5 N2 + 6/5 H2O 
 
An in-situ study conducted at a former nuclear fuel production site in the US found 

enhanced U mobilisation from polluted sediments to groundwater in the presence of NO3
- 

(Senko et al., 2002). The authors concluded that dissimilatory NO3
- reduction may have led to 

U(IV) oxidation (eq. 4). Lithotrophic iron sulphide (FeS) oxidation is coupled to the NO3
- 

reduction and could be coupled to the co-oxidisation of U(IV) to U(VI) (eq. 8). Further, it is 
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suggested that the intermediate products of the denitrification nitrite (NO2
-) and nitric oxide 

(NO) oxidise Fe(II) to Fe(III), which may itself oxidise U(IV) to U(VI) (eq. 5, 6 and 7) (Senko et 

al., 2002, Wu et al., 2010). The dissimilatory nitrate reduction to ammonia (DNRA) is 

mediated by dissimilatory iron-reducing bacteria (DIRB) and sulphate-reducing bacteria (SRB) 

such as Geobacter sp. and Desulfovibrio desulfuricans. Wu et al. (2010) studied the microbial 

processes involved in the oxidisation of formerly bio-reduced U(IV) in detail. They identified 

different DIRB species (Geobacter metallireducens, Anaeromyxobacter dehalogenans, and 

different Clostridia spp.) which oxidise U(V) rapidly in the presence of NO3
-. Also iron-

oxidizing bacteria (FeOB) (Thiobacillus denitrificans) can couple the oxidation of elemental 

sulphur, H2S and Fe(II) to the denitrification and co-metabolic oxidization of U(IV) (eq. 9 and 

10). It was also found that re-reduction of formally oxidised sediments leads to an increased 

mobilisation of Fe(II) and U(VI), due to the release of adsorbed U to Fe(III) oxides. These 

studies describe a microbiologically induced U oxidation from contaminated sediments at 

former nuclear fuel production sites with U concentrations up to 1800 mg U kg-1. Nitrate 

concentrations injected to these sediments ranged between 120-1200 mg L-1. These 

concentrations are considerably higher when compared to the U content of natural rocks 

and sediments (1-10 mg kg-1) and the NO3
- concentrations found in groundwater in areas of 

intense agriculture. Nevertheless, the dissimilatory oxidation of geogenic U(IV) followed by 

nitrate reduction cannot be excluded in natural systems affected by anthropogenic NO3
- 

pollution of groundwater.  

Coupled U(IV) and Fe(II) oxidation reactions (Wu et al., 2010)     ΔG0, kJ/mol 

(eq. 4) UO2(s) + 2/5 NO3
- + 12/5 H+ → UO2

2+ + 1/5 N2 +6/5 H2O   -66.2 

(eq. 5) UO2(s) + 2/3 NO2
- + 8/3 H+ → UO2

2+ + 1/3 N2 +4/3 H2O   -106.9 

(eq. 6) UO2(s) + 2 Fe3+ → 2Fe2+ + UO2
2+      -70.32 

(eq. 7) UO2(s) + 2 Fe(OH)3 + 6H+ → 2 Fe2+ + UO2
2+ + 6 H2O    -129.56 

(eq. 8) FeS + 9/5 NO3
- + 8/5 H2O → Fe(OH)3 + SO4

2- + 9/10 N2 + 1/5 H+   -768.79 

(eq. 9) Fe2+ + 1/5 NO3
- + 12/5 H2O → Fe(OH)3 + 1/10 N2 + 9/5 H+    -97.87 

(eq. 10) Fe2+ + 1/3 NO2
- + 7/3 H2O → Fe(OH)3 + 1/6 N2 + 5/3 H+    -118.32 

 
 Respective indications were given by Gates et al. (2009), who found elevated Se and 

U concentrations in groundwater and surface water in the downstream watershed of the 

Lower Arkansas river (USA)  intensively used for cropping production in comparison to the 
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extensively used upstream watershed area. Selenium and U are found in high concentrations 

in the sediments, which contain shales from the Cretaceous period known to be geogenically 

rich in Se and U. The correlation of both toxic elements with NO3
- is interpreted as 

microbiologically induced redox processes governed by denitrification of NO3
- and the 

following couples oxidation of immobile U(IV) to mobile U(VI) and immobile Se(IV) to mobile 

Se(VI).  

 So far nothing is known about the oxidation of geogenic U(IV) as a result of NO3
- 

reduction in sediments which are not anthropogenically polluted with U, or geogenically rich 

in shale-derived U. Since NO3
- is a common anthropogenic pollutant of groundwater, this 

possibly fertiliser-induced microbiological mobilisation pathway should be studied in future 

research projects (see Conclusion, chapter 6).  
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Abstract 

A peninsula in Rio Grande do Sul (southern Brazil) has been known to be influenced by the 

immissions of a phosphorus fertilizer factory since four decades. As other industries are 

assumed to affect the spatial distribution of metals at this site as well, this study was 

conducted to identify and differentiate between potential contamination sources and their 

impact on accumulation of environmentally relevant elements in soils and groundwater. The 

concentrations of major elements (Al, Ca, Fe, K, Mg, Na, and P) and heavy and trace metals 

(Cu, Co, Ni, Nb, Pb, Sr, Th, U, V, Zn, and rare earth elements including Y (REY)) were 

determined in top and sub soils and groundwater along a transect. High enrichment factors 

for all trace metals in the top soil showed a strong contamination at the site of the factory. A 

petroleum refinery and a wood preservation factory were identified as potential sources for 

Ni, V, Cu, and As accumulation in soils. Phosphorus fertilizer samples used in southern Brazil 

were analyzed to explore coherences with metal emission patterns potentially released by 

processing of the rock phosphate. High variation coefficients of all metal concentrations in 

fertilizers indicate different origins and show the potential contamination hazard for soils 

through agricultural fertilization. The REY patterns of the fertilizers allowed for the 

identification of the sedimentary or igneous origin of the phosphate rock used for fertilizer 

production. The REY patterns of top soil in the vicinity of the factory confirm that the 

fertilizer factory is a major source of contamination in the surrounding environment. 

Keywords: southern Brazil, soil contamination, fertilizer factory, phosphorus fertilizer, heavy 

metals, rare earth elements, trace elements 
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Zusammenfassung 

Schwermetallgehalte in Böden im Umfeld einer Düngerfabrik in Südbrasilien 

Eine Halbinsel in Rio Grande do Sul (Südbrasilien) wird seit vier Jahrzehnten durch die 

Immissionen einer Fabrik zur Herstellung von Phosphordüngemitteln beeinflusst. Diese 

Studie hatte zum Ziel, diese und andere industrielle Kontaminationsquellen in Ober- und 

Unterböden und Grundwasser zu identifizieren und ihren Einfluss auf die räumliche 

Verteilung von Hauptelementen (Al, Ca, Fe, K, Mg, Na und P) und Schwermetallen bzw. 

Spurenelementen (Cu, Co, Ni, Nb, Pb, Sr, Th, U, V, Zn und Seltene Erd-Elemente inklusive Y 

(REY)) zu untersuchen. Hohe Anreichungsfaktoren aller Spurenelemente in der Nähe der 

Fabrik belegen eine starke Kontamination durch die Düngemittelproduktion. Weiterhin 

wurden eine Holzimprägnierungsfabrik und eine Erdölraffinerie als mögliche 

Emissionsquellen von Cu und As bzw. V und Ni identifiziert. Hohe Variationskoeffizienten der 

Spurenmetall-Konzentrationen in Düngemitteln aus Südbrasilien kennzeichnen deren 

unterschiedliche Herkunft. Durch Untersuchung der REY-Muster der Düngemittel und Böden 

konnte die sedimentäre oder magmatische Herkunft identifiziert werden. Die Dünger zeigen 

Zusammenhänge mit Emissionsmustern der Elemente, die bei der Rohphosphat-

Verarbeitung freigesetzt wurden und weisen die Düngemittelfabrik als Hauptverursacher der 

Kontamination der näheren Umgebung aus. Entsprechend kann auch landwirtschaftliche 

Düngung zum Eintrag von Schwermetallen in Böden führen. 

 

Schlüsselworte: Südbrasilien, Bodenkontamination, Düngemittelfabrik, Phosphor-

Düngemittel, Schwermetalle, Seltene Erden, Spurenelemente 
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Introduction 

Chemical production sites are known as potential emitters of organic and inorganic 

contaminants, which may pollute the environment. The understanding of the dispersion and 

spatial distribution of the emitted substances from any kind of factory is important to assess 

the risk of environmental pollution. Fertilizer production is among these potential sources of 

environmental pollution, which has to be controlled and regulated by the industry (FAO, 

2004). For example, the release of silicon tetrafluoride (SiF4), hydrogen fluoride (HF), and 

particulates composed of fluoride and phosphate material has to be minimized in phosphate 

processing factories (USEPA, 1995). Standard quality of emission for the release of fluorine 

at the reaction unit of a factory should not be higher than 30 mg m-3 (FAO, 2004). Besides 

fluorine, sulfur dioxide, nitrogen dioxide, and the total particle release from phosphorus (P) 

fertilizer factories, a regulation of other hazardous trace elements (heavy metals, 

radionuclides, rare earth elements, and other trace elements) does not exist. The production 

of P fertilizers requires rock phosphates as raw material, which can be found as a mixture of 

fluorapatite Ca5(PO4)3F, hydroxylapatite Ca5(PO4)3(OH), chlorapatite Ca5(PO4)3Cl, and 

francolite Ca10(PO4)6–x(CO3)x(F,OH)2+x. The rock phosphate has to be ground and treated with 

concentrated sulfuric or phosphoric acid for the destruction of the calcium phosphate 

mineral to extract the final product P fertilizer and the by-product phosphogypsum (PG). 

 Rock phosphates contain trace elements in a range of 1 to 100 mg kg-1 Cd, 70 to 110 

mg kg-1 Cr, 1 to 1000 mg kg-1 Cu, < LLD (lower limit of detection) -117 mg kg-1 Ni, < LLD -45 

mg kg-1 Pb, 4 to 1000 mg kg-1 Zn, 710 mg kg-1 F, and 8 to 220 mg kg-1 U (Malavolta, 1994; Da 

Conceicao and Bonotto, 2006; Kratz et al., 2008). Depending on the origin of the rock 

phosphates mineral fertilizers show trace element concentrations in a range of < LLD -58.8 

mg kg-1 Cd, 10.4 to 72.7 mg kg-1 Cr, 1 to 183 mg kg-1 Cu, 5 to 26.9 mg kg-1 Ni, 0.6 to 30.7 mg 

kg-1 Pb, 8.8 to 181 mg kg-1 Zn, and 39.7 to 206 mg kg-1 U (Hamamo et al., 1995; Camelo et al., 

1997; Abdel-Haleem et al., 2001; McBride and Spiers, 2001, Smidt et al., 2011b). 

 Phosphogypsum (PG) is usually deposited, but is also used for liming of tropical 

arable soils in Brazil. PG contains high concentrations of Cd (15 mg kg-1), Cu (32 mg kg-1),Ni 

(43 mg kg-1), Sr (963 mg kg-1), Zn (263 mg kg-1), U (135 mg kg-1), and of the radionuclides 

226Ra, 40K and U (Perez-Lopez et al., 2007; Abril et al., 2009). Its use for agricultural 

practices as a soil amendment is banned in the US since 1992 unless the Ra activity is lower 

than 370 Bq kg-1 (USEPA, 1999). 
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 The minimization of the total loads of trace elements by agricultural fertilizer 

application to arable fields are discussed worldwide and many countries developed limits for 

certain heavy metals in fertilizers (USEPA 1999, DÜMV 2008). Phosphorus fertilizer-derived 

pollutants may reach the food chain by cropping and carry-over into dairy products, or 

leaching into groundwater resources. The diffuse pollution pathway of trace element co-

application by fertilizers is intensively discussed in the scientific community (Rogasik et al., 

2008; Kratz et al. 2008; Tunney et al., 2009; Smidt et al., 2011a and 2011b). 

 The cumulative load of gaseous and particulate pollutants from a P fertilizer factory 

into the neighboring environment can be considerably high. Elevated concentrations of toxic 

elements (Hg, F, Cd, and As) were found in soils and waters around a P fertilizer factory on a 

peninsula close to the city of Rio Grande (southern Brazil) (Mirlean et al., 2003a; 2003b; 

2006, and 2007). This study site has been known to be strongly influenced by the emissions 

from a P fertilizer factory since 40 years. However, so far nothing is known about the input 

of other rock phosphate-derived trace elements into the environment at this site. In this 

study the concentrations of numerous trace elements in soils and groundwater, potentially 

released from the P fertilizer factory in Rio Grande have been investigated. Additionally a 

collection of fertilizers traded in southern Brazil was analyzed to identify possible 

contaminants in the products and to source the sedimentary or igneous origin of the raw 

material. It was tested if coherences between emission patterns released by the factory 

through particulate emission enable to identify the origin of the processed phosphate rock 

type. 

 

2 Materials and methods  

2.1 Study area 

The study site is located on a peninsula “Superporto” in the Patos Lagoon estuary in the 

vicinity of the city of Rio Grande in the federal state of Rio Grande do Sul (RS) – Brazil (Figure 

1). This peninsula is part of a Holocene barrier-lagoon system having very fine-grained 

quartoze beach sands, derived probably from the inner continental shelf. The overall 

geological setting of the study area consists of Paleozoic and Mezozoic sedimentary and 

volcanic rocks of the Paraná Basin in the northern part of RS and the igneous and 

metamorphic rocks of the Precambrian shield in the southern part of RS (Tomazelli et al., 
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2000). The subtropical oceanic climate with an average annual precipitation of 1300 mm and 

prevailing wind directions from North-Northeast in summer and South-Southwest in winter 

formed a dune sand vegetation with different grass species in the north of the peninsula. 

Only small areas are used as pasture for cattle grazing and eucalyptus plantations can be 

found randomly. The southern end of the peninsula is directly influenced by the oceanic sea 

spray and brackish groundwater, which is shown by the halophyte plant community at this 

site (Mirlean and Roisenberg, 2006). 

 The soil is a sandy soil with low organic carbon content, which is influenced by the 

groundwater level at 1 to 2 m depth forming anoxic gleyic soil conditions, identified through 

the typical Fe(III)-rich oxidized horizon (Go) and the anoxic reduced horizon (Gr). At the 

southern part of the peninsula the groundwater is influenced by diurnal tidal changes, 

resulting in temporal water logged conditions. A container freight terminal, a shipyard, a 

wood factory and a rural settlement are located at the southern part and one rural 

settlement at the northern part of the 11.5 km long peninsula. 

2.2 Sampling 

In 2008 soil samples (N = 21) were taken at seven sites along a transect from North to South 

across the production site from different depths (0 to 10, 10 to 40, and 40 to 100 cm; Figure 

1). Corresponding to the location of the P fertilizer factory (km 0) one soil sampling point is 

located in northern direction (km -1.1) of and five soil samples were taken southwards (km 

1, km 1.9, km 5.1, km 6.3, km 9.3). The North-South transect across the fertilizer factory was 

chosen to determine the distribution of pollutants potentially released by the factory 

effected by seasonal changes in the prevailing wind direction. The spatial distribution of the 

sampling sites follows the transect studied by Mirlean and Roisenberg (2006 and 2007). In 

this study the selection of the seven sampling sites was based on the results of the named 

authors, who showed increased Cd and As concentration in top soils (N = 19) at the factory 

site with decreasing concentrations towards km 5.1 and increasing concentration of As at 

the southern end of the peninsula. In our study the soil horizons were opened with a shovel 

to a sampling depth of 100 cm to study the vertical distribution of trace elements in soils. 

The time consuming sampling procedure did not allow opening more than seven horizons at 

one day. Samples were taken with a stainless steel knife out of the different horizons and 

stored in polyethylene (PE) bags. The groundwater level depths varied along the transect 
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and samples could only be collected at the sampling points km -1.1, km 0.9, km 6.1, and km 

9.3. After the opening of the soil horizon the pit was cleaned and the groundwater was 

sampled with PE bottles after sedimentation of dispersed soil particles. 

 Phosphorus fertilizer samples (N = 39) traded in southern Brazil in 2007 and 2008 

were collected to determine typical trace element concentrations of local products. Out of 

the 39 samples 29 are multi component fertilizers (13 NPK, 11 NP, and 5 PK) and 10 straight 

P fertilizers (4 single-superphosphate and 6 triple-superphosphate). Phosphorus contents 

vary between 14 to 52 %. 

 

Figure 1: Sampling site on the peninsula South of Rio Grande (southern Brazil) showing the spatial 
distribution of seven sampling points and the location of a P fertilizer factory (1), a wood factory 
(2), a container freight terminal (3), a ship yard (4), and a petroleum refinery (5) (map modified 
after Mirlean and Roisenberg, 2006). 

2.3 Sample preparation and chemical analysis 

The collected soil samples were air-dried and stored in plastic bags. The samples were sieved 

(2 mm) and ground in an agate ball mill to a particle size of < 20 μm and dried overnight at 

105 °C before further chemical treatment. For the determination of the total elemental 

content the procedure for trace element analyses described by Dulski (1994 and 2001) and 
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Alexander (2008) was used. 100 mg of each sample was digested with 3 ml of HCl, 1 ml HNO3 

and 1 ml HF (all acids used are concentrated and suprapure grade) for 16 hours at > 180 °C in 

a closed acid pressure digestion system (Picotrace). Prior to the analyses the acids were 

evaporated in the open teflon vessel at a temperature of 120 °C. The evaporation step was 

repeated two times with 5 ml HCl for the complete evaporation of fluoride complexes, which 

affect the rare earth element analysis. The final sample solution was taken up in 50 ml of 

0.5M HCl. The groundwater samples were filtered with 0.2 μm cellulose acetate filters 

immediately after the sampling. The groundwater samples were acidified with concentrated 

suprapure HNO3 to pH 2. 

The fertilizer samples (N = 39) were hand-ground with a mortar and pestle and together with 

two certified P rock standard reference material (NIST 120b and NIST 694) dried overnight at 

105 °C, and then digested by microwave (MLS Start 1500). The samples (0.05 g) were 

extracted with aqua regia (3.6 ml concentrated HCl and 1.2 ml concentrated HNO3) at 

constant temperature of 210 °C for 60 minutes. Filtered samples were diluted to 100 g with 

de-ionized water. 

2.4 Analytical procedures 

Trace element concentrations in soil and fertilizer samples were determined in a 0.5M HNO3 

matrix with a Perkin-Elmer/SciexElan Model 5000 inductively coupled plasma mass 

spectrometer (ICP-MS) following the procedures of Dulski (2001). Beside the trace elements 

Cd, Co, Ni, Nb, Pb, Sr, Th, U, and Zr, the rare earth elements La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, 

Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y (REY) were analysed via ICP-MS. The major elements Al, K, 

Fe, Ca, Na, Mg, and P and the trace elements Zn and V contents were determined using an 

inductively couple plasma optical emission spectrometer (Spectro Ciros Vision – ICP-OES). 

The Cu concentrations in the soil samples were determined using cathodic stripping 

voltammetry (Metrohm 757 VA Computrace). The accuracy of the measurements was tested 

using certified reference material (BHVO-2, NIST 120b, and NIST 694). The pH value of the 

soils was measured in 0.01 M CaCl2 with a 1:5 soil to solution ratio according to ISO 10390. 

Major and trace element concentrations in groundwater samples were analyzed via ICP-MS 

and ICP-OES. Additionally the pH was measured and the anion concentrations (F-, Cl-, NO3
-, 

and SO4
2-) were determined using ion chromatography (Metrohm IC 462). 
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2.5 Statistical analysis and calculation of enrichment factors for trace elements  

The statistical description of the dataset, including mean, minimum, maximum values, and 

standard deviation was carried out with SPSS 12. 

 The evaluation of the enrichment of the investigated trace elements in the top soils 

along the transect cannot be done with simple calculation of the top soil/sub soil quotients. 

The different geochemical behavior and the multiple sources of the trace elements require 

different calculation of the trace element enrichment factors (EFTE). Therefore a modified 

calculation model based on methods by Zoller et al. (1974) and Reimann and Caritat (2000) 

was used. The concentration of the trace element at the site X is devided by the 

concentration of the trace element at the control site (ctrl). In addition, these values are 

normalized to a “conservative” element (Zr), which is not anthropogenically enriched in top 

soils along the transect. 

 

EFTE = (conc(TE)X/conc(Zr)X)/(conc(TE)ctrl/conc(Zr)ctrl)  

 

with EFTE = enrichment factor for a certain trace element 

conc(TE)x = concentration of trace element in top soil at sampling point x 

conc(TE)ctrl = concentration of trace element in top soil at sampling point km 5.1 

conc(Zr)X = concentration of zirkonium in top soil at sampling point x 

conc(Zr)ctrl = concentration of zirkonium in top soil at sampling point km 5.1 

 

3 Results and Discussion 

3.1 Major and trace elements in P fertilizers traded in Brazil 

All Brazilian P fertilizers analyzed in this study show typical ranges of major and trace 

element concentrations. The mean, median, minimum and maximum concentration of P2O5, 

K2O, Ca, Fe, Al, Mg, and Na are given in Table 1. High variation coefficients (RSD) between 41 

to 210 % indicate the broad concentration range in the studied P fertilizers. The results in 

Table 1 and 2 are separated into two classes, which represent a sedimentary (s) (N = 34) and 

igneous (i) (N = 5) origin of the raw phosphate material. The identification of different 

geological origin of the raw phosphates is based on the different geochemical composition 

of the rare earth elements in the two sources (see section 3.5). 
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The mean, median, minimum and maximum concentrations of trace elements (Sr, Zn, V, Ce, 

U, La, Ni, Zr, Cd, Pb, Nb, and Th) are listed in Table 2. While high mean concentrations of the 

potentially environmental harmful heavy metals Zn (306 mg kg-1), U (78 mg kg-1), Ni (33 mg 

kg-1), Cd (16 mg kg-1), and Pb (6.9 mg kg-1) were found in fertilizers of sedimentary origin, the 

mean concentrations of these elements are low in fertilizers of igneous origin (12 mg Zn kg-1, 

2 mg U kg-1, 7.7 mg Ni kg-1, < LLD mg Cd kg-1, and 2.9 mg Pb kg-1). In contrast other trace 

elements were determined in higher mean concentrations in P fertilizers of igneous origin 

(1588 mg Sr kg-1, 566 mg Ce kg-1, 317 mg La kg-1, and 18 mg Nb kg-1) in comparison to 

fertilizers of sedimentary origin (309 mg Sr kg-1, 35 mg Ce kg-1, 28 mg La kg-1, and 1.3 mg Nb 

kg-1). Such variation in trace element contents of fertilizers in relation to the geogenic origin 

of the material is confirmed by a study from Niedergesäss et al. (1992), who analyzed 

mineral fertilizers processed from either igneous or sedimentary P rock sources. A 

comparison of the values of this study with concentrations in P fertilizer products traded in 

Table 1: Concentrations of major components (P2O5, K2O, Ca, Fe, Al, Mg, and Na) in % in fertilizer 
samples with sedimentary (s) (N=34) and igneous (i) (N=5) origin with a P2O5-content of > 5 % 
traded in southern Brazil in 2007 and 2008 
  P2O5 K2O Ca Fe Al Mg Na 

  s i s i s i s i s i s i s i 

Mean 29 35 9.9 3.0 8.9 1.0 0.63 0.26 0.56 0.31 0.51 0.06 0.36 0.26 

Median 22 34 2.2 0.14 8.9 0.6 0.54 0.33 0.42 0.35 0.28 0.07 0.32 0.21 

RSD (%) 48 45 131 210 83 114 79 60 72 41 99 61 55 64 

Minimum 14 18 0.05 0.13 0.16 0.17 0.06 0.03 0.13 0.15 0.09 0.03 0.12 0.06 

Maximum 53 51 58 14 22 2.9 1.9 0.40 1.6 0.42 2.58 0.12 1.13 0.51 

 
Table 2: Concentrations of selected trace elements (Sr, Zn, V, Ce, U, La, Ni, Zr, Cd, Pb, Nb, and Th) in 
mg kg-1 in fertilizer samples with sedimentary (s) (N=34) and igneous (i) (N=5) origin with a P2O5-
content of > 5 % traded in southern Brazil in 2007 and 2008 
  Sr Zn V Ce U La 

  s i s i s i s i s i s i 

Mean 309 1 588 306 12 118 105 35 566 78 2 28 317 

Median 237 241 235 12 102 116 15 385 61 2.9 20 165 

RSD (%) 93 196 79 34 43 17 119 102 74 64 83 131 

Minimum 0.16 72 44 8.0 63 85 0.05 54 0.01 0.25 0.06 24 

Maximum 1 072 7 148 1 005 16 229 116 171 1 558 200 3.5 93 1 048 

  Ni Zr Cd Pb Nb Th 

  s i s i s i s i s i s i 

Mean 33 7.7 20 22 16 <LLD 6.9 2.9 1.3 18 5.5 11 

Median 25 8.4 18 16 9.7 <LLD 4.0 1.3 0.6 19 3.7 16 

RSD (%) 58 24 52 63 98  107 114 119 67 98 76 

Minimum 0.35 5.1 0.21 7.7 1.3 <LLD 0.32 0.59 0.01 0.25 0.01 0.13 

Maximum 82 9.7 57 44 56 <LLD 31 8.5 6.8 30 20 19 

LLD = lower limit of detection 
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Germany (Smidt et al., 2011b) shows that Brazilian fertilizers contain distinctly higher mean 

concentrations of P2O5 , Cd, and U. The high concentrations of heavy metals (Zn, U, Ni, Cd, 

and Pb) in the analyzed fertilizers indicate the potential contamination hazard for arable 

soils which receive regularly applications. 

3.2 Major and trace elements in top and sub soils 

The mean, minimum, maximum, and variation coefficient (RSD) of major elements in the top 

soils of the seven sampling sites along the transect are given in Table 3. The broad ranges of 

all major element concentrations reflect the variation of top soil element contents along the 

sampled transect. Especially P and Ca, which are the main components of apatite rock 

phosphates, show extreme maximum concentrations of 5225 and 15035 mg kg-1 in 

comparison to the mean concentrations (1095 mg P kg-1 and 4318 mg Ca kg-1). The mean, 

minimum, maximum, and variation coefficient (RSD) of trace elements (Sr, Zn, V, Ce, U, La, 

Ni, Zr, Cu, Pb, Nb, Th, and Co) (Table 4) show a high variation in the top soils along the 

investigated transect, which is especially pronounced for Sr, La, Ce, Zn, Nb, Th, and U. 

 

Table 3: Concentrations of major components (P, K, Ca, Fe, Al, Mg, and Na) in seven top soils from 
southern Brazil (mg kg-1) 
 P K Ca Fe Al Mg Na 
Mean 1 095 5 498 4 318 4 532 13 097 510 3 199 
Median 398 4 977 3 180 4 072 15 658 540 2 660 
RSD (%) 170 36 112 68 43 72 49 
Minimum 80 3 245 1 200 1 726 6 109 113 1 683 
Maximum 5 225 8 675 15 035 10 267 19 438 1 121 5 912 

 

Table 4: Concentrations of selected trace elements (Sr, Zn, V, Ce, U, La, Ni, Zr, Cu, Pb, Nb, Th, and 
Co) in seven top soils from southern Brazil (mg kg-1) 
 Sr Zn V Ce U La Ni Zr Cu Pb Nb Th Co 
Mean 62 38 12 15 1.1 7.8 2.3 33 8.6 7.3 4.5 1.7 1.4 
Median 41 19 11 10 0.5 5.3 1.6 37 5.9 6.7 2.1 1.1 1.2 
RSD (%) 83 132 53 120 131 115 74 18 76 58 136 92 74 
Minimum 27 9 5.0 2.9 0.32 2.2 0.79 25 2.0 3.5 1.2 0.47 0.51 
Maximum 168 151 23 57 4.3 28 5.0 39 18 15 18 5.0 3.3 

 

 The spatial distribution of P (Figure 2a) along the sampled transect on the peninsula 

shows the highest concentration of 5225 mg kg-1 in the top soil close to the production site 

(km 0). From here decreasing concentrations with increasing distance to the P fertilizer 

factory were found. In the distance of -1.1 and 1 km the concentration of P is still strongly 
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elevated (1188 and 496 mg kg-1, respectively) when compared to the top soil in the distance 

of 9.3 km at the end of the penisula with 148 mg kg-1. A slight increase in top soil 

concentration at the sampling point at km 6.3 is a possible effect of P fertilization of pasture 

land used for cattle grazing. Calcium concentrations (Figure 2b) along the transect have also 

their maximum (15035 mg kg-1) at the factory site, where apatite rocks (CaPO4) are extracted 

by H2SO4 for P fertilizer production. The lowest concentration (1200 mg kg-1) was found in a 

distance of 1.9 km. The increasing influence of brackish groundwater causes an increasing Ca 

concentration in top and sub soils with increasing distance from the sampling point km 5.1 

towards the southern end of the penisula (km 9.3). The Mg concentration (Figure 2c) in the 

top soil is elevated at the factory site (774 mg kg-1), but the maximum concentration (1121 

mg kg-1) can be found at the northernmost sampling point (km -1.1). The elevated 

concentrations of Mg and Fe (Figure 2f) at the sampling km -1.1 are probably an effect of 

urban dust immision. Temporal water logged conditions cause a higher groundwater level at 

the southern end of the peninsula (km 6.3 and 9.3) which yields anoxic conditions and Fe 

oxidation along O2 gradients at plant roots and other macropores up to the top soil. The 

spatial distribution of K and Na (Figure 2d and 2e) along the sampled transect on the 

penisula also shows enrichment at the factory site (7532 mg K kg-1 and 4095 mg Na kg-1, 

respectively), but has the highest top soil concentrations (8675 mg K kg-1 and 5911 mg Na kg-

1,respectively) at the outermost sampling point (km 9.3) at the southern end of the penisula, 

due to the brakish groundwater influence. 

 The high concentrations of P and Ca (Figure 2a and 2b) in the top soil (0 to 10 cm) in 

comparison to the deeper soil layers at 10 to 40 cm and 40 to 100 cm at the factory site (km 

0) demonstrate the high P and Ca input to the soils by the P fertilizer production compared 

to the natural background concentration. The high load of P to the top soil and the acidic pH 

values of 4.7 enabled slight P leaching to deeper soil horizons as indicated by the small P 

peak at the factory site in the 10 to 40 cm soil layer. Potassium and Na (Figure 2c and 2d) 

show a different distribution in top and sub soils at the factory site compared to P. The 

higher mobility of the monovalent cations K and Na in comparison to the bivalent Ca and Mg 

in the soil column is reflected in the mostly equal distribution of the elements in top (0 to 10 

cm) and sub soil (10 to 40 cm and 40 to 100 cm) horizons. However, the sub soil 

concentrations of all major elements and P are elevated in the soil layer between 10 to 40  
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Figure 2: Spatial distribution of P (a), Ca (b), Mg (c), K (d), Na (e), and Fe (f) in top (0 to 10 cm) – and 
sub (10 to 40 cm and 40 to 100 cm) – soils (mg kg-1) in relation to the distance from a fertilizer 
factory (0 km corresponds to the factory position).  
 

cm at the factory site is comparison to the surrounding sub soils. The dislocated elements 

are sorbed to the iron-rich Go horizon, which is influenced by changing groundwater levels. 

 The spatial distribution of U (Figure 3a) along the sampled transect on the penisula 

shows the highest concentration of 4.3 mg kg-1 in the top soil close to the production site 

(km 0). With increasing distance to the P fertilizer factory decreasing concentrations were 

found. In the distance of 1 km the concentration of U is still elevated (0.9 mg kg-1) in 

comparison to the top soil in the distance of 9.3 km at the end of the penisula (0.5 mg kg-1). 

The lowest U concentration is found in 5.1 km distance (0.3 mg kg-1). The spatial 

distributions of Nb, La, Zn, and Pb (Figure 3b, 3c, 3d, and 3e) resemble that of U. The 

comparison of top soil and sub soil concentrations of trace elements demonstrate the 

enrichment in the uppermost horizon at the fertilizer factory. Niobium as a refractory 
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element, which is considered extremly immobile in soils (Kurtz et al., 2000), shows the 

strongest enrichment of the top soil in comparison to the sub soil at km 0 (Figure 3b) of all 

analysed trace elements. In comparison to Nb, elevated concentrations of U, Ni, Zn, Pb, and 

V are found in the iron-rich Go horizon (10 to 40 cm) at the fertilizer factory (km 0), which 

points to the vertical dislocation of these trace elements at this site. Lead can be found in 

slightly higher concentration inthe top soils along the whole transect in comparison to the 

sub soils, which possibly originates from the emission of leaded gasoline exhaust from cars 

until the 1990s. This pollution source may also have affected the increased top soil 

concentration of Pb (Figure 3e) at the northern end (km -1.1) of the penisula in the close 

vicinity to the city of Rio Grande. Copper was found to be increased in top soils at two 

sampling points along the transect. The potential sources are discussed in the following 

section. Due to analytical uncertainties the spatial distribution of Cd is not shown, but 

Mirlean and Roisenberg (2006) found elevated Cd concentrations in topsoils (9.3 mg kg-1) in 

the vicinity of the P fertilizer factory in comparison to the local background (0.03 mg kg-1). 

3.3 Variations of element enrichment factors  

Zirkonium (Zr) was chosen as the conservative element for normalization of the trace 

element enrichment factors (EFTE), since the concentration in the soil transect is practically 

exclusively influenced by geogenic sources. The mean concentration of Zr is 33.1 ± 6.1 mg kg-

1 in top soils and 27.7 ± 5.5 mg kg-1 in sub soils and its spatial distribution does not show any 

trend (Figure 3h). The sampling point at 5.1 km distance from the P factory is chosen as the 

control site. This location in the intermediate location between factory and ocean showed 

the lowest concentration for most of the observed trace elements. Only Cu is normalized 

against another control site (km 1.9), because Cu is assumed to have another pollution 

source besides the P fertilizer factory. A wood preservative factory is located at the southern 

end of the peninsula. While an EFTE value around 1 indicates no trace element enrichment in 

the top soil, values higher than 1.5 show a clear enrichment of trace elements by either 

anthropogenic activities or geological sources. Uranium (9.3), Nb (8.3), Zn (7.3), Ce (5.6), La 

(5.1), and Th (3.4) show high EFTE only at the factory site (Table 5), which indicates the 

fertilizer2.0factory to be a one point pollution source for these elements. The EFTE of Pb 

(2.9), Ni (3.7), Co (1.7), and V (2.0) also reflect an emission by the fertilizer factory, but the 

EFTE at the sampling point km -1.1 (1.9, 4.0, 3.8, and 2.2, respectively) give indications for  
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Figure 3: Spatial distribution of U (a), Nb (b), La (c), Zn (d), Pb (e), Ni (f), V (g), and Zr (h) in top (0 to 
10 cm)- and sub (10 to 40 cm and 40 to 100 cm) – soils (mg kg-1) in relation to the distance from a 
fertilizer factory (0 km corresponds to the factory position). 

 

other emission sources from the city of Rio Grande. A petrochemical refinery is located in 2 

km linear distance of the sampling point km -1.1 (Figure 1). Nickel and V are known to be 

emitted by oil refineries and a recent study conducted in the vicinity of the local production 

site showed four times higher Ni and V concentrations in the top soils close to the emission 
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source in comparison to the local background (Garcia et al., 2010). Another source of 

pollution of Ni and V could be the combustion of heavy residual fuel oils which typically 

contain 1 to 1000 mg kg-1 V and 3 to 345 mg kg-1 Ni (Russell et al., 2010). Heavy residual fuel 

oils also contain Co, but the concentration level is lower (7 to 3300 μg kg-1) in comparison to 

Ni and V (Russell et al., 2010). The elevated EFTE of Co, Zn, and Pb at the northern end of the 

transect are possibly derived from other industrial sources in the city of Rio Grande. The 

spatial distribution of EFTE for Cu shows two points of enrichment in the top soil on the 

peninsula. One is located at the fertilizer factory (8.9), the second one is located at the 

sampling point km 5.1 (11.6) and km 6.3 (6.4). At this sampling point a wood factory is 

located in approximately 500 m distance (Figure 1), possibly using chromated-copper-

arsenates (CCA) for wood preservation. The elevated concentrations of As in top soils 

reported by Mirlean and Roisenberg (2006) are most likely related to this contamination 

source, too. 

Table 5: Element enrichment factors (EFTE ) of trace elements in top soils from southern Brazil in 
relation to the distance from a fertilizer factory (TE concentration normalized to background and Zr 
concentration in top soils at km 5.3 (background for Cu at km 1.9)) 

Distance (km) Sr Zn V Ce U Nb La Ni Cu Pb Th Co 
-1.1 0.9 1.9 2.2 1.2 1.9 1.6 1.0 4.0 2.8 1.9 1.2 3.8 
0.0 3.9 7.3 2.0 5.6 9.3 8.3 5.1 3.7 8.9 2.9 3.4 1.7 
1.0 1.0 1.3 1.4 1.5 3.2 1.4 1.4 1.8 3.5 1.1 0.9 0.9 
1.9 0.7 0.5 0.5 0.3 0.8 0.6 0.4 0.7 1.0 0.8 0.3 0.7 
5.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 11.6 1.0 1.0 1.0 
6.3 1.7 1.3 1.5 1.1 1.0 1.7 1.0 2.1 6.4 1.6 1.0 1.7 
9.3 1.9 0.7 1.1 1.0 1.0 0.9 0.9 1.3 1.2 1.4 0.9 2.0 

3.4 Elemental composition of groundwater 

The analyses of groundwater did not show any significantly elevated trace element 

concentrations at the sampling points close to the fertilizer factory (km -1.1 and km 1). 

However, the results of anion analyzes show high nitrate, phosphate, fluoride, and sulfate 

concentrations (Table 6) at the sampling point at km +1. The highest NO3
- concentration was 

found at the northern sampling point at km -1.1, which is influenced by a rural settlement 

not connected to the urban waste water treatment system. The high Na, Sr, and Cl 

concentrations at the sampling points at km -1.1, 6.3, and 9.3 indicate the influence of 

brackish groundwater at these sites. A previous study conducted by Mirlean and Roisenberg 

(2006) on groundwater of the peninsula showed high concentrations of these anions in the 
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vicinity of the fertilizer production site, too. Here, Cd was found in correlation with ortho-

phosphate and nitrate with maximum concentration of 3.06 μg L-1 (background 0.06 μg L-1) 

in groundwater in the vicinity to the factory. 

Table 6: Concentrations of selected compounds (F-, NO3
-, PO4

3-; SO4
2-, Cl-, Na, and Sr) and pH values 

in four groundwater samples along a transect across the P fertilizer factory (km 0) in southern 
Brazil (mg L-1), (Groundwater could not be sampled at sites km 0, km 1.9, km 5.1 since the 
groundwater table was lower than 100 cm). 

Distance (km) F- NO3
- PO4

3- SO4
2- Cl- Na Sr pH 

-1.1 1.7 32.7 0.69 36 48 22 0.15 6.6 
1.0 7.6 11.5 15.8 143 8.1 6.5 0.16 5.0 
6.3 0.26 1.5 <LLD 0.36 38 21 0.16 5.9 
9.3 0.39 0.06 <LLD 0.61 112 57 0.43 6.5 

LLD = lower limit of detection 

3.5 Rare earth elements in soils and fertilizers 

The determination of rare earth elements and yttrium (REY) and the normalization of the 

REYSN concentrations against Post Achaean Australian Shale (sub-script ‘SN’ refers to shale 

(PAAS) normalized REE concentrations, Taylor and McLennan, 1989) enabled to identify the 

marine sedimentary or the igneous deposit source of the P rock used for the production of 

the P fertilizers used in Brazil. Of our 39 fertilizer samples, 5 could be identified as igneous P 

rock derived, while the remaining 34 were of marine sedimentary origin. This distribution 

ratio is consistent with the value of 87 % given in literature for a marine sedimentary origin 

of P fertilizers (Kratz et al., 2006). Figure 2 shows shale normalized REY patterns of three 

selected fertilizer samples from the analysed set of 39 samples. The sedimentary origin of 

fertilizer sample NPK 7_15_32 is indicated through the negative Ce and the positive Y 

anomaly, which are typical seawater features. The samples NP 15_52 and NP 20_20 both 

show the typical distribution patterns for igneous P rock deposits, indicated by a positive Eu 

and a slight positive Y anomaly. 

The REYSN pattern of the top soil sample at km 0 (Figure 4a and 4b) shows enrichment in REY 

elements, which confirms the results of the enrichment factor that the P fertilizer factory 

(km 0) is obviously the source of high REY emission. This also indicates that the factory has 

predominantly been processing rock phosphates of sedimentary origin. Nevertheless, high 

Nb concentration found at km 0 also gives indication for processing of rock phosphates of 

igneous origin. Igneous phosphate rock deposits are used in Brazil for Nb mining providing 

85 % of the worldwide Nb supply (Oliveira et al., 2011). Igneous P fertilizers  
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Figure 4a: REYSN patterns in four top soil samples (0-5 cm) from the Rio Grande peninsula (km 0, km 
1, km 5.1, and km 9.3) and three fertilizer samples traded in southern Brazil (NP 20_20, NPK 
7_15_13 and NP 15_52) 
Figure 4b: REYSN patterns in five different soil horizon samples (0-5, 5-10, 10-20, 20-40, and 40-100 
cm) from the Rio Grande peninsula taken at the P fertilizer factory (km 0)  

 

show also significantly higher Nb contents than fertilizers of sedimentary origin (Table 2). 

Since the factory has been processing fertilizers for 40 years (Mirlean and Roisenberg, 2006), 

it can be assumed that the rock phosphate sources fluctuate. Figure 4b shows the vertical 

REYSN patterns of the different soil horizons at the sampling point km 0. The positive 

europium (Eu) anomaly found in all analyzed top and sub soil samples along the transect 

originates probably from feldspar mineral content in the dune sand with arkosic composition 

(Tomazelli et al., 2000; Martins, 2003). 

 

4 Conclusion 

The study provides evidence for the release of numerous trace elements from a P fertilizer 

factory in Rio Grande (southern Brazil) by analyzing soil samples at different depth and at 

different distances to the factory and a set of typical fertilizer samples from the region. As P 

fertilizers contain high concentrations of elements with potential toxicity (U, Cd, Zn, Pb, Ni, 

Co, and F-) the risk of environmental contamination due to the uncontrolled particulate 

release of these elements is high at such production sites. The multi trace element analyzes 

of soils conducted in this study identified various industrial pollution sources emitting 

different trace elements which are spatially distributed along a North-South transect of the 

peninsula. Beside the P fertilizer factory, a refinery could be identified to emit Ni and V at 

the northern end of the peninsula. Furthermore, a wood factory possibly using chromate-
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copper-arsenates is assumed to be the source of elevated Cu (and As) concentration in top 

soils at the southern end of the peninsula. REYSN patterns of fertilizers in comparison to top 

soils allowed to distinguish between marine sedimentary or igneous rock sources used as 

raw material for the fertilizer production and are yet another manifestation of fertilizer 

factory-derived pollution of top soils at the investigated site. 

  

5 Acknowledgement 

We would like to thank the DAAD/CAPES program PROBRAL for the financial support of this 

study in Rio Grande do Sul (Brazil). Furthermore, we acknowledge the support of Laura 

Geracitano at the sampling sites, Michael Bau, Autun Purser, and the Geochemistry lab team 

for their support at different stages of the lab work and the manuscript. 

 

6 References 

Abdel-Haleem AS, Sroor A, El-Bahi SM, Zohny E (2001) Heavy metals and rare earth elements 
in phosphate fertilizer components using instrumental neutron activation analysis. Appl 
Radiat Isot 55:569-573 

Abril JM, García-Tenorio R, Manjón G (2009) Extensive radioactive characterization of a 
phosphogypsum stack in SWSpain : 226Ra, 238U, 210Po concentrations and 222Rn 
exhalation rate. J Hazard Mater 164:790–797 

Alexander BW (2008) Trace element analyses in geological materials using low resolution 
inductively coupled plasma mass spectrometry (ICPMS). Bremen : Jacobs Univ, 73 p, Techn 
Rep 18 

Camelo LGD, de Miguez SR, Marban L (1997) Heavy metals input with phosphate fertilizers 
used in Argentina. Sci Total Environ 204:245-250 

da Conceicao FT, Bonotto DM (2006) Radionuclides, heavy metals and fluorine incidence at 
Tapira phosphate rocks, Brazil, and their industrial (by) products. Environ Pollut 139:232-
243 

Dulski P (1994) Interferences of oxide, hydroxide and chloride analyte species in the 
determination of rare earth elements in geological samples by inductively coupled plasma-
mass spectrometry. Fresenius J Anal Chem 350:194-203 

Dulski P (2001) Reference materials for geochemical studies : new analytical data by ICP-MS 
and critical discussion of reference values. Geostandards Newsl 25(1):87-125 

DüMV – Düngemittelverordnung (2008) Verordnung über das Inverkehrbringen von 
Düngemitteln, Bodenhilfsstoffen, Kultursubstraten und Pflanzenhilfsmitteln 
(Düngemittelverordnung – DüMV) [online]. To be found at <http:// www.gesetze-im-
internet.de/bundesrecht/d_mv_2008/gesamt.pdf> [quoted 18.10.2011 



 Heavy metal concentrations in soils in the vicinity of a fertilizer factory in 
Southern Brazil 
 

34 
 

FAO (2004) The standard quality of emission for activities of fertilizer industry (Decree of the 
State Minister for Environment No. 133/2004 dated August 12, 2004) [online]. To be 
found at <http://faolex.fao.org/docs/pdf/ins52107.pdf> [quoted 18.10.2011] 

Garcia FAP, Mirlean N, Baisch PR (2010) Marcadorres metalicos como avaliacao do impacto 
cronico de emissoes petroquimicas em zona urbana. Quimica Nova 33(3):716-720 

Hamamo H, Landsberger S, Harbottle G, Panno S (1995). Studies of radioactivity and heavy 
metals in phosphate fertilizer. J Radioanal Nucl Chem 194:331-336 

Kratz S, Schnug E (2006) Rock phosphates and P fertilizers as sources of U contamination in 
agricultural soils. In: Merkel BJ, Hasche-Berger A (eds) Uranium in the environment : 
mining impact and consequences. Berlin : Springer, pp 57-67 

Kratz S, Knappe F, Rogasik J, Schnug E (2008) Uranium balances in agroecosystems. In: de 
Kok LJ, Schnug E (eds) Loads and fate of fertilizer-derived uranium. Leiden : Backhuys, pp 
179-190 

Kurtz AC, Derry LA, Chadwick OA, Alfano MJ (2000) Refractory element mobility in volcanic 
soils. Geology 28(8):683-686 

Malavolta E (1994) Fertilizantes e seu impacto ambiental micronutrientes e metais pesados : 
mitos, mistificaçao e fatos. São Paulo : ProduQuímica, 153 p 

Martins LR (2003) Recent sediments and grain-size analysis. Gravel 1:90-105 

McBride MB, Spears G (2001) Trace element content of selected fertilizers and dairy 
manures as determined by ICP-MS. Comm Soil Sci Plant Anal 32:139-156 

Mirlean N, Andrus VE, Baisch P (2003a) Mercury pollution sources in sediments of Patos 
Lagoon Estuary, Southern Brazil. Mar Pollut Bull 46:331-334 

Mirlean N, Andrus VE, Baisch P, Griep G, Casartelli MR (2003b) Arsenic pollution in Patos 
Lagoon estuarine sediments. Brazil Mar Pollut Bull 46:1480-1484 

Mirlean N, Roisenberg A (2006) The effect of emissions of fertilizer production on the 
environment contamination by cadmium and arsenic in southern Brazil. Environ Pollut 
143:335-340 

Mirlean N, Roisenberg A (2007) Fluoride distribution in the environment along the gradient 
of a phosphate-fertilizer production emission (southern Brazil), Environ Geochem Health 
29:179-187 

Niedergesäss R, Schnier C, Pepelnik R (1992) Analysis of fertilizer phosphates using reactor 
neutrons and 14MeV neutrons. J Radioanal Nucl Chem 168(2):317-328 

Oliveira Cordeiro PF de , Brod JA, Palmieri M, Gouveia de Oliveira C, Barbosa ESR, Santos RV, 
Gaspar JC, Assis LC (2011) The Catalão I niobium deposit, central Brazil : resources, 
geology and pyrochlore chemistry. Ore Geol Rev 41:112-121 

Perez-Lopez R, Alvarez-Valero AM, Nieto JM (2007) Changes in mobility of toxic elements 
during the production of phosphoric acid in the fertilizer industry of Huelva (SW Spain) 
and environmental impact of phosphogypsum wastes. J Hazard Mater 148:745-750 

Reimann C, De Cariat P (2000) Intrinsic flaws of element enrichment factors (EFs) in 
environmental geochemistry. Environ Sci Technol 34:5084-5091 



 Heavy metal concentrations in soils in the vicinity of a fertilizer factory in 
Southern Brazil 
 

35 
 

Rogasik J, Kratz S, Funder U, Panten K, Barkusky D, Baumecker M, Gutser R, Lausen P, 
Scherer HW, Schmidt L, Schnug E (2008) Uranium in soils of German long-term fertilizer 
experiments. In: de Kok LJ, Schnug E (eds) Loads and fate of fertilizer derived uranium. 
Leiden : Backhuys Publ, pp 135-146 

Russell NA, Graham J, Shields L, Miller P, Marin A (2010) Determination of sulfur and toxic 
metals content of distillates and residual oil in the state of New York : final report 10/31 
[online]. To be found at <http://www.nescaum.org/documents/nyserda-
determination_sulfur_toxic_metals-201012-final.pdf/view> [quoted 18.10.2011] 

Smidt GA, Hassoun R, Birke M, Erdinger L, Schäf M, Knolle F, Schnug E (2011a) Uranium in 
German tap and groundwater : occurrence and origins. In: Merkel B, Schipek M (eds) The 
new uranium mining boom : challenge and lessons learned. Berlin : Springer, pp 807-820 

Smidt GA, Landes FC, Carvalho LM de, Koschnisky A, Schnug E (2011b) Cadmium and 
uranium in German and Brazilian phosphorous fertilisers. In: Merkel B, Schipek M (eds) 
The new uranium mining boom : challenge and lessons learned. Berlin : Springer, pp 167-
175 

Taylor SR, McLennan SM (1985) The continental crust : its composition and evolution. 
Oxford: Blackwell, 312 p 

Tomazelli LJ, Dillenburg SR, Villwock JA (2000) Late quaternary geological history of Rio 
Grande do Sul Coastal Plain, Southern Brazil. Rev Bras Geociênc 30(3):474-476 

Tunney H, Stojanovic M, Popic JM, McGrath D, Zhang CS (2009) Relationship of soil 
phosphorus with uranium in grassland mineral soils in Ireland using soils from a long-term 
phosphorus experiment and a national soil database. J Soil Sci Plant Nutr 172 (2):346-352 

USEPA (1995) Compilation of air pollutant emission factors : vol I: background report AP-42 
SECTION 8.5: introduction to phosphate fertilizers [online]. To be found at 
<http://www.epa.gov/ttn/chief/ap42/toc_kwrd.pdf> [quoted 18.10.2011] 

USEPA (1999) Background report on fertilizer use, contaminants and regulations [online]. To 
be found at <http://www.epa.gov/oppt/pubs/fertilizer.pdf > [quoted 18.10.2011] 

Zoller WH, Gladney ES, Duce RA (1974) Atmospheric concentrations and sources of trace 
metals at the south pole. Science 183(4121):198-200 

 

 

 

 

 

 

 

 



 Heavy metal concentrations in soils in the vicinity of a fertilizer factory in 
Southern Brazil 
 

36 
 

  



 Chapter 3 - Publication 2 
 

37 
 

Chapter 3 - Publication 2 
 
 

Cadmium and uranium in German and Brazilian 
phosphorous fertilisers 

 

Geerd A. Smidt, Franziska C. Landes, Leandro Machado de Carvalho, Andrea 
Koschinsky and Ewald Schnug 

 

 

Published in: 

 

Merkel, B., Schipek, M. (eds.): 

The New Uranium Mining Boom: Challenge and lessons learned 

Springer Geology, Berlin Heidelberg, 167-175 (references updated) 

  



 Cadmium and uranium in German and Brazilian phosphorous fertilisers 
 

38 
 

Cadmium and uranium in German and Brazilian phosphorous 
fertilisers 

Geerd A. Smidt1, Franziska C. Landes1, Leandro Machado de Carvalho2, Andrea Koschinsky1, 
Ewald Schnug3 

 
1Jacobs University Bremen, Integrated Environmental Studies Program,  

Campus Ring 1, D-28759 Bremen,g.smidt@jacobs-university.de 

2Institute for Analytical Chemistry, Federal University of Santa Maria (UFSM),  

Campus Universitário, CP 5051, Santa Maria (RS), Brazil 

3Technical University Braunschweig, Department of Life Sciences, 

 Pockelsstr. 14, D-38106 Braunschweig 

 

Abstract 

A collection of phosphorous (P) fertilisers used in Germany (N = 75) and southern Brazil (N = 

39) was analysed for cadmium (Cd) and uranium (U). Both collections show high mean 

concentrations of Cd (12.0 and 18.6 mg/kg respectively) and U (61.3 and 70.16 mg/kg 

respectively), while maximum concentrations of 56 mg Cd/kg and up to 200 mg U/kg were 

found. Currently, up to 42 t Cd and 228 t U are distributed annually on German and 611 t Cd 

and 1614 t on Brazilian agricultural soils by mineral P fertilisers. 

 

Introduction   

Uranium (U) and cadmium (Cd) are natural heavy metals, which may impair biological 

systems by radioactivity (U) and chemical toxicity (U and Cd). The production of phosphorus 

fertilisers requires raw phosphate rock material, which originates to about 87 % from marine 

sedimentary sources (Kratz et al. 2008). Uranium, Cd and many other trace elements (Cd, Zn, 

Pb, Cu, Ni, Co, Sn, Cr, Hg, As, Sb, Th, Ra, Sr, Y, Rb, Mo, Se and many Rare Earth Elements) are 

enriched in these phosphates during deposition and diagenesis. Phosphate (P) rocks contain 

concentrations in a range of 23 - 220 mg/kg in general (Kratz and Schnug 2006) and 30 - 130 

mg/kg U in Brazilian P rocks (Saueia et al. 2005; da Conceicao et al. 2006; Santos et al. 2006). 

The pure raw phosphate is very water insoluble and for fertilisation requirements an 

industrial processing is needed. Phosphoric acid is produced by dissolving the P-rich apatite 

minerals with H2SO4, with phosphogypsum as a by-product. During this process the 

radionuclides U and Th and many heavy metals become enriched in the P fertiliser to about 
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150 % of the original value of the rock phosphate (Sattouf 2007). Since all uranium isotopes 

form very stable phosphate compounds, U concentrations are enhanced in the phosphoric 

acid, while radium isotopes are enriched in the by-product phosphogypsum. This by-product 

has no application in Germany, and the stockpiles of phosphogypsum are a radiological 

environmental concern, while in Brazil it is used for liming. The last step to produce a multi-

component fertiliser involves the reaction of phosphoric acid with ammonia to produce 

monoammoniumphosphate (MAP) and diammoniumphosphate (DAP), and with potassium 

chloride (KCl) to produce PK or NPK fertilisers. The production of singlesuperphosphate (SSP) 

and triplesuperphosphate (TSP) involves the reaction of phosphoric acid with phosphate 

rock which yields in a higher concentrated P fertiliser (Saueia et al. 2005; Kratz and Schnug 

2006). 

Several studies have indicated that the U content of P fertilisers increases with an 

increasing P2O5 content of the product (Spalding and Sackett 1972; Barisic et al. 1992). In P 

fertilisers U and Cd are abundant in higher concentrations favourably in phosphate fertilisers 

of sedimentary origin with concentrations of 0.1 - 362 mg/kg U and 0.1 - 60 mg/kg Cd (Birke 

et al. 2009; Aydin et al. 2010). Despite the voluntary self-restriction of the industry (IVA 

2010) to substitute sedimentary with magmatic rock phosphates at the end of 1984 to 

decrease the heavy metal loads to arable soils, there is no trend of decreasing U 

concentrations. In fact, the import of phosphates with low Cd and U contents decreased by 

33 % from 1997 to 2007, while the import of U rich phosphates (100 - 150 mg U/kg) from P 

rock deposits in Israel increased by 50 % (Heffer and Maene 2008). Also Sattouf et al. (2008) 

determined lower U concentrations in fertilisers with mineral P components produced in 

1974 - 1984 than from 1995 - 2005 by trend (Sattouf et al. 2008). As U and Cd contents are 

highly correlated in fertilisers due to their high affinity to phosphates, it can be concluded 

that the Cd content also did not decrease after 1984. Contrary to Cd, no legal labelling 

obligation or threshold limits exist for U concentrations in fertilisers, neither in Brazil nor in 

Germany.   

Under oxidizing conditions U(VI) forms complexes with carbonates, which are highly 

mobile in arable soils. The uncontrolled application of fertiliser-derived U might play a bigger 

role for the hazard of groundwater bodies in areas of intense agricultural production than 

the co-application of Cd, due to the high solubility of U and higher concentrations in 

fertilisers compared to Cd. 
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This study aims to compare the concentrations of Cd and U in German and Brazilian P-

containing fertilisers as well as to estimate and evaluate possible amounts and 

consequences of the high loads of these toxic elements to the agroecosystems.  

Cadmium and uranium in soils  

Naturally contents of U in soils range from < 0.4 mg U/ kg up to > 10 mg U/kg and < 0.5 mg 

Cd/kg up to > 3 mg Cd/kg (Scheffer and Schachtschabel 2002). Utermann and Fuchs (2008) 

mapped the U content in German top- and subsoils. They found the tendency of higher U 

content in topsoils compared to subsoils. The difference of the median values in forest and 

arable soil is 0.15 mg/kg U. This study agrees with the results of Salminen et al. (2005), who 

determined an enrichment factor of 1.2 for Northern German soils. Such enrichment was 

also found by Huhle et al. (2008), who detected a difference of 0.2 mg/kg U between arable 

and forest soils. The U content of topsoils is by trend higher than that of subsoils as is 

demonstrated by a general map of U in German soils (Utermann and Fuchs 2008). There is a 

striking difference of 0.15 mg/kg U between the median value for arable and forest soils. 

This value is in close agreement with the results of other research groups, in particular for 

Northern Germany (Huhle et al. 2008; Rogasik et al. 2008). 

In contrast to other environmentally relevant elements, for instance Zn and Cd, U 

complexes are highly mobile in agricultural soils under oxic conditions and especially in the 

presence of carbonate ions (Utermann and Fuchs 2008; Salminen et al. 2005; Sheppard et al. 

2005; Zheng et al. 2003). On average four times more U (0.06 - 3.9 µg/L) was found in 

percolation water under arable soils than under forest soils in Germany (0.006 - 0.5 µg/L) 

(Huhle et al. 2008). Cadmium, in contrast, was found to be on average four times more 

mobile under sandy forest soil (0.36 - 0.58 µg/L in percolation water) in comparison to sandy 

arable soil (0.09 - 0.13 µg/L in percolation water) (Duijnisveld et al. 2008). These results 

confirm the higher mobility of fertiliser-derived U in arable soils in comparison to Cd. 

Accumulation of fertiliser-derived Cd and U in soils  

The annual U load varies between 2.8 g U/ha if P is applied exclusively by organic fertilisers 

at rates following “Good Agricultural Practices” (GAP) (22 kg P/ha*yr) and 15 g U/ha if P is 

applied in mineral form according to GAP (Kratz et al. 2008). Rogasik et al. (2008) studied the 

influence of long-term P fertilisation on the accumulation of U in soils at 7 sites in Germany. 



 Cadmium and uranium in German and Brazilian phosphorous fertilisers 
 

41 
 

In all experiments P rates correlated with the increase of the U content in topsoils. The mean 

accumulation rate was 3.7 µg/kg*yr U with a range of variation from 1 to 15 µg/kg*yr U. The 

latter value is in close agreement with the rate of 14.5 µg/kg*yr U that has been calculated 

for the long-term field experiments in Johnston Castle/Ireland (Tunney et al. 2009). In 

contrast, accumulation rates reported for New Zealand and Australia are distinctly higher 

with 19-37 µg/kg*yr (Taylor and Kim 2008; Lottermoser 2009). The reason for this appear to 

be lower U leaching rates, while higher P rates or higher U concentrations in the fertiliser 

products proved to be no causes. A calculated accumulation rate of 6 µg/kg*yr U and a 

mean increase of the U content in soils of 0.32 mg/kg U is to be expected when estimated on 

the basis of U loads in the P balance. Rogasik et al. (2008) found, however, an average 

increase of 0.13 - 0.20 mg/kg U in different long-term field experiments in Germany if P was 

applied by reason of crop demand. It is suggested that U losses from soils by leaching are the 

reason for this persistent difference throughout this and other studies on U in soils 

(Utermann and Fuchs 2008; Huhle et al. 2008).   

It is estimated that a total amount of up to 13,333 t U and 4305 t Cd (Kratz et al. 

2011) has been applied with mineral fertilisers by German agriculture from 1951 to 2005. 

This equals a cumulative load of up to 1 kg U/ha and 0.30 kg Cd/ha (Kratz et al. 2011) on 

agricultural land. For comparison at the nuclear waste storage salt mine "Asse II" 102 t U are 

deposited in total (www.atommuell-endlager.de).  

 

Material and Methods 

Phosphorous fertilisers traded in Germany (N = 78) and Brazil (N = 10) were analysed for the 

element composition in the laboratories of the Institute of Plant Nutrition and Soil Science of 

the Federal Agricultural Research Center (FAL-PB, now the Institute for Crop and Soil Science 

of the Federal Research Centre for Cultivated Plants (JKI-PB)) and in the Geochemistry 

laboratory of the Jacobs University Bremen by common standard procedures for fertiliser 

analysis. For origin and analysis of the fertilisers from Germany detailed information are 

provided by Kratz et al. (2011) and Smidt (2011) The Brazilian phosphate fertiliser samples 

collected in southern Brazil were obtained from the laboratory LACHEM, Federal University 

of Santa Maria, RS. Both laboratories employed common standard procedures for fertiliser 

analysis.   
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Results and Discussion  

Cadmium and uranium in fertilisers  

The collections of Brazilian and German fertilisers analysed in this study show Cd 

concentrations in a range of <0.2 - >100 mg Cd/kg and U concentrations in a range of <1 - 

>200 mg U/kg (Table 1, 2). The average phosphorous concentrations are 30.1% in Brazilian 

and 22.8 % in German samples, with maximum concentrations up to 52.5 and 38.0 %, 

respectively. The Brazilian fertilisers show higher average and maximum concentrations for 

Cd (18.6 and 56.8 mg/kg, respectively) in comparison to the German fertilisers (12 and 34.8 

mg/kg, respectively). The Brazilian fertiliser collection was found to have a higher average U 

concentration of 70.6 mg/kg and maximum concentration of 200 mg/kg, whereas the 

German fertiliser collection had a comparable maximum U concentration of 206 mg/kg U 

and average U concentration of 61.3 mg/kg. The determination of rare earth elements and 

yttrium (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu) (REY) and the normalisation 

of the REY concentrations against Post Achaean Australian Shale (PAAS, Taylor and 

McLennan 1985) enabled to identify the marine sedimentary or the igneous deposit source 

of the P-rock used for the production of the P-fertilisers in Brazil. Of our 40 fertiliser samples, 

4 could be identified as igneous P-rock derived, while the remaining 36 were of marine 

sedimentary origin (Smidt 2011b). This distribution percentage is consistent with the value 

of 87 % given in literature for the origin of P-fertilisers from marine sedimentary P deposits. 

In 96 samples taken for fertiliser quality control by the German Fertiliser Ordinance (DüMV) 

of federal states in Germany in the framework of a joint project, the following results were 

obtained: 19 % of all samples showed a P2O5-content of < 5% and out of these samples 11 % 

had a Cd content of > 1 mg/kg Cd which are obliged to be labelled and 6 % contained more 

Cd than the limit value of 1.5 mg Cd /kg (DüMV 2008). The remaining 81 % of samples (N 

=78) had P2O5-contents of > 5% (Table1 ), with 23% out of these below the obligation to 

label threshold of 20 mg Cd per kg P2O5 and 48 % above the limit value of 50 mg Cd per kg 

P2O5 (DüMV 2008). The collection of Brazilian fertilisers analyses in this study contain to 98 % 

P2O5 higher than 5 % and 33 % of this group show Cd values below 20 mg Cd/kg P2O5. 44 % 

could not be traded on German market, as they were above the limit value of 50 mg Cd/kg 

P2O5. In Brazilian legislation P fertilisers can contain 4 mg Cd/ kg P2O5 in Brazil with the 

highest concentration limit of 57 mg Cd/ kg product (Ministry of Agriculture Brazil 2006). 



 Cadmium and uranium in German and Brazilian phosphorous fertilisers 
 

43 
 

Considering these values, only 4 fertilisers or 10 % of the analysed Brazilian fertilisers 

showed Cd concentrations above the maximum limit concentration of 4 mg Cd per kilogram 

P2O5 content. The main results of the fertiliser analyses are summarised in Table 1 and 2 for 

samples with a P2O5-content of > 5 %. A comparison of these values with U concentrations 

reported in literature for same fertiliser products traded in Germany (Kratz and Schnug 

2006) provided the following results (values for German products in brackets): Triple-Super 

219 (106), NP-fertilisers 95 (17), PK-fertilisers 92 (82), NPK-fertilisers 39 (5.9) mg U/kg and 

soft rock phosphates 55 (65). The results of this study indicate that the U concentrations in 

new fertiliser products traded in Germany presented were on an average 26 % higher than 

those reported in literature.  

Table 1. P2O5, Cd and U concentration in fertilisers with a P2O5-content of > 5 % which have been 
traded in Germany in 2007 (n = 78) and weighted mean values provided by Dittrich und Klose 
(2008) 

 P2O5 
(%) 

Cd 
(mg/kg) 

U 
(mg/kg) 

mg Cd/kg 
P2O5 

mg U/kg 
P2O5 

Meana 22.8 12.0 61.3 47.0 283 
Median 17.0 7.40 39.8 50.0 264 
Minimum 
Maximum 
Percentile 25 
Percentile 50 
Percentile 75 
 
Weighted mean values from 
Dittrich and Klose (2008)  
(n = 193)b 

5.00 
38.0 
10.8 
17.0 
40.0 
 
25.8 

0.11 
34.8 
2.89 
7.40 
20.2 
 
9.40 

0.73 
206 
11.7 
39.8 
87.4 
 
63.3 
 

0.24 
107 
18.0 
49.9 
67.1 
 
37.0 

6.39 
1713 
79.8 
264 
402 
 
245 

a note: Out of 78 samples 29 % had a Cd content above the obligation to label and 48 % exceeded the limit 
value.   
bnote: Out of 193 samples 41 % had a Cd content above the obligation to label and 17 % exceeded the limit 
value.   

 
A significant correlation was found between Cd and U content per kg P2O5, but the constant 

term of the regression is high with values of 86 and 106 so that in principle a Cd-free product 

will have a U content which is by far higher than suggested limit values. 

Fertiliser-derived Cd and U loads to German and Brazilian soils 

An actual conservative estimate delivered an average total amount of about 114 t U and 22 t 

Cd (Kratz et al. 2011) that are distributed annually on agricultural land in Germany by 

mineral phosphorus fertilisers. Under the assumption of “Good Agricultural Practices (GAP)” 
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with fertilisation rates of 22 kg P/ha, an average annual load of 1.4 g Cd/ha and 8.2 g U/ha is 

calculated (Kratz et al. 2011). 

The average phosphorous fertilisation in Brazil is 48 kg P2O5 per hectare (FAO 2004), 

which is in the same range as the amount of 50.4 kg P/ha used under the assumption of GAP 

in Germany. In Brazil, the amount of 2.9 g Cd/ha and 11.8 g U/ha is applied annually with 48 

kg P2O5/ha, which contain 61.5 mg Cd/kg P2O5 and 248.2 mg U/kg P2O5 in average (Table 2). 

Maximum loads of 9.1 g Cd/ha and 23.9 g U/ha are potentially applied annually, assuming 

maximum concentrations of 189 mg Cd/kg P2O5 and 498 mg U/ P2O5 (Table 2) in fertilisers. In 

the central  

Table 2. P2O5, Cd and U concentration in fertilisers with a P2O5-content of > 5 % which have been 
traded in Brazil in 2007 and 2008 (n =39) and weighted mean values taken from da Conceicao et al. 
(2006) 

 P2O5 
(%) 

Cd 
(mg/kg) 

U 
(mg/kg) 

mg Cd/kg 
P2O5 

mg U/kg 
P2O5 

Meana, b 30.1 18.6 70.6 61.5 248 
Median 21.5 10.8 59.9 52.0 283 
Minimum 
Maximum 
Percentile 25 
Percentile 50 
Percentile 75 
  
Weighted mean values 
from da Conceicao 
(2006) (n = 6) 

14.2 
52.5 
17.8 
21.7 
46.0 
 
42.7 

1.30 
56.8 
7.4 
10.8 
28.3 
 
2.17 

0.30 
200 
25.2 
59.9 
98.2 
 
65.2 
 

2.80 
189 
40.0 
52.0 
76.4 
 
6.64 

1.40 
498 
113 
283.1 
257 
 
190 

a note: Out of 39 samples, 4 had a Cd content above the Brazilian limit value for P-containing fertilisers of 4 mg 
Cd per percent of P2O5. 
bnote: Out of 39 samples 23 % had a Cd content above the obligation to label and 44 % ex ceeded the limit 
value.   

 
western areas of Brazil (Cerrado) the application of P2O5 is on average 76 kg/ha*yr, causing 

an average co-application of 4.7 (14.3) g Cd/ha*yr and 18.7 (37.9) g U/ha*yr (maximum 

loads). The soil in the Cerrado is extremely P deficient and special crops like potato are 

intensively fertilised using 433 kg P2O5/ha*yr, causing a potential load of 26.6 (81.68) g 

Cd/ha*yr and 106.6 (215.7) g U/ha*yr (maximum loads).     

In 2009, a total of 3.24 million tons of P2O5 were applied to arable land in Brazil 

(Gasques et al. 2009), so the calculated total loads of cadmium and uranium to Brazilian soils 

were in average 199 tons Cd and 798 tons U with a maximum 611 tons Cd and 1615 tons U. 

It is expected that the total usage of P2O5 will be increased to an amount of 5.36 million tons 
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in the year 2020 (Gasques et al. 2009). As a result the Cd and U loads would increase to an 

average of 330 tons Cd and 1319 tons U with a maximum of 1011 tons Cd and 2671 tons U.   

 

Conclusions 

As intensive agriculture in Germany and Brazil requires phosphorous fertilisation to maintain 

soil fertility and hence high quality food products, 50 kg P2O5 per hectare are fertilised in 

average in both countries annually. Our analyses on a representative selection of German 

and Brazilian phosphorous fertilisers has shown that due to the high Cd and U contents in 

the products, the calculated loads of Cd and U on arable soils indicate a significant 

contamination risk of the agroecosystems with these toxic heavy metals. The increasing 

worlds demand for food and energy plants as sugar cane provides a big economical 

opportunity for Brazil. To supply the worlds hunger for proteins and bio-ethanol 

intensification of cropping production and hence intensification of fertilisation is expected. 

While the hazard of Cd mobility and availability can be considered as moderate, the risk of U 

mobilisation from arable soils under oxic conditions in the presence of carbonate ions is high 

in Germany. Brazilian soils are often very acidic and carbonate free, so the mobilisation 

potential of U is lower than that of Cd. Nevertheless, as recent research indicates leaching of 

U from arable soils and presence of fertiliser-derived U in ground- and drinking water (Smidt 

et al. 2011), it is suggested that the uncontrolled loading of the toxic and radioactive heavy 

metal to soils should be regulated by state authorities, as it is done for cadmium.  
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Abstract  

This study presents data of uranium (U) concentrations in groundwater (N = 155) and tap 

water (N = 4092) to which 76 % of the entire German population has access. The mean U 

concentration was 0.68 µg/L, the median 0.50 µg/L. 3.7 % of all samples had U 

concentrations below the detection limits, which accounts for water to which 11.7 % of the 

entire population has access. 14.3 % of samples were above 2 µg/L U, 3.3 % above 10 µg/L U, 

representing an exposed population of 10.5 and 1.31 % respectively. The regional 

distribution of U concentrations largely agrees with the geological setting reported for 

mineral waters, however, in addition clear evidence for anthropogenic influence through 

agricultural activities were found in certain areas.  

 

Introduction 

Uranium (U) is an element of considerable environmental concern, due to its radioactive and 

toxic nature. Initiated by studies and publications on drinking water quality by European and 

German state authorities as well as private institutes (Foodwatch 2008; Schnug et al. 2008; 

Schulz et al. 2008; Alexander et al. 2009) U contamination in mineral and drinking water and 

the discussion of thresholds alignment has made the headlines in several newspapers and 

magazines since 2008 in Germany. A study by the European Food Safety Authority 
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(Alexander et al. 2009) pointed out that the exposure of infants to U from drinking water is 

3-times higher than for adults on the body weight basis. Uranium concentrations below 2 

µg/L in drinking water already induce 50 % of the tolerable daily intake of 0.6 µg per kg body 

weight per day (WHO 2005) for infants. 

The long-term diffuse input by agricultural activity has long been ignored as a 

possible way of U transfer to drinking water. In 2008, the Committee for Drinking Water 

(TWK 2008) of the German Environmental Agency (UBA) published a report focusing on U in 

drinking water, which points out the influence of agriculture on the introduction of U into 

the ecosystem. The TWK recommends an investigation of the possible impacts of 

phosphorous (P) fertilisers on U concentrations in shallow groundwater which is used as 

drinking water. P fertilisers originating from marine sedimentary phosphate rock deposits 

are naturally enriched with U in concentrations up to 220 mg/kg (Kratz et al. 2008). German 

fertilisers were found to contain U in range of 0.73 - 206 mg/kg, with a mean concentration 

of 61.3 mg U/kg (Smidt et al. 2011a).  

In addition to reports from literature (Schnug et al. 2008), meanwhile there exists 

further solid evidence that fertiliser-derived U contaminates groundwater and surface 

waters in Germany. The U concentration in German watercourses of agricultural areas 

proved to be about 10 times higher than in forest regions (0.08 and 0.8 µg/L U, respectively); 

the anthropogenic origin of U was reflected in higher factor values (principle component 

analyses) of the U-Se-Mg factor (Birke et al. 2008). A U content of  >2 µg/L U was measured 

for stream waters of the loess areas in the eastern and northern Harz foreland, the 

Thuringian valley and the northern parts of the upper Rhine valley, south of Mainz and the 

regions north of Stuttgart, and partly in Mecklenburg-Western Pomerania (Schnug et al. 

2008). In groundwater under arable land the U content was 3 to 17-fold higher than under 

forest soils (Huhle et al. 2008; Utermann and Fuchs 2008; Zielinski et al. 2000). The 

anthropogenic factor is underlined by elevated concentrations of other highly mobile 

elements applied regularly by fertilisation such as B, Mg and K. These elements deliver a high 

contribution in the multiple regression analysis conducted for the evaluation of origins of the 

U content in tap water (Schnug et al. 2008). In addition, it has been shown that a close 

relationship exists between the omnipresent anthropogenic groundwater pollutant nitrate 

and U in groundwater and drinking water (Schäf et al. 2007; Popit et al. 2004). This paper 

reports on the U content in 4092 tap waters and 155 groundwaters from Germany collected 
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by several research groups over the last five years and discusses the possible origin of the U 

measured in the waters. This database is by far the largest available in the country, and has 

the additional distinction that each of the taps have been geocoded and the number of 

people with potential access to the water supplied from each tap was estimated. The 

database represents data on drinking water to which 76 % of the entire German population 

has access. Besides the regional distribution of the U concentrations which largely agrees 

with the geological setting reported for mineral waters, clear evidence for anthropogenic 

influence on U concentrations in groundwater resulting from agricultural activities are 

discussed.  

 

Materials and Methods 

Tap and groundwater sampling and analyses 

The initial tap water sampling campaign of this study was conducted by the former Institute 

of Plant Nutrition and Soil Science of the Federal Agricultural Research Center (FAL-PB, now 

the Institute for Crop and Soil Science of the Federal Research Centre for Cultivated Plants 

(JKI)). With a view to maximum efficiency of the survey (fast, low cost, reliable) the samples 

were collected by individuals who responded to a chain letter action launched by FAL-PB in 

August 2006. A preliminary selection aimed primarily at collecting samples from German 

communities with more than 50.000 inhabitants. 266 individuals (97% of the entire group 

involved) delivered 471 samples representing 458 geocoded locations. In order to minimise 

the sampling error the participants were asked to employ a simple, but standardised 

sampling procedure: As sampling containers freshly emptied 500ml polyethylene Diet Coke® 

bottles were stipulated, because their inward walls had been continuously in contact with an 

acidic, heavy metal free buffer solution (Schnug et al. 1996) and thus any sorption sites could 

be assumed to have been saturated with protons. Additionally, these bottles would contain 

no sugars which may otherwise have promoted the growth of microorganisms during the 

time elapsed from sample collection to laboratory delivery. The suitability of the sampling 

method has been checked in the laboratory through the recovery of U from aqueous U 

standard solutions found to be within the combined averaged repeatability of the methods 

used for U analysis (ICP-QMS and alpha spectroscopy) which amounts to ± 12.3% deviation 

of means (calculated from 95 % confidence interval for the regression of 208 sample pairs 
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from 17 different sources, r2 = 89.6 %, Knolle 2008). The theoretical lower limit of detection 

(LLD) for 238U by ICP-QMS is 2 ng/L (El-Himri et al. 2000), but practically the LLD was found to 

be 15 ng/L, which fits well with the 13 ng/L reported by UNEP (2001). 

The entire data set has been enlarged with 299 data sets from Schäf et al. (2007) plus 

2911 data sets collected from official federal states authorities by Foodwatch in 2009, 65 

from the so called “German Environmental Survey on Children” (Schulz et al. 2008) and 168 

from a survey by the Federal Office for Radiation Protection BfS (Beyermann et al.  2009). 

For U in total 4092 non redundant data sets were available. Of the 4092 data sets for U 9.5 % 

originated from the FAL survey (Knolle 2008), 7.2 % from Schäf et al. (2007), 1.7 % Schulz et 

al. (2008), 77.5 % from the Foodwatch (2009) and 4.3 % from the BfS survey (Beyermann et 

al. 2009). 

Groundwater samples (N =155) were taken in the south-eastern part of Lower Saxony 

between Göttingen, Uelzen and Hannover from groundwater wells monitored regularly by 

the Lower Saxony State Authority for Water Resource Management (NLWKN) for the 

European Water Framework Directive (WRRL). The sampling area represents a region of 

intense cropping production, implying an intense use of mineral fertilisers. The pH, electric 

conductivity (EC) and the oxygen (O2) content of groundwater was determined in a flow-

through chamber after the stagnation water was discarded and the water volume of the well 

was exchanged three times. All water samples were collected in acid cleaned PE bottles, 0.2 

µm pore size filtered prior to acidification to pH 2 with suprapure concentrated HCl for the U 

determination by ICP-QMS analyses. Data on major cation and anion contents were 

determined by the NLWKN using DIN-certified analytical methods.  

Geocoding of samples 

A geological evaluation of the origin of U in the German mineral waters is given by Knolle 

(2008) and Knolle et al. (2011). In order to assess the population with potential access to a 

particular quality of tap water, the tap water data were geocoded by means of the 5 digit 

German postcode. The actual population number for each post code was retrieved from the 

most recent entry to the internet. However, the German postcode system has cases where 

the same town name has more than one postcode (e.g.  Aachen: 52064, 52068, 5270, 5070) 

or the same postcode is attributed to more than one town (e.g. postcode 01651 stands for: 

Lampertswald, Schoenfeld, Tauscha, Thiendorf, Weissig). In the case where the same town 
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name has more than one postcode and if for the subunits of the postcode no individual 

population numbers were available, the total population number for the town found on the 

internet (in this example for Aachen = 258,772) was divided by the number of data sets for 

the town (in this example 4). In the case where the same postcode was attributed to more 

than one town the most recent population number for the particular town was taken from 

the online available information. 

If for the same postcode and the same town name more than one U measurement 

was available (e.g. two entries for post code 01665 “Kaelbschuetztal”) and if the difference 

from the combined mean (value A: 0.15 µg/L U / value B: 6.20 µg/L U: combined mean = 

3.23 µg/L U)  was smaller than the 95 % confidence interval given for this mean in table 2 (10 

% =  ± 0.32 µg/L U) they were entered as separate measurements in the data. Otherwise the 

values were averaged and entered as a single entry under either the same postcode or the 

same town name. The available dataset (N = 4092) covers 60,354,408 German inhabitants, 

which is 76 % of the German population. 

 

Results and Discussion 

Population exposure assessment and regional distribution of U concentrations in tap 

A new and unique approach of this research work is that it links the U concentration data 

within drinking waters to the number of individuals who consume them (see Material and 

Methods). Table 1 displays the exposure of German population to U in tap water. This value 

is designated in the following text as the “percentage of population exposed”. This provides 

far more exact information on exposures than just a simple frequency analysis of the 

numbers of samples to concentrations. In addition to the “percentage of population 

exposed” for mean and P 95 occurrence also the “population weighted mean” is given in 

Table 2. The “population weighted mean” is the sum of all individual measurements 

multiplied with “percentage of population covered” * 0.01. It is de facto the average 

concentration of U to which the majority of the entire population covered is exposed. It is 

similar to the median value although that only indicates the most frequently occurring U 

concentration value in a data set with only a limited value in estimating exposures. In 

contrast the P 95 value gives the concentration which covers 95 % of all samples. In 

consideration of the intensive and diverse discussion about permissible concentrations for U 
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in drinking waters this table has a more detailed division of the concentration range. Table 1 

shows that considering the larger data set with 4092 entries 3.3 % of all samples covering 

1.31 % of the population observed is exposed to U concentrations above the anticipated 

critical value of 10 µg/L U (Vigelahn 2010). Analysis of the smaller data set with "only" 750 

entries indicates that 4.3% of the samples contained U concentration values above 10 µg/L, 

which is a higher figure, but the percentage of the population exposed to this concentration 

is lower. Extreme exposure to concentrations above 20 µg/L U were observed in around 1 % 

of the samples covering less than 0.4 % of the population covered by the data set. In 

comparison UBA (2009) underestimates the figures for the number of cases with high U 

exposure, reporting that less than 0.6 % of the population is exposed to concentrations 

higher than 10 µg/L U, with less than 0.1 % exposed to extreme concentrations above 20 

µg/L U. The map displayed in Figure1 presents the regional distribution of the tap water  

Table 1. Exposure of the German population to uranium in tap water (% of samples taken and % of 
total population exposed) (Citations for critical values: BfR 2005: 0.2 µg/L U; WHO 1988, EFSA 
2008: 2 µg/L U; UBA 2005: 10 µg/L U, action level by UBA 2010: 20 µg/L U) 

Concentration 
of U (µg/L) 

Percentage 
 

 of 
samples 

of 
population 

exposed 

of  
samples 

of 
population 

exposed 
 N = 750 N= 29,551,132 N = 4092          N= 60,354,408 

< LLD * 25.2 31.9 3.70 11.7 
LLD – 0.2 19.1 20.6 20.5 27.1 

0.2 – 2 31.7 37.4 58.2 49.4 
2 – 5 10.0 5.29 10.1 7.64 

5 – 10 9.60 4.58 4.20 2.85 
10 – 15 ** 2.80 0.24 1.80 0.71 
15 – 20 ** 0.50 0.02 0.60 0.22 

> 20 ** 1.10 0.02 0.90 0.38 
*  LLD = Lower limit of detection 
** above  maximum permissible value according to TrinkwV (2010) 

 
 
Table 2. : Mean, population weighted mean (PWM) concentrations related to the population 
coverage (PC = and % of the population exposed of the total population observed) for U in German 
tap waters 

Element Median Mean PWM P95 
 µg/L % PC µg/L % PC µg/L % PC µg/L % PC 

U* 0.280 57.8 0.51 70.9 1.45 92.8 8.00 99.6 
U** 0.500 53.4 0.68 67.1 1.67 86.6 7.21 97.7 

* N = 750; ** N = 4092 
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Fig.1. Regional distribution of uranium concentrations in German tap water (N = 4092) (modified 
after Smidt et. al 2011b). 
 
 

samples (N = 4097) in Germany. The six different symbols represent different U 

concentration ranges in µg/L (<0.5, 0.5-2, 2-5, 5-10, 10-20, >20), reflecting the different 

critical values for U in drinking water discussed since 2005 (BfR 2005: 0.2 µg/L U; WHO 1988, 

EFSA 2008: 2 µg/L U; UBA 2005: 10 µg/L U, action level by UBA 2010: 20 µg/L U). Uranium 

concentrations in waters show a distinctive regional distribution in Germany, originating 

from the strong local influence of the geological background. Information on the geological 

sources of this variation in distribution were not the task of this research work, but details 

can be found in Birke et al. (2008), Birke et al. (2010) and Knolle et al. (2011). 

 Table 3 presents a breakdown of the 4092 data sets for uranium by the 16 individual 

federal states and displays the percentage of the total population exposed to water with 



 Uranium in German tap and groundwater - occurrence and origins 
 

57 
 

Table 3. : Uranium concentrations in tap water from German federal states (Länder) sorted 
ascending with increasing population (pop.) access to waters with < 2 µg/L U.  (Citations for critical 
values: BfR 2005: 0.2 µg/L U; EFSA 2008, WHO 1988: 2 µg/L U; UBA 2005: 10 µg/L U, action level by 
UBA 2010: 20 µg/L U) 

 % of population covered 

Federal State Area km2 
Area 

% 

Total 
pop. 

(*106) 

% 
of 

total 
pop. 

N 
of 

sampl
es 

Pop. 
covered in 

% of  
total pop. 

investigate
d 

< 0.2 
µg/L 

U 

0.2 
-2 

µg/L 
U 

2 
-5 

µg/L 
U 

5 
-10 

µg/L 
U 

10 
-20 

µg/L 
U 

Saxony-Anhalt 20443 5.7 2.80 3.5 93 2.5 36.6 28.0 11.8 15.1 8.6 

Thuringia 16251 4.5 2.54 3.2 330 2.8 2.1 65.8 20 10.6 1.5 

Hesse 21114 5.9 5.90 7.3 126 5.3 23.8 44.4 17.5 7.1 7.1 

Bavaria 70553 19.7 11.60 14.4 630 11.7 21.1 49.4 14.5 7.6 5.7 

Rhineland-Palatinate 19486 5.4 3.88 4.8 298 4.6 34.9 39.6 9.7 5.0 7.4 

Germany 358921 100 80.61 100 4095 74.9 22.3 59.0 10.9 4.5 2.5 

Baden-Württemberg 35751 10.0 10.00 12.4 1333 21.4 8.5 75.4 11.2 3.0 1.2 

Schleswig-Holstein 15731 4.4 2.70 3.3 52 5.9 75.0 11.5 13.5 0.0 0.0 

Saxony 18338 5.1 4.60 5.7 344 6.0 62.5 26.5 7.6 1.7 1.5 

Mecklenburg-West 
Pomerania 23170 6.5 1.85 2.3 485 2.9 1.7 89.5 5.4 2.3 0.6 

Lower Saxony 47343 13.2 7.48 9.3 150 6.8 62.0 29.3 6.0 2.7 0.0 

North Rhine 
Westphalia 37070 10.3 17.69 21.9 109 16.6 45.0 48.6 5.5 0.9 0.0 

Brandenburg 29053 8.1 2.67 3.3 74 2.1 68.9 25.7 7.4 0.0 0.0 

Saarland 2570 0.7 1.08 1.3 38 1.5 43.6 51.3 5.1 0.0 0.0 

Berlin 889 0.2 3.45 4.3 18 6.2 44.4 55.6 0.0 0.0 0.0 

Bremen 404 0.1 0.68 0.8 6 0.9 50.0 50.0 0.0 0.0 0.0 

Hamburg 755 0.2 1.69 2.1 8 2.9 100 0.0 0.0 0.0 0.0 

 

different U concentrations. The table also allows an evaluation of the extent to which the 

individual states are represented in the entire survey. For all except two federal states the 

population covered in % of the total population investigated reflects more or less the % of 

the federal states contribution to the total German population of 80.6 million persons. 

Baden-Württemberg has a 21.4 % coverage by the survey, compared with a contribution of 

only 12.4% to the German population, therefore is overrepresented by the survey when 

compared with North Rhine-Westphalia (16.6% survey coverage, 21.9% of the German 

population).  

 In contrast to the downscaling overall evaluation by UBA (Vigelahn et al. 2010) the 

exposure situation in the individual German counties is quite different. This is of concern 

especially in regions where exposure can be to concentrations exceeding the anticipated 

critical value of 10 µg/L U and, or with exposure to extremes with more than 20 µg/L U. The 
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largest population exposed to high U content in tap water and above 10 µg/L for Germany 

(3.3 %) was found in Rhineland-Palatinate with 10.8 % followed by Saxony-Anhalt with 8.6 %, 

Bavaria with 7.4 % and Hesse with 7.1 %.  The largest populations with an exposure below 

0.2 µg/L were found in Hamburg (100 %), Schleswig-Holstein (75 %) and Brandenburg (68.9 

%). In all states other than Lower Saxony, North Rhine-Westphalia, Brandenburg, Berlin, 

Bremen, Saarland and Hamburg samples with extreme U concentrations exceeding 20 µg/L 

were found. The highest number of samples containing such high exposures were found in 

Rhineland-Palatinate (3.4%), followed by Bavaria (1.7%), Baden-Württemberg (0.7%), Saxony 

(0.2%) and Hesse (0.1%). These samples represent exposures to only 0.38% of the entire 

population covered by this survey, but this represents in absolute figures 229,347 persons in 

the population observed, or if transposed to the entire German population 306,318 persons 

for which a higher health risk due to extreme U exposure can be assumed. 

Fig. 2 shows a distinctive pattern for the relationship between the size of supply systems and 

the exposure to U in tap water. The risk of higher exposure to U in tap water appears to 

increase with decreasing size of a supply unit. A more detailed look into the frequency of the 

size of supply systems delivering water with more than 10 µg/L U in Fig. 2 shows that such 

supply units usually serve a population of up to 5,000 consumers, but high U concentrations 

may also occur in supply units serving more than 60,000 consumers. The use of shallow 

groundwater for the supply of drinking water is common in small water supply systems,  

 

 
Fig. 2. U concentration in 4092 German tap water samples and % of the population exposed of the 
total population observed (N = 60,354,408) (Inlay graph: samples N = 750 and eposes population N 
= 29,551,132). 
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which are often located in rural areas. The distinct distribution pattern shown in Fig. 2 gives 

further indications for the impact of fertiliser-derived U on ground and tap water.   

Indications for fertiliser-derived U in groundwater 

In Germany 73.3 % of the drinking water abstraction is from groundwater. In areas where 

shallow groundwater resources are used for drinking water supply the hazard of 

contamination with the diffuse anthropogenic pollutants such as nitrate has been known for 

several decades. The nitrate content of groundwater and drinking water correlates directly 

with fertilisation intensities including that of P loads in areas with high livestock density. In 

areas of intense cropping production both nutrients, N and P (and thus U), are favorably 

applied as mineral NP and NPK fertilisers. The proportion of P applied as NP and NPK 

fertilisers in relation to the total P input from mineral fertilisers increased from 42 % in 

1979/80 to 76 % in 2007/08 (BMELV 1979 - 2007). In this study U was found in a 

concentration range of 0.002 - 16.9 µg/L with a mean concentration of 0.76 µg/L in 

groundwater in south-eastern Lower Saxony. Nitrate was found in concentrations ranged 

between 0.44 and 159 mg/L with a mean concentration of 14.5 mg/L. The results of the 

groundwater analysis (N= 155) could corroborate the hypothesis of the interrelation 

between U and NO3 (R = 0.285, p <0.01) in groundwater (3.5 - 56 m) in the area with 

intensive cropping production in the south-eastern part of Lower Saxony. A better 

correlation is indicated, if only shallow wells of depth of 0 - 15 meters are statistically 

analysed (R = 0.331, p < 0.01). Although the correlation between U and NO3 is highly 

significant, the Pearson correlation coefficients are relatively low compared to the results 

found by Schäf et al. (2007). In their study, however, an area of highly intensive arable 

agriculture and horticulture predominates, with a near exclusively use of mineral fertilisers 

(mostly NPK, PK and NP types). In contrast to this, in the south-eastern part of Lower Saxony 

large amounts of nitrate are discharged to groundwater from intensive livestock production, 

with this nitrate originating from organic fertilisers containing much lower concentrations of 

U than those originating from mineral fertilisers. The result of this mixed fertilisation leads to 

a still significant but weaker correlation between the parameters NO3 and U.   

 These results are confirmed by studies from Utermann & Fuchs (2008) on U contents 

in soils (N = 1000) and Duijnisveld et al. (2008) on U concentrations in percolation water and 

shallow groundwater (pw/sgw) (N = 50) in areas used predominantly for agricultural 
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production in Germany. It was shown that U concentrations in pw/sgw are found twice as 

high under arable sandy soils in comparison to sandy soils under forest. In dependency to 

the pH values the predominant species in pw/sgw under arable soils U carbonate complexes, 

which are known to be highly mobile in soils, while U in pw/sgw under forest consists mainly 

of the relatively immobile bivalent uranyl species (Utermann 2009).  

 Increased U concentrations in surface waters were already measured in south-

eastern Lower Saxony, which correlate with phosphate and therefore the use of P fertilisers 

(Fauth et al. 1985, Birke et al. 2006). This hypothesis is strengthened by results from shallow 

(7 - 9 m) and deep wells (70 - 100 m) of two waterworks in southern Germany (Tab. 4), 

which are located in regions without geogenically elevated U concentrations in ground and 

surface waters.   

 
Table 4: U and nitrate content in water of shallow and deep wells from two waterworks in 
southern Germany in 2009 (data reported to the authors by the local waterworks). 
 

 
 

 

 

  

 Particularly on arable soils with high carbonate contents, fertiliser-derived U has a 

high potential to be leached into deeper soil layers as a uranyl-carbonate complex. 

Laboratory batch experiments could show that additionally spiked U was not adsorbed by a 

leptosol soil (Smidt 2011c) and higher U concentrations in the easily mobilised fraction 

(Zielinski et al. 2006) of arable soils in comparison to unfertilised sandy and loess soils.  

 The mobility of U in soils and the leaching behaviour on arable soils is much higher 

than that of other heavy metals and thus strongly resembles the translocation dynamics of 

nitrate. Another possibility for accelerated U leaching from agricultural soils is suggested by 

Wu et al. (2011) who claim that immobile U (IV) might be oxidised through nitrate to easily 

leachable U (VI). 

 Model calculations estimated that the breakthrough of U in deeper soil layers and 

into groundwater can be expected after 50 years under climatic and soil conditions of 

northern Belgium if an annual load of 9 g/ha U is assumed. The equilibrium U concentration 

for this combination of factors would be about 22 µg/L after that period of time (Jacques et 

Location Well type U (µg/L) NO3 (mg/L) 
Straubing shallow 2.8 40.0 
 deep < 0.2 2.8 
Rehlingen shallow 10 22.0 
 deep 1.6 8.2 
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al. 2008). This would indicate in return that a U concentration in this order of magnitude 

may be caused exclusively by fertilisation.  

 Using data from tap waters from a geogenically U-poor area in the Northern German 

lowland enabled us to estimate the percentage of tap waters which might be potentially 

contaminated with fertiliser-derived U. A conservative estimation regards 25% of drinking 

waters to be contaminated with U above 0.5 µg/L with a worst case scenario of tap water 

contamination above 0.1 µg/L indicated in 67% of the drinking waters in regions that are 

contaminated with fertiliser-derived U. 

 

Conclusion  

The presented tap water study, which covers 76 % of the entire German population, showed 

that 1.3 % or 1 million of the 80.6 million inhabitants in Germany are exposed to U 

concentrations in tap water which are higher than the anticipated threshold limit of 10 µg/L 

(Vigelah et al. 2010). Noteworthy is that if the lower threshold limit of 2 µg/L recommended 

for nursing children diet (Vigelah et al. 2010) would be considered, the percentage of 

population exposed to tap water at or above this limit would increase to 11.8% of the 

population (9.62 Million inhabitants). The data revealed also an increasing risk for exposure 

to elevated concentrations of U through tap water with decreasing size of the supply unit. 

Besides the unavoidable geogenic contribution of U in tap water in some German regions, 

evidences for a diffuse anthropogenic contamination of tap and groundwater in areas of 

intense agricultural cropping production were found especially in shallow groundwater.  

Uranium would be the one element for which transport in soils could be tracked most 

efficiently by using nuclear tracer techniques: but the labeling of fertilisers with even small 

amounts of LEU (low enriched U) for lab experiments would go against current legal 

regulations associated with the use of nuclear materials.   
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Chapter 5  

 
Indications for phosphorus fertiliser-derived U leaching  

from arable soils to groundwater 
 
This is a preliminary manuscript presenting the unpublished results from the different parts 

of the PhD research project. The manuscript is planned to be submitted to a peer reviewed 

journal such as Pedosphere or Journal of Plant Nutrition and Soil Science in 2012. Three 

Guided Research Projects (Amy Parks, Franziska C. Landes and Rasesh Pokharel) contributed 

to my research projects on fertiliser-derived U in soils and drainage and lysimeter waters. I 

organized and supervised those research projects. Soil samples, drainage water samples and 

lysimeter water samples were collected with the support of the Agency for Mining, Energy 

and Geology of Lower Saxony (LBEG). The State Department of Lower Saxony for Water 

Management, Coastal Protection and Environmental Protection (NLWKN) obtained 

groundwater samples in 2009. Unpublished results from a joint research project with Dr. 

Jens Utermann (Umweltbundesamt, UBA - Federal Environmental Agency) on water 

extractable U from arable soil are discussed in this chapter. 
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Indications for phosphorus fertiliser-derived U leaching from arable 
soils to groundwater 

 

Introduction 

Phosphorus fertilisers of marine origin contain up to 206 mg kg-1 U (Smidt et al., 2011a). 

Hence, application of P fertilisers has also been introducing U into the environment. In 

agricultural soils the accumulation of U is found to depend on cumulative P fertilisation 

(Jones et al., 1992; Rogasik et al., 2008). According to the geochemical behaviour of U(VI) 

species in oxidized soils, the mobilization capacity in arable soils is high (Zheng et al., 2003). 

Elevated U concentrations in polish river waters were shown to be possibly fertiliser-derived 

(Skwarzec et al., 2010a and 2010b). Recent studies have indicated the loads of fertiliser-

derived U in drinking waters (Knolle et al., 2008; Smidt et al., 2011b). However, there is not 

yet a clear picture of the origin of U in groundwater and the processes of U mobilisation and 

translocation from soils. The aim of this study is to investigate the processes of U leaching 

from fertilised arable soils to groundwater and to source the origin of U in groundwater. If 

anthropogenic U is leached to the groundwater, which is used as drinking water, future 

problems may arise for the drinking water supply, due to the toxicity of U. Hence, a detailed 

study on the fate of fertiliser-derived U is the prerequisite for a solid future risk assessment. 

 Top soil and sub soil horizons, drainage water, lysimeter water and groundwater 

were sampled in south-eastern part of Lower Saxony between Göttingen, Uelzen and 

Hannover. This region is known for intense cropping production, implying an intense use of 

mineral fertilisers (Figure 1). Increased U concentrations in surface water were determined 

in the area east of Hannover, which correlate with phosphate derived from P fertilisers 

(Fauth et al., 1985; Birke et al., 2009). Thus it is an optimal study area to investigate the 

impact of mineral P fertilisers on U concentration in soils, soil pore water and groundwater.  

 The determination of U in top soil and sub soil horizons and the coexistence with 

other fertiliser-derived contaminants (e.g., NO3
-) in drainage water, lysimeter water and 

groundwater is used to identify possible coherences between the intensity of agricultural 

production and the U concentration in the different environmental samples. A prerequisite 

of this study is the linkage between nitrate (NO3
-) concentration in groundwater and the 

intensity of agriculture (Wienhaus et al., 2008; Osterburg and Schmidt, 2008). For the 

maintenance of the fertility of arable soil the nutrients N, P, and K have to be applied in 
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balanced amounts every year. Thus, a correlation between U from P fertilisers and NO3
- 

concentration in shallow groundwater could potentially be a function of intensity of 

fertilisation. Nevertheless, the relationship between NO3
- and U in groundwater has to be 

evaluated under consideration of the geogenic composition of sediments and the redox 

processes in soil, sediments, and groundwater, which affect the mobility of U and the 

denitrification of NO3
-. Also other anthropogenic mobilisation pathways from soils and 

sediments to groundwater will be discussed in this chapter.   

 

Figure 1: Map of Lower Saxony. Darker colours represent areas of high density of livestock; red 
circle encloses area of intense agriculture with NLWKN sampling site (Osterburg and Schmidt, 
2008).   

Materials and Methods 

Sampling area 

Long-time soil monitoring fields (Bodendauerbeobachtungsflächen, BDF) provide optimal 

study sites for the determination of fertiliser-derived U accumulation in top soil horizons. 

BDFs are arable fields under normal agricultural use, which have four separated transects 

monitored regularly by the Agency for Mining, Energy and Geology of Lower Saxony (LBEG). 

The BDFs within the investigated region are Schladen, Reinshausen, Meinersen, Timmerlah, 

Ehmen, Reinshof, Mariental, Hofschwicheldt and Hornburg. Some BDFs are intensive 

Göttingen 

Hannover 

Braunschweig 
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investigation sites, which are equipped with multilevel wells as well as with lysimeters 

(Schladen and Reinshausen). The BDFs (Figure 2) are operated since 1990 by the LBEG. Data 

of geochemical soil properties, archived fertilisation, cropping data and climate data are 

available. Most BDFs are under conventional agricultural use with high amounts of nitrogen 

fertilisation (100-200 kg N ha-1 a-1). From twelve BDFs located in south-eastern Lower 

Saxony, three were chosen for soil analyses.  

 

Figure 2: Study area (red circle) covering the groundwater monitoring network (GÜN) in south-
eastern Lower Saxony with the position of the BDFs (LBEG, 2009) 

 An important prerequisite is the availability of control sites, which have remained 

unfertilised for several decades. Therefore two BDFs (Hornburg and Mariental) were chosen, 

which are located in the vicinity of the former German-German border in south-eastern 

Lower Saxony. This former border strip is also known as the “Green Belt” (Grünes Band), 

which remained free of trees. After the collapse of the German Democratic Republic (GDR) 
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long sections remained untouched as environmental protection areas. Hence, this Green 

Belt has not received any mineral fertiliser application for six decades (1954-2010) and 

provides excellent control sites for the determination of fertiliser-derived U accumulation in 

arable top soil horizons.  

 The BDF Jühnde (BDF-J) is equipped with two weighable lysimeters. Here, the climatic 

parameters (e.g. soil and air temperature, precipitation, and evapotranspiration) are 

constantly monitored and rainwater is collected. The three sites display different soil 

chemical and physical properties as BDF-H is a calcareous Chernozem, BDF-M is a Stagnozol, 

and BDF-J shows the properties of a Rendzina soil.  

Soil sampling 

Top soil (0-30 cm) and sub soil (30-60 cm) samples from the three BDFs and three control 

sites were taken with a soil corer (Nmin Bohrer). In Hornburg (BDF-H) and Mariental (BDF-M) 

at least three different sampling locations were combined to one mixed sample for further 

analyses. Here, sub soils were sampled down to a depth of 200-250 cm with a soil auger. 

Samples were stored in polyethylene (PE) bags until further preparation in the lab.    

Sample preparation and decomposition  

Soil samples were dried at 60 °C, pre-crushed in a ceramic mortar and sieved with a 2 mm 

mesh stainless steel sieve. Approximate 40 g were milled in agate vessels with a planetary 

mill at 600 rpm for 5 minutes, producing a fine powder (< 20 µm), which was dried overnight 

(105 °C).  

 The determination of the elemental composition of solid soil samples via ICP-MS 

requires the digestion or extraction of the sample material. Two different sample 

decomposition methods are used in environmental science for the determination of total 

concentrations. One can be considered as a real total digestion using concentrated nitric 

(HNO3), hydrochloric (HCl) and hydrofluoric acid (HF), the mix of which is suitable to 

decompose all mineral components including silicates and sesquioxides in the sample. The 

total-HF digestion procedure requires evaporating HF prior to analyses. Further two 

additional evaporation steps with concentrated HCl provide the complete removal of 

fluoride complexes, which can cause the precipitation of rare earth elements (REE) (Figure 

2).  
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 The other procedure, often cited as a total digestion method for sample 

decomposition, is a strong extraction method using Aqua Regia (AR), a mixture of HNO3:HCL 

in a ratio of 1:3 (Figure 3). The AR method is suitable to dissolve most of the mineral 

components, except for silicates and sesquioxides (Möller et al., 2005). Nevertheless the AR 

extract method is broadly used in environmental analytics for the determination of inorganic 

anthropogenic contaminations, since this method is considered to extract environmentally 

relevant portions of all elements quantitatively. The AR extract usually yields more than 80% 

of the total elemental composition for heavy metals (Cd, Cu, Ni, Pb, and Zn). This ratio is 

dependent on the contamination grade and the soil type analysed (Möller et al., 2005). 

Especially in quartoze sandy soils the percentage of AR extracted heavy metal concentration 

can be as low as 50 % (Zeien and Brümmer, 1989).  

 Aqua Regia extraction is used as the reference method in the German Sewage Sludge 

Ordinance and Federal Soil Protection Ordinance and Hazardous Waste Ordinance (Bundes-

Bodenschutz- und Altlastenverordnung - BBodSchV, 1999). Since no evaporation steps are 

required, the AR method is faster than the total digestion. The use of toxic HF can be 

avoided and potential health risks for lab assistants and students are minimized. In contrast 

with the total digestion method, a filtration step is required to remove the undecomposed 

silicates and sesquioxides from the solution of the AR digestion. The procedures steps for 

Total-HF and AR are shown in Figure 3.   

 

Figure 3: Flow chart diagram of two decomposition methods used in the Geochemistry Lab at JUB 
for soil samples. All reagents used for the Total-HF and the Aqua Regia pressure decomposition 
methods are super-grade and dilutions are performed with deionized water (18.2 MΩ). Modified 
after Alexander (2008).  
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Microwave (MW) digestion is used as a standard analytical procedure in environmental 

science for the decomposition of any biological and geological material. The microwave 

(MW) digestion system (MLS Start 1500 Mikrowellenlaborsysteme GmBH – Germany) which 

is used in the Geochemistry Lab at the JUB works with a maximal power of 1200 W, a 

frequency of 2.45 GHz and wavelength of 12.25 cm. The advantages of using a MW 

decomposition system for sample digestion is the fast processing time (1-2 h), the high 

temperature (210° C) and pressure (40 bar), which can be reached in the MW reaction 

vessel. The general sample decomposition procedure using the MW resembles the 

procedure presented in Figure 3.  

 The second sample decomposition system used in the Geochemistry Lab at JUB is a 

hotplate digestion system (PicoTrace-DAS, Bovenden, Germany). The digestion in 30 ml 

polytetrafluoroethylene (PTFE) vessels allows digesting 14 soil samples, one CRM and one 

acid blank overnight (16 h). Using a sample weight of 50-200 mg, which is diluted to 50 g 

using either 0.5M HCL, 0.5M HNO3 or de-ionized water (for AR digestion) gives a final 

dilution factor of 250-500. If elemental concentrations in the soil sample are expected to be 

low, the higher initial weight is used. 

 To compare the two different methods described (hotplate digestion vs. microwave 

digestion) a set of fertiliser samples and certified reference materials (phosphate rocks NIST 

120b) were decomposed using the acid mixture (HNO3, HCL, and HF) for total 

decomposition. The comparison of the results shows a very good reproducibility of the two 

methods considering the most elements (Appendix A). A difference in concentration less 

than 10 % is determined for all elements analysed with the ICP-MS (Co, Ni, Sr, Y, Zr, Nb, Cs, 

Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, Pb, Th, and U) for CRM samples 

decomposed with either the Pico-trace system (PT) or the microwave system (MW). The 

good reproducibility of analytical results of the two decomposition methods can also be 

observed for the mineral fertilisers with trace element concentrations much higher than the 

limit of quantification. In comparison to the CRM phosphate rocks and the minerals 

fertilisers, the trace element concentration of the two organic-mineral fertiliser are much 

lower. Here, the reproducibility of trace element analyses suffers from the determination of 

concentrations at the lower limit of quantification (LOQ).  

 The accuracy of the trace element and major element decomposition and analytical 

methods via ICP-MS and ICP-OES was tested with the CRMs NIST 120b (Florida, P-rock), NIST 
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694 (Idaho, P-rock), USGS BHVO-2 (Hawaii, basalt). The use of CRMs ensures the routine 

quality standard control in the JUB Geochemistry Lab. If the measured CRM concentration 

data for a sample decomposition run is consistent with the published certified data, an 

overall accuracy for the ICP-MS methods is achieved. The certified concentration data is 

published by the distributor of the CRM. A compilation of the official data and data from 

different scientific publications is available as an electronic database (GeoReM, 2011), 

operated by the University of Mainz.  

 The influence of the different decomposition systems (hotplate vs. microwave) and 

different decomposition methods (total vs. aqua regia) was tested using the CRM NIST 120b 

(Appendix B). The microwave assisted aqua regia digestion gives the highest accuracy from 

the four tested methods. The very good analytical accuracy of NIST 120b is achieved for the 

certified values of 21 elements, 8 are within ±10% of the reference value, and 11 are within 

±5% (Appendix B). Only two elements (Pb and Ni) show a deviation higher than 10 %. The 

measured value of Pb (13.1 ± 0.9 mg kg-1) is about 50% lower than the certified value. The 

discrepancy between the Pb concentration measured in this study and the certified values 

can be assumed to be based on a wrong value published in the literature. The reference 

given for this value (Govindarajuai, 1994) does not refer to NIST 120b, but to NIST 120c. As 

the concentrations for all other trace elements determined in the CRM NIST 120b show 

accurate values, the value of 13.1 mg kg-1 is considered to demonstrate an accurate Pb 

determination in this study. Also the accuracy for the major elements (P, K, Ca, Mg, Na, and 

Fe) is shown to be excellent (App. B).  

 Additionally to NIST 120b, the certified reference materials USGS BHVO-2 and NIST 

694 were frequently used for testing the accuracy of the sample decomposition methods. 

The measured element concentrations for NIST 694 (Idaho phosphate rock) decomposed 

with the microwave system using AR acid mixture compared to the certified values of the 

CRM (APPENDIX C) confirm the good accuracy found for the phosphate rock NIST 120b. A 

good accuracy is also found for BHVO-2 (Hawaiian basalt) decomposed with the hot plate 

system using a mixture of HF, HNO3, and HCl (APPENDIX C).  

Extraction of mobile uranium 

For the identification of the mobility of fertiliser-derived U, the loosely bound U 

concentrations in arable top soil horizons was extracted with a 0.1M NaHCO3 solution 
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(Zielinski et al., 2006). Soil samples were taken from top soil horizons at the chosen study 

sites BDF-H, BDF-M and BDF-J and the respective control sites (GB-H, GB-M, and Ctrl-J). To 

determine the effect of drying of the soil samples on the mobilisable U concentration, the 

experiment was conducted with field moist and with dried soil samples. The water content 

of the soil samples was determined according to the DIN 19529 (2009) procedure and 

included into the final calculation of the U concentration in the leachate. Two grams of soil 

samples were shaken for 24 hours with 100 ml solution (0.1M NaHCO3). After centrifugation 

the supernatant was filtered with 0.2 µm pore size to measure the dissolved U 

concentration.  

 The water extractable U concentration of top soil samples from arable (N=439) and 

forest sites (N=423) was determined following the batch test procedure for the examination 

of the leaching behaviour of inorganic substances at a liquid to solid ratio of 2 l/kg (DIN 

19529). 15 g of air-dried (40 °C) soil was mixed with 30 ml of de-ionized water (18.2 MΩ). 

The samples were shaken in 50 ml polypropylene centrifuge vessels in an end-over-head 

shaker at 4-5 rpm for 24h. After centrifugation and filtration (0.45 µm) the supernatant was 

separated for ICP-MS measurement and pH and EC determination. The extraction 

experiments were done at the Federal Institute for Geosciences and natural Resources (BGR) 

by Dr. Jens Utermann in 2010. The results were jointly discussed and will be published in 

2012. 

Drainage and lysimeter water sampling 

Drainage (N=21) and lysimeter water samples (N=22) were sampled by the LBEG. Aliquots 

were separated for the analyses at JUB. Samples were taken in-situ in 100 ml PE bottles, 

which were pre-cleaned with 0.5M HNO3 and 0.1M HF in the Geochemistry Laboratory of 

JUB. The sampling dates depended on the water saturation of the soils at the different sites 

and samples were not necessarily taken at the same date or during the same time period. In 

principle, the sampling of each field was scheduled every second week starting from 

September 2009 until April 2010. In total 43 drainage water and lysimeter water samples 

were collected for this study. Lysimeter soil pore water was taken at BDFs Hohenzethen, 

Jühnde, and Sehlde, which are equipped with two weighable lysimeters with a diameter of 

1.2 m and depth of 1 m. At the bottom of the steel ring lysimeter percolated water is 

collected. Drainage water samples were collected at the BDFs Ehmen, Hofschwicheldt, 
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Hornburg, and Mariental from drainage water pipes embedded in 40-50 cm depth below the 

ploughing horizon. All samples were filtered (0.45 µm) using a cellulose acetate filter, 

acidified with suprapure HCl to a pH of 2 and stored cold until analyses. 

Groundwater sampling 

In cooperation with the Lower Saxony Agency for Water Resource Management, Costal and 

Environmental Protection (NLWKN) a sampling area was chosen, which represents a 

groundwater catchment located in an area of intense agricultural cropping production. The 

sampling area is located in south-eastern Lower Saxony between Hannover, Wolfsburg and 

Göttingen. This area, the Hildesheimer Börde”, is known for very fertile soils, where 0.8 kg 

wheat (Triticum) and 5.5 kg sugar beets (Beta vulgaris) can be harvested per square meter. 

The NLWKN is operating a groundwater quality monitoring network, which is part of the 

European Water Framework Directive (Europäische Wasserrahmenrichtlinie, 2000) with 542 

groundwater wells in Lower Saxony, whereof a number of 223 were sampled in the named 

area for geochemical analyses. Samples were taken in spring (N=164) and autumn (N=135) 

sampling campaigns in 2009, whereof 66 wells were sampled in both seasons. Before the 

groundwater was sampled the stagnation water was discarded until constant temperature, 

oxygen, and electric conductivity values were reached. An aliquot (100 ml) of the 

groundwater samples was separated for the determination of U in the Geochemistry 

Laboratory at the JUB. The samples were stored cool in polyethylene (PE) bottles until 

filtration (0.2 µm disposal syringe filter system, Whatman FP30/0.2CA). After filtration the 

samples were acidified (pH 2) using concentrated HCl (suprapure). All PE bottles used were 

carefully pre-cleaned with an acid solution (0.5M HNO3 and 0.1M HF, both technical grade) 

for several days in an oven at 50 °C and rinsed several times with de-ionized water. The 

syringe filters were also cleaned with the named acid mixture (both suprapure grade) and 

carefully rinsed with de-ionized water.  

Analytical Procedure 

Uranium and other trace element concentrations (Sc, Co, Ni, Rb, Sr, Zr, Nb, Mo, Cd, Cs, Ba, 

Hf, Ta, Pb, and Th in soil and water samples were determined in a 0.5M HNO3 matrix with a 

Perkin-Elmer/SciexElan Model 5000 inductively coupled plasma mass spectrometer (ICP-MS 

Perkin-Elmer/Sciex ELAN DRC-e) following the procedures of Dulski (2001). The analytical 
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procedures used at JUB for the determination of the trace elements are described in detail 

by Alexander (2008). During all measurements an internal standardization (Ru, Re, Bi) is used 

to monitor the interferences or drift effects which might have influenced the analytical 

precision. With the same ICP-MS device the analyses of rare earth elements (La, Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) and Y (REY) are done routinely in the 

Geochemistry laboratory of Jacobs University Bremen. The application of a pre-

concentration system, which is coupled to the ICP-MS as a pre-injection devise (Apex-Q, ESI), 

increases the sensitivity of the groundwater analyses eight to tenfold without time-

consuming pre-concentration procedures. The determination of trace elements via ICP-MS 

involves the measurement of preferentially two (or more) isotopes of a certain element. E.g., 

the content of three isotopes of lead (206Pb, 207Pb and 208Pb) is determined in the sample 

solution and the final concentration is calculated for the respective abundance of each 

isotope. The natural abundance of the U isotopes (99.27% 238U, 0.72% 235U and 0.0055% 

234U) does only allow the precise determination of 238U using a quadrupole ICP-MS. Since the 

correct determination of many trace elements is disturbed by interferences with other 

elements in the sample solution, the element concentrations of Eu, Gd, Tb, Dy, Ho, Er, Tm, 

Yb, and Lu are corrected against the interfering elements.  

 The major elements (K, Mg, Ca, Na, Fe, P, and B) as well as Al and Zn in soils are 

analysed with optical emission spectrometry with inductively coupled plasma (ICP-OES, 

Spectro). The internal standardization with Y is used to control the analytical precision. The 

anions (Cl-, F-, Br-, NO3
-, PO4

3-, and SO4
2-) are analysed in water samples using ion 

chromatography (Metrohm IC 461).    

 All acids (HNO3, HCl, and HF) used are concentrated and suprapure grade acids 

(Merck, Germany). The water used in the laboratory is de-ionised and purified (18.2 MΩ, 

Millipore, USA). Multi-element calibration solutions containing 10 ng mL-1 (10 ppb) Rb, Sr, Y, 

Zr, Cs, Ba, all REEs, Hf, Pb, Th, and U are prepared from 1000 μg mL-1 single element 

solutions (Inorganic Ventures, USA). 

 The sample precision of the determination of U is calculated from 60 mass scans of a 

single solution, the run precision is calculated from the repeated measurement of a single 

solution during one sample run (~ 6-12 h) and the method precision is calculated from 

different measurements of a certain solution over several months. The sample precision of a 

1 µg L-1 U standard is 2 %, the run precision 3.3 % and the method precision is 4.4 % over a 
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period of 10 month (spring 2009 to autumn 2009). The limit of quantification (LOQ) is 

calculated from the standard deviation of the method blank multiplied by 10. The LOQ of U 

in water samples is 0.0009 µg L-1.  

 The NLWKN monitors element concentrations in groundwater for the groundwater 

monitoring network of the European Water Framework Directive. All analytical methods 

applied by the NLWKN are based on certified DIN standard procedures (Appendix D). The 

specific DIN methods used for water analytics are listed in Appendix D (e.g. temperature, pH-

value, electric conductivity, spectral absorption coefficient 254 nm, spectral absorption 

coefficient 436 nm, base capacity pH=8.2, acid capacity pH=4.3, O2, NH4
+, NO3

-, NO2
-, PO4

3-, 

Cl-, CN-, F- (soluble), SO4
2-, dissolve organic carbon (DOC), Cr, Cu, Ni, Zn, Pb, Cd, Hg, Fe, Mn, B, 

Al, As, Ca, Mg, Na, K, Si, phenol index, adsorbable organically bound halogens (AOX), lightly 

volatile halogenated hydrocarbons). Further, some physical parameters about the 

groundwater sampling are given (e.g. flow rate, pumping time, water level below surface 

and sampling depth) as well as information about the smell, turbidity, colour and the ionic 

balance of anions and cations.  

Statistical Analyses  

Some groundwater wells were sampled twice in 2009 by the NLWKN. Duplicates in the 

groundwater dataset consisting of samples from the spring and autumn sampling campaign 

were removed. The data is sorted by the sampling depth (0-56 m). The minimum, 25th 

quartile, median, mean, 75th quartile, and maximum values as well as the standard deviation 

(SD) of the element concentration in all (0-56 m), shallow (0-15 m), and deep groundwater 

wells (16-56 m) are described separately. The relative standard deviation (RSD), the ratio of 

the SD and the mean concentration, are described in Table 9 to 11.  

 Correlations between the 45 parameters are tested with a bivariate correlation test 

(Pearson). For the evaluation of the relative importance of the processes determining the 

water composition, a principal component analysis (PCA) is applied to study the correlation 

patterns in the data set for shallow, deep, and all groundwater samples. Only significantly 

correlating (0.01 level) parameters are tested for interrelations using the PCA (SPSS 11). 

Components are extracted with the 3 iterations rotation method: “Varimax with Kaiser 

Normalization”. User-defined missing values are treated as missing. Correlation coefficients 
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for each pair of variables are based on all the cases with valid data for that pair. The factor 

analysis is based on these correlations.  

Results 

General description of long time soil monitoring fields 

Basic parameters such as BDF history, fertilisation rate, climatic conditions and selected 

physical parameters (raw density, pore volume, air capacity and permanent wilting point) of 

the seven investigated BDFs are summarized in Table 1. The soil type classifications given in 

Table 1 are based on World Reference Base for Soil Resources (WRB). All investigated BDF 

are intensively fertilised arable fields used for cropping production. Since 1992 the amount 

of mineral P fertilisers applied to the different BDFs ranges from 0 to 344 kg P ha-1. The 

amount of applied P derived from manure fertilisation is not monitored. The BDF Jühnde 

was fertilised mainly with mineral fertilisers until 2000. Since 2000 the farm changed the 

fertilisation from mineral to organic fertilisers (oral information LBEG 2009).  

Table. 1: Physical parameters and fertilisation rates (until 2009) of the seven long-time soil 
monitoring fields (BDFs) in south-eastern Lower Saxony (data obtained by the LBEG) 

BDF Soil type BDF 
since 

avg. N 
application 

total mineral P 
applied (since) 

temp precip RDdry PV AC PWP 

  year kg N/ha*a kg P/ha ° C mm g/cm3 Vol. % 

Ehmen Stagnosol 1994 100-200 187.17 (1994) 9 614 1.37 42 16 6 

Hofschwicheldt Vertisol 1992 100-200 155.38 (1996) 9 638 1.33 46 4 25 
Hohenzehten Cambisol 1999 100-200 319.43 (2000) 8 672 1.47 45 19 3 
Hornburg Chernozem 1992 100-200 343.87 (1991) 9 582 1.29 47 13 16 

Jühnde Rendzic 
Leptosol 

1999 100-200 0 (2000) 8 807 1.39 45 4 27 

Mariental Stagnosol 1992 100-200 26.18 (2001) 9 613 1.48 36 11 10 
Sehlde Cambisol 2002 > 200 48.18 (2003) 9 737 n.a. n.a. n.a. n.a. 

Abbreviations: temp. – temperature, precip. = precipitation, RDdry – raw density dry, PV – pore volume, AC – air 
capacity, PWP – permanent wilting point, n.a. – not available 

 Table 2 summarizes soil chemical parameters (N, P, PCAL K, Mg, Ca, Corg, Fe, and CO3
3-), 

the pH and the soil characteristic described by the LBEG. The highest nutrient (N, P, K, Mg, 

and Ca) concentrations in the Ap horizons are found at Hofschwicheldt, Hornburg, Jühnde 

and Sehlde. The high pH values and Ca, Mg, and CO3
2-concentrations indicate the calcareous 

origin of the soil parent material at the four sites. While the Cambisol in Sehlde developed 

from compact marl, the pedogenesis of the Cambisol in Hofschwicheldt started with glacial 

sand.  
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Table. 2: Geochemical parameters, pH and soil type of the seven long-time soil monitoring fields 
(BDFs) in south-eastern Lower Saxony (data obtained by the LBEG) 
  pH PCAL P NT K Mg Ca Corg Fe CO3

2- 

BDF Soil characteristics  mg/ 
100g 

Weight % dry substance 

Ehmen loamy sand 6.3 15.2 0.04 0.13 0.06 0.06 0.18 1.38 0.26 0.004 

Hofschwicheldt clayey loam 7.4 12.5 0.09 0.25 0.31 0.25 0.97 2.33 0.50 0.002 
Hohenzehten silty sand  5.7 5.86 0.04 0.08 0.04 0.03 0.08 1.03 0.43 n.d. 
Hornburg clayey silt 7.5 11.7 0.08 0.16 0.29 0.42 3.37 0.84 1.73 0.139 

Jühnde silty clay 7.4 12.9 0.09 0.27 0.66 0.61 3.42 2.59 2.49 0.200 

Mariental loamy sand 6.1 5.43 0.05 0.09 0.15 0.10 0.19 0.94 1.42 n.d. 
Sehlde clayey silt n.a. 10.3 0.11 0.21 0.32 0.29 3.12 n.a. 1.79 n.d. 

Abbreviations: Corg - organic carbon, NT – total nitrogen n.a. = not available, n.d. = not detectable, PCAL = calcium 
acetate lactate extractable phosphorus 

Uranium in top soil and sub soil horizons 

The documented fertilisation records provided by the LBEG show that the BDF Hornburg 

(BDF-H) was fertilised with high amounts of P fertiliser (343.87 kg P ha-1 since 1991). The U 

concentrations in the different horizons of BDF-H and the control site within the Green Belt 

(GB-H) are presented in Figure 4a. A difference of 0.15 and 0.18 mg U kg-1 in topsoil horizons 

(Ap and Ah) indicates the hypothesized enrichment of fertilised soils with fertiliser-derived 

U. These results underline the observation of numerous scientists (Rothbaum et al., 1979; 

Jones, 1992; Takeda et al., 2006; Taylor, 2007; Taylor and Kim, 2008; Zielinski et al., 2006 and 

Rogasik et al., 2008), who detected accumulation of U in arable fields in comparison to 

unfertilised control sites. A higher U content in top soil compared to sub soil horizons in 

German arable soils was also observed by Utermann and Fuchs (2008). The same study 

shows differences of median values in forest and arable top soil horizons of 0.15 mg U kg-1, 

confirming the difference found between the BDF-H and GB-H. The sub soil horizons (Bh and 

Sw) do not show any significant difference in U concentrations. The difference of 0.11 mg U 

kg-1  in samples of the deepest horizon (>200 cm) between the BDF-H and the GB-H is an 

effect of differences in the substrate.  

 The concentration of 2.24 mg kg-1 in the top soil horizon of the BDF-H gives a U stock 

of 7224 g ha-1 (0-25 cm soil depth, 1.29 g cm-3 RDdry). Based on the accumulation of 0.15 mg 

U kg-1 found in the top soil horizon of the BDF-H, the calculated fertiliser-derived U 

contribution is 484 g ha-1, which is 6.7 % of the total U stock in this top soil horizon. 

Assuming an annual mineral P fertilisation over 50 years an annual load of 9.7 g U was 

applied per hectare to this field. These values are comparable to published values on 

estimated U loads from P containing mineral fertilisers to arable fields of 493 g ha-1, which 
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would result in a relative contribution of fertiliser-derived U to the background 

concentration of silty top soil horizons of 5.51 % (Kratz et al., 2011). Taking into account that 

U could have been leached from the top soil to deeper soil horizons, as it is indicated by the 

0.18 mg U kg-1 difference between the Ah horizons (0.25-0.41 cm) of the BDF-H and the GB-

H, the U stock derived from P fertilisers is even higher. The calculated contribution of 

fertiliser-derived U in the Ah horizons is 409 g ha-1, which is 8.6 % of the total U stock in this 

soil horizon. Hence, the total amount of 893 g ha-1 in the two top soil horizons is possibly 

derived from P fertilisers applied at the BDF-H. Considering a possible U leaching from soil to 

groundwater, the total amount of co-applied U could be even higher.  

 The total amount of 26.18 kg P ha-1 was applied to the BDF Mariental (BDF-M) since 

2001. The U concentrations in the different horizons of the BDF Mariental (BDF-M) and the 

control site at the Green Belt (GB-M) are presented in Figure 4b. A difference of 0.36 mg kg-1 

and 0.70 mg U kg-1 in topsoil horizons (Ap and Ah) and 0.67 and 0.99 mg U kg-1 in sub soil 

horizons (Bh and Sw) are possibly a result of differences in the soil parent material than a 

result of fertiliser-derived U accumulation. The loamy sand of the Stagnosol soil horizons of 

the BDF-M is derived from glacial loam, while the loamy sand of the Stagnosol GB-M site 

contains a lower loam content.   

 Since the BDF Jühnde (BDF-J) is not located in the vicinity of the Green Belt, a nearby 

forest was chosen as a control site. Unfortunately this site shows unexpected high 

concentrations of U (Figure 4c) and other heavy metals, such as Pb and Ni (data not 

presented). Hence this site cannot be considered as an uncontaminated control site. The U 

concentrations of the different horizons of the BDF-J decrease with increasing depth and a 

difference of 0.22 mg kg-1 between the Ap and the BvCv horizon indicate possible U 

accumulation in the topsoil.  
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Figure 4a: U concentration (mg kg-1) in Ap, Ah2, Bh, Sw, and Sd(C) horizons of the BDF Hornburg 
(BDF-H) and the control site at the Green Belt (GB-H) 
Figure 4b: U concentration (mg kg-1) in Ap, Ah2, Bh, and Sw horizons of the BDF Mariental (BDF-M) 
and the control site at the Green Belt (GB-M) 
Figure 4c: U concentration (mg kg-1) in Ap, BhCv, and Cv horizons of the BDF Jühnde (BDF-J) and the 
control site in a nearby forest (CTRL-J) 

Bicarbonate extractable uranium 

Figure 5a shows the bicarbonate (0.1M NaHCO3) extractable U concentration of samples 

which remained field-moist until analyses. The extractable U concentration of the same top 

soil horizons dried at 60 °C is presented in Figure 5b. The comparison of the two different 

sample treatments shows, that drying of soil samples strongly affects the amount of 

leachable U from arable top soil horizons. The drying process changes the structure of soil 

a) b) 

c)  
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organic matter (SOM). Larger aggregates disaggregate to smaller colloids which can release 

adsorbed heavy metals to the solution (Kaiser, 2001; Gruitrooy, 2008). On average 50 % 

higher U concentrations were measured in leachates of dried arable top soil samples in 

comparison to samples, which were stored cold and remained field-moist until the 

experiment. These results clearly demonstrate the importance of the stability of SOM for the 

retention of U in top soil horizons. 

 The comparison of fertilised arable BDF soils with unfertilised Green Belt or forest 

control sites soils shows higher extractable U concentration from arable soils at the BDF-H 

and BDF-M. Since the BDF-J is shown to be an inappropriate study site, and the top soil 

horizons at the BDF-M are assumed to differ on the mineralogical composition a detailed 

comparison of the extractable concentrations is limited to the BDF-H. The total U 

concentration in the first top soil horizon of BDF-H (2.24 mg kg-1) is 7.2 % higher than the 

total U concentration of GB-H (2.09 mg kg-1). The bicarbonate extractable U concentrations 

of the first top soil horizon of BDF-H (0.115 ± 0.011 mg kg-1) is 56 % higher than the 

extractable U concentration of the control top soil horizons of GB-H (0.074 ± 0.004 mg kg-1). 

This result gives indications for the higher mobility of fertiliser-derived U in the arable top 

soil horizons at the BDF-H. Uranium applied with water soluble P fertilisers is preferentially 

adsorbed to surface sites of soil particle and colloids (see Introduction, chapter 1). The 

extraction with bicarbonate mobilizes more U from fertilised soil horizons in comparison to 

unfertilised soil horizons, which are expected to contain less exchangeable U adsorbed to 

particles.  

 The impact of annual ploughing and other tillage operations, could have led to 

changes in the stability of SOM. The disaggregation and degradation of SOM in top soil 

horizons of the BDF-H could have affected the higher desorption of geogenic and 

anthropogenic U from the arable top soil horizon of the BDF-H.  

 Since the selection of the control sites at the BDF-M and BDF-J was inappropriate a 

repetition with more soil samples from fertilised and unfertilised fields along the green belt 

is proposed. 
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Figure 5: Extractable (0.1 M NaHCO3) U from (a) moist and (b) dried top soil horizon samples of the 
BDF sites in Hornburg (BDF-H), Mariental (BDF-M) and Jühnde (BDF-J) in comparison with the 
unfertilised control sites at the Green Belt or forest 

Water extractable uranium 

The median, 10th, 25th, 75th, and 90th percentiles of the water extractable U concentrations 

determined in arable (a) and forest (f) soil horizons are separated into 5 different humus 

classes (< 1, 1 - <2, 2 - <4, 4 - <6 and, 8 - <15 %) according to the Bodenkundliche 

Kartieranleitung (KA5) (Table 3). The box- (25th, 50th, and 75th percentile) and whisker (10th 

and 90th percentile) plots in Figure 6 visualize the results of Table 3. Comparing the median 

values (50th percentile) shows that more U was extracted from arable top soil horizons in 

comparison to forest top soil horizons in samples belonging to humus classes < 1 %, 1 - < 2 

%, and 2 - < 4 %. These humus classes reflect 82.2 % of the arable and 75.4 % investigated 

forest soil horizons. 

 The 90th percentiles of the U concentrations of top soil horizons confirm the trend of 

higher U concentrations extracted from arable soil horizons in comparison to forest soil 

horizons. The soil samples containing humus between < 1 and < 4 % (classes h1 to h3) 

investigated in this study are primary used for arable cropping production in Germany (87%). 

Table 3: median, 10th, 25th, 75th, and 90th percentiles of the U concentrations in arable (a) and forest 
(f) soil horizons determined in the water/soil batch extraction experiments separated into 
different humus classes (< 1, 1 - < 2, 2 - < 4, 4 - < 6 and, 8 - < 15) 

humus classes [%] 

< 1 1 - < 2 2- < 4 4 - < 8 8 - < 15 
percentile a f a f a f a f a f 
N 186 130 69 72 106 117 64 88 12 16 

10 0.01 0.03 0.08 0.07 0.07 0.11 0.08 0.22 0.16 0.27 
25 0.03 0.05 0.22 0.13 0.22 0.22 0.18 0.39 0.27 0.46 
median 0.24 0.11 0.46 0.25 0.46 0.34 0.44 0.64 0.56 0.65 

75 0.55 0.24 1.00 0.44 0.96 0.61 0.70 0.90 1.35 0.79 
90 1.50 0.57 2.26 0.78 2.01 0.89 1.71 1.27 5.12 1.11 

 

a) b) 
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Figure 6: Extractable U [µg L-1] from arable and forest soil horizons separated into 5 different 
humus classes (< 1, 1 - < 2, 2 - < 4, 4 - < 6, and 8 - < 15 %), extracted with a ratio of 2 litre water per 
kg soil (DIN 19529) 

Also other studies confirm the preferential use of soils with these humus classes for cropping 

production. A study initiated by the German Environmental Agency (UBA) determined the 

humus classes of the three main soil types (sand, loess, and clay) under different land-use 

(arable, pasture, and forest) (Wessolek et al., 2008). Their results show that 69 % of the 

sandy soils, 98 % of loess soils, and 77 % of clay soils under arable land-use contain humus 

between < 1 to < 4 %, while the remaining 31 %, 1.7 %, and 23 %, respectively, contain 

humus between 4 - < 15 % (Table 4). The humus concentration of forest soils on sand, loess, 

and clay soils does not show the particular trend which is found for arable soils. The 

distribution of humus classes h1 to h3 (< 1 to < 4 %) and h4 to h7 (4 - < 15 %) for sandy soils 

is 59.6 % and 40.3 %, respectively, for loess soils is 49.4 % and 50.5 %, respectively, and for 

clay soils is 48 % and 52 %, respectively. 
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Table 4:  Percentage of land-use (arable, pasture, and forest) separated into seven different humus 
classes (h1 – h7; KA5) representing humus mass  from < 1 to > 30 % (Wessolek et al., 2008) 

mass % 
humus 

soil type Sand Loess clay 

land-use % arable Pasture forest arable Pasture forest arable pasture forest 
humus 
classes (KA5) N=328 N=266 N=467 N=93 N=18 N=97 N=249 N=164 N=768 

< 1 h1 3.0 0.4 3.7 -- -- 1.0 1.6 0.6 0.3 
1 - < 2 h2 18.9 4.1 11.9 44.1 -- 7.2 16.9 1.8 4.6 
2 - < 4 h3 47.3 16.9 44 54.2 38.9 41.2 59.0 32.9 43.1 

h1 - h3 69.2 21.4 59.6 98.3 38.9 49.4 77.5 35.3 48.0 

4 - < 8 h4 27.7 36.8 26.2 (10.8)* 38.9 34.0 21.7 51.8 37.0 
8 - < 15  h5 3.0 21.4 5.0 -- 22.2 5.2 0.4 11.0 7.8 
15 - < 30 h6 -- 9.4 5.4 -- -- 8.2 0.4 1.8 5.2 
> 30 h7 -- 10.9 3.7 -- -- 3.1 -- -- 2.1 

h4 - h7 30.7 78.5 40.3 1.7** 61.1 50.5 22.5 64.6 52.1 
* the published value of 10.8 % for humus class h4 of loess soils does not agree with the 98.3 % for the humus 
classes h1 – h3 
** 1.7 % is the calculated value for the humus classes h4 – h7, which agrees to the 98.3 % for the humus classes 
h1 – h3 

Uranium in lysimeter and soil pore water 

The mean U concentration in drainage and lysimeter water samples of the seven BDFs is 

presented in Table 5. The U concentrations at the seven sites are in a range between two 

orders of magnitude. Water samples from Hornburg and Hofschwicheldt have the highest U 

concentrations (4.1 and 3.3 µg L-1, respectively)) followed by samples from Jühnde, Sehlde 

and Mariental (1.1, 0.73, and 0.63 µg L-1, respectively) and the lowest concentrations at the 

sites Ehmen and Hohenzethen  (0.19 and 0.06 µg L-1, respectively).  

Table 5: Mean uranium concentrations (µg L-1) with standard deviation in drainage water (Ehmen, 
Mariental, Hofschwicheldt and Hornburg) and lysimeter soil pore water samples (Jühnde, Sehlde 
and Hohenzethen)   

Ehmen Mariental Hofschwicheldt Hornburg Jühnde Sehlde Hohenzethen 

N 3 2 6 10 22 6 3 

Minimum 0.16 0.33 2.6 2.6 0.61 0.51 0.05 

Maximum 0.22 0.93 3.8 4.9 1.6 0.94 0.07 

Mean 0.19 0.63 3.3 4.1 1.1 0.73 0.06 

RSD % 14 68 12 15 32 23 17 

 

The U concentrations in drainage water and lysimeter water (Table 5) reflect the soil 

chemical parameters (Table 2). The study sites Hornburg and Jühnde, which are calcareous 

soils, contain the highest concentration of carbonates possibly enhancing a high mobility of 

U-carbonate complexes in these soils. Since the carbonate contents in soils in Ehmen, 
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Mariental, Sehlde, and Hohenzethen are low, U concentrations in drainage and lysimeter 

water are comparably low. The tendency for high U concentration in drainage water or 

lysimeter water from BDF sites with high nutrient (N, P, and K) concentrations in top soils is 

found. However, a significant correlation of the high nutrient concentration in top soil 

horizons of the BDFs Hofschwicheldt, Hornburg, Jühnde, and Sehlde with the U 

concentration in water was not found. The retention of U in soils due to the sorption on soil 

organic matter (SOM) or iron hydroxides has to be considered. However the scarce data 

presented in Table 2 do not allow any conclusion on trends of retention behaviour of U in 

Corg or Fe rich soils. The importance of SOM stability for the adsorption of U is shown in 

Figure 5a and 5b (see Bicarbonate extractable uranium, this chapter).  

 Groundwater samples were taken from wells of the groundwater monitoring network 

(NLWKN) at the BDF sites Ehmen, Hofschwicheldt, Hornburg, and Mariental. The U 

concentrations in groundwater at the BDF Ehmen is 1.50 µg L-1 (4 meter sampling depth), at 

the BDF Hofschwicheldt is 13.03 µg L-1 (2.8 meter), at the BDF Hornburg is 1.88 µg L-1 (11 

meter), and at the BDF Mariental is 0.46 µg L-1 U (5 meter) and 0.03 µg L-1 (10 meter). While 

the U concentration in groundwater taken at the BDF site Mariental is comparable to the 

drainage water sample, the BDF site Hornburg shows much lower U concentration in the 

groundwater compared to the drainage water. The U concentration in drainage water of the 

BDF sites Hofschwicheldt and Ehmen is significantly lower compared to the U concentration 

in the local groundwater. Possible anthropogenic (fertiliser-derived or fertiliser-induced) or 

geogenic effects will be discussed later (see Uranium in groundwater, this chapter). 

 Due to the lack of data the U concentration in drainage water and lysimeter water 

cannot be related to the amount of applied P fertiliser, since the total amounts of mineral 

fertiliser applied remains unknown. The fertilisation rates are monitored since the BDFs 

were established (1994-2002). Mineral P fertilisers are applied in noteworthy amounts since 

the 1950s, with very highest P fertilisation rates (up to 70 kg P ha-1) in the 1970s and 1980s. 

Data on the total amount of P fertiliser applied, the U concentration of the applied fertiliser 

and the U concentration in top soil horizons, which remained unfertilised, would be 

necessary to relate U concentrations of BDF soils to the fertilisation rates.  
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Lysimeter water BDF Jühnde 

In contrast to the drainage water samples, the amount of water, which is percolating 

through the lysimeter, is monitored by the LBEG. This data allows the evaluation of trends in 

element concentration in lysimeter water against the amount of water leached through the 

soil column. In addition to the soil physical and chemical parameters given for the BDF site 

Jühnde (Table 1 and 2), depth related parameters influencing the U retention in top and sub 

soil horizons (bulk density, organic matter,Fe2O3 content, potential cation exchange capacity, 

calculated iron oxide surface sites available for sorption of U) are presented in Table 6.  

Tab. 6: Bulk densities, contents of organic matter and Fe2O3 content, potential cation exchange 
capacity (CEC) and the iron oxide surfaces of a mollic leptosol at the BDF Jühnde (Germany) (LBEG 
data).  

Horizon depth Bulk Density Organic Matter Fe2O3 Potential CEC Sites on Surface 

 cm g cm-3 % % mMolc kg-1 soil mMolc kg-1 soil 

Ap 0-25 1.3938 2.59 2.59 272.25 202.89 

Bv-Cv 25-55 1.48 * 1.43 3.19 338.09 249.89 

Cv 55-100 1.48 * 0.91 2.16 227.11 169.20 
* median bulk density was assumed, because the high rock density inhibited the determination in the field 

 

The minimum, maximum and mean concentrations of Al, Ca, Mg, Na, K, Fe(II), Cu, Zn, 

U, Cl-, NO3
-, NH4

-, NO2
-, F-, PO4

3-, SO4
2-, NPOC (non-purgeable organic carbon), TIC (total 

inorganic carbon), and TNb (total nitrogen bound) in the lysimeter water study are 

presented in Table 7. The variation coefficient (RSD) indicates high variability in the element 

concentration over 8 months. 

 The temporal sequence of air and soil temperature from September 2009 to May 

2010 is presented in Figure 7. Temperatures below the freezing point occur from mid of 

December until mid of February. The amount of percolation water is a function of the 

amount of precipitation (Figure 8). The higher amount of percolation water collected in the 

lysimeters is a result of additional surface runoff water from the surrounding area. The high 

variability of element concentration (Table 7) indicates temporal changes in the sorption of 

soil components. The known leaching of NO3
- from fertilised arable soils to the groundwater 

is a good example for dislocation of fertiliser-derived components. While nitrogen is fixed in 

plants and roots during the cropping season, excessive N is leached from top soil horizons to 

the groundwater after the harvest as soon as the water-holding capacity of the soils is 

exceeded. Figure 9a shows the temporal changes of NO3
- concentration in water against the 
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cumulative amount of percolation water. A steep increase of NO3
- in percolation water after 

the harvest in September from 50 to 140 mg L-1 can be observed. From November until April 

the NO3
- concentrations in the lysimeter water decreased. This sequence of NO3

- leaching is 

observed in many studies (Anken, 2003). The high mobility of NO3
-, due to the low 

adsorption affinity of the anion to the surfaces of soil particles, causes the fast leaching of 

the excess NO3
- within three months.  

Table 7: Concentrations of selected elements (Al, Ca, Mg, Na, K, Fe(II), Cu, Zn, U, Cl, NO3, NH4, NO2, 
F, PO4 SO4), NPOC (non-purgeable organic carbon), TIC (total inorganic carbon), and TNb (total 
nitrogen bound), pH and EC in lysimeter soil pore water samples from the BDF Jühnde in Lower 
Saxony (all data provided by the LBEG, except for U) 

pH EC Al Ca Mg Na K Fe (II) Cu  Zn U  
µS m-2 mg L-1 µg L-1 

N 22 22 18 22 22 22 22 20 13 22 22 
Minimum 7.9 319 0.003 52 1.6 1.1 1.3 0.004 3 6 0.65 
Maximum 8.6 555 0.03 102 3.1 2.7 7.7 0.03 5 25 1.6 
Mean 8.3 463 0.01 82 2.4 2.1 3.6 0.0 3.9 11 1.1 
RSD % 2.7 16 92 20 19 22 55 50 0.02 0.04 29 
 

Water NPOC TIC TNb Cl- NO3
- NH4

- NO2
- F- PO4

3- SO4
2- 

L mg L-1 
N 22 21 21 21 22 22 13 21 22 22 22 

Minimum 3.5 0.11 0.23 0.13 0.88 28 0 0.005 0.40 0.06 8.7 
Maximum 75 4.5 41 31 3.3 145 0.08 0.26 0.81 2.1 29 

Mean 35 3.0 28 19 1.8 89 0.0 0.1 0.6 0.2 20 

RSD % 68 31 28 48 49 44 123 102 22 194 36 
 

  

The temporal sequence of U concentration in the lysimeter soil pore water is shown 

in Figure 9b. In contrast to NO3
-, the U concentration is decreasing over time from 1.6 to 0.8 

µg L-1. Comparable to the annual pattern of NO3
-, the U concentrations are slightly higher at 

the sampling date in February 2010. While the NO3
- mobility in the top soil horizon of the 

BDF Jühnde is governed by the retention of plants, the mobility of U is not related to 

biological processes.  

 The continuous decrease in U concentration over the six months is governed only by 

geochemical processes. During the summer months mobile fertiliser-derived and geogenic U 

could not be leached from the top soil and sub soil horizons. After the harvest (September) 

soil pore water is not retained by the crops and water percolates through the soil column. 

Hence, the mobile U fraction is leached from the soil horizons to the depth of 1 meter, 
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where the lysimeter water is collected. The temporal decrease of U concentration can be 

considered as a decline of leachable U from the mobile fraction over time. The available 

mobile U pool in the soil is diluted with an increasing amount of percolation water. 

 

Figure 7: Air and soil temperature (°C) at the BDF Jühnde (September 2009 – May 2010), red line 
shows 0 °C 

 
Figure 8: Cumulative values of the amount of precipitation and percolation water (L) (September 

2009 – March 2010) 

Figure 9: Temporal changes of (a) NO3
-  (mg L-1) and (b) U (µg L-1) concentrations in Jühnde soil pore 

lysimeter water samples in relation to the cumulative amount of percolation water (Lys 1 = 

Lysimeter 1, Lys 2 = Lysimeter 2). 

a) b) 
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The correlation coefficients of the parameters listed in Table 8 indicate the significant 

negative correlation between the cumulative amount of percolation water, NO3
-, and U. 

Further the pH, EC and the element concentrations of Na, Mg, Ca, SO4
2-, TIC and NPOC are 

affected by increasing amount of percolation water over time.  

Table 8: Pearson correlation coefficients of U, NO3
- and cumulative amount of percolation water 

(c_wa) 

  U pH EC Na Cl Mg Ca SO4
- NO3

- TIC NPOC TNb c_wa 
U Pearson 

Correlation   
.898 

** 
.623 

** 
.920 

** 
-.454 

* 
.800 

** 
.807 

** 
.937 
** 

.484 
* 

.589 
** 

.773 
** 

0.423 
 

-.928 
** 

Sig. (2-
tailed)   0 0.002 0 0.034 0 0 0 0.022 0.005 0 0.056 0 
N   22 22 22 22 22 22 22 22 21 21 21 22 

NO3
- Pearson 

Correlation 
.484 

* 
.498 

* 
.920 

** 
.633 

** 
0.217 

 
.812 

** 
.861 

** 
.739 

**   
0.275 

 
0.373 

 
.982 

** 
-.451 

* 
Sig. (2-
tailed) 0.022 0.018 0 0.002 0.332 0 0 0   0.228 0.096 0 0.035 
N 22 22 22 22 22 22 22 22   21 21 21 22 

c_wa Pearson 
Correlation 

-.928 
** 

-.840 
** 

-.619 
** 

-.897 
** 

0.279 
 

-.757 
** 

-.770 
** 

-.873 
** 

-.451 
* 

-.603 
** 

-.810 
** 

-0.43 
            

Sig. (2-
tailed) 0 0 0.002 0 0.209 0 0 0 0.035 0.004 0 0.051   
N 22 22 22 22 22 22 22 22 22 21 21 21   

** significant at the 0.01 level; * significant at the 0.05 level 

Uranium in groundwater 

Groundwater samples from the groundwater monitoring network (GÜN), which is operated 

by the agency for water management, costal and nature protection (NLWKN) of Lower 

Saxony, were taken during spring and autumn groundwater sampling campaigns 2009 in 

south-eastern Lower Saxony. The concentrations (mean, minimum, maximum, 25th, 50th, and 

75th percentile) of chosen geochemical components in all groundwater samples (N=155) with 

a sampling depth from 0-56 meters are presented in Table 9. For comparison of shallow and 

deep groundwater the dataset is separated into 0-15 m and 16-56 m in Table 10 and Table 

11, respectively. The broad variability of the groundwater geochemistry in the sampling area 

in south-eastern Lower Saxony is indicated by the high RSD (relative standard deviation) for 

almost all investigate elements.  
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Table 9:  Concentrations of geochemical parameters (O2, HCO3
-, NH4-N, NO3-N, NO2-N, NT, PO4

2-, Cl-, 
F-, SO4

2-, DOC, Fe, Mn, Al, Ca, Mg, Na, K, and U), sampling depth, pH, and EC in groundwater 
samples taken from a sampling depth 0-56 meter in south-eastern Lower Saxony 

  
sampling 

depth pH EC O2 HCO3
- NH4-N NO3-N NO2-N NT PO4

2- Cl- 

 m 
 

mS mg L-1 

N 155 154 154 142 126 146 117 152 154 127 122 

Mean 16 6.7 1 104 2.7 230 1.0 3.4 1.7 5.3 0.05 127 

RSD % 70 14 233 96 66 235 181 323 165 350 610 

Minimum 3.5 3.9 66 0.05 3.1 0.01 0.01 0.01 0.01 0.01 0.01 

Maximum 56 11 27 700 14 592 12 36 27 36 2.0 8 530 

Percentile 25 8.0 6.0 470 0.90 78 0.01 0.05 0.01 0.16 0.01 0.02 

Percentile 50 12 7.0 680 1.9 235 0.09 0.21 0.01 0.64 0.01 24 

Percentile 75 20 7.5 930 4.2 372 0.45 4.7 0.03 7.5 0.04 62 

  F- SO4
2- DOC Fe Mn Al Ca Mg Na K U 

 mg L-1 µg L-1 

N 103 94 147 154 154 154 154 154 154 154 149 

Mean 0.11 122 3.4 2.6 0.22 0.08 107 16 113 6.2 0.53 

RSD % 101 174 257 221 161 300 86 102 483 131 158 

Minimum 0.05 0.00 0.05 0.01 0.01 0.01 1.7 0.13 3.7 0.56 0.001 

Maximum 0.66 1 700 89 42 1.9 2.7 590 120 5 700 54 5.0 

Percentile 25 0.05 39 0.50 0.01 0.01 0.02 52 6.5 12 1.7 0.05 

Percentile 50 0.05 86 1.3 0.08 0.06 0.03 86 12 19 3.4 0.12 

Percentile 75 0.14 140 2.4 2.2 0.32 0.04 133 18 37 6.2 0.74 

NT = total nitrogen 

Table 10:  Concentrations of geochemical parameters (O2, HCO3
-, NH4-N, NO3-N, NO2-N, NT, PO4

2-, Cl-

, F-, SO4
2-, DOC, Fe, Mn, Al, Ca, Mg, Na, K, and U), sampling depth, pH, and EC in groundwater 

samples taken from a sampling depth 0-15 meter in south-eastern Lower Saxony 

  
sampling 

depth pH EC O2 HCO3
- NH4-N NO3-N NO2-N NT PO4

2- Cl- 

 m 
 

mS mg L-1 

N 100 99 99 95 81 95 70 99 99 82 74 

Mean 9.0 6.63 1 096 2.4 235 1.1 3.5 1.7 5.2 0.06 180 

RSD % 32 14 254 83 67 226 167 321 160 356 551 

Minimum 3.5 4.0 127 0.20 3.1 0.01 0.01 0.01 0.01 0.01 0.01 

Maximum 15 8.8 27 700 8.1 592 11 23 27 35 2.0 8 530 

Percentile 25 7.0 5.9 480 0.90 73 0.01 0.05 0.01 0.15 0.01 0.04 

Percentile 50 9.8 7.0 730 1.7 232 0.09 0.25 0.01 0.56 0.01 29 

Percentile 75 11 7.4 970 3.4 384 0.46 6.4 0.03 8.2 0.04 69 

  F- SO4
2- DOC Fe Mn Al Ca Mg Na K U 

 mg L-1 µg L-1 

N 62 57 99 99 99 99 99 99 99 99 99 

Mean 0.11 153 3.6 2.5 0.22 0.10 111 16 105 6.7 0.65 

RSD % 89 172 171 209 142 287 83 103 549 116 151 

Minimum 0.05 2.5 0.05 0.01 0.01 0.01 11 2.5 3.7 0.56 0.001 

Maximum 0.5 1 700 34 26 1.6 2.7 590 120 5 700 54 5.0 

Percentile 25 0.05 57 0.50 0.01 0.01 0.03 55 7.6 14 2.0 0.05 

Percentile 50 0.05 98 1.4 0.08 0.08 0.03 92 12 19 3.7 0.22 

Percentile 75 0.13 140 3.3 2.0 0.32 0.06 130 18 36 9.6 0.90 

NT = total nitrogen 
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Table 11:  Concentrations of geochemical parameters (O2, HCO3
-, NH4-N, NO3-N, NO2-N, NT, PO4

2-, Cl-

, F-, SO4
2-, DOC, Fe, Mn, Al, Ca, Mg, Na, K, and U), sampling depth, pH, and EC in groundwater 

samples taken from a sampling depth 16-56 meter in south-eastern Lower Saxony 

  
sampling 

depth pH EC O2 HCO3
- NH4-N NO3-N NO2-N NT PO4

2- Cl- 

 m 
 

mS mg L-1 

N 55 55 55 47 45 51 47 53 55 45 48 

Mean 28 6.9 1 120 3.5 220 0.96 3.4 1.8 5.6 0.03 46 

RSD % 36 1.0 2 187 3.5 141 2.45 6.9 6.0 9.6 0.06 113 

Minimum 16 5.05 66 0.05 6.1 0.01 0.01 0.01 0.01 0.01 0.01 

Maximum 56 11 13 300 14 464 12 36 27 36 0.36 742 

Percentile 25 20 6.4 460 0.90 85 0.01 0.05 0.01 0.16 0.01 0.01 

Percentile 50 24 7.0 630 1.90 238 0.09 0.21 0.01 0.67 0.01 15 

Percentile 75 35 7.5 930 5.6 351 0.40 3.5 0.03 6.1 0.03 47 

  F- SO4
2- DOC Fe Mn Al Ca Mg Na K U 

 mg L-1 µg L-1 

N 41 37 48 55 55 55 55 55 55 55 50 

Mean 0.12 75 3.1 3.0 0.22 0.05 100 15 127 5.2 0.31 

RSD % 101 72 13 7.0 0.42 0.12 92 15 488 8.6 0.40 

Minimum 0.05 0.00 0.05 0.01 0.01 0.01 1.7 0.13 4.00 0.61 0.001 

Maximum 0.66 300 89 42 2 1 570 86 3 300 47 2 

Percentile 25 0.05 23 0.50 0.01 0.01 0.01 44 4.9 9.8 1.4 0.05 

Percentile 50 0.05 52 1.1 0.02 0.01 0.03 77 12 19 2.9 0.08 

Percentile 75 0.17 115 1.5 3.0 0.32 0.04 140 19 41 4.4 0.54 

NT = total nitrogen 

 

Uranium concentration in all groundwater samples range between 0.001 and 5.0 µg 

L-1. The mean and median (50th percentile) concentration of U shows lower concentration in 

deep groundwater (0.31, 0.08 µg L-1) in comparison to shallow groundwater (0.65, 0.22). 

Also NO3
- shows a broad variability (0.01 to 36 mg N µg L-1). The comparison of the mean and 

median concentration of shallow and deep groundwater samples does not show any 

significant difference.   

A graphical representation of the content of major cations and anions in groundwater 

samples is given in a Piper diagram (Figure 10). The cations (Ca, Mg, and the sum of Na and 

K) and anions (HCO3, Cl, and SO4) are shown in two separated ternary graphs. The projection 

of these two graphs in a diamond graph summarizes the results and allows the typification 

of the groundwater into seven different classes (Birke et al., 2010). Three main groups can 

be separated: I. alkaline earth water, II. alkaline earth water with elevated alkali 

concentration and III. alkaline water. Each group is divided into subgroups: I.a) mainly 

bicarbonate, I.b) bicarbonate- sulphate, I.c) mainly sulphate, II.d) hydrogen-carbonate, II.e) 

sulphate/chloride, III.f) (hydrogen)-carbonatic and III.g) sulphate/chloride. Most of the 

analysed groundwater samples are plotted in subgroups I.a, I.b and  I.c of the alkaline earth 
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group, as well as in subgroup II.e of the alkaline earth water with elevated alkali content 

group. The samples with U concentrations higher than 0.5 µg L-1 (red points) fall mainly into 

the bicarbonate and bicarbonate-sulphate subgroups of the alkaline earth group. Uranium is 

known to from very stable carbonate complexes, which are either negatively or un-charged 

(UO2CO3
0, UO2(CO2)2

2- or UO2(CO3)3
4-) (see Introduction, chapter 1).  

 

Figure 10: Piper diagram of groundwater (GW) samples taken from the GÜN monitoring network in 
south-eastern Lower Saxony, red sampling points indicate GW with U concentrations > 0.5 µg L-1 

The statistical analyses of the dataset allows the identification of parameters 

correlating with U. Table 12 gives an overview about the Pearson correlation coefficients (r) 

of the geochemical parameters, which correlate with U. The groundwater dataset is 

separated into three different depths. Correlation coefficients of all groundwater samples (0-

56 m) are listed in the upper part, shallow groundwater samples (0-15 m) in the middle part, 

I. Mainly alkaline-earth water 
a) hydrogen carbonate 

b) hydrogen carbonate-sulphate 

c) sulphate 

II. Alkaline-earth water with elevated alkali concentration 
d) hydrogen carbonate 

e) sulphate/chloride 

III. Alkaline water  
f) (hydrogen-) carbonatic 

g) sulphate/chloride 
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and the deeper groundwater samples (16-56 m) in the lower part of Table 11. Significant 

correlation (0.01 level) between U and HCO3 is found in groundwater samples from south-

eastern Lower Saxony. While this relationship is pronounced for the samples from depths 

between 0 to 56 m and 0 to 15 m, no correlation is found for deep groundwater samples 

(16-56 m). The alkaline cations (Ca and Mg) are also positively correlated with U, which is 

confirmed by the Piper diagram presented in Figure 10. Nitrate is found to be significantly 

correlated with U in all three groundwater datasets, but the two parameters correlate at the 

0.01 level only in shallow wells (0-15 m) and in wells of all depths (0-56 m). The correlation 

coefficient for U and NO3
- in shallow wells is higher (r = 0.327) than for the complete dataset 

(r = 0.273). This gives strong indications for leaching of fertiliser-derived U from arable soils 

to shallow groundwater.  

Table 12: Pearson correlation coefficients (r) for correlations between U concentrations and the 
parameters depth, pH, and the concentrations of HCO3, NO3_N, NH4_N, O2, Ca, Mg, DOC, Fe, and 
Mn in groundwater samples from different sampling depth (0-56 m, 0-15m, and 16-56 m) taken in 
south-eastern Lower Saxony.  

0-56 m U depth HCO3 pH NO3_N NH4_N O2 Ca Mg DOC Fe Mn 

r 1 -.192* .437** .221** .273** -.170* 0.14 .251** .291** -.009 -.153 -.164* 
Sig. (2-
tailed) .019 0 .007 .004 .044 .103 .002 0 .916 .063 .046 
N 149 149 122 148 111 140 137 148 148 141 148 148 
0-15 m U depth HCO3 pH NO3_N NH4_N O2 Ca Mg DOC Fe Mn 

r 1 -.046 .510** .289** .327** -0.2 .206* .326** .341** -.129 -.125 -.149 
Sig. (2-
tailed) .649 0 .004 .006 .053 .046 .001 .001 .206 .219 .143 
N 99 99 80 98 69 94 94 98 98 98 98 98 
16-56 m U depth HCO3 pH NO3_N NH4_N O2 Ca Mg DOC Fe Mn 

r 1 -.182 .187 .276 .323* -.141 .195 -.020 .122 .337* -.297* -.312* 
Sig. (2-
tailed) .207 .236 .053 .037 .35 .21 .891 .4 .027 .036 .028 
N 50 50 42 50 42 46 43 50 50 43 50 50 
** significant at the 0.01 level; * significant at the 0.05 level 

The interrelation of the correlating parameters given in Table 12 is evaluated using 

Principle Component Analyses (PCA). The coordinates of the extracted components for all (0-

56 m) and shallow (0-15 m) groundwater samples are given in Table 13. The rotation is 

shifting the component matrix to the orthogonal coordinate system. Several components are 

extracted by the PCA for the whole dataset (0-56 m) and the dataset including only the 

shallow groundwater samples (0-15 m). Only components with an initial Eigen value higher 

than 1 are considered to be relevant for interpretation. The PCA of all groundwater sample 
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data (0-56 m) extracts two components explaining in total a variance of 63 % of the 

interrelationships (Table 13). The PCA of shallow groundwater samples (0-15 m) extracts 

three components explaining in total a variance of 77 % of the interrelationships (Table 13). 

Since U does not correlate at the 0.01 level with any geochemical parameter in groundwater 

samples from depth between 16-56 m, a PCA was not carried out for this depth range. 

The rotated component plot for the parameter U, HCO3
-, pH, NO3-N, Ca, and Mg in all 

groundwater samples (0-56 m) in Figure 11a shows the loading of U and nitrate on the y-axis 

(component 2) and U together with the predominant alkaline cations, the preferred 

complexing anion HCO3
- and the pH value on the x-axis (component 1). The third component 

extracted by the PCA is repressed in the rotated component plot for shallow groundwater 

samples (0-15 m) in Figure 11b to enable an easy interpretation of a two-dimensional plot. 

The repression of the third component does not affect the calculated Eigen values and the 

explained variance given for the components. Figure 11b shows U also loading together with 

Ca, Mg, HCO3
-, the pH value and additionally with O2 on the component 1. Nitrate, O2, and U 

are loading on the component 2.  

Table 13. Rotated Component Matrix (a) of the results of the PCA from shallow (0-15 m) and all (0-
56 m) groundwater samples taken in south-eastern Lower Saxony; bold letters show high loadings 
together with U 

0 - 56 m 0 - 15 m 
Component Component 
1 2 1 2 3 

Eigenvalue 2.644 1.151 3.027 1.369 1.008 
Variance explained  % 44.1 13.2 43.2 19.6 14.4 
U 0.402 0.656 0.556 0.221 0.408 
HCO3 0.837 0.180 0.825 0.435 -0.039 
pH 0.531 0.290 0.874 0.072 0.045 
NO3-N -0.118 0.864 0.199 -0.121 0.840 
Ca 0.855 -0.019 0.363 0.865 0.048 
Mg 0.782 -0.011 0.126 0.931 0.115 
O2 

  
-0.086 0.247 0.794 

Extraction Method: Principal Component Analysis. Rotation Method: Varimax with  
Kaiser Normalization; a  = Rotation converged in 3 iterations 
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Figure 11: Component plots of the results of the PCA from (a) all (0-56 m) and (b) shallow (0-15 m) 
groundwater samples taken in south-eastern Lower Saxony; red circle = possible anthropogenic 
component, green dashed circle = geogenic component 
 

Since nitrate is a redox sensitive component, its interrelation with oxygen in 

groundwater is coherent. Uranium is also affected by redox processes in groundwater and 

sediments (see Introduction, chapter 1). Hence it has to be discussed if the good correlation 

and the presented interrelation of U, NO3
-, and O2 in shallow groundwater (Figure 11) is 

rather an effect of redox conditions, which allow the presence of these 

elements/compounds in solution, than an effect of fertiliser-derived leaching from fertilised 

arable soils into shallow groundwater.  

Further it has to be discussed, whether or not the correlation between U and NO3
- in 

groundwater samples may be an effect of biological oxidation and mobilisation of geogenic 

U induced by microbial reduction of NO3
-. The correlation between the two redox sensitive 

components is found in shallow and deep groundwater wells. Even though the correlation 

coefficients are not very high they are highly significant in depth between 0-15 m (0.01 level) 

and still significant in depths between 16-56 m (0.05 level) (Table 10 and 11). Interestingly, 

the set of deep groundwater samples also shows correlations between U, Fe, Mn, and DOC. 

Studies conducted on highly polluted sediments could show that a dissimilatory NO3
- 

reduction leads to U(IV) oxidation (Senko et al., 2005; Wu et al., 2010). These processes are 

induced by intermediate products of denitrification, nitrite (NO2
-) and nitric oxide (NO), 

which oxidise Fe(II) to Fe(III). The oxidation of U(IV) to U(VI) is coupled to the iron oxidation. 

The mobilisation of U is also found to be related to re-reduction processes of formally 

a) b) 
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oxidised sediments, which leads to an increased mobilisation of U(VI), due to the release of 

adsorbed U from Fe(III) oxides (Wu et al., 2010). A comparable mobilisation of geogenic U 

induced by fertiliser-derived NO3
- could have affected the element distribution in deep 

groundwater. 

 This study is based on general geochemical determination of inorganic components 

in groundwater. Besides a possible mobilisation of geogenic U in groundwater, the results 

presented in this study give indication for a fertiliser-derived U contamination of 

groundwater. If this contamination is induced by leaching of phosphorus fertiliser-derived U 

from fertilised arable soils to groundwater, or by oxidation of U(IV) in sediments as a result 

of NO3
- reduction by microorganisms cannot be answered. To source the origin of the 

geogenic, the P fertiliser-derived, or the microbiological induced U in groundwater, isotope-

fingerprinting methods and microbiologically investigations on chosen groundwater samples 

and sediments have to be conducted (see Outlook and Future Challenges, chapter 6).  

Conclusion 

Uranium concentrations in top soil horizons of fertilised long-time soil monitoring fields are 

found to be elevated in comparison to unfertilised control sites. The mobility of the U in 

arable soils is enhanced. Fertiliser-derived U is assumed to be exchangeably adsorbed to the 

surface sites of soil minerals and soil organic matter. Degradation of SOM in arable top soil 

horizons could also enhance the mobility of U in arable soils. Leaching of U from soils to soil 

pore water and groundwater has been observed. The geochemical behaviour of U favours 

the translocation as carbonate complexes, which could be confirmed by lysimeter and 

groundwater analyses. The identification of the geogenic or anthropogenic origin of U in 

water samples is not possible, but the correlation of fertiliser-derived NO3
- and U in 

groundwater samples gives indications for the presence of anthropogenic U in shallow 

groundwater. Alternatively, geogenic U could have been mobilised in sediments as a result 

of microbial induced NO3
- reduction and the coupled oxidation of U(IV).  
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Chapter 6 - Conclusion 
 

General Conclusion 

Uranium (U) is naturally enriched in phosphate rocks, especially in those of marine 

sedimentary origin. Besides U many other heavy metals and other harmful elements (Cd, Zn, 

Pb, Ni, Co, and F-) can be found in elevated concentrations in sedimentary rock phosphates, 

which are mainly used for P fertiliser production. Rock phosphates mined from igneous 

sources contain high concentrations of rare earth elements (REE) and Nb. The unique REE 

patterns of fertilisers allow to source the sedimentary or igneous origin of fertilisers. The 

particulate release of U and other trace elements from fertiliser factories producing P 

fertilisers can result in severe local pollution of top soil horizons.   

 The U and Cd concentrations in fertilisers depend on the content of P2O5 in the 

product. A comparison of P fertilisers traded in Germany and Brazil show higher 

concentrations of the heavy metals in the Brazilian products, due to the higher P2O5 contents 

of those fertilisers. High annual loads of U and Cd to arable land can be calculated in 

dependence to crop related differences in fertilisation rates. In contrast to existing limit 

values for Cd, the U concentrations in fertilisers are not regulated in Germany or Brazil. 

 Uranium can be considered as a serious hazard for the health of the agro-ecosystem. 

Increased total and extractable U concentrations are detected in top soil horizons fertilised 

for decades compared to soils which remained unfertilised. The plant uptake can be 

neglected, but due to its high mobility in arable soils and U can be potential leached to the 

groundwater. Hence it might contaminate drinking water and appears in the human food 

chain. 

 The mean concentration of U in German tap water is 0.68 µg l-1, but concentrations 

higher than the German threshold limit of 10 µg L-1 are detected in 3.3 % of the tap water 

samples to which about one million consumers are exposed to. High U concentrations are 

found especially in regions with naturally high geogenic background. Nevertheless, 

indications for elevated U concentrations in tap waters are found, which might have an 

anthropogenic fertiliser-derived origin. Uranium concentrations in tap water and 

groundwater from shallow extraction wells were identified to correlate with nitrate in 
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regions of intense cropping production in North and South Germany. These results give 

indications for a translocation of fertiliser-derived U from arable fields to groundwater. 

 Uranium is an element of environmental concern, due to its toxic and radioactive 

properties. Anthropogenic loads of U element to soils should be minimized to protect the 

resources for food production for future generations. The only recent pathway of U input to 

soils could be easily limited by an establishment of threshold limits for U in fertilisers 

according to the existing legislation for Cd. Phosphorus fertilisers are produced for all 

European countries, so the European fertiliser ordinance should regulate the Cd and U 

concentrations in fertilisers for all countries of the EU.  

 

Outlook and future challenges 

The previous sections present several indications for fertiliser-derived U mobilisation from 

soils into the groundwater. So far clear evidences have not been found. The verification or 

falsification of the hypothesis about U leaching from arable fields to groundwater aquifers 

needs to apply advanced geochemical methods. The identification of fertiliser-derived U in 

soil, soil pore water and groundwater can be done with a geochemical fingerprint. Using the 

differences in isotope signature of U and boron (B) in fertilisers, soils and groundwater will 

enable a direct identification and allow distinguishing between the anthropogenic or 

geogenic origin of U. This method has a high potential to answer open questions developed 

in the present study.  

Geochemical modelling and lysimeter studies on long-term soil monitoring fields 

related to U leaching into groundwater from different arable soil types will contribute to 

answer open questions about processes, quantities and temporal evolution of the U leaching 

through the soil.  

Additionally, a future research is briefly proposed, which would enable us to 

determine potentially fertiliser-induced mobilisation of geogenic U from sediments to 

groundwater, due to the U oxidation coupled to denitrification processes in groundwater. 

Uranium and boron isotope geochemistry  

U isotope geochemistry in rocks and soils 

A distinct property of U-series radionuclides is that the radiogenic daughter isotopes are also 

radioactive. Hence, a state of secular equilibrium establishes between the abundances of 
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successive parent and daughter nuclides in the U and Th decay chains in undisturbed 

uranium-bearing systems, where the decay rate (or “activity”) of each daughter nuclide in 

the chain is equal to that of the parent. It follows that the abundance of each nuclide will be 

directly proportional to its half-life (Dickin, 2002). The state of secular disequilibrium exists, if 

one or more of the daughter radionuclides have been lost from a geologic system by any 

process other than radioactive decay (Osmond et al., 1983). In general U-series isotopes can 

become fractionated during processes that discriminate chemical behavior: phase change, 

partial melting, crystallization, partitioning, dissolution, adsorption, degassing, 

oxidation/reduction and complexation. Osmond et al. (1983) stated that the variation in the 

234U/238U activity ratio observed in the surficial environment is controlled by several factors 

such as redox conditions and the differences in the chemical characteristics of U and its two 

immediate short-lived daughters 234Th and 234Pa. Thus, observed fractionation between 234U 

and 238U is generally ascribed to selective leaching, α-recoil transfer of 234Th directly into the 

aqueous phase, and the combination of the two processes. 

The natural isotopic composition of 234U/238U in soil varies due to the composition in 

the parent bedrock material. It can be altered by anthropogenic impact. It was shown by 

Zielinski et al. (2006), that higher activity ratios of 234U/238U can be detected in native 

grassland top- and subsoils in Florida (1.109-1.132) in comparison to soils of fertilised 

pasture (1.039-1.050). An Australian study showed slightly elevated activity ratios of 

234U/238U in fertilised cane soils (1.01) compared to forest soils (0.92), which were largely 

identical to those of P fertilisers (1.04) (Lottermoser, 2009). The isotopic composition of the 

loosely bound, 0.1M Na(CO3)2 (pH = 8.3) extractable U in arable soils was shown to resemble 

the  fertiliser-derived U ratios (Zielinski et al., 2006). 

U isotope geochemistry in fertilisers 

The isotopic composition of U in phosphorus rocks and P fertilisers is in a secular (or 

radioactive) equilibrium with a typical 234U/238U isotopic ratio (5.5E-05) or alpha activity ratio 

“AR” (~1.0) (Sattouf, 2007b, Zielinski et al., 1997). Only the fertilisers made from Florida 

apatite deposits are in secular disequilibrium with an enrichment of 234U, indicating a more 

recent formation of this phosphate (Sattouf, 2007b).    
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U isotope geochemistry in groundwater 

It is generally expected that within the host aquifer minerals, the radionuclides in each decay 

series are in secular equilibrium and have equal activity. Therefore U isotopes provide the 

greatest potential for tracing groundwater flow and studying the migration of anthropogenic 

U (Bourdon et al., 2003). It is expected that under constant conditions the U concentration 

will increase with groundwater age, while the U isotopic compositions will vary only due to 

the mixing between U already in the water table and U added to the aquifer by weathering 

and recoil (Tricca et al., 2000). While weathering of U bearing minerals retains the 234U/238U 

ratio in secular equilibrium, the α-recoil effect releases preferentially 234U to the 

groundwater. This affects the 234U/238U ratio of groundwater, with the ratio increasing with 

the age of the groundwater (Ivanovich and Alexander, 1987).  

Boron isotope geochemistry 

Under normal environmental conditions, B occurs bonded to oxygen in rocks and water, in 

tetrahedral complexes, such as B(OH)4
-, or trigonal complexes, such as B(OH)3.  Boron is not 

redox-sensitive under typical environmental conditions and the relative partitioning 

between the trigonal and the tetrahedral species controls the fractionation between the two 

isotopes. The heavy isotope, 11B is concentrated in the trigonal species and the light isotope 

10B, is concentrated in the tetrahedral species (Palmer and Swiehart, 1996).  Boron, like U 

can be enriched naturally in P fertilisers (19-38 mg kg-1 water extractable concentration) 

(Komor, 1997) or be industrially enriched as a micronutrient in NP-fertilisers (0.05–1 %) 

(Magda et al, 2010). Boron has a high potential to be leached to the groundwater as boric 

acid [B(OH)3] or borate [B(OH)4
-], with the latter one becoming important at pH values 

greater than 8 (Komor, 1997). The migration through the soil column is comparable to that 

of nitrate. Adsorption of B to clay minerals and organic materials removes preferentially 

10B(OH)4
- from solution. Thus the occurrence of isotopic fractionations during sorption 

processes has to be considered. Nevertheless anthropogenic nitrate contamination of 

groundwater was sourced successfully with a multi-isotope approach including δ 15N-NO3 

and δ 11B (Komor, 1997, Widory et al., 2005). The advantage of using δ 11B is the stability of 

the B species compared to nitrate, which is often affected by autotrophic or heterotrophic 

denitrification in groundwater. Tirez et al. (2010) concluded that:  
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“boron isotopes can be used as tracers for discerning distinct solute sources in natural 

waters since (i) boron is highly soluble in aqueous solutions, and therefore a ubiquitous minor 

or trace constituent in nearly all water types, (ii) the boron isotopic composition is controlled 

by several known parameters among which the solute source compositions and  isotope 

fractionation processes related to adsorption/desorption, mineral precipitation and 

dissolution, and volatilization are the most relevant and (iii) the relative large mass difference 

between the two stable isotopes of boron leads to a wide range of variations of boron 

isotope compositions in the nature.” 

Modelling the (bio-) geochemical transport of U from soils to groundwater  

Coupled reactive transport models for pollutants in soils are a powerful tool, which can be 

used to understand their migration through soils and to assess possible hazards for the 

groundwater resources. Different modelling tools are available and have been used for the 

simulation of reactive transport in the unsaturated zone; e. g. 3DHYDROGEOCHEM (Yeh and 

Cheng, 1999), CORE2D (Samper et al., 2000); MIN3P (Mayer et al., 2002), POLLUTRANS 

(Kuechler and Noack, 2002), UNSATCHEM-2D (Simunek and Suarez, 1994), RETRASO 

(Saaltink et al., 2004), Hydrus-1D (Simunek et al., 2005). The approach of Jacques et al. 

(2005) was to couple two separated codes: one for variably-saturated flow and solute 

transport (HYDRUS-1D) and one for equilibrium and kinetic biogeochemical reactions 

(PHREEQC). The main advantage of this operator-splitting approach is the easy 

implementation of two well-documented and tested codes; both codes incorporate state-of-

the-art conceptual models in their respective research fields. 

So far only one detailed and process-based modelling study is found concerning the 

fertiliser-derived U leaching from soils. Jacques et al. (2008 a) found indication a U 

concentration in percolation water of 22 µg l-1. This break-through concentration into the 

subsoil (>1 m) is expected after 50 years of P fertilisation on a sandy podzol soil in Belgium. 

The authors suggested a repetition of the study with a dataset resembling the properties of 

an arable soil and a validation of such an advanced modelling approach using field data. 

Geo-microbiological mobilisation of geogenic U in groundwater 

This study is based on the geochemical investigation of possible pathways of fertiliser-

derived U from fertilised arable soils to the groundwater. However, a detailed geo-
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microbiological investigation has to be conducted to identify processes of U(IV) oxidation in 

the groundwater polluted with fertiliser-derived NO3
-.  Besides abiological U(VI) reduction 

the enzymatic re-oxidation of U(IV) coupled with the reduction of NO3
- can be induced by 

different chemolithoautotroph microorganisms (see Introduction, chapter1). This nitrate-

induced pathway of U mobilisation was identified in heavily polluted or naturally U-rich 

sediments. So far a fertiliser-induced U mobilisation has never been identified in areas of 

intense agricultural production.  

 

Hypotheses and future goals  

The main objective of future studies should be the identification of processes of U leaching 

from P-fertilised soils into groundwater. Clarification of open questions about quantities and 

origin of U input into groundwater is needed to assess the risks for the drinking water quality 

in areas with intense agricultural use. The goals of the proposed study are: 

 

1. The fingerprinting of anthropogenic impact on uranium contamination of 

groundwater due to phosphorous fertilisation using a multi isotope approach. 

2. Identification of processes controlling U mobility in arable soils via lysimeter 

studies and geochemical modelling. 

3. Identification of fertiliser-induced U(IV) oxidation in the groundwater  

1. The fingerprinting of anthropogenic impact on uranium contamination of groundwater 
due to phosphorous fertilisation using a multi isotope approach. 

Our initial indicative study on groundwater in Lower Saxony confirmed the assumed 

coexistence of U and NO3
- in shallow groundwater in an area of intensive agricultural 

production (Chapter 5). However, we cannot exclude pseudo-correlations, as a result of 

incidental coexistence of U and other fertiliser-derived elements. Up to the present an 

anthropogenic origin of U in groundwater is not definitely sourced. To consolidate the 

preliminary indicative results, the use of advanced mass spectrometric methods (HR-SF-ICP-

MS) to determine isotopic ratios of 234U/238U and 10B/11B will enable us to source the origin 

of U in soil and groundwater directly to agricultural use of fertilisers or to the geological 

setting. 
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Following hypotheses are proposed to be tested with a fingerprinting study based on 

our preliminary results 

Hypothesis 1: The 
234

U/
238

U ratio in shallow groundwater in arable groundwater catchment  

resembles the 
234

U/
238

U ratio of P-fertilisers.  

The 
234

U/
238

U ratio in shallow groundwater in non-arable groundwater 

catchment differs from the 
234

U/
238

U ratio of P-fertilisers. 

The testing of the hypothesis 1 has to be done by sampling of groundwater from wells in 

arable and forest settings with the same pedological and geological parent material. Thus 

possible effects on the 234U/238U ratio by different land use and isotopic fractionation will be 

considered.  

Hypothesis 2: The 
234

U/
238

U ratio in groundwater of a shallow aquifer is closer to the 

ratio of P-fertiliser-derived U, which is in secular equilibrium, compared to 

234
U/

238
U ratio in groundwater of a deep aquifer, which consist of sedimentary 

material of the same origin.  

The sampling of groundwater via multi-level wells from different depths, which consists of 

the same sedimentary material, will enable to distinguish between effects of preferential 

weathering of 234U and fertiliser-derived U leaching. The alpha-recoil release of 234U from 

minerals, which is readily oxidised and mobilised, effects the isotopic composition of 

groundwater. An impact of fertiliser-derived U would buffer the secular disequilibrium of 

geological origin in groundwater. This buffering effect is probably detectable in shallow 

aquifers in contrast to deep aquifers. 

Hypothesis 3: The 
234

U/
238

U ratio of loosely bound U in arable soils resembles the 

234
U/

238
U ratio of P-fertilisers. 

The 
234

U/
238

U ratio of loosely bound U in non-arable soils differs from the 

234
U/

238
U ratio of P-fertilisers. 

Readily soluble U from water-soluble P-fertilisers is assumed to release U isotopes 

unfractionated to the soil. Hypothesis 3 will support hypothesis 2 by testing the influence of 

fertiliser application on the U isotopic composition in the loosely bound fraction of the soil 

with batch experiments. The comparison of soils from arable sites with non-arable control 

sites will test the hypothesized enhanced mobility and release of U in secular equilibrium 

from fertilised soils.  
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Hypothesis 4: The 
10

B/
11

B ratio in shallow groundwater in arable groundwater catchments 

resembles the
10

B/
11

B ratio of P-fertilisers. 

The 
10

B/
11

B ratio in shallow groundwater in non-arable groundwater 

catchments differs from the 
10

B/
11

B ratio of P-fertilisers. 

The determination of isotopic U ratios will be supported by the determination using 10B/11B 

isotopic ratios. Boron as a co-migrant of NO3 is introduced via fertilisation and dislocated 

from the arable topsoil, remains unaffected by nitrifications processes and can therefore be 

used as a tracer for mixing processes. Besides the determination of 10B/11B ratios in 

groundwater and soils, different fertiliser types have to be analysed. The testing of this 

hypothesis should be done by sampling of the same groundwater wells used in testing the 

hypothesis 1. Thus possible effects on the 10B/11B ratio by different land use and isotopic 

fractionation will be considered.  

2. Identification of processes controlling U mobility in arable soils via lysimeter studies and 
geochemical modelling. 

Identification of processes, based on the literature review, batch experiments and the 

lysimeter studies, allows the building of a conceptual model of U mobility and leaching in 

arable soils. The conceptual model can be validated by implementing it in the coupled 

reactive transport simulator HP1 and comparing simulation results with lysimeter data. 

A lysimeter study aims to achieve the following goals. Here, the study aims are 

descriptive research goals, so they are not entitled as hypotheses.  

Goal 1: The hypothesized downwards dislocation of fertiliser-derived U in arable soils will be 

 tested in soil pore water sampled with suction plates from different depths of a field 

 lysimeter. The collection of percolation water with the field lysimeter allows us to 

 quantify the amount of leached U. 

A prerequisite for understanding the (bio)-geochemical cycling of U in the 

environment is to derive a conceptual model describing the control factors of U retention or 

mobilisation in arable soil. Long-term soil monitoring fields (BDF) equipped with field 

lysimeters and suction plates in different soil horizons comprise an ideal study site for the 

investigation of critical processes and control factors. Here the known soil chemical and 

physical parameters as well as the amount of water percolation and evapo-transpiration 
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enable the development and validation of a conceptual model for U-leaching in these soils 

and to quantify the hypothesized fertiliser-derived U leaching from arable soils. 

The use of field lysimeters of the soil pore water will enable the determination of the 

amount of U leaching from arable fields under specific conditions and the multi-element 

analyses allows the modelling of the U speciation found in the leachate. The origin of U in 

the lysimeter water will be sourced with the planned multi-isotope approach (Hypothesis 1). 

The field study about fertiliser-derived U will be completed by a geochemical modelling 

study. 

Goal 2: The geochemical modelling study aims to validate the conceptual model and its 

 implementation in HP1 by comparing simulated U leaching from arable soils to 

 groundwater with measured soil pore water concentrations from the lysimeters. 

The one-dimensional biogeochemical transport model HP1 (HYDRUS-1D -PHREEQC-2) 

(http://www.sckcen.be/hp1/) was shown to be suitable to consider U fluxes through the soil 

column as steady state problems as well as more complex problems, like time variable 

atmospheric boundary conditions (Jacques et al., 2005, 2008a, b).  

An appropriate database of soil chemistry properties at the BDF sites will allow the 

application of geochemical modelling for the prediction of U mobility in typical fertilised 

arable soils, as it was suggested by the authors Jacques et al. (2008a). If the conceptual and 

numerical models are validated by the lysimeter studies, the geochemical model can be 

applied to other soil types or under variable input conditions, allowing the prediction of U 

mobilisation in specific settings.  Areas with intense agricultural production with shallow 

groundwater aquifers used for drinking water extraction are of special interest and were 

already suggested to be monitored by the German Environmental Protection Agency (TWK, 

2008). 

3. Identification of fertiliser-induced U(IV) oxidation in the groundwater  

To investigate the possible pathway of fertiliser-induced U mobilisation in groundwater 

aquifers a detailed laboratory (1) and in-situ (2) interdisciplinary bio-geochemical study is 

proposed:  

(1) The specific mineralogical composition and microbiological communities should be 

analysed in sediment samples taken from aquifers with increased U concentration in 
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groundwater. Depending on the sample material, work bench conditions in reducing 

atmospheres have to be applied for such laboratory experiments. Temporal changes 

in the concentrations of the different U, N, S and Fe species in groundwater as a 

response of the natural microbiological community to changing concentrations of 

NO3
- should be investigated. Additionally, the bacteria species involved in the possible 

fertiliser-induced U mobilisation in sediments, bio-geochemical processes have to be 

identified. Comparable experiments are proposed to be undertaken with formally 

sterilised sediment sample material, and samples consisting of different U-bearing 

minerals, which will be spiked with dissimilatory iron-reducing bacteria, iron oxidizing 

bacteria or sulphate-reducing bacteria species. The speciation of U(VI) and U(IV), 

Fe(III) and Fe(II) in sediments and mineral samples before and after the experiment 

should be investigated. 

(2) According to re-oxidation studies conducted at polluted nuclear fuel production sites 

in the U.S. (Senko et al., 2002; Istok et al., 2004; Wu et al., 2010) field push-pull tests 

using injection and ejection could be installed to test in-situ the response of changing 

redox conditions induced by denitrification on the U geochemistry and the 

microbiological community in the groundwater. The experimental site should be 

located in an area with elevated U concentrations in groundwater aquifers with 

sediments containing redox-sensitive U minerals. Temporal changes in the 

concentrations of the different U, N, S, and Fe species in groundwater should be 

investigated and the bacteria species which are involved in the bio-geochemical 

processes have to be identified.   
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Chapter 7 - Other scientific activities  
 

 

PROBRAL exchange program 

During the three years at the Jacobs University I became involved with the DAAD-CAPES 

PROBRAL exchange program. In 2008 and 2009 I spent two months at the Federal University 

of Santa Maria (Brazil) – Institute for Analytical Chemistry, where I studied new analytical 

methods and conducted field studies in different parts of Brazil. The successful cooperation 

with our Brazilian colleagues will be continued in 2012/2013 within the same DAAD-CAPES 

program.  

 

German – Brazilian Year of Science, Technology and Innovation 2010/2011 

Our outstanding relations with the workgroup in Santa Maria and the contacts to colleagues 

from the Faculty for Agronomy ESALQ (Escola Superior de Agricultura "Luiz de Queiroz") of 

the University of São Paulo enabled us to organize two international soil science workshops 

under the headline “Better Soils for Better Life”.  Part one with the subtitle “Protecting our 

future through soil conservation” was dedicated to aspects on soil protection was held at the 

Jacobs University Bremen (06-08.12.2010). The second part, entitled “Challenging 

perspectives for our future”, was dedicated to aspects on improving properties and 

functionality of soils and took place in April 2011 at the University of Sao Paulo (Brazil). As an 

official activity of the German-Brazilian Year of Science 2010/2011 this workshop received 

positive attention in the media. 

 

Workshop and course participation 

Participation in the course "Radiogenic Isotope Geochemistry” of Prof. Dr. Per Anderson 

(Swedish Museum of Natural History) (May 2010) 

 

Participation in the training course "Simulating soil water movement and transport using the 

biogeochemical transport model HP1” of Prof. Dr. Simunek and Prof. Dr. Jacques (Belgian 

Nuclear Research Centre for Energy) in Gent, Belgium (September 2009) 
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Co-supervised Guided Research Projects  

Amy Parks (ESS class of 2010) - Uranium in soil pore water and the effect of agricultural 

practices on U mobilisation from agricultural soils 

Rasesh Pokharel (ESS class of 2011) - Adsorption and desorption processes of fertiliser-

derived uranium in agricultural soils 

Franziska Christine Landes (ESS class of 2011) - Trace element concentrations in Brazilian 

fertilisers and mobility of fertiliser-derived uranium in arable soils 

Denise Madeleine Militante Andres (ESS class of 2011) - Trace Element Signatures in Large 

Brazilian Rivers 

Asmit Joshi (ESS class of 2012): GIS project on groundwater data from an agricultural area in 

Lower Saxony 

Conference presentations 

Smidt, G. A., Parks, A., Pokharel, R., Landes, F. C., Schnug, E., Koschinsky, A., 2011, 

Indications for phosphorus fertiliser-derived uranium mobilization from arable soils to 

groundwater. Berichte der DBG: Böden verstehen - Böden nutzen - Böden fit machen, Berlin, 

online available, http://eprints.dbges.de/700/  

Smidt, G. A., Hassoun, R., Birke, M., Erdinger, L., Schäf, M., Knolle, F., Utermann, J., 

Duijnisveld, W. H. M., Birke, M., Schnug, E., 2011, Uranium in Tap and Groundwater - 

Indications for Anthropogenic Origin. Poster presentation, Goldschmidt conference 2011, 

Prague (Czech Republic) 

Smidt, G. A., Parks, A., Koschinsky, A., Schnug, E., 2011, Uranium content in German and 

Brazilian phosphorous fertilisers and the impact on the agroecosystem, Oral presentation, 

Better Soil for Better Life workshop 11.-16. April 2011 at the College for Agronomy (ESALQ), 

University of Sao Paulo 

Koschinsky, A., Smidt, G. A., Carvalho, L. M. de, Monserrat, J., 2011, Trace component 

distributions in environmental samples along a gradient over a phosphorous fertiliser 

production site in Rio Grande (southern Brazil), Oral presentation, Better Soil for Better Life 

workshop 11.-16. April 2011 at the College for Agronomy (ESALQ), University of Sao Paulo 

Smidt, G. A., Parks, A., Koschinsky, A., Schnug, E., 2010, Impacts of fertilization on trace 

metal contents in soils and groundwater, Oral presentation, Better Soil for Better Life 

workshop 06.-11. December 2010, Jacobs University Bremen 

Smidt, G. A., Parks, A., Koschinsky, A., 2010, Is phosphorous fertiliser-derived uranium 

mobilized in arable soils by agricultural liming practices?, Oral presentation, DGG-GV 

conference GeoDarmstadt 2010, 10.-13.Oktober 2010, Darmstadt, Germany 
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Smidt, G., Koschinsky, A., Carvalho, L. M. de, Monserrat, J., 2010, Trace component 

distributions in environmental samples along a gradient over a phosphorous fertiliser 

production site in Rio Grande (southern Brazil), Oral presentation, DMG – Geochemistry 

Section Meeting 2010 at the FU Berlin (28. May / 29. May 2010) 

Contributions in other media 

NDR 45 Min - Gefährliches Trinkwasser, 2011, Detlev Cordts, NDR Fernsehen, broadcasted 
  on 26.04.2011, 
  http://www.ndr.de/fernsehen/sendungen/45_min/hintergrund/trinkwasser119.html. 

Markt im Dritten - Giftiges Uran in Gartendüngern, 2011, Uwe Leiterer, NDR Fernsehen, 
 broadcasted on 12.09.2011  
  http://www.ndr.de/fernsehen/sendungen/markt/markt_deckt_auf/uranduenger101.html 

Unabhängige Bauernstimme, 2011, Christiane Hinck, Interview: Grenzwertige 
 Grundwasserqualität, June 2011 

Weser Kurier, 2010, Jürgen Wendler, Interview: Bildung und Wissen - Gute Böden für ein 
 gutes Leben, 08.12.2010  
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Appendix A 
Comparison of trace element concentrations (mg kg-1) in five different fertiliser samples and two certified reference materials (NIST 120b and NIST 694) decomposed 

with concentrated HF, HNO3, and HCl using either the Picotrace pressure digestion system (PT) or the MLS microwave pressure digestion system for sample 

decomposition  

LOQ 
mg 
kg-1 min. fert. 1 % min. fert. 2 % min. fert. 3 % 

org-min. 
fert. 4 % 

org-min. 
fert. 5 % NIST 120b % NIST 694 % 

  
PT MW PT/MW PT MW PT/MW PT MW PT/MW PT MW PT/MW PT MW PT/MW PT MW PT/MW PT MW PT/MW 

0.08 Co 0.5 0.5 102 0.2 0.3 88 0.7 0.5 136 0.8 0.9 86 0.7 0.6 111 2.8 2.7 104 1.6 1.6 103 

2.44 Ni 3.6 2.9 126 9.1 8.1 112 4.7 4.3 109 2.5 3.4 73 3.7 3.1 120 11.0 11.8 93 127 130 98 

3.25 Sr 1300 1212 107 258 235 110 181 174 104 268 292 92 38.3 33.8 113 649 602 108 825 810 102 

0.12 Y 50.7 47.6 107 18.1 17.3 105 9.1 8.9 103 3.1 3.3 91 3.1 0.6 509 171 166 103 140 138 102 

0.64 Zr 9.8 14.5 68 4.5 4.5 99 6.8 7.7 87 3.4 8.5 40 7.7 3.2 236 45.4 41.5 109 71.0 70.7 100 

0.08 Nb 3.8 3.3 116 0.2 0.1 232 0.9 1.1 83 0.4 0.7 63 0.5 0.5 108 2.5 2.3 107 2.2 2.2 100 

0.01 Cs 0.1 0.0 112 0.1 0.0 113 0.0 0.0 87 0.2 0.2 100 0.2 0.1 122 0.5 0.5 111 1.5 1.5 101 

0.35 Ba 36.2 35.2 103 53.8 47.0 115 44.9 41.8 108 24.3 27.6 88 27.2 18.8 145 67.7 65.0 104 115 107 107 

0.02 La 221 206 107 5.7 5.2 108 10.4 10.3 101 2.0 1.9 106 1.3 1.0 132 87.1 82.2 106 93.0 91.9 101 

0.05 Ce 343 317 108 5.1 4.8 107 17.0 16.6 102 2.6 1.8 146 2.6 2.0 132 120 112 107 24.7 23.8 104 

0.01 Pr 35.3 32.7 108 1.0 0.9 103 1.9 1.9 99 0.4 0.3 113 0.3 0.2 129 18.5 17.6 105 11.9 11.7 102 

0.04 Nd 116 107 109 4.0 3.7 109 6.9 6.7 103 1.5 1.2 118 < LOQ < LOQ -- 75.5 69.3 109 45.0 44.2 102 

0.03 Sm 18.2 16.9 108 0.9 0.8 106 1.4 1.4 101 0.3 < LOQ -- < LOQ 0.2 -- 16.2 14.8 109 7.6 7.3 104 

0.02 Eu 5.2 4.9 106 0.2 0.2 105 0.4 0.4 98 < LOQ < LOQ -- < LOQ < LOQ -- 3.8 3.7 104 1.7 1.7 100 

0.04 Gd 15.7 14.7 106 1.2 1.2 107 1.5 1.5 100 < LOQ 0.3 -- 0.3 0.1 180 19.1 18.1 106 9.7 9.7 99 

0.01 Tb 1.8 1.7 107 0.2 0.2 109 0.2 0.2 99 0.1 0.05 103 0.03 0.02 126 2.9 2.6 110 1.3 1.3 100 

0.02 Dy 9.8 9.0 109 1.3 1.2 107 1.2 1.2 104 0.3 0.3 84 < LOQ 0.2 -- 19.0 17.8 107 9.5 9.1 105 

0.01 Ho 1.6 1.6 106 0.3 0.3 105 0.2 0.2 107 0.1 0.1 81 0.0 0.0 140 4.1 3.9 105 2.2 2.2 103 

0.01 Er 4.0 3.8 105 1.1 1.0 108 0.7 0.7 101 0.2 0.2 70 0.1 0.1 137 12.7 12.1 105 7.1 7.1 100 

0.01 Tm 0.4 0.4 105 0.2 0.1 117 0.1 0.1 99 0.02 0.03 66 0.04 0.03 166 1.6 1.5 107 0.9 0.9 103 

0.04 Yb 2.5 2.3 108 1.2 1.2 105 0.6 0.6 106 < LOQ < LOQ -- < LOQ < LOQ -- 11.6 10.9 107 6.4 6.2 103 

0.02 Lu 0.3 0.3 94 0.2 0.2 99 0.1 0.1 95 0.02 0.1 26 0.3 < LOQ -- 1.7 1.9 93 1.0 1.0 96 

0.02 Ta 0.2 0.2 107 0.02 < LOQ -- 0.05 0.08 61 0.03 0.05 67 0.02 0.03 77 0.3 0.2 160 0.2 0.2 99 

0.20 Pb 1.3 1.2 111 1.5 1.5 101 0.7 0.6 121 2.2 1.8 122 1.2 0.9 127 13.0 12.4 105 14.2 15.4 93 

0.02 Th 3.1 3.1 100 0.7 0.6 109 0.7 0.7 93 0.5 0.3 204 0.5 0.4 123 7.5 7.1 105 1.9 1.9 100 

0.02 U 6.5 6.2 105 26.0 24.4 106 18.9 19.3 98 0.3 0.3 90 0.2 0.2 132 118 116 101 128 127 101 
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Appendix B 
Measured and certified trace element (mg kg-1) and major element (%) concentration of the 
certified reference material NIST 120b digested with two different decomposition systems 
(Microwave and Picotrace pressure digestion system) using either aqua regia (HCl/HNO3) or a 
mixture of HF, HCl, and HNO3 

NIST 120b 
Picotrace  
Aqua Regia 

Microwave Aqua 
Regia 

Picotrace  
Total 

Microwave  
Total 

 

cert. 
values mean SD N mean SD N mean SD N mean N 

Co -- 3.0 0.4 5 3.0 0.1 4 3.0 0.1 3 2.7 1 

Ni 17 15.3 2.2 5 12.8 0.8 4 11.5 0.7 3 11.8 1 

Rb -- 5.4 1.1 5 5.3 1.3 4 5.5 0.3 3 5.3 1 

Sr -- 693.2 122.6 5 651.6 2.32 4 600.3 87.7 3 602.2 1 

Y -- 175.3 26.0 5 170.7 5.1 4 188.8 40.1 3 166.3 1 

Zr -- 31.9 4.6 5 30.0 2.7 4 40.7 4.3 3 41.5 1 

Nb -- 1.8 0.2 5 1.9 0.0 4 2.4 0.1 3 2.3 1 

Mo -- 5.2 0.9 5 5.2 0.2 4 5.1 0.2 3 4.8 1 

Cd 18 22.1 2.7 5 18.7 0.2 4 23.9 10.7 3 -- 1 

Cs -- 0.5 0.1 5 0.5 0.0 4 0.5 0.0 3 0.5 1 

Ba 67 65.3 14.4 5 71.4 13.2 4 61.8 5.2 3 65.0 1 

La 94 92.6 12.8 5 91.5 1.6 4 80.5 10.8 3 82.2 1 

Ce 131 128.5 21.8 5 122.5 2.2 4 124.4 12.7 3 112.4 1 

Pr 20 19.6 3.0 5 19.1 0.2 4 18.2 1.3 3 17.6 1 

Nd 79.1 79.1 12.1 5 77.5 1.0 4 71.3 5.0 3 69.3 1 

Sm 16.2 16.5 2.2 5 16.6 0.6 4 16.1 0.2 3 14.8 1 

Eu 3.7 3.9 0.5 5 3.8 0.1 4 3.9 0.1 3 3.7 1 

Gd 19.4 19.1 2.4 5 18.9 0.3 4 18.4 0.8 3 18.1 1 

Tb 2.7 2.7 0.3 5 2.8 0.1 4 2.9 0.1 3 2.6 1 

Dy 19.6 18.8 2.0 5 18.8 0.7 4 18.8 0.2 3 17.8 1 

Ho 4.4 4.3 0.6 5 4.2 0.1 4 4.4 0.2 3 3.9 1 

Er 13.6 12.5 0.3 5 12.6 0.3 4 12.6 0.1 3 12.1 1 

Tm 1.8 1.7 0.2 5 1.7 0.0 4 1.7 0.1 3 1.5 1 

Yb 11.2 11.4 1.0 5 11.4 0.3 4 11.5 0.1 3 10.9 1 

Lu 1.8 1.9 0.3 5 1.9 0.3 4 1.9 0.1 3 1.9 1 

Hf -- 0.5 0.0 5 0.5 0.3 4 0.9 0.1 3 0.9 1 

Ta -- 0.1 0.0 5 0.1 0.0 4 0.2 0.0 3 0.2 1 

Pb 24 12.3 1.3 5 13.1 0.9 4 12.7 0.5 3 12.4 1 

Th 8.2 8.2 0.9 5 8.6 0.5 4 7.1 1.3 3 7.1 1 

U 128.4 121.2 8.1 5 130.0 8.0 4 113.2 11.7 3 116.4 1 

% 
            P2O5 34.45 

   
34.54 

       K2O 0.08 
   

0.09 
       MgO 0.28 

   
0.28 

       CaO 49.81 
   

46.96 
       Na2O 0.32 

   
0.32 

       Fe2O3 1.13 
   

1.12 
       Al2O3 1.18 

   
0.91 
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Appendix C 
Measured and certified mean trace element concentration (mg kg-1) of certified reference material 
USGS BHVO-2 (Hawaiian Basalt) and NIST 694 (Idaho Phosphate) 

  

USGS BHVO-2 
Picotrace Total 

NIST 694 
Microwave Aqua Regia 

 

cert. 
values mean SD N 

cert. 
values mean SD N 

Co 45 43.6 1.22 6 3 1.8 0.11 2 

Ni 119 116.0 4.43 6 159 141.7 9.11 2 

Rb 9.8 8.5 0.67 6 18.6 17.6 1.21 2 

Sr 389 322.7 114.2 6 932 666.2 441.08 2 

Y 26 24.3 2.18 6 103 147.0 2.84 2 

Zr 172 162.4 4.63 6 -- 45.0 7.31 2 

Nb 18 17.4 0.24 6 -- 1.4 0.09 2 

Cd -- -- -- 
 

131 134.1 5.35 2 

Cs 0.1 0.09 0.01 6 1.5 1.6 0.00 2 

Ba 130 126.0 4.32 6 111 115.4 10.66 2 

La 15.8 13.7 1.16 6 98 99.6 0.62 2 

Ce 38 34.4 3.09 6 26 26.0 0.97 2 

Pr 5.7 5.0 0.22 6 -- 12.3 0.24 2 

Nd 25.2 22.9 0.86 6 48 47.8 0.78 2 

Sm 6.2 5.7 0.30 6 7.5 7.9 0.13 2 

Eu 2.06 2.0 0.11 6 1.7 1.9 0.21 2 

Gd 6.3 5.6 0.52 6 10.3 9.9 0.07 2 

Tb 0.96 0.88 0.04 6 1.4 1.4 0.02 2 

Dy 5.2 5.1 0.22 6 -- 9.4 0.03 2 

Ho 1.04 0.9 0.05 6 2.2 2.3 0.02 2 

Er 2.4 2.4 0.14 6 6.7 7.3 0.09 2 

Tm 0.33 0.3 0.03 6 1 1.0 0.02 2 

Yb 2 1.9 0.08 6 6 6.2 0.32 2 

Lu 0.28 0.26 0.01 6 1 1.1 0.38 2 

Hf 4.38 4.22 0.11 6 -- 0.5 0.26 2 

Ta 1.4 1.2 0.10 6 -- 0.0 0.01 2 

Pb 1.7 1.5 0.15 6 14 14.7 0.27 2 

Th 1.2 1.1 0.11 6 -- 2.0 0.10 2 

U 0.42 0.41 0.02 6 141.4 149.0 9.73 2 

Zn 101 108.32 2.36 2 1413 1429 

 

  

V 317 321.62 5.89 2 1567 1651 

 

  

P2O5 % 0.27 0.17 0.01 2 30.2 30.18 

 

  

K2O % 0.52 0.53 0.00 2 0.51 0.48 

 

  

MgO % 7.23 6.86 0.06 2 0.33 0.34 

 

  

CaO % 11.4 10.78 0.19 2 43.6 41.86 

 

  

Na2O % 2.22 1.96 0.10 2 0.86 0.83 

 

  

Fe2O3 % 12.3 11.44 1.18 2 0.79 0.75 

 

  

Al2O3 % 13.5 10.65 0.20 2 1.79 1.49 
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Appendix D 
 

Chemical parameter, methods for determination, and methods for calibration applied by the NLWKN for 
groundwater analyses (LOQ= limit of quantification, DOC= dissolved organic matter, AOX= adsorbable 
organic halides). 

Parameter unit pre- 
treatment 

method LOQ LOQ-method 

flow rate l/min * * * * 

pumping time min * * * * 

water level below 
surface 

m * * * * 

sampling depth m * * * * 

smell * * * * * 

turbidity * * * * * 

colour * * * * * 

Water temperature °C * DIN 38404-C4-1 * Calibration method DIN 
32645 (k=3, 99% VB) 

pH-value * * DIN 38404-C5 * Calibration method DIN 
32645 (k=3, 99% VB) 

electr. conductivity µS/cm * DIN EN 27888 10.0 Calibration method DIN 
32645 (k=3, 99% VB) 

spectral absorption 
coeff. 254 nm 

m-1 homog DIN 38404-C3 0.1 Calibration method DIN 
32645 (k=3, 99% VB) 

spectral absorption 
coeff. 436 nm 

m-1 homog DIN EN ISO 7887  
Hauptabschnitt 3 

0.1 Calibration method DIN 
32645 (k=3, 99% VB) 

base capacity pH=8.2 mmol/l * DIN 38409-H7-2-
2 

* Calibration method DIN 
32645 (k=3, 99% VB) 

acid capacity pH=4.3 mmol/l * DIN 38409-H7-1-
2 

0.10 Calibration method DIN 
32645 (k=3, 99% VB) 

oxygen mg/l O2 * DIN EN 25814 * Calibration method DIN 
32645 (k=3, 99% VB) 

ammonium mg/l N filt DIN EN ISO 
11732 

0.05 Kalibriermethode nach  
DIN 32645 (k=3, 99% VB) 

nitrate mg/l N filt DIN EN ISO 
10304-2 

0.1 Calibration method DIN 
32645 (k=3, 99% VB) 

nitrite mg/l N filt DIN EN ISO 
13395 

0.02 Calibration method DIN 
32645 (k=3, 99% VB) 

ortho-phosphate mg/l P filt DIN EN 1189 0.02 Calibration method DIN 
32645 (k=3, 99% VB) 

chloride mg/l Cl filt DIN EN ISO 
10304-2 

1.0 Calibration method DIN 
32645 (k=3, 99% VB) 

cyanide mg/l CN * Rapid test 0.002 Calibration method DIN 
32645 (k=3, 99% VB) 

fluoride, soluble mg/l F filt DIN EN ISO 
10304-1 

0.1 Calibration method DIN 
32645 (k=3, 99% VB) 

sulfate mg/l 
SO4 

filt DIN EN ISO 
10304-2 

5.0 Calibration method DIN 
32645 (k=3, 99% VB) 

DOC mg/l C filt DIN EN 1484 1.0 Calibration method DIN 
32645 (k=3, 99% VB) 

chrome µg/l Cr µm filt DIN EN ISO 
17294-2 

0.10 Calibration method DIN 
32645 (k=3, 99% VB) 

copper µg/l Cu µm filt DIN EN ISO 
17294-2 

0.50 Calibration method DIN 
32645 (k=3, 99% VB) 
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copper µg/l Cu µm filt DIN EN ISO 
11885 

10 Calibration method DIN 
32645 (k=3, 99% VB) 

nickel µg/l Ni µm filt DIN EN ISO 
17294-2 

0.20 Calibration method DIN 
32645 (k=3, 99% VB) 

nickel µg/l Ni µm filt DIN EN ISO 
11885 

40 Calibration method DIN 
32645 (k=3, 99% VB) 

zinc µg/l Zn µm filt DIN EN ISO 
17294-2 

0.50 Calibration method DIN 
32645 (k=3, 99% VB) 

zinc µg/l Zn µm filt DIN EN ISO 
11885 

10 Calibration method DIN 
32645 (k=3, 99% VB) 

lead µg/l Pb µm filt DIN EN ISO 
17294-2 

0.20 Calibration method DIN 
32645 (k=3, 99% VB) 

lead µg/l Pb µm filt DIN EN ISO 
11885 

50 Calibration method DIN 
32645 (k=3, 99% VB) 

cadmium µg/l Cd µm filt DIN EN ISO 
17294-2 

0.020 Calibration method DIN 
32645 (k=3, 99% VB) 

cadmium µg/l Cd µm filt DIN EN ISO 
11885 

10 Calibration method DIN 
32645 (k=3, 99% VB) 

mercury µg/l Hg µm filt DIN EN 1483-3 0.010 Calibration method DIN 
32645 (k=3, 99% VB) 

iron mg/l Fe filt DIN EN ISO 
11885 

0.020 Calibration method DIN 
32645 (k=3, 99% VB) 

manganese mg/l 
Mn 

filt DIN EN ISO 
11885 

0.010 Calibration method DIN 
32645 (k=3, 99% VB) 

boron mg/l B filt DIN EN ISO 
11885 

0.050 Calibration method DIN 
32645 (k=3, 99% VB) 

aluminium mg/l Al filt DIN EN ISO 
11885 

0.020 Calibration method DIN 
32645 (k=3, 99% VB) 

arsenic µg/l As µm filt DIN EN ISO 
11969 

0.30 Calibration method DIN 
32645 (k=3, 99% VB) 

calcium mg/l Ca filt DIN EN ISO 
11885 

0.50 Calibration method DIN 
32645 (k=3, 99% VB) 

magnesium mg/l 
Mg 

filt DIN EN ISO 
11885 

0.50 Calibration method DIN 
32645 (k=3, 99% VB) 

sodium mg/l Na filt DIN EN ISO 
11885 

1.0 Calibration method DIN 
32645 (k=3, 99% VB) 

potassium mg/l K filt DIN EN ISO 
11885 

0.50 Calibration method DIN 
32645 (k=3, 99% VB) 

silicium mg/l Si filt DIN EN ISO 
11885 

0.10 Calibration method DIN 
32645 (k=3, 99% VB) 

Phenol index mg/l µm filt DIN 38409- H16-
1 

0.020 Calibration method DIN 
32645 (k=3, 99% VB) 

AOX µg/l Cl µm filt DIN-EN-1485 10 Calibration method DIN 
32645 (k=3, 99% VB) 

lightly volatile 
halogenated 
hydrocarbons 

µg/l µm filt Head-Space-
Analyselike: DIN 
EN ISO 10301, 
DIN 38413-P2 

* signal/noise ratio: 10:1 

Ionic balance * * * * Calibration method DIN 
32645 (k=3, 99% VB) 

anions mmol/l * * * Calibration method DIN 
32645 (k=3, 99% VB) 

cations mmol/l * * * Calibration method DIN 
32645 (k=3, 99% VB) 
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