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Highlights 16 

• Soil U was measured in long-term sites receiving P from igneous rocks or basic 17 

slag  18 

• Soils displayed 10 times lower U accumulation rates than those commonly 19 

reported  20 

• U accumulation rates reflected the source of applied P fertilizers  21 

 22 

Abstract 23 

Phosphorus (P) fertilizers vary considerably in contents of uranium (U), thus raising 24 

concerns regarding U accumulation in agricultural soils. We examined U 25 

concentrations in soil from three long-term field experiments with different P fertilizer 26 
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applications: Rengen (P fertilizer from basic slag, grassland, Germany), Thyrow (P 27 

fertilizer from igneous phosphate rocks, arable land, Germany) and Askov (P fertilizer 28 

from igneous phosphate rocks, arable land, Denmark). Accumulation rates were low 29 

for Rengen (1.3 µg U kg-1 yr-1) and Thyrow (0.6 µg U kg-1 yr-1) in P-treated plots 30 

compared with plots without P fertilization. These accumulation rates were 10 times 31 

lower than those previously reported (mean 17 µg U kg-1 yr-1). Intriguingly, 32 

concentrations of acid-extractable U in the Askov topsoil increased from 1923 to 2016, 33 

regardless of whether P was added (5.1 µg kg-1 yr-1) or not (4.7 µg kg-1 yr-1). This 34 

suggests that at least part of the accumulated U originated from other sources than P 35 

fertilizers. Total U concentrations were significantly larger in the period 1985-2016 than 36 

in the period 1938-1976 in Askov soil treated with NPK but not in soils without P 37 

fertilization. Hence, long-term P fertilizer application did increase the soil U 38 

concentrations at Askov, although at a low level.  39 

The low U accumulation rates in soils from these German and Danish long-term P 40 

fertilization experiments indicate that with current management, the soil U 41 

concentrations could remain at non-critical levels even on a centennial scale. This is 42 

attributed to the historic use of P fertilizers derived from sources with low U content 43 

(igneous phosphate rocks from Finland and Kola Peninsula for Askov and Thyrow, 44 

respectively; and basic slag for Rengen). Hence, U accumulation due to long-term P 45 

fertilization in agricultural soils may be alleviated by using phosphate rocks from low U 46 

sources in P fertilizer production.  47 
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1. Introduction 53 

Phosphate rocks contain total uranium (U) with an average concentration of 120 µg U 54 

g-1 (Altschuler, 1980). The majority (80−90%) of U in phosphate rocks is transferred to 55 

the final phosphorus (P) fertilizer products during their production (Kratz and Schnug, 56 

2006). Many studies have shown that, repeated application of P fertilizers can lead to 57 

elevated U concentrations in agricultural soil (e.g. Rothbaum et al., 1979; McDowell, 58 

2012; Bigalke et al., 2017).  59 

Usually, U accumulates in the topsoil, where it is adsorbed to organic matter and poorly 60 

crystalline Fe/Al minerals (Taylor and Kim, 2008; Yamaguchi et al., 2009). Plants do 61 

not actively take up U from soil (Sheppard and Evenden, 1988; Schnug and Haneklaus, 62 

2015), but U can be adsorbed on root surfaces and thus enter the food chain through 63 

root crops (Keith et al., 2013; Kratz et al., 2008). In addition, fertilizer-derived U can be 64 

leached into groundwater, thus posing a threat to human health (Zielinski et al., 2006; 65 

Liesch et al., 2015; Riedel and Kübeck, 2018). Food and water intake are the major 66 

pathways of human exposure to U. In the USA, critical soil contamination has been set 67 

at a total U concentration of 30 mg kg-1 (USNRC, 1992). Canada has implemented soil 68 

quality guidelines for the protection of human and environmental health by setting a 69 

threshold value of total U at 23 mg kg-1 for agricultural land use (CCME, 2007). At 70 

present, there is no regulation of U concentrations in fertilizer products, and the 71 

European Union did not include any related restrictions on U content in the recently 72 

revised fertilizer regulations (EP and Council of the EU, 2019). To permit a better risk 73 

assessment of U in European agricultural soils, we need a more comprehensive 74 

scrutiny of the extent of fertilizer-derived U accumulation in different regions and in 75 

soils receiving different sources of P fertilizers. Current estimates for annual total U 76 

accumulation vary regionally, ranging from 7 to 47 µg kg-1 yr-1 for grassland and from 77 

1 to 18 µg kg-1 yr-1 for arable land (e.g., Takeda et al., 2006; Wetterlind et al., 2012; 78 
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Bigalke et al., 2017). Differences are related not only to the amounts of P fertilizers 79 

applied but also to the actual U concentration in P fertilizers, which in turn depends 80 

heavily on the source of raw phosphate rocks used in P fertilizer production (Sun et al., 81 

2020). In this study, we analyzed U concentrations in soils from three long-term field 82 

experiments with P fertilizer treatments (Rengen and Thyrow in Germany; Askov in 83 

Denmark) to evaluate the accumulations of P fertilizer-derived U in soil and to link U 84 

accumulations in soil to sources of P fertilizers. This will raise awareness regarding the 85 

sustainability of P fertilizers that are able to maintain low concentration of U in 86 

agricultural soils.  87 

 88 

2. Materials and methods 89 

2.1 Description of study sites 90 

The Rengen grassland experiment  91 

The Rengen grassland experiment (RGE) was established in 1941 in the Eifel 92 

mountains (Germany, 50°13´N, 6°51´E) and treatments include continuous 93 

applications of basic slag (or Thomas slag) as the P fertilizer (Schellberg et al., 1999). 94 

Basic slag is a by-product of steel manufacture, where P in the iron ore is removed to 95 

ensure the production of high-quality steel. Basic slag contains significant amounts of 96 

P (12-20% is phosphorus pentoxide (P2O5)) but the U concentration is low.  In addition 97 

to basic slag, mineral fertilizers of nitrogen (N) and potassium (K) were applied as 98 

ammonium nitrate (NH4NO3) and potassium chloride (KCl) or potassium sulfate 99 

(K2SO4), respectively. The soil is classified as Stagnic Cambisol (IUSS Working Group 100 

WRB, 2015). The study site has a mean annual precipitation of 811 mm and a mean 101 

annual temperature of 6.9 °C. The RGE is arranged in a completely randomized block 102 

design with five fertilized treatments (Ca (lime), Ca/N, Ca/N/P, Ca/N/P/KCl, 103 

Ca/N/P/K2SO4) and an untreated control, each with five field replications. Annual P 104 
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fertilizer application has been 35 kg ha-1 since 1941 (Table 1; see Pätzold et al., 2013, 105 

for more details). The grassland in Rengen is strongly depleted in P, therefore 106 

excessive amounts of P have been applied in the long-term experiments (Pätzold et 107 

al., 2013). The permanent grassland vegetation is cut and removed from the fields 108 

twice a year in late June or early July and again in mid-October (no grazing since 1941).  109 

In the present study, 5 cores of topsoil (0-10 cm depth) were taken for each treatment 110 

in 2016 and analyzed for U and P concentrations.   111 

 112 

The Thyrow long-term fertilization experiment 113 

The Thyrow long-term “Nutrient Deficiency Experiment” (Thy D41) was established in 114 

1937, at a site about 20 km south of Berlin, Germany (52°15´N, 13°14´E). The soil is 115 

Albic Cutanic Luvisol (IUSS Working Group WRB, 2015). The site is characterized by 116 

a mean annual precipitation of 510 mm and a mean annual temperature of 9.2 °C. A 117 

crop rotation of spring barley, potatoes and maize is applied at the site. The annual 118 

fertilizer applications for the respective treatments are 100 kg K ha−1 (as KCl or K2SO4) 119 

and 24 kg P ha−1 (as triple superphosphate), plus 60 kg N ha−1 (as NH4NO3 and 120 

(NH4)2SO4) in years with spring barley and 90 kg N ha−1 with potatoes and maize. The 121 

limed treatments received calcific or dolomitic lime at about 200 kg CaO ha-1 yr-1. Soil 122 

cores to a depth of 100 cm were taken from NK+ lime, NPK and NPK+ lime treatments, 123 

with four replications for each treatment. Three soil cores were taken at random 124 

locations in each plot and separated into five segments at a depth of 24 (soil horizon 125 

Ap1), 30 (Ap2), 50 (EBw1), 70 (EBw2) and 100 (E/Bt) cm, respectively. The Ap1 126 

horizon corresponds to the actual soil tillage depth of 22 to 25 cm. The corresponding 127 

soil segments of the three cores taken in one plot were well mixed on site and sub-128 

sampled for the present study (see Bauke et al., 2018 for sampling details).   129 

 130 
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The Askov long-term experiment 131 

The Askov long-term experiment (initiated in 1894) is located at the Lermarken site, 132 

Askov Experimental Station, Denmark (55°28´N, 09°07´E). The soil is classified as 133 

Luvisol (IUSS Working Group WRB, 2015). The mean annual precipitation and 134 

temperature were 862 mm and 7.7 °C (1961-1990), respectively. The experiment tests 135 

crop response to different rates of N, P and K applied in animal manure (AM) or mineral 136 

fertilizers (NPK). Mean annual P application rates were 13, 17 and 20 kg P ha-1 yr-1 in 137 

the periods 1894-1922, 1923-1972 and 1973-2016, respectively. In the NPK 138 

treatments, P was added as single superphosphate. Mineral N was applied as Chilean 139 

nitrate (NaNO3,1894-1939), calcium nitrate (Ca(NO3)2,1940-1972) and as calcium-140 

ammonium nitrate (Ca-NH4NO3) since 1973. Mineral K was applied as KCl. Animal 141 

manure was derived from cattle. The experiment grows a four-course rotation of winter 142 

cereals, row crops, spring cereals and grass/legumes. Every 4-5 years, 3000-5000 kg 143 

ha-1 lime is applied to maintain soil pH between 5.5 and 6.5. Soil tillage involves 144 

ploughing to 20 cm and seedbed preparation. Since 1923, topsoil (0–20 cm) has been 145 

sampled every four years and archived as dried samples.   In the present study, we 146 

analyzed soils sampled in the B2-field in 1923, 1938, 1945, 1953, 1964, 1976, 1985, 147 

1996 and 2000 from plots with AM and NPK applications. Soil samples from unfertilized 148 

plots were included as references (here termed control treatment). Each soil sample 149 

was a pooled sample of the three field replicates. Soils sampled in 2010 and 2016 from 150 

each field replicate were analyzed separately. Christensen et al. (2019) provide further 151 

details on the Askov long-term experiments. 152 

  153 

2.2 Sample preparation and element analysis 154 

Each soil sample was air dried and passed through a 2 mm sieve before analysis. 155 

About 0.05 g soil was digested with 3 ml distilled ultrapure concentrated nitric acid 156 
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(HNO3, 68 %) and 1 ml hydrogen peroxide (H2O2, 30 %) in a pressurized microwave-157 

assisted digestion system (TurboWAVE, Milestone Srl, Italy). Three analytical 158 

replicates were processed by microwave-assisted digestion for each soil sample from 159 

all three study sites. This method extracts on average 60% of the total U (here termed 160 

acid-extractable U), but leaves behind a residual fraction of U in primary and secondary 161 

minerals (such as silicate phases) (Tessier et al., 1979; Xing and Yeneman, 1998). 162 

After microwave-assisted digestion, the soil-acid mixture was centrifuged at 5000 * g 163 

for 10 min. The supernatant was diluted with 2 % HNO3 and its U and P concentrations 164 

were measured by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 165 

7900, Germany). Soil samples from Askov were additionally analyzed for total U 166 

concentration after digestion of 0.05 g soil with 0.25 g lithium meta/tetraborate at 167 

1050 °C for 3 h (Delijska et al., 1988). The standard reference soil (NIST SRM 2709a) 168 

was included for quality control of the analytical procedures.  169 

Statistical analyses were performed separately for each field experiment. Differences 170 

among the U concentrations in various treatments were analyzed by one-way ANOVA 171 

with a significance level p< 0.05 to detect significant differences among individual 172 

treatments for Rengen and Askov (soil sampled in 2010 and 2016). Due to incomplete 173 

randomization of the treatments in the Thyrow experiment, we considered the 174 

treatments within each block, as well as the five depth intervals within each soil profile, 175 

as paired samples. A paired-sample t-test was performed to reveal the significant 176 

differences in U concentrations among soils from the treatments NK+lime, NPK and 177 

NPK+lime. Differences in vertical soil U concentration among the soil horizons were 178 

analyzed by repeated ANOVA measures. The relationships between P and U 179 

concentrations were examined by linear regression models. 180 

 181 
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3. Results  182 

3.1 Uranium concentrations in soil 183 

Rengen (1941-2015) 184 

The U concentration in soil without fertilization (control) at Rengen was 0.80 ±0.08 mg 185 

kg-1. Soils receiving lime (Ca) or Ca/N contained similar concentrations of U (0.89 186 

±0.04 mg kg-1), whereas mean U concentrations were significantly higher in soils 187 

fertilized with P in Ca/N/P, Ca/N/P/KCl and Ca/N/P/K2SO4, (0.96 ±0.08 mg kg-1) than 188 

those from control plots (Fig. 1). Concentrations of U in soils receiving Ca/N/P, 189 

Ca/N/P/KCl, and Ca/N/P/K2SO4 did not differ significantly, indicating that the 190 

application of K fertilizers did not induce additional U accumulation.  191 

 192 

 193 

Figure 1. Uranium concentrations (acid-extractable) in topsoil of five fertilizer treatments in the Rengen 194 

Grassland Experiment. “Control” refers to the unfertilized treatments. Different letters indicate significant 195 

differences between treatments at p< 0.05 level. The dashed lines represent the average value for the 196 

three treatments with and without P fertilization. 197 
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 198 

Thyrow (1937-2016) 199 

At the experimental site in Thyrow, soil cores down to 100 cm were collected in order 200 

to study the depth profile of U concentrations in soil. The vertical patterns of U 201 

concentration were similar for all three treatments (NK+lime, NPK+lime, NPK; Fig. 2), 202 

with higher U concentrations in the Ap1 horizon (0-24 cm) and in the E/Bt horizon (70-203 

100 cm). Subsoil U concentrations generally increased with depth (30-100 cm). For 204 

each treatment, the mean U concentrations at different horizons were significantly 205 

different. In a comparison of different treatments for a given horizon, the U 206 

concentrations were significantly higher in the topsoil (Ap1) of the P-fertilized plots 207 

(NPK+lime, NPK, 0.37 mg kg-1) than in the topsoil without P fertilization (NK+lime, 0.29 208 

mg kg-1 ; Fig. 2). However, no significant differences in U concentration were observed 209 

between the fertilized and unfertilized plots in the deeper soil horizons.   210 

 211 
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 212 

Figure 2. Depth profiles of U concentration (acid-extractable) in soils of the long-term experimental field 213 

at Thyrow. The error bars represent the standard deviations of the four field replicates. 214 

 215 

Askov (1894-2016) 216 

The concentration of acid-extractable soil U increased slightly from 1923 to 2016, i.e. 217 

from 0.66 to 0.96, 0.61 to 0.84 and 0.79 to 1.08 mg U kg-1, for the control, AM and NPK 218 

treatments, respectively (Fig. 3). The increase in soil U concentration over time can be 219 

described by a significant linear regression (p <0.05). The slopes of the linear 220 
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regression represent the annual U accumulation in soils. The highest annual U 221 

accumulation was observed for NPK-treated soil (5.1 µg kg-1 yr-1), followed by the 222 

control (4.7 µg kg-1 yr-1) and the AM treatment (3.7 µg kg-1 yr-1). Differences in soil U 223 

concentrations were not significant among the control, AM and NPK treatments in 2010 224 

or in 2016. For the entire experimental period of 92 years, no significant differences in 225 

acid-extractable U were observed between the control soil and the soils receiving 226 

animal manure or mineral fertilizers. 227 

To examine whether fertilizer-derived U in Askov had become un-extractable (by acid 228 

digestion) over time, the soils were analyzed for total U concentrations.  Mean total soil 229 

U concentrations were significantly higher in the NPK treatment for the last 32 years 230 

(1985-2016) than for the first 38 years (1938-1976). This trend was not observed for 231 

the control and AM treatments (Fig. 3 – insert). This suggests that long-term mineral P 232 

fertilizer application did indeed result in U accumulation in the Askov soil although at a 233 

low level. In addition, a significant linear regression was observed for the total U 234 

concentrations over time in the Askov soils, but with a steeper slope compared with 235 

the acid-extractable U concentration (Fig. 3). However, we found no significant 236 

difference between the coefficients of regression. Apparently, fertilizer-derived U tends 237 

to remain in the acid-extractable fraction.  238 

 239 

3.2 Relationship between P and U 240 

At all three experimental sites, elevated concentrations of acid-extractable U in soil 241 

correlated with increased P (acid-extractable) concentrations in P fertilized treatments 242 

(Fig. 4; soil P concentrations are shown in Figs. S1-S3). However, the relation between 243 

the U and P concentrations differed for the Rengen, Thyrow and Askov sites. At 244 

Rengen, two obvious clusters of treatments were visible for plots with and without P 245 

fertilizer addition. The U concentrations were generally lower at Thyrow than at the 246 
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other two sites, although the range of P concentrations was nearly the same in Askov 247 

and Thyrow. There was no significant correlation between the concentrations of U and 248 

P at Askov.   249 

 250 

 251 

Figure 3. Changes of U concentrations (total and acid-extractable) over time in arable topsoil (0-20 cm) 252 

of the control, animal manure (AM) and NPK fertilizer treatments at Askov. Different shaped symbols 253 

denote samples from three treatments. The filled symbols signify acid-extractable U concentrations, 254 

whilst open symbols indicate total U concentrations. Different letters indicate significant differences 255 

between treatments at the p< 0.05 level.  256 

 257 
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 258 

Figure 4. Relationships between concentrations of P (acid-extractable) and U (acid-extractable) in 259 

topsoil of Rengen (Control, Ca, Ca/N, Ca/N/P, Ca/N/P/KCl, Ca/N/P/K2SO4), Thyrow (NK+lime, 260 

NPK+lime, NPK) and Askov (Control and NPK treatments) long-term experiments. The different types 261 

of symbols represent different experimental sites. Empty symbols indicate treatments without P fertilizer 262 

application while filled symbols indicate treatments with P fertilizer application. Significant (p <0.05) 263 

linear correlations were found between P and U concentrations of topsoil at Thyrow and Askov.   264 

 265 

4. Discussion 266 

4.1 Extraction methods for soil uranium 267 

Total U concentrations in soils reflect U derived from parent material and 268 

anthropogenic sources. To obtain total U concentrations, a complete digestion of the 269 

sample is mandatory and is typically achieved by combinations of highly oxidative acid 270 
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(such as HNO3) and hydrofluoric acid (HF), with the latter to release the element 271 

residing in the recalcitrant fractions (e.g. Bigalke et al., 2017). High-temperature fusion 272 

with lithium or sodium borates is also commonly used (e.g. Delijska et al., 1988). These 273 

methods, however, may introduce high amounts of matrix that complicate further 274 

analysis for some applications (e.g. in stable isotope studies). Other extraction 275 

methods attempt to partially dissolve the samples in order to access different phases 276 

of the element. These methods are usually used in a sequential extraction scheme to 277 

separate, e.g., for U in soil, an exchangeable fraction, a carbonate bound (weakly- 278 

absorbed) fraction, the Fe and Mn oxide bound (hydrous-oxide bound) fraction, the 279 

organically-bound or adsorbed fraction, and the fraction of U that resides in lattice 280 

material components (Tessier et al.,1979; Regenspurg et al., 2010). Such 281 

fractionations may provide more detailed information on the origin, biological and 282 

physicochemical availability and the mobility of the element (Zimmerman and Weidorf, 283 

2010; Filgueiras et al., 2002). Uranium retained in the exchangeable fraction is 284 

considered to be bioavailable. However, changes in, e.g., pH, temperature, extraction 285 

time, and soil texture and mineralogy may lead to large variations of U concentrations 286 

in extracted fractions, resulting in incomparability of the data. 287 

 In the present study, we applied non-HF microwave-assisted digestion using 288 

concentrated HNO3 following a protocol recommend by the United States 289 

Environmental Protection Agency (USEPA) (1994). This method has been widely 290 

applied to soil for elemental analyses (e.g. Sastre et al., 2002; Eskilsson and Björklund, 291 

2000). The extracted U by this method is considered to be the potentially mobile, which 292 

may thus have the potential to enter the biosphere and the aqueous systems (Rao et 293 

al., 2008). In contrast, the un-extracted U is considered immobile and sequestered in 294 

structural silicate minerals. This “pseudo-total” concentration of U can provide 295 

information on the fate of anthropogenic U inputs, as these tend to reside in the first 296 
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four fractions mentioned above, while the natural occurrence of U from the parent 297 

material is not extracted (Rapin et al., 1986). It has been shown that compared with 298 

unfertilized soil, the fertilizer-derived U tends to be adsorbed to organic matter or to 299 

poorly crystalline Fe/Al minerals (Yamaguchi et al., 2009; Takeda et al., 2006).  300 

 301 

4.2 Uranium accumulation in agricultural soil by P fertilizer application 302 

At Rengen and Thyrow, the accumulation of U is significantly related to the addition of 303 

P fertilizers (Figs. 1-2). Accumulation of U also occurred in the Askov arable soil with 304 

P fertilization, but intriguingly at a rate similar to the unfertilized control treatment (Fig. 305 

3). This suggests that other sources may have contributed to U accumulation in soil 306 

(see Section 4.3), while P fertilization was only partially, if at all, responsible for 307 

increased U concentrations. The average annual U accumulation was 1.3 µg kg-1 yr-1 308 

for Rengen grassland and 0.6 µg kg-1 yr-1 for Thyrow arable land in plots with P 309 

additions.  310 

The accumulation rates for U in the present study were below 2 µg kg-1 yr-1 which is 311 

low compared with rates reported in previous studies from Germany, France and New 312 

Zealand with similar P fertilizer application rates which show annual U accumulation 313 

rates of up to 47 µg kg-1 yr-1 (Table 2, Fig. 5). The U accumulation rate in Rengen, 314 

almost ten times lower than the literature values, is attributed to the type of P fertilizer 315 

(basic slag / Thomas slag/ Thomas phosphate) applied during the first half of 20th 316 

century.  The basic slag is mainly produced in steel production in France, Germany 317 

and Luxembourg. Reports on U contents of basic slag used as P fertilizer are, however, 318 

scarce. According to data published by the former German Federal Agricultural 319 

Research Centre (FAL), U concentrations in basic slag (median 0.47 mg kg-1) are far 320 

below those of other P sources (Kratz et al., 2004). The U concentration of basic slag 321 

applied in Rengen is around 1 mg kg-1 and is thus significantly lower than that in typical 322 
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mineral P fertilizers (with a median value of 34 mg kg-1 for single superphosphate and 323 

95 mg kg-1 for triple superphosphate; Taylor et al., 2014). Soils from other long-term 324 

experiments in Bonn and Freising applying basic slag show no measurable or very low 325 

U accumulation rates (2 µg kg-1 yr-1; Rogasik et al., 2008).  326 

The low U accumulation rates at Askov and Thyrow are also related to the types of P 327 

fertilizers applied. The two dominant sources of raw phosphate for P fertilizer 328 

production are sedimentary and igneous rocks. About 75% of the world’s P sources 329 

originates from sedimentary phosphate rocks, which usually contain substantial U 330 

concentrations (27-245 mg U kg-1; Sattouf, 2007) compared with igneous phosphate 331 

rocks (0.2-37 mg U kg-1) (Van Kauwenbergh, 1997; Schnug et al., 1996; Sun et al., 332 

2020).  The P fertilizers applied in Askov and Thyrow are derived from igneous 333 

phosphate rocks mined in Finland and the Kola Peninsula of Russia, respectively.  334 

Soils from other long-term experimental sites in the former East Germany (Halle and 335 

Müncheberg) with P fertilizers of igneous origin most likely applied before 1990, 336 

showed small U enrichments (1 and 2 µg kg-1 yr-1) similar to our sites (Rogasik et al., 337 

2008). However, it is worth noting that since 1990 most of the P fertilizers used in 338 

German agriculture have been of sedimentary origin and inputs of U to soils may 339 

therefore have increased over the past 30 years in former East German regions 340 

(Rogasik et al., 2008).  At Askov, the accumulation of U in soil with cattle manure was 341 

similar to that of the control, indicating that the applied manure was low in U 342 

concentrations. In general, organic fertilizers have lower U concentrations than mineral 343 

P fertilizers (Kratz et al., 2008). Taylor et al. (2014) reported a median U concentration 344 

for cattle manure of 0.17 mg kg-1.  345 

The large regional variations of annual U accumulation found in other studies (Fig. 5) 346 

are a consequence of the use of P fertilizers produced from different phosphate 347 

sources. The soil U accumulation rates reported for many European long-term 348 
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experiments are relatively low (< 10 µg kg-1), but higher U accumulation rates (> 10 µg 349 

kg-1), have been observed for instance at Schuby, Germany, and Loir-et-Cher and 350 

Indre-et-Loire, France (Wetterlind et al., 2012). This most likely reflects the fact that 351 

phosphate rocks imported to Europe originate from various countries, such as Morocco 352 

(35% of total imported phosphate rocks), Russia (32%), Algeria, Israel and South Africa  353 

(Tulsidas et al., 2019). More dramatic U accumulation has been found in Japan and 354 

New Zealand with an average U increase of 40.5 and 27.5 µg kg-1 yr-1, respectively 355 

(Fig. 5) (Takeda et al., 2006; Yamaguchi et al., 2009; Taylor and Kim, 2008; Schipper 356 

et al., 2011). For Japanese pastures, the annual U accumulation was reported to be 357 

more than 100 µg kg-1 and is partly attributed to the application of fertilizer with high U 358 

loads (Yamaguchi et al., 2009).  359 

When related to the amounts of P fertilizer applied, U accumulation rates per kg P 360 

fertilizer were 0.26-0.77 µg U kg-1 (Table 2) in Japan, up to 0.84 µg U kg-1 in New 361 

Zealand and 0.18-0.74 µg U kg-1 for USA and France (Table 2). Imports of P fertilizers 362 

in Japan originate mainly from the USA (Webeck et al., 2015), whereas P fertilizers 363 

used in New Zealand originate from Western Sahara (WSRW, 2019). These supply 364 

chains are known to have phosphate rocks enriched in U compared with igneous rock 365 

sources (Sun et al., 2020).  366 

The average background concentration of U in surface soil is currently about 2 mg kg-367 

1 (NCRP, 1984). Considering the low U accumulation rates (< 2 µg kg-1 yr-1) found in 368 

our study and a continuation of current fertilizer use, it would take approx. 10,000 to 369 

50,000 years before P fertilizer-derived U accumulation exceeded the critical soil 370 

contamination criterion of 30 mg U kg-1 issued by the USNRC (1992).  371 

 372 
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 373 

Figure 5. Summary of U accumulation rates in topsoil of various related studies. Different colors indicate 374 

P application rates in agricultural soils and different symbols indicate type of land use.  375 

 376 

4.3 Other sources of uranium in agricultural soils 377 

A gain in soil U without P fertilization was observed at Askov. This observation is in 378 

agreement with other studies (Rothbaum et al. 1979; Stojanovic et al., 2006). Soil U 379 

concentration increased by 0.11 mg kg-1 from 1870 to 1976 in unfertilized treatments 380 

of the Park Grass (UK) experiment in England (Rothbaum et al. 1979). A study in 381 
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Serbia found that U concentration increased by 0.66 mg kg-1 from 1989 to1995 without 382 

P fertilization (Stojanovic et al., 2006). Possible sources for the additional U in 383 

agricultural soils might be atmospheric deposition and/or long-term liming practices.  384 

Fly ash and other airborne emissions from coal-fired industry and power plants may 385 

historically be a source of U in soil. However, some studies suggested that U input by 386 

atmospheric deposition is negligible (Bigalke et al., 2017; Kratz et al., 2008). 387 

Another potential source of U accumulation is application of lime. Jones (1992) 388 

suggested that liming leads to a long-term increase of soil U while other studies show 389 

that lime-derived U is insignificant (Taylor, 2007), or at least negligible when compared 390 

to the considerably higher amount of U applied with mineral P fertilizers. The reported 391 

U concentrations in lime are variable, ranging from < 1 to 50 mg kg-1 (Bell, 1963). And 392 

almost all limestones contains U concentrations of about 1 mg kg-1, with an estimated 393 

average U concentration in lime of 0.6 mg U kg-1 (Taylor et al., 2014).  With an annual 394 

application of 1000 kg ha-1 lime in the Askov experiment and a concentration in the 395 

lime of 0.6 mg U kg-1, the estimated U accumulation induced by liming accounts for 0.3 396 

µg kg-1 yr-1. This corresponds to about 10% of the U increase in the control (4.7 µg kg-397 

1 yr-1) and AM (3.7 µg kg-1 yr-1) treatments. Since the concentrations of U in lime applied 398 

at Askov remain unknown, we cannot assess the importance of lime-derived U at 399 

Askov in more detail. The assessment of lime-derived U at Askov is currently a 400 

speculation and requires further study. The concentration of U in lime varies widely 401 

and inputs of lime-derived U may be of quantitative significance for soils dressed with 402 

P fertilizers low in U concentrations.  403 

At Thyrow, the vertical distribution of U concentrations was unaffected by P fertilization 404 

but was probably influenced by soil formation processes. The soil is an Albic Luvisol 405 

and illuviation processes have translocated clay, humus and particle-bound U from the 406 

eluvial horizon E into the illuvial Bt horizon (Baize and van Oort, 2014).  Such 407 
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processes may have depleted U in the upper soil horizons. Consequently, the increase 408 

in soil U concentration from the Ap2 to Bt horizon in Thyrow could be the mediated by 409 

pedogenic processes. Aubert et al. (2004) also found enrichment of U in deeper soil 410 

horizons resulting from illuviation. We surmise that the small, but significant U increase 411 

in the uppermost soil, the Ap horizon, results from P fertilizer application. In addition, 412 

the regression coefficient of the relation between P and U concentrations was 413 

statistically significant in the topsoil of Thyrow. However, this was also true for un-414 

fertilized treatments. We attribute this observation to the parent material and local soil 415 

formation processes, which warrants further investigation. 416 

  417 

Conclusions 418 

Soils from P fertilized plots at the Rengen, Thyrow and Askov long-term agricultural 419 

field experiments showed very low U accumulation rates (< 2 µg kg-1 yr-1), likely due to 420 

the use of P fertilizers derived from sources with low U concentrations (igneous 421 

phosphate rocks and basic slag). However, we also found a small but unexplained 422 

increase in soil U concentrations in unfertilized plots. We conclude that low and long-423 

term sustainable concentrations of U can be maintained when agricultural soil receives 424 

P fertilizers produced from phosphate sources low in U. 425 
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Table 1. Summary of the experimental field sites. 604 

Site Years 
Land use 

type 
Parent materials Soil type Clay % Silt  % Sand  % Treatments P fertilizer type 

Mean P 
fertilizer 

application 
rate (kg ha-

1 year-1) 

Total  
carbon 
(g kg-1) 

pH 

Rengen, 
Germany 

1941-2015 
grassland 
(meadow) 

Lower Devonian 
sandstones, 

siltstones, and clay 
slates 

Stagnic 
Cambisol 

23 54 23 

Control - 0 49.0 4.9 

Ca - 0 41.9 6.5 

Ca N - 0 43.8 6.5 

Ca  N P Basic slag 35 43.0 6.6 

Ca N P KCl Basic slag 35 43.9 6.5 

Ca N P K2SO4 Basic slag 35 45.2 6.6 

Thyrow, 
Germany 

1937-2016 arable land 

Periglacial sand 
overlying a loam and 
a calcareous glacial 

till 

Cutanic 
Albic 

Luvisol 
3 14 83 

NK+lime - 0 3.60 6.0 

NPK 
Triple 

superphosphate 
24 - 3.8 

NPK+lime 
Triple 

superphosphate  
24 3.80 6.0 

Askov, 
Denmark 

1894-2016 arable land 
Morainic deposits 

 from the Weichselian  
glaciation 

Luvisol 12 13 75 

No fertilizer - 0 12.3 6.5 

Animal manure (AM)  Cattle manure 19 15.0 6.5 

Mineral fertilizer (NPK) Superphosphate  19 13.7 6.5 

Note: Total carbon data for Rengen are organic carbon contents from Pätzold et al., 2013. 605 

 606 

 607 

 608 

 609 

 610 



29 
 

Table 2. Literature review of fertilizer-derived U increase at different experiment sites 611 

Country 
Experiment 

sites 
Yearsa Land use type Treatments P fertilizer type 

P fertilizer 
application rate (kg 

ha-1 yr-1) 

Annual 
U 

increase 

(µg kg-1 

yr-1)b 

Annual U 
increase per 

kg fertilizer (µg 
kg-1 yr-1 kg-1 

fertilizer) 

Reference 

Japan 
Fujisaka 
Branch 

1940-2001 
(61) 

arable land NPK+compost+lime superphosphate 65 16.9 0.26 Takeda et al., 2006 

 

 

1933-2000 
(67) 

paddy NPK 
 fused phosphate 

fertilizer 
26.2 11.2 0.43 

Yamaguchi et al., 2009  

 

1968-2000 
(32) 

paddy NPK 
 fused phosphate 

fertilizer 
35.8 10 0.28 

 

 

1976-1997 
(21) 

upland NPK 
 fused phosphate 

fertilizer 
48 12.3 0.26 

New 
Zealand 

Mikimiki 43 grassland NPK 

superphosphate and 
triple superphosphate 

59 26 0.44 

Taylor and Kim, 2008 
 Eltham 37 grassland NPK 118 46 0.39 

 Taupo 37 grassland NPK 19.7 15 0.76 

 Hinemaiai 36 grassland NPK 98 47 0.48 

 
Whatawhata 

1983-2006 
(23) 

grassland 
P30 triple superphosphate 30 22.6 0.75 

Schipper et al., 2011  P50 triple superphosphate 50 42 0.84 

 

Winchmore 
1952-1998 

(36) 
grassland 

P18 superphosphate 18 3 0.17 
McDowell et al., 2012 

  P36 superphosphate 36 7 0.19 

UK 
Rothamsted 
(Broadbalk) 

1881-1976 
(95) 

arable land P superphosphate 33 3 0.09 

Rothbaum et al.,1979 

  
Rothamsted 
(Park Grass) 

1876-1976 
(100) 

grassland P superphosphate 33 7 0.21 

USA Morrow plots 
1904-1985 

(81) 
arable land P 

rock phosphate and 
superphosphate 

32.7 9 0.28 Jones, 1992 

  Florida 
1967-1985 

(18) 
grassland NPK ‘P-containing fertilizer’ 17.5 44 2.51 Zielinski et al., 2006 

France 
Loir-et-Cher 

1976-1991 
(15) 

arable land 
P26 

superphosphate 
26 10 0.38 

Wetterlind et al., 2012 
 P52 52 16 0.31 
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Indre-et-Loire 
1976-1997 

(21) 
arable land 

P26 
superphosphate 

26 10.9 0.42 

 P52 52 20.9 0.40 

 

Vienne 
1967-1997 

(30) 
arable land 

P26 
superphosphate 

26 4.7 0.18 

  P52 52 0 0 

Ireland Johnstown 
Castle 

1968-2006 
(38) 

grassland 
P15 mineral P fertilizer 15 2.1 0.14 

Tunney et al., 2009 
  P30 mineral P fertilizer 30 9.2 0.31 

Denmark Askov 
1923-2016 

(93) 
arable land Mineral P fertilizer superphosphate 18 0 0 this study 

Germany Rengen 
1941-2015 

(74) 
grassland Ca N P      Thomas slag 35 1.3 0.04 

this study 
 Thyrow 

1937-2016 
(79) 

arable land NPK triple superphosphate 24 0.6 0.03 

 Schuby 
1985-2005 

(20) 
grassland P superphosphate 41.2 14.5 0.35 

Rogasik et al., 2008 

 Muncheberg* 
1963-1998 

(35) 
arable land NPK superphosphate 38 2 0.05 

 Braunschweig 
1980-2004 

(24) 
arable land NPK mineral P fertilizer 30.4 4 0.13 

 Halle 
1949-2002 

(53) 
arable land NPhighK mineral P fertilizer 45 1.5 0.03 

 

Bonn 
1959-2005 

(46) 
arable land 

Thomas phosphate Thomas phosphate 26 0 0 

 Hyperphosphate hyperphosphate 26 1 0.04 

 Super phosphate super phosphate 26 1 0.04 

 

Freising 
1935-1975 

(40) 
arable land 

Thomas phosphate Thomas phosphate 31 2 0.06 

 Hyperphosphate 
Thomas slag in first 20 

year 
31 2.8 0.09 

  Super phosphate super phosphate 31 6.8 0.22 

a: Years means the observed years at the experimental sites. 612 

b: Individual U accumulation rate at each long-term experiment site was calculated using the following equation:  613 

Annual U accumulation rate = (U P fertilizer treatment – U control)/ years P fertilizer applied,  614 

Where U P fertilizer treatment was the U concentration in P fertilizers treatments soils, U control was the U concentration in no P fertilizer applied soils, and years P fertilizer applied was the years  615 

of P fertilizer applications. Therefore, the annual U accumulation rates shown in this study correspond to the average U accumulation rates. 616 
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