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Abstract 25 

The Elbe River has been long considered as one of the most anthropogenically 26 

impacted rivers in Europe. Its estuary is characterized by strong tidal effects, 27 

continuous dredging and dumping of sediment, and intense ship traffic between the 28 

North Sea and the Port of Hamburg. The aim of this study was to elucidate if a 29 

combined multi-element fingerprinting and isotopic tracer approach represented a 30 

suitable tool to investigate transport and mixing processes of inorganic contaminants 31 

within a complex and highly dynamic estuarine environment. 32 

A total of 37 surface sediment samples from the tidal Elbe were characterized in a 33 

comprehensive survey by determining the mass fractions of 48 elements and the 34 

isotopic signatures of stable Sr, Nd and Pb. Statistical data analysis resolved four 35 

discrete clusters of sampling locations in the estuary: One cluster upstream of the city 36 

of Hamburg, two clusters within the mixing zone between Hamburg and the mouth of 37 

the Elbe Estuary and one cluster in the mouth of the Estuary. River sediment entering 38 

the estuary carry significantly higher loads of metals (e.g. Cu, Zn, Sb, Cd and Pb), 39 

which are rapidly “diluted” by lower elemental mass fractions in marine sediment on a 40 

remarkably small regional scale. The cluster within the mouth of the estuary is mainly 41 

characterized by extreme isotopic variations of n(208Pb)/n(204Pb) ranging from 38.67 ± 42 

0.15 to 73.86 ± 0.29, beside high mass fractions of U, Th, and some rare-earth 43 

elements. Determined Pb isotope ratios are among the highest reported values for 44 

terrestrial materials.  45 

This study indicates the general potential of combined element fingerprinting and 46 

isotope tracer approaches to elucidate processes in complex river systems. 47 

Furthermore, it represents an initial characterization of the catchment area of the Elbe 48 

River as basis for future studies on river and harbor management. 49 

 50 
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1. Introduction 56 

Research on source and origin determination, transport pathways, and fate of 57 

contaminants have become important in catchments for river and port management, in 58 

order to understand the role and the individual contribution of tributaries and specific 59 

river transects, as well as the underlying mechanisms at small scales. The Elbe River 60 

is one of the major rivers in Central Europe and plays an important economic and 61 

ecological role. The river has continuously altered its course and depth and has been 62 

considered as one of the most contaminated European rivers for a long time (Kausch, 63 

1996). 64 

The river originates in the Ore Mountains in the Czech Republic, passes the Czech-65 

German border after 364.52 km and discharges after another 726.95 km through an 66 

estuary into the German North Sea (Kausch, 1996). On its way through Germany, the 67 

Elbe River passes different cities including Hamburg, where the third largest harbor in 68 

Europe is located (eurostat, 2015). The harbor represents an important industrial site 69 

attracting numerous industries e.g. energy production, mineral oil processing, metal 70 

production and processing and shipbuilding (Kausch, 1996; Simon et al., 2005; Tent, 71 

1987). 72 

In order to accommodate growing international bulk cargo, container, and cruise ships 73 

traversing the Elbe Estuary, deepening activities started as early as in 1859. During 74 

the last century four major deepening projects expanded the depth of the main shipping 75 

lane to now 14.4 m as summarized by Kappenberg (2014). 76 
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In addition to large deepening projects, extensive ongoing maintenance activities are 77 

necessary on a daily basis to keep the river navigable. Man-made changes to the river 78 

path changed tidal currents of ebb and flood leading to a strong tidal pumping effect 79 

transporting large amounts of marine sediment upstream (Meine, 2010). In addition, 80 

during the last years, the Elbe River has experienced reduced discharge from the 81 

upstream regions due to low precipitation and long, dry summer periods. In 82 

consequence, huge quantities of sediment accumulate in the Port of Hamburg caused 83 

by low currents and deep basins (Heininger et al., 2015; Kappenberg and Fanger, 84 

2007; Wetzel et al., 2013). Necessary maintenance activities are mainly achieved by 85 

dredging and relocating of up to 12.2 million m3 of sediment per year (in 2016), 86 

corresponding to 33000 m3 per day (HPA, 2017b; Kappenberg and Fanger, 2007). 87 

The quality of the river sediment and water is controlled by various federal and local 88 

authorities considering organic, biological, and inorganic pollutants (e.g. (BfG, 2016; 89 

HPA, 2017a)). Furthermore, the Elbe and its pollution load have been subject to 90 

research for several years, including organic (Wetzel et al., 2013), as well as inorganic 91 

(Prange et al., 1997; Prange et al., 2001) contaminants. Even though the elemental 92 

composition of sediment, suspended particulate matter and water have been 93 

monitored since the 1990s, data of non-traditional stable isotopes are not available for 94 

the tidal impacted course of the Elbe River (henceforth referred to as tidal Elbe). These 95 

could provide better insight into the ongoing processes. In addition, beside the classical 96 

trace metal contaminants such as Pb, Cd, Hg, Zn, Cu, and Cr. Other elements such 97 

as rare-earth elements (REE) and platinum group elements are emerging 98 

contaminants due to their increasing use in industry. Information about their presence 99 

and mass fractions of these elements is rather limited for most German river systems, 100 

so these were investigated. Thus, we hypothesized that a combined approach of 101 

elemental and isotopic tracers would be an important tool providing information on 102 
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processes influencing the contaminant load, anthropogenic impact and geochemical 103 

background conditions within an aquatic ecosystem, such as the tidal Elbe.  104 

The isotopic abundances of Sr isotopes vary as the relative abundance of the 105 

radiogenic isotope 87Sr increases by the radioactive β--decay of 87Rb 106 

(t1/2 = 4.88 ∙ 1010 a). Hence, n(87Sr)/n(86Sr)3 is a measure for the age and/or type of 107 

rocks and sediment (Brand et al., 2014; de Laeter et al., 2003). Isotope ratios of 108 

n(87Sr)/n(86Sr) in terrestrial materials vary from 0.70 to 0.85 and are therefore used as 109 

powerful geochemical tracer e.g. to determine the origin of sediment (Allegre and 110 

Sutcliffe, 2008; Bentley, 2006; Voerkelius et al., 2010). Since the surface geology of 111 

the Elbe River catchment within Germany is predominantly of Quaternary origin 112 

(Paluska, 1992; Pawlewicz et al., 1997) isotope ratios of n(87Sr)/n(86Sr) are generally 113 

expected to be less radiogenic. A detailed map showing the geologic provinces of 114 

Central Europe, including the catchment area of the Elbe River, is given in Pawlewicz 115 

et al. (1997).   116 

Natural isotope-abundance variations of Nd result from the decay of 147Sm (t1/2=1.06 ∙ 117 

1011 a) to 143Nd. The conventionally measured isotope ratio n(143Nd)/n(144Nd) underlies 118 

significant natural variation of about 0.5114 to 0.5126 that has been used in 119 

geochronology and as geochemical tracer for decades (de Laeter et al., 2003; Faure 120 

and Mensig, 2004a; Meija, 2012). 121 

Pb is among the most frequently studied isotope systems in geochemistry (Faure and 122 

Mensig, 2004b). While 204Pb is an entirely primordial nuclide, 206Pb, 207Pb, and 208Pb 123 

are end products of the radioactive decay chains of 238U (t1/2 = 4.468 ∙ 109 a), 235U 124 

(t1/2 = 7.037 ∙ 108 a) and 232Th (t1/2 = 1.40 ∙ 1010 a), respectively (de Laeter et al., 2003). 125 

                                                      
3 IUPAC-recommended notation for SI-traceable isotope-amount ratios r=n(iE)/n(jE), with the amount of substance 
n, and the isotopes iE and jE of the element E. The notation iE/jE (e.g. 87Sr/86Sr) is commonly used 
interchangeably, even though lacking information on the type of quantity (microscopic vs. macroscopic). (see 
also Coplen TB. Guidelines and recommended terms for expression of stable-isotope-ratio and gas-ratio 
measurement results. Rapid Communications in Mass Spectrometry 2011; 25: 2538-2560.) 
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This continuous production of radiogenic Pb isotopes results in natural isotope-126 

abundance variations for normal material (Coplen et al., 2018) of 13.8 to 64.7 for 127 

n(206Pb)/n(204Pb), 14.5 to 21.5 for n(207Pb)/n(204Pb), 33.3 to 81.9 for n(208Pb)/n(204Pb), 128 

~100 ‰ for δ207Pb/206Pb and ~60 ‰ for δ208Pb/206Pb (Brand et al., 2014; Conliffe et al., 129 

2013; Roy and Négrel, 2001; Teixeira et al., 2002; Zhu et al., 2012). 130 

The geolateral distribution of these elemental and isotopic tracers can be used to 131 

create elemental distribution maps and isoscapes (isotopic landscapes) that provide a 132 

valuable basis for geological and ecological studies. Isoscapes of Sr have been used 133 

for tracing origins of food (Brunner et al., 2010), long term migration of animals and 134 

humans (Irrgeher et al., 2010) or studying environmental matter fluxes (Capo et al., 135 

1998). Examples for Sr isoscapes of e.g. the British island, France or the Danube river 136 

system can be found in the recent literature (Evans et al., 2010; Willmes et al., 2014; 137 

Zitek et al., 2015). 138 

In this study, a multi-element and multi-isotope tracer approach in combination with 139 

statistical data evaluation was applied for the assessment of sources, transport 140 

pathways, and the fate of inorganic contaminants and fine sediment fractions. The 141 

proposed strategy was established for the tidal Elbe. Moreover, the approach is applied 142 

in order to fundamentally characterize the current spatial distribution and composition 143 

of the Elbe Estuary surface sediment as base-layer to address future questions related 144 

to river- and port management. 145 

 146 

2. Materials and methods 147 

2.1. Reagents and Standards 148 

Preparatory laboratory work was performed in a class 10,000 clean room inside a class 149 

100 clean bench. Type I reagent-grade water (18.2 MΩ cm) was obtained from a Milli-150 

Q Integral water purification system equipped with a QPod-Element polishing system 151 



7 

(Merck-Millipore, Darmstadt, Germany). Suprapur® nitric acid (65 % w/w, Merck-152 

Millipore) and suprapur® hydrochloric acid (30 % w/w, Merck-Millipore) were further 153 

purified by double sub-boiling in quartz stills (AHF Analysentechnik, Tübingen, 154 

Germany). Tetrafluoroboric acid (38 % w/w, Chem-Lab, Zedelgem, Belgium) was used 155 

in ultra-pure quality for sample digestion without any further purification. Polyethylene 156 

flasks, tubes, and pipette tips (VWR International, Radnor, USA), as well as 157 

perfluoroalkoxy screw cap vials (Savillex, Eden Prairie, USA) were pre-cleaned in a 158 

two-stage washing procedure using nitric acid (10 % w/w and 1 % w/w respectively). 159 

External calibration standard solutions (all traceable to NIST standards) were prepared 160 

from custom-made multi-element standards (Inorganic Ventures, Christiansburg, USA) 161 

for quantification. Single-element standards (1 g L-1) of Eu, Ir, Tl and Zr were obtained 162 

from Merck-Millipore. 163 

The reference marine sediment GBW-07313 (National Research Centre for Certified 164 

Reference Materials, Beijing, China) and the Columbia River basalt BCR-2 (U.S. 165 

Geological Survey, Reston, USA) were used for method validation. 166 

Certified reference materials NIST SRM 987 (highly purified SrCO3, NIST, 167 

Gaithersburg, USA) and NIST SRM 981 (high purity lead metal, NIST) were used for 168 

the calibration of Sr and Pb isotopic analysis (Brand et al., 2014). JNdi-1 (high purity 169 

neodymium oxide, Geological Survey of Japan, Tokyo, Japan) (Tanaka et al., 2000) 170 

was used as reference material for Nd isotopic measurements.  171 

 172 

2.2. Sampling 173 
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 174 

 175 

Figure 1 Map of the tidal Elbe from the weir in Geesthacht (river km 587) to the mouth 176 
into the North Sea (river km 757), passing the city of Hamburg (river km 620). The 37 177 
sampling spots are marked as red dots. The area of Germany is shown in white, the 178 
area of all other countries in grey.  179 

 180 
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The surface geology of the Elbe River catchment within Germany is predominantly of 181 

Quaternary origin. A detailed map showing the geologic provinces of the catchment 182 

area of the River Elbe, is given in Pawlewicz et al. (1997).   183 

A total of 37 surface sediment samples from the tidal Elbe were obtained in the course 184 

of a ship sampling campaign in August 2015 from the weir of Geesthacht (river 185 

kilometer 587; marking the end of the tidal impacted part of the river) to the Elbe 186 

Estuary (river kilometer 757) (Figure 1). Surface sediment samples were collected 187 

using a custom-made box corer. The top layer (5 to 10 cm) of three or more individual 188 

samplings were subsequently homogenized and deep-frozen. A list of all samples 189 

including the river kilometers and GPS coordinates is given in the Supplemental 190 

Information Table A1. 191 

Additionally, water samples were taken at similar sampling locations. These were 192 

analyzed for pH and salinity onboard the ship, using a digital pH/conductivity meter 193 

(WTW Multi 3430, WTW, Weinheim, Germany). Measured pH and salinity values can 194 

be found in Supplemental Information  Table A1.     195 

 196 

 197 

2.3. Sample digestion and analyte/matrix separation 198 

Homogenized sediment samples were freeze-dried (Christ Gefriertrocknungsanlagen, 199 

Osterode, Germany) and sieved over a cascade of polyamide sieves (Atechnik, 200 

Leinburg, Germany) to obtain the <63 µm grain size fraction. Each homogenized 201 

sample was digested in triplicates by digesting about 50 mg of the sample with 5 mL 202 

HNO3, 2 mL HCl and 1 mL HBF4 for 300 minutes at 180 °C with a MARS 5 Xpress 203 

(CEM Corp., Kamp Lintfort, Germany) microwave. After digestion, the solutions were 204 

transferred quantitatively to 50 mL pre-cleaned DigiTUBEs (SCP Science, Quebec, 205 

Canada) and diluted to 50 mL with Milli-Q water. 206 
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The marine sediment reference material GBW-07313 and the basalt reference material 207 

BCR-2 were treated similarly. Both reference materials were quantitatively digested by 208 

the presented digestion method resulting in clear, particle free digests. Certified and 209 

measured values for the sediment certified reference material and respective 210 

recoveries for the quantified elements are given in Supplemental Information  Table 211 

A2 together with the respective measurement mode of the ICP-MS/MS. Isotopic data 212 

of n(87Sr)/n(86Sr)), (n(208Pb)/n(204Pb), n(207Pb)/n(204Pb), n(208Pb)/n(206Pb), 213 

n(207Pb)/n(206Pb) and n(206Pb)/n(204Pb) for digest replicates of both reference materials 214 

can be found in Supplemental Information  Table A3.  215 

The manual analyte/matrix separation for Sr and Pb was based on a combination of 216 

two previously published methods (Irrgeher et al., 2013; Smet et al., 2010). Aliquots of 217 

the digested sediment, containing 300 ng of total Pb, were transferred to a pre-cleaned 218 

50 mL DigiTUBE, evaporated to dryness at 75 °C and re-dissolved in 3 mL of 8 mol L-219 

1 HNO3 for subsequent analyte/matrix separation. Columns were packed with 0.5 mL 220 

Sr Spec resin (SR-B-100-A, Triskem International, Bruz, France). The steps of the 221 

separation procedure, including pre-cleaning of the resin, are listed in Supplemental 222 

Information  Table A4.  223 

Separation of Nd from the sediment digest solutions was performed according to 224 

Retzmann et al. (2017). following an automated separation procedure using the fully 225 

automated sample preparation system prepFAST-MC® (Elemental Scientific, Omaha, 226 

USA) (Retzmann et al., 2017). 10 mL aliquots of the digested samples were transferred 227 

to pre-cleaned 50 mL DigiTUBEs, evaporated to dryness at 75 °C and re-dissolved in 228 

1 mL of 2 mol L−1 HNO3 for subsequent separation. A self-packed column with 3 mL 229 

bed volume (ESI part. no. CF-3000) was utilized based on Zimmermann et al. (2019). 230 

The steps of the separation procedure were adapted accordingly and can also be found 231 

in Supplemental Information  Table A4. 232 
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 233 

2.4. Instrumentation and measurement procedures 234 

2.4.1. Multi-elemental analysis  235 

Determination of elemental concentrations in the sediment digests was performed 236 

using an inductively coupled plasma tandem mass spectrometer (ICP-MS/MS) (Agilent 237 

8800, Agilent Technologies, Tokyo, Japan) coupled to an ESI SC-4 DX FAST 238 

autosampler (Elemental Scientific, Omaha, Nebraska, USA). A list of measured 239 

isotopes and their detection modes can be found in Supplemental Information  Table 240 

A2. A detailed description of all ICP-MS/MS operating parameters and used cell gas 241 

modes can be found in Supplemental Information  Table A5. The instrument was tuned 242 

in a daily routine using a tune solution containing Li, Y, Ce, and Tl. Quantification was 243 

performed by external calibration, covering a concentration range from 0.1 µg L-1 to 244 

100 µg L-1 for all analytes (10 µg L-1 to 10000 µg L-1 for Ca and P). Solutions were 245 

prepared on a daily basis from custom made multi-element standards (Inorganic 246 

Ventures, Christiansburg, USA). Wash blanks were measured after each sample 247 

triplicate to monitor potential carry over effects.  248 

 249 

2.4.2. Isotopic analysis 250 

A multi collector inductively coupled plasma mass spectrometer (MC ICP-MS) (Nu 251 

Plasma II, Nu Instruments Ltd, Wrexham, UK) was used for the measurement of Sr, 252 

Nd, and Pb isotope ratios. Detailed description of the instrument cup configuration and 253 

general instrumental settings of the MC ICP-MS are given in Supplemental Information  254 

Tables A6 and A7, respectively. The instrument was equipped with an APEX Q 255 

desolvation system (Elemental Scientific, Omaha, Nebraska, USA) in combination with 256 

a PFA nebulizer (Elemental Scientific, Omaha, Nebraska, USA) as sample introduction 257 

system. Daily tuning for maximum intensity, signal stability and peak shape was 258 
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accomplished by using the associated (certified) reference material (NIST SRM 987, 259 

NIST SRM 981, JNdi-1). All measurements were performed in static measurement 260 

mode with low mass resolution. Data collection was accomplished over a period of 261 

300 s with an integration time of 10 s, resulting in 60 measurements per sample. Outlier 262 

correction was done automatically during measurement by the instrument software. 263 

Instrumental isotopic fractionation (IIF) was corrected for following an internal inter-264 

elemental approach (combining standard sample bracketing and external calibration 265 

to account for time dependent and matrix dependent IIF variation between the 266 

samples). Isobaric interferences of residual 87Rb+ on 87Sr+, 204Hg+ on 204Pb+ and 144Sm+ 267 

on 144Nd+ were subtracted via peak stripping as described in chapter 2.5.2.  268 

Separated Sr fractions were diluted to the required concentration after separation with 269 

HNO3 (2 % w/w). The separated Pb and Nd fractions were evaporated to dryness on 270 

a hot plate at 85 °C and re-dissolved in HNO3 (2 % w/w) prior to isotopic analysis.  271 

Sr fractions and the corresponding isotopic standard (NIST SRM 987) were doped with 272 

Zr (Merck-Millipore) as internal standard for correction of IIF. The diluted Pb fractions 273 

and the isotopic standard (NIST SRM 981) were spiked with Tl (Merck-Millipore). 274 

Diluted Nd fractions and the isotopic standard (JNdi-1) were spiked with Eu. 275 

Concentrations of samples and bracketing standards were matched within ± 10 % in 276 

terms of the obtained signal intensities prior to analysis. 277 

 278 

 279 

2.5. Data processing and calculations 280 

2.5.1. Multi-elemental measurements 281 

Multi-elemental data were processed using MassHunter version 4.2 (Agilent 282 

Technologies, Tokyo, Japan) and a custom written Excel© spreadsheet.  283 
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The Limits of Quantification (LOD) were calculated according to German DIN 32645 284 

(2008) and DIN ISO 11843-2 (2006). Therefore, the LOD is defined as 3 x SD of the 285 

blank. Combined uncertainties were estimated using a Kragten spreadsheet approach 286 

(Kragten, 1994) taking into account reproducibility, repeatability, and measurement 287 

precision for selected samples. Thereafter, it was decided to report combined 288 

uncertainties as double standard deviations over triplicate digest measurements. 289 

Details about the calculation of combined uncertainty for all elements can be found in 290 

Supplemental Information B and Supplemental Information Table A8. The significant 291 

number of digits of mass fractions are given according to GUM and EURACHEM 292 

guidelines, whereby the uncertainty determines the significant number of digits to be 293 

presented with the value (Ellison and Williams, 2012; Magnusson et al., 2015). 294 

 295 

2.5.2. Isotopic measurements 296 

Determination of absolute isotope ratio values of Sr, Nd, and Pb included on-peak 297 

baseline correction (using the measure zeros method of the Nu plasma software) by 298 

aspirating solutions of pure HNO3 (2% w/w) prior to every sequence. Additional blank 299 

solutions were measured prior to every set of 5 samples. The obtained instrumental 300 

precision for e.g. n(87Sr)/n(86Sr) was typically 6 ppm, for n(208Pb)/n(206Pb) 20 ppm and 301 

for n(143Nd)/n(144Nd) 3 ppm, respectively. Isobaric interferences of residual 87Rb+ on 302 

87Sr+, 204Hg+ on 204Pb+ and 144Sm+ on 144Nd+ were subtracted via peak stripping as 303 

described below on the example of Sr.  304 

As the natural fractionations of n(88Sr)/n(86Sr) and n(146Nd)/n(144Nd) are significant with 305 

respect to the uncertainties obtained for n(87Sr)/n(86Sr) and n(143Nd)/n(144Nd) after 306 

internal IIF correction, the internal intra-elemental correction approach was considered 307 

inappropriate and not applied in this study. Instead, IIF was corrected via an internal 308 

inter-elemental approach using Zr for Sr, Tl for Pb and Eu for Nd as described in detail 309 
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elsewhere (Horsky et al., 2016; Irrgeher et al., 2013; Irrgeher et al., 2015; 310 

Kramchaninov et al., 2012; Retzmann et al., 2017; Yang et al., 2008). A comprehensive 311 

investigation on the different calibration approaches is provided elsewhere (Horsky et 312 

al., 2016; Yang et al., 2018). Minor interferences of 87Rb+ on 87Sr+, 144Sm+ on 144Nd+ or 313 

204Hg+ on 204Pb+ arising from residual Rb, Sm or Hg present in the purified sample 314 

solutions were mathematically corrected. As an example, this correction is described 315 

for the correction of 87Rb+ on 87Sr+. Herein, 87Rb (int(87Rb)spl) calculated via the 316 

simultaneously measured 85Rb (int(85Rb)spl) signal and using 317 

n(87Rb)/n(85Rb)nat = 0.3856 as recommended by IUPAC/CIAAW for natural Rb (Meija 318 

et al., 2016b), which was corrected for IIF via sample standard bracketing (SSB) with 319 

NIST SRM 987 of known isotopic compositions (n(87Sr)/n(86Sr)cert = 0.7103426) and 320 

subsequently subtracted from 87Sr (int(87Sr)spl), assuming the same IIF for 321 

n(87Sr)/n(86Sr)spl and n(87Rb)/n(85Rb)spl, according to equations 1a-c: 322 

 323 

𝑖𝑖𝑖𝑖𝑖𝑖( Sr87 )𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑖𝑖𝑖𝑖𝑖𝑖(87)𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑖𝑖𝑖𝑖𝑖𝑖( Rb85 )𝑠𝑠𝑠𝑠𝑠𝑠 ∙ �
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�
𝑓𝑓
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 324 

where all intensities int correspond to blank corrected beam intensities, 325 

int(87Sr)/int(86Sr)SSB correspond to the measured raw ratio in the SSB standard, and 326 

M(X) corresponds to the atomic weights according to the data from IUPAC/CIAAW 327 

tables (Meija et al., 2016a). 328 
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The detailed calculation approach for Sr, Nd and Pb isotope ratio analysis and data 329 

processing including all equations and constants as well as reference values used for 330 

interference and IIF correction are given by Retzmann et al.(2017). 331 

Total combined uncertainty budgets were determined for each isotopic system 332 

considering sample inhomogeneity, precision of the isotope ratio measurement for 333 

samples and standards and within-run-repeatability of the measured isotope ratio in 334 

the bracketing standards as proxy for instrument stability. Details can be found in 335 

Supplemental Information B. 336 

 337 

2.6 Calculation of normalized REE pattern and Eu anomalies 338 

As a proxy to calculate also possible anthropogenic influences, the REE mass fractions 339 

were normalized using the Post-Archean Australian Average Shale (PAAS). Eu-340 

anomalies Eu/Eu* were quantified using equation 2 (McLennan, 1989). 341 

   342 
Eu
Eu∗

=
Eu𝑁𝑁

(Sm𝑁𝑁 ⋅ Gd𝑁𝑁)0.5 (2) 

 343 

The subscript N denotes PAAS-normalized mass fractions of the stated elements. If 344 

Eu is enriched relative to the other REE, a positive Eu anomaly leading to Eu/Eu*>1 is 345 

conventionally recognized. A negative Eu anomaly on the other hand gives Eu/Eu*<1. 346 

 347 

 348 

2.7 Statistical analysis and distribution maps 349 

Statistical evaluations were performed using STATISTICA® (StatSoft, Inc., Tulsa, 350 

USA, version 12.5). Spatial variations of the elemental and isotopic compositions were 351 

examined utilizing a hierarchical cluster analysis, using the Ward’s method with 352 

Euclidean distances. A principal component analysis (PCA) was performed prior to 353 
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cluster analysis in order to identify the most determining variables for the cluster 354 

analysis. 355 

Geographical maps showing selected parameters were created using ArcGIS® 356 

software by Esri. ArcGIS® and ArcMap™ are the intellectual property of Esri and are 357 

used herein under license. 358 

 359 

3. Results and discussion 360 

Sediment taken from the tidal Elbe in 2015 were analyzed for the mass fractions of 48 361 

elements and for isotope ratios of Sr (n(87Sr)/n(86Sr)), Nd (n(143Nd)/n(144Nd)) and Pb 362 

(n(208Pb)/n(204Pb), n(207Pb)/n(204Pb), n(208Pb)/n(206Pb), n(207Pb)/n(206Pb) and 363 

n(206Pb)/n(204Pb)). All data is given with uncertainties corresponding to total combined 364 

uncertainties calculated as described in section 2.5 and Supplemental Information  B 365 

with a coverage factor of k=2. Note that combined uncertainties include not only 366 

internal instrumental precision of the measured isotope ratios, but also the contribution 367 

of the blank, the correction for interferences and the repeatability of bracketing 368 

standards. 369 

All data is provided in the Supplemental Information Table A1. Replicate data is given 370 

for three selected samples in Supplemental Information Table A9. 371 

  372 

3.1. Statistical and regional evaluation of the tidal Elbe  373 

PCA revealed six factors describing 93 % of the variance of the analytes along the 374 

investigated section of the tidal Elbe. The loadings of these six factors for each analyte 375 

are given in Supplemental Information Table A10. 376 

PCA was used non-confirmatory in this study, only, in order to identify the most 377 

determining analytes as variables for the subsequent cluster analysis. However, 378 

correlations among the analytes can already be seen. Together with n(208Pb)/n(204Pb), 379 
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the mass fractions of the REE, Ti, U, and Th correlate negatively with Factor 1. Factor 380 

1 is also correlating with the Eu anomaly that behaves inversely to the above-381 

mentioned analytes. Factor 2 correlates with the mass fractions of Cr, Fe, V, and Te. 382 

The mass fraction of Rb correlates with those of K, Mg, and Al that all correlate 383 

negatively with Factor 3. Factor 4 is positively correlated with the mass fractions of Zn, 384 

Sb, Cu, Cd, Ba, Pb, Tl, Bi, and Be, and negatively with the isotope ratio 385 

n(207Pb)/n(204Pb). The isotope ratio n(87Sr)/n(86Sr) correlates negatively with both, 386 

Factor 5 and the mass fraction of Sr. Factor 6 correlates negatively with the mass 387 

fraction of Mn. 388 

For each of the six factors one analyte with high magnitude loadings (>|0.6|) was 389 

selected as variable for the subsequent cluster analysis. These representative analytes 390 

are the isotope ratios n(208Pb)/n(204Pb) (Factor 1) and n(87Sr)/n(86Sr) (Factor 5) and the 391 

mass fractions of Cr (Factor 2), Rb (Factor 3), Zn (Factor 4) and Mn (Factor 6). 392 

 393 
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394 
Figure 2 A) Dendrogram for the sediment samples from the tidal Elbe showing four 395 
clusters. B) Map of the tidal Elbe showing the samples with the assigned clusters color-396 
coded. C) – H) Values of the cluster determining analytes along the tidal Elbe with the 397 
assigned clusters color-coded. Error bars correspond to expanded uncertainties U 398 
(k=2); if not visible they are in the range of spot size. 399 
 400 
 401 

Statistical cluster analysis led to 4 statistically stable clusters within the tidal Elbe (see 402 

Figures 2A and 2B). Cluster 1 (green) is formed by six samples in the mouth of the 403 

estuary (S_001, S_002, S_004, S_005, S_006 and S_010). A geographically discrete 404 
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cluster, Cluster 2 (red), is formed by the sediment samples upstream of Hamburg, 405 

S_033 to S_036. Two larger clusters, Cluster 3 (yellow) and Cluster 4 (blue), are 406 

located between Clusters 1 and 2, overlapping and ranging from the mouth of the 407 

estuary (river kilometer 704) to the Port of Hamburg (river kilometer 615). Although 408 

Cluster 3 and Cluster 4 overlap, there is a regional trend of Cluster 3 towards the 409 

estuary mouth, while samples from Cluster 4 are generally geographically closer to 410 

Cluster 2. 411 

Considering the six cluster determining variables (Figures 2C-2H), Cluster 1 is 412 

characterized by highly elevated values of n(208Pb)/n(204Pb) (>44.92) and low levels of 413 

Rb (<42 mg kg-1), Cluster 2 shows elevated levels of Zn (>620 mg kg-1) and low values 414 

of n(87Sr)/n(86Sr) (<0.71364). Generally, Cluster 3 and 4 show a rather similar 415 

distribution. However, in terms of Zn and its correlating elements Sb, Cu, Cd, Ba, Pb, 416 

Tl, Bi, and Be, Cluster 3 shows lower mass fractions of these elements throughout the 417 

cluster, similar to Cluster 1. In contrast, Cluster 4 shows higher levels of Zn (>120 mg 418 

kg-1) and its correlating elements, especially for samples close in geographical distance 419 

to Cluster 2. 420 

Cluster 2 upstream of Hamburg can be considered as the fluvial signal of the Elbe 421 

River entering the tidal Elbe at the weir of Geesthacht. The area covered by Clusters 422 

3 and 4 are assumed as a mixing zone of marine and fluvial sediment, which will be 423 

discussed in the following sections. Cluster 1, however, seems to take a special 424 

position in the set of analyzed samples as the elevated values of n(208Pb)/n(204Pb) 425 

(>44.92) (Figure 2C) are exceptionally high and accompanied by other noticeable 426 

features, as discussed below. 427 

 428 
 429 
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3.2. Strontium, neodymium and lead mass fractions and isotopic abundance 430 

ratios 431 

Mass fractions of Sr range from 110 mg kg-1 to 430 mg kg-1 within the sediment of the 432 

tidal Elbe. The isotope ratio n(87Sr)/n(86Sr) ranges from 0.7113 to 0.7204, representing 433 

typical values for riverine sediment (Faure and Mensig, 2004c). Figures 3A-3B show 434 

the isotope ratio n(87Sr)/n(86Sr) and the mass fractions of Sr along the tidal Elbe. 435 

The mass fractions of Nd range from 18 mg kg-1 to 650 mg kg-1 for the analyzed set of 436 

sediment samples. The n(143Nd)/n(144Nd) isotope ratio varies between 0.5114 and 437 

0.5121 as shown in Figure 3C, while the Nd mass fractions are shown in Figure 3D. 438 

The mass fractions of Pb in the sediment of the tidal Elbe varies between 13 mg kg-1 439 

and 130 mg kg-1. The ratios of the Pb isotopes ranges from 38.20 to 73.86 for 440 

n(208Pb)/n(204Pb), from 15.61 to 17.29 for n(207Pb)/n(204Pb) and from 18.23 to 36.00 for 441 

n(206Pb)/n(204Pb). The mass fraction of Pb and the isotope ratio values for 442 

n(206Pb)/n(204Pb) for the Elbe sediment are shown in Figures 3E-3F. The mass 443 

fractions of Th and the isotope ratio values for n(208Pb)/n(204Pb) are shown in Figures 444 

3H-3G. 445 

 446 
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 447 

Figure 3 A) Sr isotope ratio n(87Sr)/n(86Sr) and B) mass fraction of Sr as a function of 448 
the river kilometer C) Isotope ratio n(143Nd)/n(144Nd) and D) mass fraction of Nd as a 449 
function of the river kilometer E) Isotope ratio n(206Pb)/n(204Pb) and F) mass fraction of 450 
Pb vs the river kilometer G) Isotope ratio n(208Pb)/n(204Pb) and H) mass fraction of Th 451 
vs the river kilometer. Error bars correspond to expanded uncertainties U (k=2); if not 452 
visible they are in the range of spot size. 453 
 454 
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The majority of the sediment samples do not exceed a value of 42 for the isotope ratio 455 

n(208Pb)/n(204Pb), with a mean value of 38.77 ± 1.23 (2SD). However, six sample spots 456 

forming Cluster 1 show a significantly higher Pb isotopic composition (see Figure 3G): 457 

S_001 (70.18 ± 0.27), S_002 (44.92 ± 0.17), S_004 (73.86 ± 0.29), S_005 458 

(53.41 ± 0.21), S_006 (46.05 ± 0.18) and S_010 (58.17 ± 0.22).  459 

Only few publications report Pb isotope ratios with such high amounts of radiogenic 460 

lead. An extensive study by Zhu et al. (2012) has evaluated the majority of published 461 

Pb isotopic data from 1950 to 2013. A mean value for n(208Pb)/n(204Pb) of 38.6 ± 3.6 462 

(n>5500) for terrestrial matter is reported. Published Pb isotope ratios for river 463 

sediment typically range from 37.1 to 44.8 for the ratio n(208Pb)/n(204Pb), from 15.1 to 464 

17.9 for n(207Pb)/n(204Pb) and from 17.3 to 22.5 for n(206Pb)/n(204Pb) (Clift et al., 2008; 465 

Gao et al., 2008; Lima et al., 2005; Shepherd et al., 2009). The highest 466 

n(208Pb)/n(204Pb) value for terrestrial matter ever published is 81.947 for a whole rock 467 

sample from a Brazilian massif (Teixeira et al., 2002). 468 

Isotope ratios n(208Pb)/n(204Pb) and n(207Pb)/n(204Pb) do not show a correlation with 469 

the mass fraction of Pb (r(n(208Pb)/n(204Pb), w(Pb))=(-0.27) and r(n(207Pb)/n(204Pb), 470 

w(Pb))=(-0.28)) in the sediment samples. Moreover, when studying Figure 4C (plot of 471 

n(208Pb)/n(204Pb) versus inverse Pb mass fraction), it becomes obvious that the Pb in 472 

the samples from Cluster 1 originates from a different source than the Pb in the 473 

remaining samples with all samples on a mixing line between the sources. The same 474 

conclusion can be drawn from the plots of n(208Pb)/n(204Pb) against n(87Sr)/n(86Sr) in 475 

Figure 4G and n(143Nd)/n(144Nd) against n(208Pb)/n(204Pb) in Figure 4I. 476 

However, the radiogenic Pb isotopic ratios correlate with the mass fractions of U and 477 

Th (r(n(208Pb)/n(204Pb), w(Th))=0.98; r((207Pb)/n(204Pb), w(U))=0.97; r(w(Th), 478 

w(U))=1.00). This correlation reflects the common occurrence of the radiogenic 479 



23 

isotopes of Pb with its mother nuclides. The correlation leads to the assumption that 480 

the extreme Pb isotope ratios originate from specific geological material. 481 

The correlation of the isotope ratio n(208Pb)/n(204Pb) with n(206Pb)/n(204Pb) (r=1.00) can 482 

clearly be seen in Figure 4D. Additionally, the correlations of n(208Pb)/n(204Pb) with the 483 

sum of the light REE (LREE) (r=0.97) and the mass fraction of Th (r=0.98) can be found 484 

in Figures 4F and 4E, respectively. 485 

Regarding Sr and Nd the following observations were made: The n(87Sr)/n(86Sr) 486 

isotope ratio clearly differentiates the sediment from Cluster 2 and those from the 487 

remaining clusters spatially (see Figure 3A). Cluster 2 featured significantly lower 488 

values for n(87Sr)/n(86Sr) (<0.71364) compared to the samples downstream, indicating 489 

the border between fluvial and marine impacted sediment and the mixing zone. 490 

However, the plot of n(87Sr)/n(86Sr) against the inverted mass fraction of Sr in Figure 491 

4A indicated that the Sr originated from one source even though Cluster 1 seems to 492 

deviate slightly from the regression line, however, not significantly considering the 493 

uncertainties. 494 

A similar picture is seen for Nd (Figure 4B) even though the correlation is not as 495 

pronounced as for Sr. One significant outlier was determined: S_024_Schulau from 496 

Cluster 3 has a value of n(143Nd)/n(144Nd) = 0.51212 ± 0.00004 that is significantly 497 

higher compared to the remaining set of samples with an average value of 498 

n(143Nd)/n(144Nd) = 0.51156 ± 0.00014 (2SD). Except for the Nd isotope ratio, the 499 

sampling location showed no further abnormalities. 500 

The plot of n(87Sr)/n(86Sr) versus n(143Nd)/n(144Nd) (Figure 4H) shows a good 501 

separation of Clusters 1 and 2 while Clusters 3 and 4 feature comparable isotopic 502 

signatures. By combination of n(87Sr)/n(86Sr) and n(143Nd)/n(144Nd) a mixing process 503 

between geological younger, riverine sediment located upstream (Cluster 2) and 504 

geological older, marine sediment downstream can be observed. Detailed information 505 
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on geological and lithological background in the sampled area can be found elsewhere 506 

(Boelich and Strotmann, 2008; Paluska, 1992, Pawlewicz et al. 1997). Furthermore, 507 

this can be seen by the geographical intermixing of Clusters 3 and 4 (Figure 2B).  508 

 509 

  510 
Figure 4 A) Sr isotope ratio n(87Sr)/n(86Sr) plotted against the inverse mass fraction of 511 
Sr. B) Isotope ratio n(143Nd)/n(144Nd) plotted against the inverse mass fraction of Nd. 512 
C) Isotope ratio n(206Pb)/n(204Pb) plotted against the inverse mass fraction of Pb. D) 513 
The isotope ratio n(208Pb)/n(204Pb) plotted against the ratio n(206Pb)/n(204Pb) for the 514 
sediment of the tidal Elbe (r=1.00). The typical range of the Pb isotope ratios of 515 
terrestrial matter (Zhu and O'Nions, 1999b) is plotted in grey. E) The isotope ratio 516 
n(208Pb)/n(204Pb) plotted against the mass fraction of Th (r=0.98). F) The isotope ratio 517 
n(208Pb)/n(204Pb) plotted against the mass fraction of the sum of LREE (r=0.97). G) The 518 
isotope ratio n(208Pb)/n(204Pb) plotted against n(87Sr)/n(86Sr). H) The isotope ratio 519 
n(87Sr)/n(86Sr) plotted against n(143Nd)/n(144Nd). I) The isotope ratio n(143Nd)/n(144Nd) 520 
plotted against n(208Pb)/n(204Pb). Error bars correspond to expanded uncertainties U 521 
(k=2), if not visible they are in the range of spot size. 522 

 523 

 524 
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 525 

3.3. REE patterns 526 

In general, all REE mass fractions show similar variations along the tidal Elbe. All REE 527 

are enriched in the samples of Cluster 1 compared to the remaining samples from the 528 

tidal Elbe. Moreover, the observed variability reflects the fluctuation of the radiogenic 529 

Pb isotopes. The ratios n(208Pb)/n(204Pb), n(207Pb)/n(204Pb) and n(206Pb)/n(204Pb) show 530 

a positive correlation with increasing mass fractions of REE (r>0.95), especially of 531 

LREE (r>0.97) (see also Figure 4F). 532 

A more detailed look at the PAAS-normalized REE patterns of all four clusters (Figures 533 

5B to 5E) reveals differences in the REE compositions, especially in the Eu anomaly 534 

and in the ratio of LREE to heavy REE (HREE). The majority of the samples show 535 

slight Eu anomalies ranging from 0.7 to 1.1 except those from Cluster 1 (Figures 5A 536 

and 5B). All samples of Cluster 1 feature pronounced negative Eu anomalies ranging 537 

from 0.4 to 0.6. Moreover, these samples are enriched in LREE compared to HREE 538 

that becomes obvious when compared to Clusters 2, 3 and 4 (Figures 5C to 5E). 539 

REE patterns of all analyzed samples from the tidal Elbe are typical for sediment in 540 

this area as described by Prange et al. (Prange et al. 2001) and could possibly originate 541 

from to the presence of REE-enriched heavy minerals of zircon, monazite, and allanite 542 

in this fraction. However, the large variations within small spatial distances are 543 

remarkable. 544 
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 545 

 546 

Figure 5 A) Europium anomaly as a function of the river kilometers. B) PAAS-547 
normalized REE patterns for all samples of Cluster 1. C) PAAS-normalized REE 548 
patterns for all samples of Cluster 2. D) PAAS-normalized REE patterns for all samples 549 
of Cluster 3. E) PAAS-normalized REE patterns for all samples of Cluster 4. Error bars 550 
correspond to expanded uncertainties U (k=2). 551 

 552 

 553 

 554 

3.4. Extreme isotopic and elemental pattern of the tidal Elbe sediment 555 

The five samples of Cluster 2 taken upstream the Port of Hamburg (river kilometer 578 556 

to 613) deviate significantly from all other clusters. Lower values for n(87Sr)/n(86Sr) 557 

(<0.71364) and higher values of n(143Nd)/n(144Nd) (>0.51159) compared to the 558 

samples downstream indicate geologically younger material at these sampling 559 



27 

locations. Additionally, mass fractions of classical metal contaminants e.g. Zn (Figure 560 

2F), Sr (Figure 3B), Pb (Figure 3F), Cu and Cd (Supplemental Information Table A1) 561 

are significantly higher than for Clusters 3 and 4. Assuming the origin of geological 562 

younger material to be upstream the Elbe Estuary and the origin of geological older 563 

material to be marine (Schoer, 1990), a rapid “dilution” of polluted riverine sediment 564 

with marine sediment is suggested. This mixing of two endmembers is also supported 565 

by the plot of n(87Sr)/n(86Sr) against the inverted mass fraction of Sr in (Figure 4A) and 566 

the geographical mixing of Clusters 3 and 4 (Figure 2B). Most interestingly, this mixing 567 

process takes place at a very small regional scale in the City of Hamburg. As described 568 

by Schoer (1990), marine sediment in the Elbe is transported upstream, caused by 569 

20 % higher flood current velocities compared to ebb current velocities (“tidal 570 

pumping”). The maximum upstream transport of marine sediment was estimated to be 571 

located between river km 623 and 617, which is in very good agreement with the results 572 

of this study. 573 

The samples in Cluster 1 deviate significantly in their elemental and isotopic signatures 574 

from the samples upstream. Especially, the radiogenic isotope ratios of Pb show 575 

extreme values accompanied by high mass fractions of Th, U and REE. In addition, 576 

high mass fractions of Ti in the range of 8800 mg kg-1 ± 2500 mg kg-1 to 40000 mg kg-577 

1 ± 11000 mg kg-1 are found for these six samples that are significantly higher than the 578 

average mass fraction of the samples from Clusters 2, 3 and 4 (3400 mg kg-1) (w(Ti) 579 

see Supplemental Information  Table A1). These extreme variations are remarkable 580 

as they occur at a small spatial scale (average distance between sample spots: 5 km) 581 

in a very dynamic system (strong tidal currents, permanent dredging activities, 582 

shipping) and are not explainable by the underlying geology of the Elbe Estuary, which 583 

is assumed to be rather uniform and young, lying above Pleistocene and Holocene 584 

sediment (Boelich and Strotmann, 2008; Paluska, 1992). Hence, it can be assumed 585 
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that material with this distinct isotopic and elemental signature is not original to the 586 

area but was transported into the Elbe Estuary either by human activities or tidal 587 

dynamics as proposed by Schoer (1990). 588 

Significantly different isotopic and elemental signatures were observed for samples 589 

S_001, S_002, S_004, S_005, S_006 and S_010 (Cluster 1). Highly radiogenic Pb 590 

isotope ratios and high mass fractions of Th, U, and REE in the grain size fraction 591 

<63 µm are typical for monazite, which is a phosphate mineral with the general formula 592 

[(LREE)PO4]. Monazite is of industrial relevance as it is an important source for Th and 593 

REE (Overstreet, 1967; Zhu and O'Nions, 1999a; Zhu et al., 1997). The chemical 594 

composition of monazites is highly variable. However, similar to samples assigned to 595 

Cluster 1, monazites are typically depleted in HREE and enriched in LREE (cf. Figure 596 

5B). Moreover, the enrichment of LREE in monazites correlates with the mass fractions 597 

of Th and U and shows negative correlation with the mass fraction of Pb (Zhu and 598 

O'Nions, 1999a; Zhu and O'Nions, 1999b). The investigated samples show a positive 599 

correlation of the n(208Pb)/n(204Pb), n(207Pb)/n(204Pb) and n(206Pb)/n(204Pb) ratios with 600 

the mass fractions of Th and U (rav((n(20x)Pb/n(204)Pb); w(U, Th))=0.98). The correlation 601 

with the Pb mass fraction is not pronounced, but in general negative 602 

(rav((n(20x)Pb/n(204)Pb); w(Pb))=-0.28). Some studies report negative Eu anomalies for 603 

monazite grains of up to 0.2 (Zhu and O'Nions, 1999a; Zhu and O'Nions, 1999b). The 604 

most negative Eu anomaly in the analyzed sediment from the Elbe Estuary was 605 

determined for sample S_004 with Eu/Eu*=0.37 ± 0.10 (cf. Figure 5 and Supplemental 606 

Information Table A1). 607 

Previously described similarities of the elemental and isotopic composition of the 608 

samples from Cluster 1 with monazite indicate that the <63 µm fraction of the sediment 609 

samples are enriched with monazite and/or other heavy minerals. 610 
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Enriched Th and U contents in sediment have also been reported earlier in the context 611 

of phosphate fertilizer production and the accompanied storage and discharge of the 612 

by-product phosphogypsum (Martínez-Aguirre et al., 1994; Rutherford et al., 1994; 613 

Sanders et al., 2013). Phosphogypsum is mainly composed of CaSO4 x 2 H2O 614 

(gypsum) and other minor solid phases, such as phosphate, fluoride, organic matter, 615 

and trace elements including natural radionuclides (Ayres et al., 2011; Macías et al., 616 

2017; Rutherford et al., 1994). The composition of phosphogypsum depends on the 617 

provenance of the initial phosphate rock (Rutherford et al., 1994). Moreover, elevated 618 

concentrations of Th, U, Cd, Zr, and REE, as observed in samples of Cluster 1 (cf. 619 

Supplemental Information Table A1), were reported in several studies on 620 

phosphogypsum (de Oliveira et al., 2007; Martínez-Aguirre et al., 1994; Pérez-López 621 

et al., 2015; Rutherford et al., 1994; Sanders et al., 2013; Van Der Heijde et al., 1990). 622 

A prominent and well-studied example of high contamination from phosphogypsum is 623 

the Estuary of Huelva in Spain where phosphogypsum was discharged directly into the 624 

Odiel River until 1998 (Villa et al., 2009). The remaining stockpiles of phosphogypsum 625 

in the margins of the Estuary of Huelva are still a source of contamination for the 626 

aquatic environment due to “weathering processes” (Macías et al., 2017; Pérez-López 627 

et al., 2016; Pérez-López et al., 2015). To our knowledge, the only potential source 628 

that could cause phosphogypsum contamination of sediment in the Elbe Estuary are 629 

two fertilizer manufacturers close to the Rhine delta. Two million tons per year of 630 

phosphogypsum were discharged into the river and transported to the North Sea in the 631 

1980s (Van Der Heijde et al., 1990). Van der Heijde et al. report deposition of silt 632 

containing gypsum outside the Dutch coast as far as into the German Wadden Sea 633 

including amongst others the Elbe Estuary (Van Der Heijde et al., 1990). The 634 

previously described similarities between the elemental signature of the samples of 635 

Cluster 1 and sediment samples close to phosphogypsum stockpiles and 636 
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phosphogypsum itself may lead to the conclusion that the <63 µm fraction of the 637 

sediment samples from the tidal Elbe might be contaminated by the insoluble 638 

components of phosphogypsum transported and remobilized by tidal dynamics. 639 

 640 

This study provided the basis for source determination of sediment in the context of 641 

sediment transport within the Elbe Estuary. A deeper understanding of the processes 642 

taking place down- and upstream the harbor basin in Hamburg is essential concerning 643 

future river- and harbor management in terms of sedimentation and dredging.  644 

 645 

4. Summary and Conclusion 646 

Thirty-seven surface sediment samples of the tidal Elbe were characterized in a 647 

comprehensive survey by determining the mass fraction of 48 elements and isotopic 648 

signatures of Sr Nd and Pb. Statistically-significant spatial variations were found for all 649 

three isotopic systems and for the elemental data. Sediment samples were classified 650 

into four general clusters based on isotopic and elemental characteristics. 651 

The five sampling locations of Cluster 2, located upstream the Port of Hamburg were 652 

characterized by high concentrations of metals e.g. Zn, Pb, Cu and Cd. Based on the 653 

isotopic signatures of n(87Sr)/n(86Sr) and n(143Nd)/n(144Nd) it is evident that riverine 654 

sediment are quickly “diluted” by marine sediment that was transported upstream by 655 

tidal currents. The majority of this mixing process takes place at a remarkable small 656 

spatial scale within a few kilometers close to the Port of Hamburg. Further, mixing of 657 

marine and riverine sediment was observed between the Port of Hamburg and the 658 

mouth of the estuary. Remarkably high variation in n(208Pb)/n(204Pb) were found for 659 

Cluster 1 in the mouth of the estuary together with high mass fractions of REE, Th and 660 

U. Potential sources for these sediment were discussed, however, without the definite 661 

knowledge about the endmembers, these assumptions remain uncertain. The 662 
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determination of endmembers is especially challenging in such a dynamic system as 663 

the tidal Elbe.  664 

The generated dataset represents the basis for further investigation related to 665 

sediment transport in the tidal Elbe. This is of particular interest for marine ecosystem 666 

studies, as the mechanisms of metal “dilution” plays an important role. Furthermore, 667 

port and river authorities require such datasets in order to plan and evaluate 668 

relocation/dredging and disposal of sediment that is necessary to keep the river 669 

navigable for large cargo ships. Stability of the findings together with time-dependent 670 

changes of the seafloor in the estuary will be investigated in future sampling 671 

campaigns.  672 

Our results also indicate that the exclusive focus on the quantitative analysis of metal 673 

contamination within the context of environmental research related to complex land-674 

river-sea systems provides only limited information. The progress achieved in isotope 675 

ratio analysis of metals over the last decade opens a valuable additional dimension of 676 

information. 677 

Data provided gives information for source attribution of the sediment masses that are 678 

transported within the Elbe River upstream to the harbor area and will allow a future 679 

differentiation between upstream as well as harbor-based contaminants, which 680 

strongly impact the handling (e.g. dumping vs. decontamination) of the sediment 681 

masses. This may also assist with identification of responsible producers of 682 

contamination, which is of utmost importance for the river and harbor management. 683 
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