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Abstract

:

Since reservoirs can act as sinks for potential contaminants, such as metal(loid)s, sediment management is a challenge for reservoir operators. To exemplify the variability of concentrations of arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), vanadium (V) and zinc (Zn), the sediments of two differently constituted reservoirs located in the Ore Mountains (Saxony, Germany) were comparatively investigated. In the sediments of the Einsiedel Reservoir, which has a catchment area dominated by forestry, the median values showed an enrichment of Cd (6.7 mg/kg), Co (31.4 mg/kg), Hg (0.57 mg/kg), Ni (39.0 mg/kg) and Zn (283 mg/kg), mainly due to an elevated geogenic background and a preferential input of these elements from the soils of the catchment area. Sediments of the Berthelsdorf Smelter Pond, which has a predominantly agricultural catchment, had relatively high median concentrations of As (62.9 mg/kg), Cd (10.3 mg/kg), Cr (43.1 mg/kg), Cu (50.2 mg/kg), Hg (0.51 mg/kg), Pb (204 mg/kg), V (57.0 mg/kg) and Zn (626 mg/kg), which was due to an elevated geogenic background and heavy anthropogenic metal(loid) inputs over the past. Statistical analyses indicated that site-specific differences (e.g., in the content of organic matter or in the physicochemical properties of sediments) may influence the sink and source functions of the reservoirs for metal(loid)s. In this context, a strong influence of the specific catchment characteristics on the sediment composition of the reservoirs was concluded. Based on the German Federal Soil Protection Ordinance, the status quo of the metal(loid) contamination of the two reservoirs was evaluated and recommendations for further management and investigations were derived.
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1. Introduction


Metal(loid)s partly represent essential nutrients for organisms, but they can also have negative effects on living organisms [1,2]. Metal(loid) elements occur naturally in rocks and minerals, are released into soils by weathering processes, and enter fluvial and lacustrine sediments after soil erosion [1,2,3]. Significant inputs of metal(loid)s into ecosystems can be caused by human activities, such as burning and smelting processes (e.g., in power plants, motorised traffic and metal processing industries) or the relocation of metal(loid)-rich material (e.g., mining dumps, agricultural use of fertilizers, sewage sludge and pesticides) [1,4,5]. After entering a soil or a sediment, metal(loid)s usually bind to fine particles, such as clay minerals, (hydr-)oxides and organic substances [1,2,3,6,7,8,9]. These fine and light sorbents can be transported over long distances and preferentially deposit in areas with low hydrodynamic energy [10,11]. Therefore, sedimentary traps, such as water reservoirs, can be considered as potential metal(loid) sinks [5,6,10]. Changes in pH or redox conditions, mechanical disturbances such as dredging of sediments or a pressure-induced runoff due to the complete emptying of a reservoir can cause release of metal(loid)s from sediments into the water phase. This allows trace elements to pass into the food chain, where sufficiently high concentrations can have toxic effects on organisms [5,6,7,12]. For this reason, reservoirs and their sediments are often studied for metal(loid) contamination [6,7,10,12]. Reservoir sediments often exhibit differences in the spatial distribution of metal(loid) concentrations [13], in the temporal tendencies of contaminant accumulation [14,15], or in the release of metal(loid)s into the water phase [16,17,18]. Therefore, in order to estimate the sink and source functions of a reservoir, it is important to know the extent to which the sediment quality in reservoirs may differ within a large geologic unit due to the differences in land-use history, catchment characteristics and relief conditions. Recognising the key determinants of metal(loid) accumulation provides the opportunity to identify causes of sediment contamination, apply these to similar study sites and derive future measures to improve sediment quality. Further questions often arise with the use of dredged sediments as soil material, which is regulated in Germany by the Soil Protection Ordinance [19]. For use on arable land, the Soil Protection Ordinance requires compliance with existing precautionary values. Furthermore, the presence of a “harmful changed soil” or a “contaminated site”, respectively, can be assessed by the exceeding of examination values, while action values determine the need for a case-by-case assessment or remediation measures [20]. The specific limits of examination and action values are adapted to the respective use of a soil. However, reservoir sediments from regions with a naturally elevated geogenic background frequently exceed the precautionary values, which largely limits their potential for reuse. Unlike soils, no examination or action values apply to reservoir sediments, which means that almost the only option for them after dredging is backfilling excavations.



On German territory, the management of dredged material from reservoirs is of special concern in areas of Saxony. Since this federal state is characterised by the widespread absence of natural lakes, the densely populated and traditionally highly industrialised territory needed the construction of artificial water bodies such as dams, reservoirs and flood retention basins. With approximately 190 of these artificial water bodies, Saxony is the federal state with the most dams in Germany. In most cases, such water bodies were created for a specific purpose but also serve other functions. Drinking water supply, process or industrial water supply, flood protection, electric power generation, wildlife habitat, fishing and recreation are the most common functions (Figure S1) [21]. Since the beginning of the 19th century, numerous dams have been built in the low mountain ranges of the Ore Mountains, which are characterised by the widespread occurrence of geologic formations with elevated geogenic metal(loid) concentrations [22,23]. The centre of the Ore Mountains is characterised by highly metamorphic, crystalline and magmatic rocks and is surrounded by an area of weakly metamorphic shale at the outskirts of the mountain range [24,25] (Figure 1).



In this study, metal(loid) concentrations of reservoir sediments were investigated in two reservoirs of the Ore Mountains: the Einsiedel Reservoir, situated south–southeast of the city of Chemnitz, and the Berthelsdorf Smelter Pond (BSP), located approximately 2.5 km south of the city of Freiberg (Table 1).



The Einsiedel Reservoir (Figure S2) is a part of the Reservoir Interconnection Middle Ore Mountains (RIMOM) chain, a system of dams [26] that provide drinking water for the city of Chemnitz. No obvious anthropogenic metal(loid) sources were identified in the forested, sloped catchment, either in the literature or during fieldwork. The Berthelsdorf Smelter Pond (BSP) (Figure S3) was built in the 16th century to provide energy for water wheels operated by the mining industry around Freiberg [27]. Since its construction, the dam has been destroyed, rebuilt and repaired multiple times [28], until it became part of the Freiberg Mining District Water Balance (FMDWB) network in 1882 [29]. The entire area around the BSP is characterised by a flat relief and the former mining industries of both the Freiberg and the Brand mining districts [27,30]. Mining explorations started during the medieval period, first for silver and later for lead, zinc, tin and copper [27]. In the early years, ore processing usually took place near the local rivers including the Münzbach Brook [30]. Today, the mining industry has been replaced by the Brand-Erbisdorf industrial park, which is located near the BSP and houses companies from the recycling, metal-bearing waste disposal and mechanical engineering sectors.



Due to the presence of large amounts of fine-grained, highly sorption capable sediments and a location in rock sections with above-average geogenic background, both reservoirs were used for a status quo analysis of metal(loid) concentrations and for studies of their source and sink functions (Figure S4).



The main objectives of this study were:




	(1)

	
To record metal(loid) concentrations in the sediments of the reservoirs and to evaluate them exemplarily against legal requirements;




	(2)

	
To highlight differences between both reservoirs with the help of correlation analyses between physicochemical sediment properties and metal(loid) concentrations and to discuss their causes;




	(3)

	
To draw conclusions regarding the origin of the measured metal concentrations.










2. Materials and Methods


2.1. Field Campaign and Sample Collecting


Sampling of reservoir sediments took place in both drained reservoirs in late summer 2018. To ensure the representativeness of the sampling, samples were collected from areas near the dams with sediment thicknesses >1 m, as well as from the back areas of the reservoir basins (<1 m sediment thickness) near the inflow of the main tributaries (Figure 2). All samples originated from lacustrine areas of the reservoirs. Samples from sediment profiles were basically divided into intervals of 5–10 cm. This allowed a detailed record of vertical variations in sediment quality. Conversely, only relatively small sample volumes could be obtained with this method; thus, the grain size analyses could only be performed on a reduced number of samples due to the high sample consumption. In the Einsiedel Reservoir, a total of five sediment cores were taken near the dam (i.e., ES-S, ES-B and ES-III), near the centre (i.e., ES-II) and near the inflow (i.e., ES-I) of the reservoir with the help of PVC pipes, with sediments collected from depths of 20–40 cm. The sediment cores were subdivided into a total of 18 sediment sections with 5−10 cm thickness. In spring 2019, an additional field campaign took place around the Einsiedel Reservoir to collect soil samples from the surrounding watershed and sediment samples from the main tributaries. Soils were sampled from 6 plots (1 × 1 m), where an input of soil components into the reservoir basin due to the fact of erosion was assumed to be possible. Within each plot, the soil types were classified [34] before samples were taken from the topsoil (0−10 cm) and subsoil (11−25 cm) horizons at three locations and combined into one composite sample per depth level (12 composite samples in total). The organic cover layer, which was dominated by needle litter, was removed before the topsoil samples were collected. Brook sediments (3 samples) were collected from 0 to 15 cm depth as disturbed samples with a shovel in flow-calmed areas of the main tributaries.



The Berthelsdorf Smelter Pond (BSP) was investigated using five sediment profiles sampled with a Pürckhauer drilling rod and a PVC pipe. The samples were collected at the backwater location of the basin (i.e., HT-3 and HT-5), the middle of the reservoir (i.e., HT-4) and near the reservoir outlet (i.e., HT-1 and HT-2). Depending on the location, the sediment profiles reached thicknesses of 20−100 cm and were divided into sections of 10 cm, resulting in a total of 36 samples. Soil sampling in the catchment of the BSP was not carried out because the balanced relief did not allow for the tracing of potential sediment sources without further effort.




2.2. Laboratory Analyses


All samples were air-dried, homogenised in a porcelain mortar and sieved to <2 mm [37]. Grain size fractions of the reservoir sediments and catchment soils were analysed by a combined sieve and sedimentation analysis. The fine fraction (<63 µm) was determined using a PARIO analyser (Meter Group AG, Munich, Germany). This system automatically determines the particle distribution by measuring the suspension pressure after the samples are prepared according to DIN ISO 11277 [38]. Before analysis, the organic matter of the air-dried samples was destroyed by the addition of a 30% H2O2 solution. After a 16 h pre-reaction at room temperature, the samples were slightly heated until the release of CO2 from the samples was complete. The mineral soil particles were subsequently dispersed with a Na4P2O7 solution overnight before grain size analysis was performed. To analyse the soil organic matter content, aliquots of the sieved (<2 mm) and homogenised samples were dried overnight in an oven at 105 °C. Soil organic matter was then determined gravimetrically based on loss on ignition at 550 °C [39]. The pH value was measured in a solution of 0.01 M CaCl2 (m/V = 1:2.5) [37] with a pH electrode (SenTix 41, WTW, Weilheim, Germany). The electric conductivity was determined using an electrode (Tetra Con 325, WTW, Weilheim, Germany) after the samples were stirred in deionised water (m/V = 1:5) for 2 h [40]. Metal(loid)s were quantified according to DIN EN ISO 17294-2 [41] by inductively coupled plasma mass spectrometry (ICP–MS; XSERIES 2; Thermo Fisher Scientific, Bremen, Germany). For this purpose, 1 g of each sieved (<2 mm) sample was heated (85–90 °C) in aqua regia for 2 h, filtered and diluted with ultrapure water before analysis [42]. Each sample was measured three times for concentrations of arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg), manganese (Mn) nickel (Ni), lead (Pb), vanadium (V) and zinc (Zn). Measuring values with a relative deviation of more than 20% from the average value were excluded.




2.3. Data Interpretation


The measured metal concentrations were compared with regional geogenic background values provided by the Saxon Federal Agency of Environment, Agriculture and Geology [43] (Tables S1 and S2). These background values are specified on geology, soil horizon and land use. Since they do not include specific values for reservoir sediments, the comparison was conducted by selecting background values matching the prevailing geology and the dominant land use of a respective reservoir (Einsiedel Reservoir: background values for soils from phyllite dominated by forestry; BSP: background values for soils from gneiss used by agriculture). Since it is likely that the reservoir sediments mostly originate by erosion of topsoil material, the background values of the topsoils were considered for the comparison with metal(loid) concentrations of the reservoir sediments.




2.4. Statistical Operations


Statistical analyses were performed in Microsoft Excel 2013 (Microsoft; Redmond, WA, USA), R (R Core Team, 2020) and RStudio (version 3.4.1; RStudio Inc., Boston, MA, USA). Data were tested for normal distribution using the Kolmogorov–Smirnov test. After mostly finding a non-normal distribution, correlation analyses were performed using the Spearman rank correlation [44]. A Spearman rank correlation coefficient close to 1 indicates a strong positive correlation, while a correlation coefficient close to −1 indicates a strong negative correlation. The p-value determined during the correlation analysis was used as an indicator for the reliability of the calculated correlation coefficient. A result was considered significant when the p-value was equal to or less than 0.05. Spearman rank correlation coefficients with a p-value > 0.05 were excluded from data interpretation.





3. Results


3.1. Physicochemical Properties


The potentially high sink function of both reservoirs for metal(loid)s was indicated by fine-grained, organic-rich sediments (Figure 3). In the sediment cores of the Einsiedel Reservoir, silt (median: 67.5%) was the dominant grain size fraction, while the percentages of sand (median: 29%) and clay (median: 4.5%) were clearly lower. With higher amounts of clay (median: 31.1%) and high proportions of silt (median: 47.0%) and sand (median: 17.8%), the BSP sediments were characterised by a loamier texture. However, it should be noted that grain size analyses were only conducted on a reduced number of samples. With regard to the catchment soils, silt (median: 43.0%) was the dominant grain fraction, followed by clay (median: 29.9%) and sand (median: 21.4%).



The organic matter content in the Einsiedel Reservoir varied between 3.2% and 16.2%, had a relatively high median value (11.0%) and was possibly favoured by the organic-rich soils of the forested catchment. Organic matter in the BSP sediments, which varied from 1.6% to 18.8%, reached a clearly lower median value (6.3%). Both reservoirs’ sediments frequently showed a tendency for organic matter content to decrease with increasing sediment depth, which may be due to both the biodegradation and transformation processes of organic material. The organic content in the studied soil profiles at the Einsiedel Reservoir ranged from 12.8% to 30.6% in the topsoils and from 3.5% to 10.8% in the subsoils. The organic matter content in the brook sediments was noticeably higher than in the catchment soils and reached values between 34% and 45% (Figure 4).



The pH values in the BSP sediments (pH 3.6–5.3) indicate strongly acidic conditions, whereas the Einsiedel Reservoir sediments (pH 3.9–7.8) were slightly acidic and in one case even slightly alkaline. The electric conductivity was relatively low in both areas, which may be favoured by the dominance of metamorphic, felsic parent rocks in both catchments. It was a little higher in the BSP sediments (0.07–0.18 mS/cm) than in the Einsiedel Reservoir sediments (0.04–0.15 mS/cm).



The differences in pH between the topsoils (tos) (pH 3.1–3.4) and the subsoils (sus) (pH 3.4–4.8) were relatively small. The electrical conductivity was generally higher in the topsoils (0.03–0.2 mS/cm) than in the subsoils (0.02–0.1 mS/cm). The acidity of the brook sediments was noticeably lower than in the soil or sediment samples and ranged from pH 6.1 to pH 6.4. The electric conductivity of the brook sediments was relatively low, ranging from 0.43 mS/cm to 0.65 mS/cm, but it was still higher than for the soil samples.




3.2. Metal(loid) Concentrations


3.2.1. Einsiedel Reservoir


The median metal(loid) concentrations of the Einsiedel Reservoir sediments exceeded the geogenic background values for Cd, Hg, Ni, Zn and Co [43] (Table 2). The element concentrations of the brook sediments showed the same tendency toward elevated values, including the concentrations of Cu but with the exception of Hg. The measured median element concentrations in the soil samples were generally lower, and only slightly elevated concentrations were found for Hg, Pb and Co (Table 3).



Sediment core ES-I (Figure 5), located near the inflow of the Stadtguttal Brook, showed a simultaneous decrease in metal(loid) concentrations, pH value and organic matter beyond a depth of 15 cm, coinciding with the transition of lacustrine sediments to sediments of the former floodplain. Core ES-II, sampled from the middle of the reservoir, showed a strong enrichment for most of the metal(loid)s between 10 and 15 cm depth. Cores sampled near the dam (i.e., ES-S, ES-B and ES-III) were characterised by mostly lower concentrations and by less pronounced vertical variations in metal(loid) concentrations as exemplified by core ES-S.



ES-I contained the highest concentrations of Hg (mean: 0.71 mg/kg; median: 0.82 mg/kg). The highest concentrations of Co (mean: 40.7 mg/kg; median: 41.2 mg/kg) and As (mean: 32.7 mg/kg; median: 31.2 mg/kg) were present in the core ES-II. ES-III had the highest mean concentrations of V (64.6 mg/kg), Cr (53.5 mg/kg), Ni (78.4 mg/kg) and Zn (433 mg/kg). The catchment soils of the Einsiedel Reservoir (Figure 6) tended to have higher concentrations of V, Pb, Cu, Hg and As in topsoil areas, while the concentrations of Cr, Fe, Co and Ni were mostly higher in subsoils. The brook sediments were characterised by distinctively higher concentrations of Cd, Co, Cu and Zn, while As and Pb reached averagely higher concentrations in topsoils.




3.2.2. Berthelsdorf Smelter Pond (BSP)


With the exception of Ni and Co, the metal(loid) concentrations in the sediments of the BSP (Table 4) clearly exceeded the respective geogenic background values [43] and the mean element concentrations found in sediments of the Einsiedel Reservoir (Table 2).



Most of the sediment cores of the BSP showed the highest metal(loid) concentrations in deeper sediment layers. In comparison, HT-2 displayed the highest median concentrations of V (70.8 mg/kg), Cr (59.2 mg/kg), Co (10.3 mg/kg), Ni (16.1 mg/kg) and Hg (0.63 mg/kg). The highest median concentrations of Cu (187 mg/kg), Zn (18,435 mg/kg), As (811 mg/kg), Cd (29.6 mg/kg) and Pb (591 mg/kg) were found in core HT-5. In summary, the highest concentrations of highly enriched elements in the BSP sediments were mostly located close to the tributary Bauernzuggraben (i.e., HT-5), while less-enriched elements reached their maxima close to the dam (i.e., HT-2).



Sediments of the BSP generally exceeded the geogenic background of V, Cr, Hg, Cu, Cd, As and Zn (Figure 7). In comparison, the analysed concentrations of As, Cu and Zn in the BSP were significantly higher, although the geogenic background values [43] for the BSP catchment (gneiss) were lower than for the catchment of the Reservoir Einsiedel (phyllite), with the exception of Cd and Zn. The concentrations and variations of Co and Ni, oppositely, were higher in the sediments of the Einsiedel Reservoir. In the Einsiedel Reservoir sediments, the geogenic background values of Hg, Ni and Zn were slightly exceeded (i.e., background was between the 25th and 50th percentile), while Cd and Co significantly exceeded (i.e., background value < 25th percentile) the geogenic background.




3.2.3. Correlation Analysis


Moderate to strong positive correlations between organic matter content (LOI) and most metal(loid) concentrations, as well as between the metal(loid) concentrations themselves, were found for the Einsiedel Reservoir sediments (Table 5). Exceptions to these correlations were the concentrations of Cr, Fe and V, which were inversely negatively correlated with pH and positively correlated with electrical conductivity (Table 5, Figure S5). The strong negative correlation between Fe and pH can be described as an effect of Fe oxidation during drying of the Einsiedel Reservoir sediment samples. This tendency did not occur in the soils of the reservoir catchment because Fe was already largely oxidised in the soils. The strongest correlations between individual metal(loid)s were found between As, Cd, Co, Ni and Zn.



In catchment soils, the positive correlations between the metal(loid)s themselves were less strong and frequent than in the reservoir sediments (Table 6). Stronger positive correlations between the organic matter content and metal(loid) concentrations were limited to As and Pb concentrations (Table 6, Figure S6). Positive correlations between Pb and organic matter were typical for forest soils, since atmospherically deposited As and Pb are preferentially accumulated in organic-rich topsoil layers [45]. In contrast, moderate and strong negative correlations existed between organic matter and concentrations of Ni and Co, consistent with Co and Ni having higher concentrations in subsoil layers, reflecting a geogenic origin or a migration from above. Clay content was positively correlated with As and Pb concentrations, while it was negatively correlated to Ni and Co.



For BSP sediments, weak to moderate positive correlations were found between Cd, Cr, Ni and V concentrations and the amount of organic matter (Table 7, Figure S7). Weak to moderate negative correlations occurred between pH and the concentrations of As, Cd and Fe. Similar to the Einsiedel Reservoir sediments, moderate to strong positive correlations occurred between most of the investigated metal(loid)s. The strongest positive correlations occurred between the concentrations of Co, Cr, Ni and V, while the correlations between these elements and other metal(loid)s were noticeably lower (correlation coefficients < 0.6). Independently of this, the concentrations of As, Cd, Cu, Fe, Hg and Zn showed moderate to strong correlations (correlation coefficients ≥ 0.59) with each other.






4. Discussion


4.1. Metal(loid)s in Reservoir Sediments


The fine texture and the high concentrations of organic matter of the reservoir sediments generally favours a high sorption potential for metal(loid)s [46], which, however, was reduced by the acidic conditions in the BSP sediments. The differences in acidity between the two reservoirs may be influenced by intense weathering of the biotite gneisses, biotite-two-feldspar gneisses and quartzites in the BSP catchment area [25], which have been exposed to the surface longer than the rocks and soils of the Einsiedel Reservoir catchment. Although the pH of the BSP sediments was weakly correlated with Fe concentrations, which can be interpreted as an indication of acidification due to the oxidation processes during sediment drying [47], this process alone seems insufficient to explain the high acidity of the BSP samples. Since the maximum concentrations of As (34,661 mg/kg), Cd (124 mg/kg) and Zn (23,653 mg/kg) correspond to concentrations of raw ores, it is likely that the BSP sediments partially contained residual products of ore processing. Since the local ores are often sulfidic [24], the low pH of the BSP sediments can be explained by the oxidation of sulfidic compounds [48]. In the case of sediment dredging, the high acidity of the BSP sediments favours the release of metal(loid)s, which means the sediments have a high potential to be a source of contaminants during removal.



Metal(loid) enrichments in both reservoirs were assumed to be favoured by a relatively high geogenic background [49]. While stronger enrichments of metal(loid)s in the Einsiedel Reservoir sediments were limited on Cd, Co, Ni and Zn (see Section 4.2), the multi-element enrichments in the BSP sediments can only be explained by intensive anthropogenic metal(loid) inputs. It is likely that the BSP was exposed to both fluvial metal(loid) inputs, as described for the Malter Reservoir (Ore Mountains) [50], and centuries of atmospheric deposition [51]. In the current study, enhanced metal(loid) enrichment due to historic metal(loid) inputs into the BSP sediments was revealed by the frequent occurrence of metal(loid) maximum concentrations at depths of 20–30 cm, which is consistent with dams of the Ruhr district [52]. A comparison of the analysed metal(loid) concentrations with the sediments of other reservoirs is presented in Table 8 and can be continued based on further studies [23,53].




4.2. Metal(loid) Concentrations in Soils and Brook Sediments of the Einsiedel Reservoir


The metal(loid) concentrations of the soils of the Einsiedel catchment were mostly at a relatively low level. This may be due in part to the low pH of the soils, which favoured the migration of Cd, Co, Ni and Zn to deeper soil parts and to groundwater. The much higher concentrations of these elements in brook sediments provide evidence of their transport to morphologic depressions and their accumulation in surface water sediments under neutral pH conditions, leading to a depletion in terrestrial soils [4]. The metal concentrations in tributary brooks were approximately the same as those in the reservoir sediments, because the brooks act as “collectors” or temporary sinks for element flows from the catchment [56]. Because of their transitional position between the catchment and the reservoir, they also act as a source of sediment and metal(loid)s for the reservoir. At least for Cd, Co, Ni and Zn, which were characterised by high mobility under acidic conditions [57], the forested catchment soils of the Einsiedel Reservoir represent a source for these metals rather than a sink. The origin of the metals could be geogenic, although enrichment in topsoils, as found for As and Pb, should rather be due to the fact of atmospheric deposition.




4.3. Evaluation of the Results Based on Lawful Standards


There are no legal requirements for inorganic pollutants in reservoir sediments in Germany as long as the sediments are not removed from the reservoir bottom. Therefore, we considered comparing metal(loid) concentrations in reservoir sediments with selected (I) precautionary values (Vorsorgewerte), (II) examination values (Prüfwerte) and (III) action values (Maßnahmenwerte) according to the German Federal Soil Protection Ordinance (Table 9).



The fact that the geogenic background values of phyllite topsoils (Table 3) naturally exceed the precautionary values in the case of Pb (i.e., 86 mg/kg) indicates the relatively small gap between the legal limits and the geogenic background values of the study areas. It is therefore not surprising that the mean concentrations of sediments from both reservoirs (Einsiedel in the case of Cd, Hg and Zn; BSP in the case of Cd, Cu, Hg, Pb and Zn) exceeded the precautionary values, which largely restricts the reuse of dredged reservoir sediments as soil material. None of the metal(loid) concentrations in the sediment and soil samples from the Einsiedel Reservoir exceeded the examination or action thresholds. However, high percentages of the BSP sediment samples exceeded the action values, which was observed for As (58%), Cd (12%), Cu (3%) and Pb (9%). The analysed Hg and Ni concentrations were below these legal limits. The results show that the Einsiedel Reservoir sediments would not be considered as a “harmful changed soil” or a “contaminated site” if they were park or recreational soil. However, because they naturally exceeded the precautionary values, use as soil material is not necessarily possible. Oppositely, due to the multiple exceedances of the action values, the BSP sediments are equivalent to “harmful changed soil material”.




4.4. Evaluation of the Correlation Analyses


The numerous positive correlations in the reservoir sediments between the metal(loid) concentrations themselves and between metal(loid)s and organic matter content may rely on the same source of the metal(loid)s investigated and/or preferential adsorption on organic matter [1,2,3,4,5]. The correlations between organic matter and metal(loid) concentrations were comparatively lower in the BSP sediments, probably due to the less intense adsorption of metal(loid)s by organic compounds based on their lower content. While the forested and sloping catchment of the Einsiedel Reservoir provided high amounts of organic matter that was deposited into the reservoir, the comparatively lower organic matter contents in the BSP sediments can be explained by a high proportion of less organic-rich agricultural soils in the catchment. Negative correlations between sediment pH and metal(loid) concentrations varied between the Einsiedel Reservoir and BSP samples. As mentioned above (Section 3.2.3), the negative correlation between Fe and pH was interpreted as a result of the oxidation of Fe during sediment drying. In the Einsiedel Reservoir sediments, the negative correlations between pH and concentrations of Cr, Fe and V could be due to the preferential association of these lithogenic elements, which is at least supported by the fact that Fe, Cr and V were strongly positively correlated with each other. A primarily lithogenic origin of Cr and V was evidenced by the fact that the concentrations of both elements in the Einsiedel Reservoir samples fell below or only slightly exceeded their geogenic background. However, in the BSP sediments, Fe seemed to be more associated with Cd and As as indicated by the high positive correlations. On the one hand, this phenomenon can be explained by the ability of Fe compounds to preferentially adsorb high amounts of As and Cd [58,59]. On the other hand, it also seems possible that these metal(loid)s rely on the same component of BSP sediments such as residues of Fe-, As- and Cd-rich ores.



In contrast, the soil samples were more strongly characterised by soil profiling, which was expressed in less frequent correlations between the metal(loid)s themselves than found for the reservoir sediments. Horizon-specific differences were evident in the strong positive correlations between organic matter and As and Pb. This phenomenon relies on the accumulation of both elements in organic and fine-particle-rich topsoils after atmospheric deposition [45] and has also been observed in catchment soils of the Klingenberg Reservoir [60]. In contrast, the fact that Co and Ni were negatively correlated with organic matter and clay content and positively correlated with soil pH proves the enrichment of both elements in the subsoil horizons. The lithogenic elements Cr and V were strongly positively correlated in catchment soils, indicating that no significant redistribution or separation of concentrations of the two elements occurred during erosion, transport and deposition as reservoir sediment. Oppositely, the soils showed no correlation between the concentrations of As and Co, which were strongly positively correlated in the Einsiedel Reservoir sediments, which could be due to the similar adsorption behaviour of both elements after deposition as reservoir sediment.




4.5. Sources and Sinks of Metal(loid)s


Due to the relatively low metal(loid) contents in the catchment soils of the Einsiedel Reservoir and the absence of anthropogenic point sources, the accumulation of Cd, Co, Ni and Zn in the reservoir sediments can be attributed to inputs from the tributaries. This is evidenced by the elevated concentrations of these elements in brook sediments, where release from the catchment soils was likely the only relevant source, favoured by the soil acidity and sloping relief. In contrast, these elements were slightly depleted from catchment soils due to the long-term processes of leaching and washout. The source of Hg, which was also enriched in the reservoir sediments but had equally low concentrations in soils and brook sediments, remains unclear. In addition to tributary brooks, another input could be the water inflow from the Neuzehnhain 1 Reservoir and other reservoirs of the Middle Ore Mountain dam chain via pipelines. However, this requires further investigation.



In addition to an elevated geogenic background, the metal(loid) enrichment in the BSP sediments was impacted for centuries by mining and smelting in the Freiberg mining district. Because of the agricultural catchment area, it can be assumed that the metal(loid) enrichment was less due to the leaching-related input from acidified catchment soils. Rather, anthropogenically released metal(loid)s are expected to have entered the BSP directly via the impounded brooks and artificial ditches as well as through atmospheric depositions. In the BSP catchment, a heap from an abandoned mine could be a significant metal(loid) source entering the reservoir via the Bauerzuggraben ditch and could be reflected in the high concentrations of As, Cu and Pb in core HT-5. Another potential source of atmospheric deposition is the “Muldenhütten” smelter, located only 3.3 km from the reservoir. It was active between 1318 and 1969 and smelted ores containing Ag, Pb, Zn, Cu and As [61]. The combination of these natural and anthropogenic metal(loid) sources, favoured by high levels of potential metal(loid) adsorbents, such as clay minerals and organic material, can explain the generally high metal(loid) concentrations in the BSP sediments.





5. Conclusions


The study of metal(loid) concentrations in the catchment soils and the sediments of tributary brooks provided deep insight into the processes regarding the source and sink functions of the reservoir sediments. Soils of the catchment can act as sources for comparatively mobile elements (i.e., Cd, Co, Ni and Zn), depending on their sorption capability and acidity, while elements with higher binding affinity (i.e., As and Pb) are retained and accumulated in topsoils. Elements transferred into tributary brook sediments can be transported to the reservoirs, which function predominately as metal(loid) sinks. Another reason for the source function of the catchment and the sink function of the reservoirs is the general decrease in watershed relief, runoff, and, thus, drainage capacity.



The metal(loid) concentrations in the sediments of the Einsiedel Reservoir provide evidence of this sink function. The hazard potential of the enriched metal(loid)s is low as long as the sediments remain undisturbed. Because of the permanent monitoring of stored water for metal(loid) content and the high adsorption capacity of the sediments, there is no risk to water use, including drinking water use, from the Einsiedel Reservoir.



Due to the high metal(loid) concentrations in the sediments of the BSP, which partly exceeded both the examination and the action values of the German Federal Soil Protection Ordinance, drinking water use is out of the question. Dredging of sediments from the BSP is not recommended due to the high release potential for metal(loid)s under changing redox conditions. If dredging of sediments is necessary (e.g., due to the fact of reservoir expansion), detailed analyses of metal(loid) concentrations in the sediment are recommended to separate moderately contaminated sediments from hotspots of metal(loid) contamination.



Since the processes of adsorption and desorption of metal(loid)s can be affected by the dynamics of water level and temperature, it seems advisable to conduct further sampling campaigns addressing the effects of climate change on the hazard potential of reservoir sediments.
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Figure 1. Simplified geological map of the Ore Mountains. Cartographic modification: H. Nödler; Legend translation: C. Opp. 
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Figure 2. Hillshaded digital elevation models (DEM) of the (A) Einsiedel Reservoir and of the (B) Berthelsdorf Smelter Pond (BSP) with sampling points (red—reservoir sediments; green—soil samples; yellow—tributary brook sediments). Maps by T. Beier via QGis; source of DEMs and water bodies: Staatsbetrieb Geobasisinformation und Vermessung Sachsen (GeoSN; dl-de/by-2-0) [35,36]. 
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Figure 3. Boxplot diagrams of the organic matter, electrical conductivity, pH value and grain size distribution in the samples from the Einsiedel Reservoir (ER) and the Berthelsdorf Smelter Pond (BSP). Values outside the 10th and 90th percentiles are symbolised by a “∘”. 
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Figure 4. The variation in the organic matter (estimated by loss on ignition, LOI), electrical conductivity and pH value in topsoils, subsoils and in brook sediments of the Einsiedel Reservoir. 
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Figure 5. Vertical gradients (in cm below the sediment surface) of pH, organic matter (estimated as LOI) and the concentrations (mg/kg) of Cd, Co, Ni, Zn and As in reservoir sediments, exemplarily shown by the sediment cores ES−S, ES−II and ES−I. 
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Figure 6. Metal(loid) concentrations in topsoil samples (tos), subsoil samples (sus) and brook sediments (bks) from the Einsiedel Reservoir catchment. 
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Figure 7. Boxplots of metal(loid) concentrations (mg/kg) in reservoir sediments of the Einsiedel Reservoir (blue boxes, n = 18) and the Berthelsdorf Smelter Pond (BSP) (black boxes, n = 43). Red markers indicate the regional geogenic background level [43]. Please note the logarithmic scaling of the Zn concentrations. Extreme outlier values were excluded from the figure. 
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Table 1. Overview of the reservoir properties [24,25,26,27,28,29,31,32,33].
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	Einsiedel Reservoir
	Berthelsdorf Smelter Pond (BSP)





	Dam Characteristics
	
	



	Storage volume

(million m3):
	0.32
	0.325



	Period of construction:
	1891−1894
	1558–1560; 1882



	Outlet:
	Bottom outlet
	Overflow outlet



	Main use:
	Drinking water supply
	Process water supply



	Tributaries:
	Stadtguttalbach Brook, pipe connection (to Neunzehnhain 1 Reservoir)
	Münzbach Brook, Hohbirker Kunstgraben moat, Bauerzuggraben moat



	Catchment
	
	



	Size (km2):
	1.8
	4.78



	Geologic formations:
	Phyllite, clay shale, amphibolite
	Biotit gneiss, biotit-twofeldspar gneiss, quartzite



	Predominant soils:
	Gleyic Fluvisols,

Dystric Cambisols
	Gleyic Fluvisols, Stagnic Fluvisols,

Umbric Planosols, Skeletic Regosols



	Predominant land use:
	Forestry (Picea abies)
	Grassland, agriculture, settlement
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Table 2. Comparison between the medians of geogenic background values for Saxon topsoils on phyllite (land use: forestry) [43] and the measured metal(loid) concentrations in the reservoir and brook sediments of the Einsiedel Reservoir. Values in bold exceed the background concentrations.
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Geogenic Background Values (Median) (mg/kg) for Einsiedel Reservoir Sediments (LfULG 2015, [43])




	
As

	
Cd

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
Zn

	
Co

	
V






	
65

	
0.13

	
34

	
18

	
0.14

	
19

	
86

	
68

	
6.6

	
53




	
Metal(loid)s (median ± average absolute deviation) in sediments of the Einsiedel Reservoir (mg/kg), n = 18




	
24.7 ± 10.2

	
6.7 ± 4.3

	
34.7 ± 8.4

	
20.9 ± 8.6

	
0.57 ± 0.23

	
49.0 ± 24.3

	
-

	
283 ± 153

	
31.4 ± 13.9

	
47.5 ± 13.2




	
Metal(loid)s (mean ± average absolute deviation) in brook sediments of the Einsiedel Reservoir (mg/kg), n = 3




	
16.4 ± 1.3

	
7.5 ± 3.1

	
29.7 ± 2.1

	
34.8 ± 5.9

	
0.19 ± 0.05

	
127 ± 33.8

	
43.9 ± 1.5

	
195 ± 47.3

	
32.3 ± 6.9

	
55.7 ± 2.1
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Table 3. Comparison between the metal(loid) background values for Saxon top- (tos) and subsoils (sus) on phyllite (land use: forestry) [43] and the measured metal(loid) concentrations of the soil samples within the Einsiedel Reservoir catchment. Values in bold exceeded the background concentrations.
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Geogenic Background Values (Median) (mg/kg) for Einsiedel Soils (LfULG 2015 [43])




	
Layer

	
As

	
Cd

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
Zn

	
Co

	
V






	
tos

	
65

	
0.13

	
34

	
18

	
0.14

	
19

	
86

	
68

	
6.6

	
53




	
sus

	
33

	
0.10

	
41

	
17

	
0.09

	
25

	
31

	
81

	
10.0

	
57




	
Metal(loid)s (median ± average absolute deviation) in soils of the Einsiedel Reservoir (mg/kg), n = 12




	
tos

	
24.4 ± 2.8

	
0.11 ± 0.07

	
16.8 ± 2.6

	
14.6 ± 2.5

	
0.13 ± 0.07

	
16.7 ± 3.0

	
78.1 ± 5.6

	
42.4 ± 8.1

	
8.4 ± 1.8

	
36.0 ± 6.8




	
sus

	
15.2 ± 3.6

	
0.08 ± 0.06

	
19.8 ± 3.0

	
12.2 ± 2.6

	
0.11 ± 0.03

	
19.4 ± 2.1

	
43.9 ± 8.7

	
44.1 ± 5.7

	
10.8 ± 1.9

	
38.4 ± 6.6
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Table 4. Comparison of the geogenic background values for the Saxon topsoils on gneiss (land use: agriculture) [43] with the measured element concentrations in the sediments of the Berthelsdorf Smelter Pond (BSP). Values in bold exceeded the background concentrations.
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Geogenic Background Values (Median) (mg/kg) for BSP Sediments (LfULG 2015 [43])




	
As

	
Cd

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
Zn

	
Co

	
V






	
36

	
0.59

	
30

	
22

	
0.12

	
17

	
83

	
140

	
9.3

	
46




	
Metal(loid) concentrations (median ± average absolute deviation) in sediments of the BSP (mg/kg), n = 43




	
62.9 ± 695

	
10.3 ± 12.0

	
43.1 ± 11.0

	
50.2 ± 207

	
0.51 ± 0.25

	
9.4 ± 4.7

	
204 ± 212

	
626 ± 6264

	
6.4 ± 2.7

	
57.0 ± 11.2
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Table 5. Spearman correlations (rho values) in the sediments of the Einsiedel Reservoir (n = 18).
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	As
	Cd
	Cr
	Co
	Cu
	Fe
	Hg
	Ni
	V
	Zn





	LOI
	0.49
	0.69
	-
	0.58
	0.70
	-
	0.65
	0.65
	-
	0.68



	pH
	-
	-
	−0.63
	-
	-
	−0.82
	-
	-
	−0.74
	-



	Electrical

conductivity
	-
	-
	0.56
	-
	-
	0.75
	-
	-
	0.61
	-



	As
	
	0.91
	0.65
	0.96
	0.86
	0.50
	0.88
	0.91
	0.74
	0.91



	Cd
	
	
	-
	0.92
	0.88
	-
	0.91
	0.91
	0.53
	0.96



	Cr
	
	
	
	0.58
	0.55
	0.58
	-
	0.57
	0.94
	0.56



	Co
	
	
	
	
	0.90
	-
	0.90
	0.90
	0.69
	0.91



	Cu
	
	
	
	
	
	-
	0.85
	0.90
	0.64
	0.89



	Fe
	
	
	
	
	
	
	-
	-
	0.69
	-



	Hg
	
	
	
	
	
	
	
	0.82
	-
	0.83



	Ni
	
	
	
	
	
	
	
	
	0.69
	0.96



	V
	
	
	
	
	
	
	
	
	
	0.65







Significance levels: p < 0.05 (normal font); p < 0.01 (bold font); p < 0.001 (bold and underlined font). Dash (-): removed value (p > 0.05).
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Table 6. Spearman correlations (rho values) in the soil samples from the Einsiedel Reservoir catchment (n = 12).
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	As
	Cd
	Cr
	Co
	Cu
	Fe
	Hg
	Ni
	V
	Zn
	Pb





	LOI
	0.76
	-
	-
	−0.82
	-
	-
	-
	−0.62
	-
	-
	0.92



	pH
	-
	-
	-
	0.69
	-
	-
	-
	-
	-
	-
	-



	Electrical

conductivity
	-
	-
	0.60
	-
	-
	-
	-
	-
	-
	-
	-



	Clay content
	0.74
	-
	-
	−0.89
	-
	-
	-
	−0.69
	-
	-
	0.74



	As
	
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0.84



	Cd
	
	
	0.59
	-
	0.62
	0.58
	-
	0.63
	-
	0.58
	-



	Cr
	
	
	
	-
	-
	0.67
	-
	-
	0.95
	-
	-



	Co
	
	
	
	
	-
	0.76
	-
	0.90
	-
	0.69
	−0.63



	Cu
	
	
	
	
	
	-
	-
	-
	-
	0.62
	0.59



	Fe
	
	
	
	
	
	
	-
	0.78
	-
	0.88
	-



	Hg
	
	
	
	
	
	
	
	−0.58
	-
	-
	-



	Ni
	
	
	
	
	
	
	
	
	-
	0.63
	-



	V
	
	
	
	
	
	
	
	
	
	-
	-



	Zn
	
	
	
	
	
	
	
	
	
	
	-







Significance levels: p < 0.05 (normal font); p < 0.01 (bold font); p < 0.001 (bold and underlined font). Dash (-): removed value (p > 0.05).
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Table 7. Spearman correlations (rho values) in the sediments of the Berthelsdorf Smelter Pond (n = 43).
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	As
	Cd
	Cr
	Co
	Cu
	Fe
	Hg
	Ni
	Pb
	V
	Zn





	LOI
	-
	0.46
	0.55
	-
	0.31
	-
	0.33
	0.41
	-
	0.51
	-



	pH
	−0.63
	−0.36
	-
	-
	-
	−0.39
	-
	-
	-
	-
	-



	Electrical

conductivity
	0.63
	0.37
	-
	-
	0.35
	0.41
	-
	-
	-
	-
	0.36



	As
	
	0.81
	-
	-
	0.81
	0.74
	0.71
	-
	0.70
	0.31
	0.79



	Cd
	
	
	0.45
	0.35
	0.84
	0.75
	0.79
	0.40
	0.68
	0.56
	0.93



	Cr
	
	
	
	0.90
	-
	0.48
	0.41
	0.92
	-
	0.94
	0.40



	Co
	
	
	
	
	-
	0.54
	0.33
	0.94
	-
	0.89
	0.35



	Cu
	
	
	
	
	
	0.74
	0.72
	-
	0.93
	0.41
	0.89



	Fe
	
	
	
	
	
	
	0.79
	0.48
	0.59
	0.56
	0.80



	Hg
	
	
	
	
	
	
	
	0.41
	0.63
	0.42
	0.66



	Ni
	
	
	
	
	
	
	
	
	-
	0.87
	0.34



	Pb
	
	
	
	
	
	
	
	
	
	-
	0.75



	V
	
	
	
	
	
	
	
	
	
	
	0.55







Significance levels: p < 0.05 (normal font); p < 0.01 (bold font); p < 0.001 (bold and underlined font). Dash (-): removed value (p > 0.05).
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Table 8. Comparison of the metal(loid) concentrations (mg/kg) in the Einsiedel Reservoir and BSP sediments with metal(loid) concentrations (median and average values) in other reservoirs sediments.
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	Reservoir
	As
	Cd
	Cr
	Co
	Cu
	Hg
	Ni
	Pb
	V
	Zn





	Einsiedel Reservoir (median)
	24.7
	6.72
	34.7
	31.4
	20.9
	0.57
	49
	-
	47.5
	283



	Berthelsdorf Reservoir (median)
	62.9
	10.3
	43.1
	6.4
	50.2
	0.51
	9.4
	204
	57
	626



	Rybnik, Poland (median) [12]
	-
	23.2
	101
	-
	469
	-
	69.5
	115
	-
	1612



	Malter, Germany (median) [50]
	-
	34.6
	195
	24
	197
	-
	-
	476
	-
	1434



	Muldestausee, Germany (average) [54]
	271
	57
	121
	-
	240
	0.95
	105
	343
	-
	2184



	Wettinger Stausee, Switzerland (average) [55]
	-
	2.56
	63.1
	9.1
	81.9
	1.58
	52.6
	139
	-
	344
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Table 9. Legal guideline values according to Annex 2 of the Federal Soil Protection Ordinance [19].
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	As
	Cd
	Cu
	Cr
	Hg
	Ni
	Pb
	Zn





	Precautionary values for loam/silt
	-
	1
	40
	60
	0.5
	50
	70
	150



	Examination values for the direct intake of pollutants from park and leisure facilities (mg/kg)
	125
	50
	-
	1000
	50
	350
	1000
	-



	Action values for the pathway soil-plant on grassland (mg/kg)
	50
	20
	1300
	-
	2
	1900
	1200
	-
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