

  geosciences-11-00332




geosciences-11-00332







Geosciences 2021, 11(8), 332; doi:10.3390/geosciences11080332




Article



The Study of Uranium Accumulation in Marine Bottom Sediments: Effect of Redox Conditions at the Time of Sedimentation



Nadezhda Khaustova 1,*, Yulia Tikhomirova 1, Svetlana Korost 2, Elena Poludetkina 2, Andrey Voropaev 3, Mikhail Mironenko 4 and Mikhail Spasennykh 1





1



Skolkovo Institute of Science and Technology, Skoltech Center for Hydrocarbon Recovery, Bolshoy Boulevard 30, bld. 1, 121205 Moscow, Russia






2



Petroleum Geology Department, Lomonosov Moscow State University, GSP-1, Leninskie Gory, 119991 Moscow, Russia






3



Hydroisotop GmbH, Woelkestrasse 9, 85301 Schweitenkirchen, Bayern, Germany






4



Vernadsky Institute of Geochemistry and Analytical Chemistry, st. Kosygina, 19, 119991 Moscow, Russia









*



Correspondence: Nadezhda.Khaustova@skoltech.ru; Tel.: +7-985-841-92-56







Academic Editors: Jesus Martinez-Frias, Jorge Sanjurjo-Sánchez, Carlos Figueiredo and Carlos Alves



Received: 31 May 2021 / Accepted: 17 July 2021 / Published: 6 August 2021



Abstract

:

To evaluate the effect of redox conditions at the sedimentation stage on uranium content and U/TOC ratio in marine source rocks, we analyzed the accumulation of uranium in modern marine bottom sediments formed in different redox conditions. The behavior of uranium from bottom sediments formed in oxidizing and sub-oxidizing settings has been studied on the sediments of the Upper Pleistocene–Holocene age accumulated in the coastal area of the White Sea (Kandalaksha Gulf). We studied the content of uranium, Eh, pH, TOC, C, H, N, and S element and isotope compositions and other parameters in two sampled columns of bottom sediments at a depth of 0–2.5 m. The composition of sediments was typical for the shelf zone where marine genesis mixes with the continental run-off. The upper layer of sediments (0–50 cm) were characterized by oxidizing conditions (Eh ~ 400 mV); with the increase in depth, redox conditions changed from oxidizing to reducing (−0 ÷ −200 mV). The uranium concentration in the upper layer was 1–1.5 ppm, U/TOC ratio varied in the range of 0.8–1.1 ppmU/%TOC. The uranium content and U/TOC ratio increased up to the values of 2.6 ppm and 1.4 ppmU/%TOC at a depth of 0.5–2.5 m, respectively, but the general content of uranium in the studied environment was close to the values characterizing continental run-off. The results obtained for the White Sea sediments were compared with the sediment of the Black Sea, formed in the anoxic conditions of hydrogen sulfide contamination. In these conditions, the uranium content varied from 10 to 20 ppm. The obtained data were interpreted using thermodynamic modeling of the uranium forms in the seawater at different pH and Eh. This study demonstrated that the change of redox conditions from oxidizing to reducing leads to increased uranium content due to a decrease in uranium’s solubility in water. These results show that oxidation–reduction potential could be one of the most important factors controlling uranium content in black shales formed in the marine environment.
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1. Introduction


The study of modern marine deposits at the early diagenesis stage provides an opportunity to analyze in detail the processes and factors affecting the content and composition of organic matter and inorganic compounds in source rocks formed in marine conditions tens and hundreds of millions of years ago. In particular, the study of uranium concentrations in bottom sediments may provide valuable information on uranium accumulation in sedimentation and diagenesis processes, explaining high content and considerable variations (from 1 ppm to several hundred ppm) of uranium in source rocks. In this respect, uranium is one of the most interesting elements because the data on uranium content are available from gamma logging data for wells drilled at oil fields. Following existing knowledge, the uranium of marine source rocks accumulated in bottom sediments during marine sedimentation. The sources of uranium are continental run-off and uranium dissolved in seawater. Dissolved uranium can be accumulated by marine organisms, absorbed by organic matter, and included in minerals formed during sedimentations. Uranium concentration in bottom sediments (and in source rocks) depends on several factors, including the rate of sedimentation, uranium content in the seawater, content and the source of organic matter, redox conditions, and mineral composition sediments, and others [1,2,3,4,5]. The interrelation of uranium content with the composition and genesis of source rock creates good opportunities for the characterization of oil shales. However, multiple factors affecting uranium content make interpretation difficult. In practical terms, the data on vertical variations of uranium are mainly used to delineate the oil source rock formations and cross-sections with other logging data [6].



The study of uranium variation is a valuable tool for the characterization of various geological objects and processes. For example, based on the dependence of uranium forms and concentrations in water and minerals on the system’s composition and P, T, Eh, and pH conditions, the variations of uranium concentration are successfully applied in different paleoclimatic reconstructions [7,8,9,10,11].



This study is devoted to the effect of redox conditions on uranium accumulation in marine bottom sediments. The uranium content in the sediments formed in oxidizing and sub-oxidizing settings has been studied using sediments from the Upper Pleistocene–Holocene age accumulated in the coastal area of the White Sea (Kandalaksha Gulf). The results were compared with sediment from the Black Sea, formed in the anoxic conditions of hydrogen sulfide contamination [12]. The interpretation of results was carried out using thermodynamic modeling uranium forms in a water-sediment system at different conditions.




2. Regional Settings


The White Sea was formed in the Early Holocene age, less than 11 to 12 thousand years ago, on a glacier lake in a Scandinavian ice sheet degradation. The primary influence on the modern appearance formation of the bottom of the White Sea was exerted by continental glaciations, accompanied by differentiated glacio-isostatic and tectonic movements. The Quaternary deposit’s thickness varies from 3 to 150 m and averages 30 m [13]. The water composition controls a system of surface flows and powerful tidal flows that cause the mixing of fresh river water with the Barents Sea’s saline water. The main sources of organic matter in sediments, which are the primary agent of early diagenetic processes, are also organics of marine and continental genesis [14].



Experimental research was focused on the Upper Pleistocene–Holocene age sediments accumulated in oxidizing and sub-oxidizing settings in the central part of the Kandalaksha Gulf White Sea. The sampling stations (Figure 1, Table 1) were selected within the limits of different facies zones identified based on sub-bottom profiling and the same water depth (~80 m).



Station 1 was associated with gas accumulations, and had a small, oxidized layer not more than 15 cm thick. In contrast, station 2, lying outside of the gas-bearing zones, was characterized by a 40 cm thick oxidized layer. The presence of a 40 cm thick oxidized layer in one of the sediment stations allows evaluation of the effects of redox conditions on uranium behavior.




3. Materials and Methods


Cores of bottom sediments were collected at a water depth of 80 m using a 3 m long straight-flow gravitational steel pipe with an outer diameter of 127 mm, weighing 400 kg (Figure 2). A two to three-meter-long core was split lengthwise. The lithological description and sampling were performed immediately after core retrieval and temperature, pH, and Eh measurements. The pH and Eh measurements of pore water in the bottom sediments were performed by the pH testing tool (pH-150MИ). The redox potential’s measurement results were reduced to a normal hydrogen electrode potential by the formula Eh = Emeasured + Ereference electrode, where Ereference electrode is reference electrode potential, which was 212 mV [15].



Samples of sediments for station 1 were taken every 20–30 cm, and, for station 2, every 5 cm.



The bottom sediment samples under investigation were dried and crushed in laboratory conditions. After preparing the samples, the following measurements were performed.



The concentrations of uranium, thorium, vanadium, cobalt, iron, and other metals were measured using the Agilent 7500c ICP-MS spectrometer (Agilent Technologies, USA). The concentrations of uranium, thorium, vanadium, cobalt, iron, and other metals were obtained for station 2, but only the uranium concentration was measured for station 1. The chemical element concentrations were measured by the ICP-MS method for 33 samples from station 2 with a step of 5 cm and 10 samples from station 1. Before ICP-MS measurements, the sample to be analyzed was brought into a solution by autoclave digestion. The samples were placed in Teflon reaction vessels of autoclaves, and concentrated nitric acid (HNO3) and concentrated hydrochloric acid (HCl) were added. The reaction vessels were capped and sealed in analytical autoclave jackets. The autoclaves were placed in an electric heater and incubated for 1 h at 160 °C, 1 h at 180 °C, and 2 h at 200 °C. After cooling, the contents of the autoclaves were transferred into polyethylene tubes diluted with deionized water.



The mineral composition of samples was determined by the XRD method using the DRON-3M X-ray diffraction meter for station 1.



Isotopic compositions of sulfur, carbon, and nitrogen in bottom sediments were analyzed using Thermo Scientific DELTA V Plus mass spectrometer (Germany) for both stations. The instrument was equipped with a Flash HT elemental analyzer. International standards [16] used in the isotopic analyses of hydrogen, carbon, oxygen, and nitrogen are PDB for carbon, AIR for nitrogen, and CDT for sulfur. The accuracy of isotopic composition determination defined by measurements on the reference samples was ±0.2‰ for carbon, ±0.5‰ for sulfur and nitrogen. The isotope measurements were carried out on original dried and crushed samples. Before measuring the isotope composition of organic carbon, samples were additionally treated, as described below, with orthophosphoric acid to remove carbonates. For samples from station 1, the carbon dioxide released during phosphoric acid treatment was collected and measured to determine the amount and isotope composition of carbonates in sediments. The isotopic composition of nitrogen, sulfur, and carbon (in organic matter) for 4 samples of marine sediments from station 2 were conducted. The isotopic composition of nitrogen, sulfur, and carbon (in carbonate and organic matter) for 4 samples of marine sediments from station 1 were conducted.



For the measurements of oxygen, hydrogen, nitrogen, and sulfur element concentrations in the bottom sediment samples, dried samples were treated with orthophosphoric acid. The sediment weighing about 2 g was crushed in a porcelain pounder. Five mL of 85% phosphoric acid solution were added to 1 g of a crushed rock sample to remove calcite and dolomite from the rock and obtain the correct concentration of organic carbon. After twenty-four hours of treatment in acid, the solution was filtered, the samples were washed with distillated water many times, and then dried in a drying cabinet at 50 °C. The measurements of carbon, hydrogen, nitrogen, and sulfur concentrations were performed on acid-treated homogenized samples using an elemental analyzer (LECO CHN628 Series w/Sulfur Add-On Module (S628)). Two or more technical replicates of each sample were measured; the sample amount was 80 mg. The oxygen, hydrogen, nitrogen, and sulfur element concentrations were measured for 31 samples from station 2 with a step of 5 cm and 11 samples from station 1. For calibration of the instrument standard samples SSS 9113-2008 (EDTA 502-896/502-896-250), SSS 10821-2016 (Coal 502-670), SSS 10822-2016 (Coal 502-671), SSS 10823-2016 (Coal 502-672), Phenilanine LECO (502-642), LOT 1017, and BBOT 502-897 from the manufacturer of the elemental analyzer LECO were used. The analytical uncertainty of the measurements was typically smaller than 0.08% for carbon, 0.02% for nitrogen and sulfur, and 0.04% for hydrogen [17,18].




4. Results of the White Sea Bottom Sediments Investigations


4.1. Lithology


The photographs of the sediments (2–3 m long) sampled using a straight-flow gravitational steel sampler for each station are shown in Figure 3.



The deposits comprised sorted pelite/siltstone, siltstone/pelite, and pelite sediments (Figure 4 and Figure 5). The color of the sediments in the top 0–5 cm or 0–40 cm layer varied from brown to reddish-brown. The underlying greenish-grey sediments contained adhesions and balls of hydrotroilite. Thus, the bottom sediments can be divided into two parts with different geochemical conditions, which differ in color, lithological composition, the presence of oxygen, and hydrogen sulfide.



The predominant minerals in the bottom sediments under review are quartz, albite, and illite (Table 2).




4.2. Eh, pH, and Temperature Values


Measured Eh and pH of the pore water in the bottom sediments for station 1 are shown in Table 3.



The redox potential in the upper portion of the bottom sediments was positive (+392 mV), whereas Eh at the depth below 5 cm was negative and varied from −273 to −63 mV. The pH values decreased with depth from 8 to 7.8. The temperature of the bottom sediments was positive and slightly less than 1 °C; at a depth of 5 cm the temperature was 0.9 °C, and at a depth of 267.6 cm was 0.8 °C. The obtained data correspond to published data, which shows that Eh values in the bottom sediments may vary from −324 to +523 mV [19]. According to [20], pH values in sediments fluctuate from 7.6 to 8.4; in our case, the bottom sediments’ measuring pH varied from 7.76 to 8.11.




4.3. Uranium and Other Metals Concentrations


The uranium concentrations in the bottom sediments measured by ICP-MS for stations 1 and 2 are shown in Table 4 and Table 5. For station 2, the concentrations of Cd, Co, Cr, Fe, Ni, Pb, Th, U, and V in the bottom sediments were also measured and shown in Table 5.



The concentration of uranium in the bottom sediments for both studied stations did not exceed 2.6 ppm. For station 1, uranium concentrations varied from 1.16 ppm to 1.87 ppm at the depth interval 71.5 cm–267.5 cm, respectively. The difference in uranium concentration between the upper and lower parts of the sampled core was identified for station 2. In the upper part (0–50 cm), the concentration varied from 1.7 to 1.9 ppm; in the lower part, uranium concentration increased up to 2.52 ppm.



The sediments were enriched with iron (Fe) with concentrations up to 3.57%, which is explained by the presence of hydrotroilite and its high capacity for complexation with organic matter even at low concentrations compared to other metals [21]. The concentrations of Cr, V, Zn, Ni, Co, and Pb showed values in the range of 20–100 ppm, the concentrations of Cd were about 0.1 ppm. The concentrations of these metals in the upper layer were slightly higher and decreased with depth. The concentrations of Th varied from 6.2 ppm in the upper part to 9.5 ppm in the lower part of the column. The value of the Th/U ratio varied from 3.30 to 3.84 with an average value of 3.58, which corresponds to the marine sedimentation stage, according to Walter H. Fertl’s research [6]. The following sources of accumulation of these metals in the bottom sediments of the White Sea are continental run-off, seawater, and anthropogenic impact (wastewater, smoke emissions). The character of Th/U variations showed that the source of these metals was continental run-off with a low income of autogenic uranium of marine genesis. No anthropogenic impact (another potential source of U) was identified.




4.4. C, H, N, S Element Composition


The results of C, H, N, and S element composition in the bottom sediment samples of stations 1 and 2 are shown in Table 6. C, N, and H concentrations were typical for the organic matter of marine bottom sediments. Organic carbon content varied from 1.22% to 2.89%, nitrogen content from 0.15% to 0.38%, and hydrogen content from 0.29% to 1.19%; concentrations of these elements generally decreased with depth. The C/N ratio values varied from 7.14 to 8.89, which suggests a mixture of terrigenous (dominating) and planktonogenous (subordinate) organic matter in sediments from both stations [14]. C/N > 7 were characteristic for terrigenous organic matter values, whether planktonogenous organic matter was more enriched with nitrogen than with C/N < 7. The concentrations of sulfur varied from 0.15% to 0.86%. For station 2, the sulfur content increased with depth from 0.15% at the depth 2.5 cm to 0.84% at 150 cm depth.




4.5. C, N, S Isotope Composition


Bulk isotope compositions of organic carbon, carbonate carbon, sulfur, and nitrogen in the bottom sediments were measured in selected samples from different depths (Table 7).



Isotope compositions of organic carbon in sediments from both stations exhibited low variations with depth but there were analytically significant differences between stations 1 and 2. The δ13C values varied from −23.7‰ to −23.2‰ for samples from station 1 and from −24.6‰ to −23.7‰ for samples from station 2. According to a large number of data obtained for the carbon isotopic composition of suspended organic matter and bottom sediments from the White Sea [22], the difference in δ13C values between the two stations from these studies suggests a slight predominance of terrigenous organic matter from the continental run-off in station 2. The δ13C values from −9.1‰ to −4.1‰ measured for carbonates from samples of station 1 do not correspond to the majority of marine carbonates with δ13C values of about 0‰, which are more characteristic for diagenetic carbonates, formed with the participation of CO2, and generated during the transformation of the organic matter by anaerobic bacteria.



Isotope compositions of nitrogen were homogeneous in both stations with δ15N values from 4.4‰ to 6.7‰, which are in the range of the most frequently measured values in bulk marine sediments worldwide [23]. There was no significant difference in δ15N between stations 1 and 2.



Sulfur isotope composition measurements showed variations from –36.9‰ in lower layers of station 2 to −4.2‰ in the upper layers. Following [24], δ34S varied from −37 to −4‰ showing the changes in redox conditions from reducing to close oxidizing during the bacterial reduction of seawater sulfate. Under oxidizing conditions, an environment favorable for the development of anaerobic bacteria is created after the burial of the sediment and the depletion of oxygen by aerobic organisms. The concentration of hydrogen sulfide required for the precipitation of sulfides is formed in a sulfate-closed system, the presence of reduced sulfur is a limiting factor, and pyrite deposition occurs even with a significant depletion of sulfate. Therefore, pyrite under oxidizing conditions is much more enriched in 34S than pyrite formed under reducing conditions.





5. Discussion


5.1. The Results of the White Sea Sediments


The obtained results of ICP-MS, CHNS, and isotopic analysis of the bottom sediments for stations 1 and 2 are given in Figure 6 and Figure 7.



The White Sea bottom sediment study provided an opportunity to analyze uranium accumulation in the bottom sediments as a part of marine sedimentation processes in oxidizing conditions. Additionally, the sediments had a high involvement of organic and inorganic matter from continental run-off. The White Sea bottom sediment study results show that the upper part of sediments, which is in contact with the seawater, is characterized by an oxidizing environment with positive Eh = +392 mV values. This layer is visually distinguished by a brown-gray color with traces of bioturbation and is characterized by the highest organic carbon values (up to 2.5%) and the correspondently highest concentration of nitrogen and hydrogen-containing inorganic matter. The sulfur concentration in the upper interval varied from 0.15% to 0.3%, which was several times less than for the deeper layers. The measured value of sulfur isotope composition δ34S = −4.2‰ confirms the marine genesis of sulfur due to sulfate reduction in oxidizing conditions. The uranium concentration in the upper oxidized layer was lowest for the bottom sediment column and did not exceed 1.5 ppm. The genesis of uranium in the bottom sediments is close to uranium concentration in the continental run-off; however, we suggest that some uranium parts can also come with organic matter (the U/TOC ratio for the upper layer varied from 0.8 to 1.1 ppmU/%TOC).



The bottom sediments of layers at a depth of more than 50 cm were characterized by reduced conditions, with a negative Eh value of about −273 mV to −63 mV. This layer was denser and visually distinguished by a dark color due to an increase of hydrotroilite content. Hydrotroilite has been identified in the current study in black dots and patches against the greenish-grey background of sediments and described more in detail in [25]. The content of organic carbon, nitrogen, and hydrogen decreased with increasing depth. The identified decrease of organic matter content could be explained by the activity of anaerobic microorganisms, which is confirmed by the results of [26,27] that show that the oxic environment is characterized by lower organic matter preservation due to microbial activity.



Sulfur concentration increased with depth by up to 0.8%. The isotope compositions of sulfur for lower layers of station 1 varied from −23.2‰ to −5.3‰ and from −36.9‰ to −34.2‰ for station 2. The observed values show that hydrotroilite and other sulfur-containing minerals in the sediments at station 2 were formed in typically reduced conditions, whereas for station 1 these minerals were formed in more oxidizing conditions. The U/TOC ratio increased with depth, reaching a value of 1.4 ppmU/%TOC. One reason that could explain an increase in uranium concentration is the reducing conditions that facilitate uranium accumulation in sediments due to the formation of insoluble uranium-containing compounds.



The trends discussed above are illustrated in (Figure 8) in the U-TOC diagram. Ellipses select two areas corresponding to different redox conditions.



To sum up, the sedimentation process in the Kandalaksha bay of the White Sea is carried out in oxidizing conditions (oxygen in the bottom layer of water) and does not lead to considerable uranium accumulation in bottom sediments. Typical values of about 1.5 ppm correspond to uranium content in the continental run-off. An increase in uranium concentration up to 2.5 ppm was identified for the lower part of the bottom sediments, which could be explained by changing redox conditions from oxidizing to reducing. The U/TOC ratio values were about 0.8 to 1.1 ppmU/%TOC for the upper part of the sediments and reached 1.5 ppmU/%TOC for the lower part of the sediments. However, a very narrow range of the Th/U ratio shows that the source of most of the uranium was a continental run-off.




5.2. Behaviour of Uranium in Bottom Sediments under Reducing Conditions in the Example of Black Sea


In contrast with the White Sea, the sedimentation process in the Black Sea is mostly carried out in typically reducing conditions due to high hydrogen sulfide content in the water below 90–160 m. The study of Black Sea sediments is an appropriate way to analyze sedimentation processes in oxygen-free conditions [28]. Comparing the White Sea and Black Sea cases provides an opportunity to analyze the difference between uranium accumulation in oxidizing and reducing conditions.



Following [29], uranium concentration in the Black Sea’s water varies from 0.0013 ppm to 0.0051 ppm, typical for seawater and close to the White Sea’s water (0.0014–0.0018 ppm).



The bottom sediments of the Black Sea are divided into modern, ancient Black Sea, and Novoeuxinian silt (Pleistocene) [30]. Modern sediments are represented by microlaminated coccolith silt of white and grey color; the content of the hydrotroilite is 0.02–0.06%. According to [28,29,30,31], the organic substance content in modern sediments varies from 0.83% to 4.72%, uranium concentration varies from 1.7 ppm to 20 ppm (Figure 9), the average values of the U/TOC ratio vary from 1.89 to 3.62 ppmU /% TOC, and Eh values vary from −230 mV to +280 mV. The low values of the uranium concentration correspond to the shelf area and high values in deep-sea bottom sediments; additionally, the highest uranium concentration values correspond to the highest organic carbon content. Positive values of Eh = +280 mV are found on the shelf conditions only, whereas the other regions are characterized by negative values of Eh −80 to −230 mV.



Ancient Black Sea sediments (located under modern sediments) are represented by grey clayey silt and black sapropel silt, and the content of the hydrotroilite is 0.01–0.03%. Organic matter concentration is in the range of 0.22–8.95%, uranium concentration is 1.1 ppm–35 ppm, the average values of the U/TOC ratio vary from 0.96 to 2.83 ppmU/% TOC, and Eh values vary from −220 mV to −80 mV.



Novoeuxinian sediments are represented by grey and black silt containing hydrotroilite and sulfides (the content of the hydrotroilite is 0.06%). The organic carbon content is 0.97%, uranium concentrations vary from 0.3 ppm to 4 ppm, the average value of the U/TOC ratio is 2.31 ppmU/% TOC, and the average value of Eh is -198 mV.



The concentrations of Th in the Black Sea sediments reach 16.1 ppm, Th/U ratio varies from 1 to 4 [33].



The summary of the uranium compounds and concentration of physicochemical characteristics in the water and bottom sediments developed in [28,29,30,31,32,33,34,35,36] is shown in Table 8.



Thus, in the case of Black Sea sediments, the upper oxidized layer is absent, hydrogen sulfide is present not only in sediments but also in the water; only negative Eh values characterize bottom sediment–water. Organic carbon concentration is comparable with the White Sea; the uranium concentrations are much higher and achieve values up to 35 ppm. The next chapter considers the possible reasons for uranium behavior in oxidizing and reducing conditions using thermodynamic modeling methods.




5.3. Behavior of Uranium in the Aqueous Solution at Different Eh and pH Conditions: Results of Thermodynamic Modeling


In order to simulate the distribution of the uranium between bottom sediments and pore waters, and predict uranium speciation as a function of redox and pH, we calculated equilibrium phase compositions in the system «seawater–bottom sediment». Calculations were completed for multiple pairs of Eh and pH measured in the bottom sediments of the White and Black Seas. To constrain the redox conditions, the chemical system was considered open with respect to the oxygen pressure, measured pH values, and atmospheric pressure of carbon dioxide. Values of partial pressures of oxygen were calculated from the measured values of Eh and pH [37]. Calculations were completed using the Geocheq software,including the thermodynamic database [38,39] by the free energy minimization technique.



The chemical equilibria were calculated for a simplified 7-component (U, C, H, Na, Cl, O, S) system for the temperature of 273.15K, which approximates to bottom sediment conditions. Fifteen possible minerals (U2S3(cr), U3O7(beta), U4O9(beta), UO2(am), UO2(cr), UO2,25(cr), UO2.6667(cr), UO2CO3(cr), UO2SO4(cr), γUO3(cr), UO3·2H2O(cr), US(cr), US1.90(cr), US2(cr), α-UO2.3333), 46 aqueous species (H2O,aq, H2,aq, UO3,aq, UO42−UOH2+, UO2(CO3)22−, H2S,aq, Cl, CO,aq, CO2,aq, CO32−, NaCl,aq, UO2OH+, (UO2)2OH3+, HCO3−, HS−, HSO3−, HSO4−, HUO2,aq, HUO2+, HUO3−, HUO4−, H+, UO+, UOH3+, NaOH,aq, NaSO4−, O2,aq, OH−, SO2,aq, SO32−, SO42, UO3−, U4+, UO2SO4(aq), UO2+, Na+, UO2(CO3)34−, UO2(OH)42−, UO2,aq, UO2+, UO22+, UO2CO3(aq), UO2OH,aq, UO2(OH)3−, U3+), and 6 gaseous species (CO, CO2, H2, H2O, O2, SO2) were taken into account. Processes of uranium sorption on the organic matter were not considered in the model. The system was modeled for different values of Eh (from 273 mV to 392 mV), pH (from 7.68 to 8.11), partial pressure of oxygen from 4.28 × 10−79 to 7.45 × 10−65 bar and the initial uranium concentration in pore water of 1 × 10−5 mol/l in our calculation.



The calculated uranium speciation and the distribution of uranium between the aqueous phases and solid uranium phases (minerals) along the bottom sediment column are shown in Table 9 and Table 10 and Figure 10 and Figure 11.



It is to be noted that we did not obtain solid uranium oxides of intermediate (between VI and IV) uranium oxidation state. The only stable uranium mineral was uraninite UO2(cr).



As follows from Figure 10, at the oxidizing conditions (upper part of the bottom sediments) of the White Sea, uranium is completely retained in the aqueous phase as U+6 aqueous species (the dominant species are UO3, aq and UO2(CO3)2−2) and does not have the potential to accumulate in the sediments. In contrast, within the rest of the sediment column (reducing conditions), uranium precipitates as uraninite (UO2cr). At the reducing conditions of the Black Sea, most of the uranium is predicted to occur as U+4 in the form of uraninite (Figure 11). These results explain the different accumulations of uranium in the White Sea and the Black Sea bottom sediments. The obtained results are also consistent with [40], which shows that the amount of uranium absorbed by organic matter is much higher under reducing conditions compared to oxidizing conditions.




5.4. Comparison of Uranium Accumulation in Oxidizing and Reducing Conditions


Obtained experimental data and thermodynamic modeling results explain the difference in uranium accumulation in bottom sediments in oxic and anoxic environments in the examples of the White Sea and the Black Sea (Figure 12).



In oxidizing conditions, the seawater contains uranium (VI) in soluble forms; typical concentrations vary in the range of 0.002–0.003 ppm. In such conditions, part of the uranium is accumulated in marine organisms and absorbed in the organic matter of sediments; however, the total content of uranium in oxidizing layers of sediments does not exceed 1–1.5 ppm, including uranium contained in the inorganic matter of continental run-off and uranium accumulated in organic matter. The content of uranium in deeper layers of sediments may be slightly (up to 2.5–3 ppm) higher than in upper oxidizing layers due to the change of redox conditions from oxidizing to reducing, which results in the fixation of uranium contained in sludge water in organic and inorganic particles of the bottom sediments. This uranium behavior has been observed in the White Sea and is typical for water reservoirs characterizing oxygen in the bottom layer.



In the case of reducing conditions in the bottom layer, if thermodynamic equilibria are reached, most of the uranium in the water–bottom sediment system is accumulated in the forms of insoluble compounds in the solid phase. A considerable part of uranium could also be absorbed by organic matter, e.g., following [40], uranium sorption is increased in reducing conditions. In this case, the concentrations of uranium in bottom sediments could be at least one order of magnitude higher, depending on sedimentation conditions, including the concentration of uranium in water, redox conditions, sedimentation rate, the content of organic matter, and other factors. This behavior has been found in the Black Sea and is typical for reducing conditions in a water reservoir’s bottom layer. Following the study results, we propose that considerable variations of uranium content in marine source rocks could be explained by the variations in redox conditions at the sedimentation stage; however, other factors affecting uranium accumulation could also be taken into account.





6. Summary and Conclusions


The lithological and geochemical study of the bottom sediments at two stations in the Kandalaksha Bay of White Sea was performed. The uranium concentrations distribution and contents, and compositions of organic and inorganic components, along with the bottom sediment columns were studied. This study showed that, in the White Sea’s oxidizing conditions, the concentration of uranium in the bottom sediments varies from 1 to 1.5 ppm in the upper oxidizing part of the sediments and slightly increases up to 2.5 ppm in deeper layers characterized by reducing conditions. The U/TOC ratio varies from 0.8 ppm U/%TOC in the upper part to 1.5 ppm U/%TOC in deeper layers. The results have been compared with the behavior of uranium in the bottom sediments, accumulated in anoxic conditions of the Black Sea, where the concentration of uranium achieves 25 ppm, and the U/TOC ratio increases up to 3.6 ppm U/%TOC, while uranium content in water and composition of the bottom sediments are close to values observed for the White Sea. Considerable differences in uranium content and U/TOC ratio were analyzed using thermodynamic models of the water–sediment system for different redox conditions. It was shown that an increase in uranium accumulation in sediments in reducing conditions by comparison with oxidizing conditions could be explained by the difference in solubility of uranium in the water–bottom layers contacting with sediments and in the water saturating the upper part of sediments. However, reducing conditions observed in sediments located deeper than 0.5 m in the White Sea did not lead to an increase in the accumulation of uranium because the amount of uranium that can be precipitated from the pore water of sediments is much less by comparison with uranium content in the inorganic part of sediments that originated from continental run-off.



The obtained results revealed that the redox condition in the bottom layer of seawater during sedimentation is one of the most important factors controlling the concentration of uranium in the bottom sediments and source rocks of marine genesis. The obtained experimental data and results of thermodynamic modeling provide additional information that can help to understand the behavior of uranium during sedimentation and improve the methods of unconventional reservoir characterization using data on uranium content from gamma logging.
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Figure 1. Location of the object of study. Stations 1 and 2 of sampling. 
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Figure 2. A sampling of bottom sediments by a gravitational steel pipe. 
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Figure 3. The cores of bottom sediments from stations 1 (left) and 2 (right). 
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Figure 4. Lithological description and color photos of core from Station 1. 
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Figure 5. Lithological description and color photos of core from Station 2. 
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Figure 6. The bottom sediments of station 1. The distribution of the curves: H, N, S elements, and TOC (analyzer CHN628); uranium concentration U (ICP-MS); isotopy data: δ34S, δ13C, δ13Ccarb,δ15N; the ratios C/N, U/TOC; also pH and Eh. 
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Figure 7. The bottom sediments of station 2. The distribution of the curves: H, N, S elements and TOC (analyzer CHN628); U, Th, Co, Pb, Cr, Ni, Cd, Zn, V, Fe concentrations (ICP-MS); isotopy data: δ34S, δ13C, δ15N; the ratios C/N, U/TOC, and Th/U. 
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Figure 8. Correlation between the uranium concentration and organic matter content in the bottom sediments of the White Sea for station 2. Above the points, the sulfur isotopic composition (δ34S) is indicated. Dot color change is due to sulfur content (S). 
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Figure 9. U concentration in the modern sediments of the Black Sea (ppm). Modified after [32]. 
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Figure 10. The distribution of the calculated uranium concentration in the pore water and the solid phase of the White Sea bottom sediments for station 1. 
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Figure 11. The distribution of the calculated uranium concentration in the pore water and the solid phase of the Black Sea bottom sediments (the Eh and pH data distribution from [29]). 
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Figure 12. The behavior of uranium in the different redox conditions in the water sea and the bottom sediments (the White Sea (left) and the Black Sea (right)). 






Figure 12. The behavior of uranium in the different redox conditions in the water sea and the bottom sediments (the White Sea (left) and the Black Sea (right)).



[image: Geosciences 11 00332 g012]







[image: Table] 





Table 1. Coordinates of the sampling stations.
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	Station
	Easting
	Northing
	Water Depth m
	Column Length cm





	1
	510,868.13
	7,379,725.5
	82.9
	285



	2
	516,170.33
	7,377,367.5
	80.0
	173
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Table 2. Station 2. Results of mineral composition measurements (the XRD method) of the White Sea bottom sediments.
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	Depth, cm
	Quartz

%
	Albite

%
	Illite

%
	Kaolinite

%
	Pyrite

%
	Mica

%





	47.5
	56
	31.2
	5
	2.5
	-
	5.2



	112.5
	46.3
	37
	11.3
	2.2
	1.8
	1.3
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Table 3. Station 1. Measurements of redox potential (Eh) reduced to the normal hydrogen electrode potential and pH on fresh bottom sediments.
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	Depth (cm)
	Eh (mV)
	pH





	5
	+392
	8



	42.5
	−273
	8.11



	71.5
	−243
	7.95



	91.5
	−215
	7.88



	110.0
	−145
	7.81



	136.5
	−117
	7.94



	156.5
	−138
	7.92



	181.5
	−115
	7.84



	201.5
	−150
	7.82



	220.0
	−170
	7.84



	247.5
	−73
	7.76



	267.5
	−63
	7.81
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Table 4. Station 1. Results of ICP-MS measurements of bottom sediments.
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Depth, cm

	
U, ppm






	
1

	
71.5

	
1.3




	
91.5

	
1.42




	
110

	
1.33




	
136.5

	
1.21




	
156.5

	
1.21




	
181.5

	
1.16




	
201.5

	
1.24




	
220

	
1.36




	
247.5

	
1.87




	
267.5

	
1.34
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Table 5. The concentration of uranium and other metals in the bottom sediments from station 2 (ppm).
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	Depth, cm
	U
	Fe
	Cr
	V
	Zn
	Ni
	Co
	Pb
	Th
	Cd





	Instrumental detection limit
	0.032
	0.300
	0.024
	0.021
	0.065
	0.015
	0.016
	0.019
	0.029
	0.013



	2.5
	1.89
	35,721
	95
	94
	66
	37
	27
	20
	6.23
	0.122



	7.5
	1.69
	35,078
	97
	95
	66
	39
	15
	13
	6.08
	0.119



	12.5
	1.79
	35,430
	99
	97
	78
	39
	18
	10
	6.43
	0.113



	17.5
	1.81
	33,801
	102
	93
	66
	38
	15
	11
	6.62
	0.106



	22.5
	1.9
	32,372
	95
	91
	62
	37
	15
	7
	6.37
	0.109



	27.5
	1.91
	33,269
	92
	88
	62
	37
	15
	7
	6.88
	0.114



	32.5
	1.76
	33,751
	96
	89
	63
	38
	14
	8
	6.51
	0.095



	37.5
	1.83
	33,153
	96
	89
	65
	37
	14
	6
	6.49
	0.092



	42.5
	1.88
	33,165
	99
	88
	61
	38
	13
	6
	6.81
	0.096



	47.5
	1.91
	32,839
	98
	87
	65
	37
	14
	6
	6.86
	0.107



	52.5
	1.91
	32,839
	98
	87
	65
	37
	14
	6
	6.86
	0.107



	57.5
	2.08
	32,551
	92
	84
	59
	35
	13
	6
	7.03
	0.098



	62.5
	2.12
	32,152
	91
	85
	65
	36
	13
	5
	7.21
	0.086



	67.5
	2.08
	32,100
	94
	84
	57
	36
	13
	5
	7.07
	0.085



	72.5
	2.06
	31,789
	92
	85
	58
	36
	13
	6
	7.09
	0.086



	77.5
	2.13
	34,040
	97
	87
	61
	37
	14
	6
	7.94
	0.078



	82.5
	2.3
	33,484
	96
	89
	62
	37
	13
	6
	7.75
	0.097



	87.5
	2.1
	32,074
	92
	84
	58
	36
	13
	6
	7.58
	0.071



	92.5
	2.16
	31,134
	88
	82
	63
	34
	13
	5
	7.47
	0.075



	97.5
	2.26
	32,848
	90
	85
	60
	36
	14
	6
	8
	0.088



	102.5
	2.27
	33,454
	92
	86
	60
	37
	14
	5
	7.65
	0.091



	107.5
	2.29
	33,027
	91
	85
	63
	37
	13
	6
	8.18
	0.092



	112.5
	2.34
	33,503
	89
	85
	64
	36
	14
	7
	8.4
	0.091



	117.5
	2.48
	34,274
	90
	89
	65
	37
	14
	6
	8.89
	0.097



	122.5
	2.38
	33,132
	94
	85
	62
	38
	14
	7
	8.8
	0.087



	127.5
	2.46
	34,200
	94
	83
	66
	38
	14
	6
	9.02
	0.097



	132.5
	2.44
	31,894
	88
	83
	62
	35
	13
	6
	8.56
	0.09



	137.5
	2.21
	30,840
	87
	76
	57
	34
	13
	8
	8.29
	0.081



	142.5
	2.42
	33,186
	94
	83
	63
	37
	13
	9
	9.29
	0.101



	147.5
	2.36
	33,411
	92
	84
	65
	36
	13
	13
	9.06
	0.092



	152.5
	2.29
	32,458
	93
	82
	62
	37
	13
	13
	8.71
	0.092



	157.5
	2.4
	33,932
	98
	83
	64
	37
	13
	9
	8.9
	0.087



	162.5
	2.52
	33,502
	96
	83
	63
	37
	13
	8
	9.48
	0.101
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Table 6. Stations 1 and 2. Results of elemental composition (CHNS) measurements of bottom sediments.
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Station

	
Depth, cm

	
Elemental Composition




	
N, %

	
C, %

	
H, %

	
S, %

	
C/N






	
1

	
42.5

	
0.35

	
2.77

	
0.79

	
0.72

	
7.91




	
71.5

	
0.33

	
2.68

	
0.75

	
0.76

	
8.12




	
91.5

	
0.36

	
2.76

	
1.19

	
0.72

	
7.67




	
110

	
0.38

	
2.89

	
0.80

	
0.86

	
7.61




	
136.5

	
0.34

	
2.58

	
0.71

	
0.67

	
7.59




	
156.5

	
0.30

	
2.36

	
0.71

	
0.55

	
7.87




	
181.5

	
0.29

	
2.29

	
0.76

	
0.55

	
7.90




	
201.5

	
0.29

	
2.30

	
0.46

	
0.56

	
7.93




	
220

	
0.28

	
2.17

	
0.68

	
0.56

	
7.75




	
247.5

	
0.33

	
2.56

	
0.36

	
0.21

	
7.76




	
267.5

	
0.30

	
2.29

	
0.65

	
0.63

	
7.63




	
2

	
2.5

	
0.31

	
2.31

	
0.40

	
0.15

	
7.45




	
7.5

	
0.30

	
2.21

	
0.50

	
0.18

	
7.37




	
12.5

	
0.25

	
1.90

	
0.46

	
0.26

	
7.60




	
17.5

	
0.24

	
1.76

	
0.42

	
0.26

	
7.33




	
22.5

	
0.23

	
1.68

	
0.42

	
0.20

	
7.30




	
27.5

	
0.24

	
1.79

	
0.45

	
0.21

	
7.46




	
32.5

	
0.24

	
1.77

	
0.44

	
0.29

	
7.38




	
37.5

	
0.23

	
1.70

	
0.44

	
0.26

	
7.39




	
47.5

	
0.18

	
1.45

	
0.38

	
0.33

	
8.06




	
52.5

	
0.15

	
1.22

	
0.30

	
0.28

	
8.13




	
57.5

	
0.21

	
1.60

	
0.38

	
0.27

	
7.62




	
62.5

	
0.19

	
1.39

	
0.33

	
0.32

	
7.32




	
67.5

	
0.22

	
1.57

	
0.37

	
0.33

	
7.14




	
72.5

	
0.20

	
1.55

	
0.37

	
0.40

	
7.75




	
77.5

	
0.21

	
1.59

	
0.38

	
0.41

	
7.57




	
82.5

	
0.19

	
1.69

	
0.48

	
0.41

	
8.89




	
87.5

	
0.21

	
1.61

	
0.36

	
0.44

	
7.67




	
92.5

	
0.22

	
1.68

	
0.44

	
0.42

	
7.64




	
97.5

	
0.22

	
1.63

	
0.42

	
0.39

	
7.41




	
102.5

	
0.21

	
1.66

	
0.40

	
0.40

	
7.90




	
107.5

	
0.18

	
1.60

	
0.41

	
0.44

	
8.89




	
112.5

	
0.23

	
1.79

	
0.44

	
0.44

	
7.78




	
117.5

	
0.23

	
1.66

	
0.43

	
0.51

	
7.22




	
122.5

	
0.20

	
1.54

	
0.40

	
0.61

	
7.70




	
127.5

	
0.25

	
1.84

	
0.46

	
0.56

	
7.36




	
132.5

	
0.21

	
1.62

	
0.43

	
0.67

	
7.71




	
137.5

	
0.22

	
1.65

	
0.44

	
0.51

	
7.50




	
142.5

	
0.20

	
1.53

	
0.40

	
0.65

	
7.65




	
147.5

	
0.21

	
1.68

	
0.46

	
0.84

	
8.00




	
152.5

	
0.22

	
1.69

	
0.29

	
0.84

	
7.68




	
157.5

	
0.22

	
1.86

	
0.50

	
0.61

	
8.45
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Table 7. Stations 1 and 2. Results of isotopic composition measurements of bottom sediments.
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Station

	
Depth, cm

	
δ15N Air, ‰

	
δ13C PDB

	
δ13C PDB

	
δ34S CDT, ‰




	
org., ‰

	
carb.,‰






	
1

	
42.5

	
5.8

	
−23.7

	
−9.1

	
−5.3




	
110

	
6.1

	
−23.3

	
−5.7

	
−10.8




	
181.5

	
6.7

	
−23.2

	
−4.2

	
−5.8




	
247.5

	
5.0

	
−23.5

	
−4.1

	
−23.2




	
2

	
12.5

	
5.4

	
−24.5

	

	
−4.2




	
52.5

	
6.1

	
−24.6

	

	
−34.2




	
102.5

	
4.4

	
−23.7

	

	
−36.9




	
137.5

	
5.0

	
−24.6

	

	
−34.9
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Table 8. The physicochemical characteristics (pH, Eh, and H2S), compounds, and uranium concentration in the Black Sea water and bottom sediments. Modified after [32].






Table 8. The physicochemical characteristics (pH, Eh, and H2S), compounds, and uranium concentration in the Black Sea water and bottom sediments. Modified after [32].





	

	

	
Depth, m

	
pH

	
Eh, mV

	
H2S, mg/L

	
Compounds and Concentration of Uranium






	
Seawater

	

	
0–200

	
7.85–7.95

	
−140...−160

	
0.08–0.83

	
UO2(CO3)22−, UO2(CO3)34-, Uconcentration in seawater = 0.00093–0.00324 ppm




	

	
200–1500

	
7.74–7.8

	
−176…−194

	
2.39–10.18

	
[UO2(CO3)3]4−, Uconcentration in seawater = 0.00095–0.00261 ppm




	
4

	
1500–2000

	
7.64–7.73

	
−200…−203

	
10.40–11.66

	
[UO2(CO3)3]4−, U(OH)4, UO2cr, the concentration of uranium in water decreases U concentration in seawater = 0.00029–0.00299 ppm




	
Sediments

	

	
Modern

	
6.4–8.5

	
−80...−230

	
0–121.24

	
U(OH)4, UO2cr, Uconcentration = 1.7–20 ppm




	

	
Ancient

	
6.2–8.2

	
−80...−220

	
50–60

	
Maximum uranium concentration in sapropel, Uconcentration = 1.1–35 ppm




	
1

	
Novoeuxinian

	
6.2–8.0

	
−198

	
0

	
Minimum uranium concentration, Uconcentration = 0.3–4 ppm
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Table 9. The calculated uranium concentration in the pore water and the solid phase of the White Sea bottom sediments for station 1.






Table 9. The calculated uranium concentration in the pore water and the solid phase of the White Sea bottom sediments for station 1.





	Depth, cm
	pH
	Eh, mV
	pO2
	The Calculated Concentration of Uranium in Pore Water, mol/L
	The Proportion of the Total Uranium Contained by Pore Water, %
	The Calculated Concentration of Uranium in the Solid Phase UO2 (cr), mol/L
	The Proportion of the Total Uranium Contained by the Solid Phase, %
	The Total Amount of Uranium, mol/L





	5
	8
	392
	1.23 × 10−30
	1.00 × 10−5
	1.00 × 10+2
	0
	0
	1.00 × 10−5



	42.5
	8.11
	−273
	4.28 × 10−79
	3.99 × 10−10
	3.99 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	71.5
	7.95
	−243
	1.57 × 10−77
	3.99 × 10−10
	3.99 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	91.5
	7.88
	−215
	9.46 × 10−76
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	110
	7.81
	−145
	6.97 × 10−71
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	136.5
	7.94
	−117
	2.64 × 10−68
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	156.5
	7.92
	−138
	6.28 × 10−70
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	181.5
	7.84
	−115
	1.48 × 10−68
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	201.5
	7.82
	−150
	3.28 × 10−71
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	220
	7.84
	−170
	1.33 × 10−72
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	247.5
	7.76
	−73
	8.65 × 10−66
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	267.5
	7.81
	−63
	7.45 × 10−65
	3.98 × 10−10
	3.98 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5
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Table 10. The calculated uranium concentration in the pore water and the solid phase of the Black Sea bottom sediments (the Eh and pH data distribution from [29]).






Table 10. The calculated uranium concentration in the pore water and the solid phase of the Black Sea bottom sediments (the Eh and pH data distribution from [29]).





	Depth, cm
	pH
	Eh, mV
	pO2
	The Calculated Concentration of Uranium in Pore Water, mol/L
	The Proportion of Uranium in the Pore Water, %
	The Calculated Concentration of Uranium in the Solid Phase UO2 (cr), mol/L
	The Proportion of Uranium in the Solid Phase, %
	The Total Amount of Uranium, mol/L





	15
	7.68
	−185
	2.41 × 10−74
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	70
	7.68
	−200
	1.90 × 10−75
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	105
	7.68
	−205
	8.15 × 10−76
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	140
	7.68
	−210
	3.50 × 10−76
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5



	185
	7.74
	−195
	7.70 × 10−75
	3.97 × 10−10
	3.97 × 10−3
	1.00 × 10−5
	1.00 × 102
	1.00 × 10−5
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