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The migration and enrichment of redox-sensitive trace elements (RSEs) from seawater to sediments are controlled not only by their geochemical properties but also by marine redox conditions. Therefore, RSEs, such as Mo, U, and V, are extensively used to indicate redox states in marine environments. To retrieve the historical redox state in the hypoxic zone near the Changjiang River Estuary and its adjacent waters, the distribution and enrichment degree of Mo, U, and V in a sediment core collected from the recurrently hypoxic region were investigated. The correlation analysis shows that the authigenic enrichment of Mo and U in sediment core 3,050–2 is primarily controlled by redox conditions, rather than sediment grain size, adsorption on organic matters, Fe–Mn (hydr)oxides, and terrigenous detritus input. Mo-U covariation is selected to analyze the evolution of redox conditions in the seasonally hypoxic zone. The MoEF/UEF values in this sediment core are almost between 0.1 and 0.3×Mo/Umodern seawater value and show a general decreasing trend with depth, indicating an overall progressive transition from oxic to suboxic conditions in this area since 2005. The close MoEF/UEF values and similar chronological Mo-U variations by comparing our results with previous studies in adjacent areas offer common evidence for the gradually intensified bottom water–oxygen stress, suggesting the possible application of MoEF/UEF in retrieving redox development in this coastal hypoxic zone.
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INTRODUCTION
Dissolved oxygen (DO), a vital factor for the growth and survival of organisms living on oxygen in the ocean, is closely related to the stable maintenance of marine ecosystems, and its concentration is generally used to indicate marine ecological environment conditions (Breitburg et al., 2018). With the impact of global change and human activities, the DO level has been decreasing in the open ocean and coastal waters since at least the middle of the 20th century (Schmidtko et al., 2017; Oschiles et al., 2018). As one of the most important changes in modern marine ecosystems, ocean deoxygenation further aggravates low DO content in the ocean (Keeling et al., 2010). During the last several decades, the occurrence of hypoxia (defined as oxygen concentration ≤2 mg/L) has been widely observed in many estuarine and coastal regions and is most likely accelerated by human activities (Watson, 2016). Exploring the historical hypoxic intensity and extensity in estuaries can, thus, help us gain a deep understanding of the changing marine environment.
The typical coastal hypoxic zone near the Changjiang River Estuary and its adjacent waters in the East China Sea has been recorded since the late 1950s (Wang, 2009). Based on the seasonal investigation data, the hypoxic zone generally develops at a water depth between 30 and 50 m, and the bottom water DO concentration (BWO) here shows a typical seasonal pattern (Wang et al., 2012): BWO begins to decline in late spring or early summer, reaches the lowest concentration in August, and rises again in autumn. Hypoxic evolution can be traced back to at least 2,600 years from benthic foraminifera and RSE geochemical evidence (Ren et al., 2019). In addition, evidence showed that the hypoxic extensity and intensity were highly variable in recent years (Zhang et al., 2019; Wu et al., 2020; Liu et al., 2021). Reconstruction of redox history can help us better evaluate mechanisms responsible for the variations of seasonal hypoxia and predict future patterns of hypoxia development, including its duration and magnitude.
Due to the lack of systematically and continuously direct DO observations over the past decades in the Changjiang River Estuary and its adjacent waters, it is difficult to directly evaluate the severity and historical variation of coastal hypoxia in this area. Redox-sensitive trace elements (RSEs), such as molybdenum (Mo), uranium (U), and vanadium (V), have been extensively applied as paleoredox proxies to reconstruct redox history due to their differential solubility and authigenic enrichment in various redox conditions (Russell and Morford, 2001; Algeo and Maynard, 2004; Algeo and Tribovillard, 2009; Chang et al., 2009; Morford et al., 2009). These paleoredox proxies are not only used to reconstruct past conditions but also modern systems (Algeo et al., 2012; Algeo and Li, 2020). Mo, U, and V exist in the form of dissolved high valence states and generally behave conservatively in oxic seawater, while they eventually diffuse into sediments through the sediment–water interface under reducing conditions. Due to different redox potentials and authigenic enrichment mechanisms, RSE authigenic enrichment degrees in sediments match well with different marine redox environments (Crusius and Thomson, 2003). Among them, enrichment of Mo primarily occurs in a euxinic environment, while U and V are generally enriched in a suboxic–anoxic environment (Morford and Emerson, 1999; Morford et al., 2009; Smrzka et al., 2019).
Unique geochemical behaviors of RSEs make them possible to be applied in the coastal hypoxic zone. Wu et al. (2020) suggested that Mo, U, and V were moderately enriched, while Mo and V were more sensitive to seasonal variation of nearshore hypoxia than U in the Changjiang Estuary. However, Xie et al. (2020) found that the redox state recorded by RSEs was inconsistent with the redox environment located in the inner continental shelf of the East China Sea. A similar result was also obtained in the oxygen minimum zone (OMZ) of the East Arabian Sea, in which the authors speculated that high deposition flux in continental shelf environment and DO seasonal volatility in coastal hypoxic zones might lead to the loss of signals recorded by RSEs in sediments (Acharya et al., 2015). Based on the previous limited research studies, RSE enrichment degree and response to seasonal hypoxia are still controversial in estuarine and coastal regions. It is necessary to further study enrichment mechanism and potential indication of RSEs in such area.
In this study, one sediment core was collected in the recurrently hypoxic region near the Changjiang River Estuary and its adjacent waters. The elemental geochemistry of RSEs and major elements (Al, Fe, and Mn) and the grain size and total organic carbon (TOC) were analyzed in the sediment core. We aim to examine the controlling factors on enrichment of RSEs and their potential indication for hypoxia history in the Changjiang River Estuary.
MATERIALS AND METHODS
Core Sampling
In August 2020, the sediment sample was collected with a Soutar-type box corer aboard R/V Kexue 3 in site 3,050-2 (30.49°N, 123.02°E) in the hypoxic zone near the Changjiang River Estuary and its adjacent waters (Figure 1). The overlying water was removed by slow side drainage with a suction hose. Acid-washed PVC tubes (with 10 cm diameter and 30 cm length) were inserted slowly and vertically inside the box corer to obtain undisturbed sediment cores. The water depth at the sampling location is 61 m. The DO concentration of bottom water was 1.76 mg/L determined by electrochemical probes and also calibrated by traditional Winkler titration on board (Guo et al., 2021). After collection, this short core was immediately transferred to a glove bag filled with N2 and was sectioned at a 1-cm interval at upper 10 and 2-cm interval at lower 20 cm. These sliced sediment samples were centrifuged at 4°C to separate pore water and then were immediately stored in a frozen (−20°С) chamber. After transport to the laboratory, the sediment samples were freeze-dried under vacuum and then were ground to less than 200 mesh (74 μm for mesh size) for further analysis.
[image: Figure 1]FIGURE 1 | Changes of hypoxic zones near the Changjiang River Estuary and its adjacent waters with locations of core 3,050-2, E3, and E4 (Wu et al., 2020; Yin et al., 2020). Areas marked by solid and dotted lines in different colors were hypoxic zones (DO ≤ 2.0 mg/L) recorded in recent years. The details of these stations are given in Supplementary Table S1.
Laboratory Analysis
The grain size analysis was carried out using a laser particle size analyzer (1190L, Cilas, France). According to accumulative percentages of different grain sizes, the contents of clay (<4 μm), silt (4–63 μm), and sand (>63 μm) and their median size (D50 value) were calculated by previous procedures (Huang, 1999). Total organic carbon (TOC), total nitrogen (TN), and their stable carbon (δ13C) and nitrogen (δ15N) isotopes of sediment samples were measured by using an elemental analyzer (Flash EA IsoLink CN, Thermo Fisher Scientific, Germany) interfaced with an isotope ratio mass spectrometer (MAT 253 plus, Thermo Fisher Scientific, Germany) (Guo et al., 2021). International reference materials (EMA-B2151 and EMA-B2153) were used to check the operating status of the instrument. The analytical precision among six runs of a given sample was typically ±0.02%, ±0.003%, and ±0.15‰ for the carbon content, nitrogen content, and δ13C value, respectively.
The contents of Al, Fe, and Mn in sediments were measured by using a wavelength-dispersive X-ray fluorescence spectrometer (S8 Tiger, Bruker AXS, Germany). The sample preparation was strictly followed according to the work by Sun et al. (2020). The 0.6000 g pre-dried sample was mixed with the flux (lithium tetraborate: lithium metaborate = 67:33) weighing 6.0000 g in a platinum crucible. Then, 1 ml LiNO3 (22%) was taken as the oxidant and 0.6 ml LiBr (12%) as the mold, which were added and mixed uniformly. The crucible was loaded in a fusion bead machine, pre-oxidized at 700°C for 200 s, and then melted at 1,050°C for 10 min, with a uniform speed rotation for homogeneity. The fused mixture was slow-cooled in the crucible and formed into a smooth crack fused bead. The analytical accuracy was performed in the same procedure using national reference materials (GBW07336, GBW07122, GBW07448, and GBW07308), and the recoveries for Al, Fe, and Mn were 100.0 ± 0.6%, 100.4 ± 0.9%, and 98.9 ± 4.3%, respectively. The analytical precisions (defined as the relative standard deviation, RSD) were estimated by analyzing 12 replicate reference material samples (GBW07314) to be 0.81, 0.73, and 1.98% for Al, Fe, and Mn, respectively.
Trace element analyses including Mo, U, and V were carried out using an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7,900, Japan). We strictly followed the chemical pretreatment and analytical method established by Chen et al. (2017). Approximately, 0.05 g dried sediment powder was digested in a pre-cleaned Teflon container with a mixture of 1 ml HNO3 and 1 ml HF at around 190°C for 24 h. After cooling, the mixture was evaporated at 120°C to nearly dry state. A measure of 1 ml HNO3 was added to the residual and was evaporated to nearly dry state again. Then, 1 ml HNO3 and 4 ml ultrapure water were added and further digested at 190°C for 2 h. Finally, the digestion solution was accurately diluted to ∼ 100 g with 2% v/v HNO3. The analytical accuracy was performed in the same procedure using national reference materials (GBW07309, GBW07315, and PACS-3), and the recoveries for Mo, U, and V were 95.8 ± 3.8%, 102.7 ± 6.0%, and 101.0 ± 2.7%, respectively.
Data Processes
The RSE contents are generally normalized by Al (RSE/Al) to eliminate the interference of terrigenous detritus inputs (Zhang et al., 2017). In addition, the enrichment factor (RSEEF = (RSE/Al)sample/(RSE/Al)background) is defined to reflect RSE enrichment degree relative to the background values in sediments (Xie et al., 2019). The bottom RSE/Al values in core E4 (Figure 1, Wu et al., 2020) adjacent to core 3,050-2 were used as local background values in our research as they are less affected by environmental pollution and human activities. Based on different authigenic enrichment degrees of Mo and U in different redox conditions, Algeo and Tribovillard (2009) further proposed the MoEF/UEF value shown in Table 1, and the Mo-U covariation system could also be used to indicate the redox state of the bottom water environment (Morford and Emerson, 1999; Tang et al., 2015). Herein, we choose the authigenic Mo/U value in the modern Pacific Ocean (7.5, Tang et al., 2015) as the “Mo/Umodern seawater value”.
TABLE 1 | MoEF/UEF value and associated redox environment.
[image: Table 1]RESULTS
Sedimentary Chronology
Considering that the location of 3,050–2 was close to the adjacent sampling station of core E4 in the published study (Wu et al., 2020), the sedimentary details of E4 were applied in this study to estimate the depositional age of core 3,050–2. The mass accumulation rate (MAR) of E4 is relatively stable, with an average of ∼ 3.11 g/cm2/y, and the chronology of E4 could be dated back to the late 1980s. According to a series of fitting calculations (Supplementary Table S2), core 3,050-2 could be dated back to ∼ 2005, and the average deposition rate is ∼ 1.96 cm/y.
Grain Size Composition
The median diameter (Supplementary Table S3) in core 3,050-2 is variable with depth, ranging from 9.42 to 77.88 μm, with an average of 21.82 μm. Grain size analysis shows that the predominant component is silt (4 ∼ 63 μm) with an average fraction of 51%, followed by sand (>63 μm) with an average fraction of 30%, and then clay (<4 μm) with an average fraction of 19%. In addition, the clay proportions show an overall decreasing trend with depth (Figure 2), and there is a slight increase at 0.5 ∼ 2.5 cm and 7.5 ∼ 9.5 cm. The maxima for the clay proportion occur at a depth of 2 ∼ 3 cm, accounting for 25.3%, whereas minima are found at 0 ∼ 1 cm, 7 ∼ 8 cm, and 28 ∼ 30 cm, accounting for 15.8, 15.1, and 12.2%, respectively.
[image: Figure 2]FIGURE 2 | Down-core variations of clay (%), TOC, TN, C/N, δ13C, δ15N, and proportion of marine organic matter (OMmarine) in core 3,050–2.
Carbon and Nitrogen Compositions
The vertical distributions of total organic carbon (TOC), total nitrogen (TN), C/N values, and stable isotopic compositions of carbon (δ13C value) and nitrogen (δ15N value) in core 3,050–2 with depth are shown in Figure 2 (Supplementary Table S3). The contents of TOC (0.21∼0.38%) and TN (0.03∼0.05%) vary with depth, showing a general decrease with some variability superimposed, with an average of 0.32 and 0.05%, respectively. The contents are decreasing at 0.5∼7.5 cm and 15∼29 cm and increasing at 7.5∼15 cm. The C/N values show a slightly increasing trend with depth, ranging from 6.39 to 8.10, with an average of 7.10. This average ratio is close to the Redfield ratio (106:16 ≈ 6.6), which indicates that organic carbon is dominantly contributed by marine sources (Xie, 2019). The δ13C values are slightly fluctuant with depth, ranging from −21.5‰ to −20.6%, with an average of −21.1‰. Nevertheless, the δ15N values have a slightly increasing trend with depth, ranging from +3.1‰ to +5.1%, with an average of +3.9‰.
The binary mixing model of δ13C values (δ13Cmeasured = f × δ13Cmarine + (1-f) × δ13Cterrestrial, f is the proportion of marine organic matter) could be used to estimate the proportions of organic matter (OM) from terrestrial and marine sources (Yu, 2013). Previous studies in the Changjiang River Estuary and its adjacent waters have shown that δ13C values of marine source OM are generally between −21‰ and −19‰, which are higher than δ13C values of terrestrial OM (-27‰∼-25‰) (Yin et al., 2020). Therefore, δ13C values of the terrestrial and marine end member are selected to be −26‰ and −20‰, respectively. The results of this end-member model show that the proportion of marine source OM varies from 75.5 to 90.7%, with an average of 81.6%, indicating the majority of marine source OM in sediment core 3,050–2, and it is consistent with C/N values.
RSE Distribution and Enrichment
The vertical distribution of normalized RSE/Al values is shown in Figure 3 (Supplementary Table S3). Mo/Al values (0.038 × 10–4∼0.063 × 10–4) vary significantly with depth, with an average of 0.050 × 10–4. There is an obvious increase at 0.5∼1.5 cm, 7.5∼11 cm, and 25∼29 cm. The maximum Mo/Al value occurs at a depth of 11 cm (0.063 × 10–4). U/Al (0.277 × 10–4∼0.515 × 10–4) and V/Al (10.394 × 10–4∼12.240 × 10–4) values are slightly fluctuant with depth (except extreme bottom U/Al value), with an average of 0.331 × 10–4 and 11.368 × 10–4, respectively. The average values of U/Al and V/Al are slightly higher than those of post Archean Australian shale (PAAS, 0.164 × 10–4 and 7.937 × 10–4). Nevertheless, the average value of Mo/Al is mostly lower than that of post Archean Australian shale (PAAS, 0.053 × 10–4), except at a depth of 1.5 cm (0.056 × 10–4) and 11∼19 cm (0.054∼0.063 × 10–4) (Taylor and McLennan, 1985).
[image: Figure 3]FIGURE 3 | Down-core variations of RSE/Al values in core 3,050–2, and the blue dotted line represents average values of RSE/Al in post Archean Australian shale (PAAS).
DISCUSSION
Controlling Factors of RSE Enrichment
In addition to the redox mechanisms mentioned previously, RSE migration and enrichment could be controlled by several other factors, such as organic matter and Fe–Mn redox cycling (Crusius et al., 1996; Morford and Emerson, 1999; Chang et al., 2009; Monien et al., 2014; Xie et al., 2019; Bennett and Canfield, 2020). To evaluate the controlling factors of RSEs in sediment core 3,050–2, the correlations between RSE/Al values and clay proportion, TOC, Fe/Al, and Mn/Al values were analyzed as shown in Figures 4A–D,F (Supplementary Table S4).
[image: Figure 4]FIGURE 4 | Correlation between RSE/Al values and clay proportion (A), TOC (B), Fe/Al value (C), Mn/Al value (D), and their R2 (F); correlation between RSEs and Al (E).
Mo, U, and V are easily removed by adsorption on organic matter and/or Fe-Mn (hydr)oxides in oxic conditions, and then, they could be released back into pore water when the environment becomes reducing (Smrzka et al., 2019). On the other hand, the degradation of sinking organic matter needs to consume dissolved oxygen; then, it could lead to hypoxia in bottom water, which provides the reducing condition for the migration and enrichment of RSEs (Wang et al., 2016; Wu et al., 2020). In the study area, there is no significant correlation between U/Al (R2 = 0.041), Mo/Al (R2 = 0.365) values, and TOC. Similar relationships between RSE/Al and TOC were also found in the mud area of the Changjiang Estuary, which suggest that TOC contents do not directly control enrichments of Mo and U in sedimentary records (Zhao et al., 2021), although adsorption on sedimentary OM might be a mechanism by which the enrichments occur (Smrzka et al., 2019; Bennett and Canfield, 2020). However, the significant correlation between V/Al values and TOC (r = 0.717, p < 0.01) might indicate that V is relatively easy to shuttle by absorption on sedimentary OM in this area. The weak correlations between Mo/Al, U/Al values and Fe/Al, and Mn/Al values (R2 = 0.001∼0.377) indicate that the controlling effect of Fe–Mn redox cycling on Mo and U in this area is not strong enough. However, V/Al and Fe/Al values have a relatively significant correlation (r = 0.779, p < 0.01), and V is more strongly affected by Fe redox cycling in this area, consistent with the results of Wu et al. (2020). V might be adsorbed on Fe-(hydr)oxides converting into sediments temporarily and then could be released with the reduction of Fe-(hydr)oxides (Smrzka et al., 2019; Xie et al., 2020).
Previous studies in the Changjiang River Estuary and its adjacent waters have demonstrated that trace elements were controlled by grain size in the offshore oxic environment (named “grain size effect”), and they are easily affected by terrigenous detritus, which are opposite to those in the hypoxic zone (Zhang et al., 2005; Xu et al., 2007). In our study, there is no significant correlation between RSE/Al values and clay proportion (R2 = 0.141∼0.252), which indicates that the “grain size effect” has a low impact on the distribution of RSEs in core 3,050–2. Similar results were also found by Zhang et al. (2005) and Xu et al. (2007), and they have discovered that RSEs were mainly controlled by redox conditions in the hypoxic zone off the Changjiang Estuary. Considering the nearshore input of terrigenous detritus, a similar correlation analysis between RSEs and Al was also performed (Figure 4E). The results show that V (R2 = 0.658, p < 0.01) is strongly disturbed by terrigenous detritus input, while Mo (R2 = 0.186) and U (R2 = 0.285) are less affected.
V is strongly affected by adsorption on organic matter, Fe redox cycling, and input of terrigenous detritus, and these factors could interfere with its sedimentary records of authigenic enrichment. Therefore, we consider that V could not be used as an effective proxy of marine hypoxia in this area. In contrast, Mo and U are less affected by adsorption on organic matter, Fe–Mn redox cycling, input of terrigenous detritus, and “grain size effect”. The authigenic enrichment of Mo and U is still primarily controlled by the intensity of reducing conditions; thus, it can be used for the analysis of hypoxia evolution in the study area.
Response of the Mo-U Covariation System to Marine Hypoxia
As mentioned previously (Table 1), Mo-U covariation in modern unrestricted marine sediments could be used to assess bottom water redox conditions based on their differential geochemical behavior (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). In the present study, we also use this system to analyze the evolution of redox conditions in the seasonally hypoxic zone. The vertical MoEF/UEF values in core 3,050–2 show a general decreasing trend with depth (Figure 5) and are basically between 0.1 and 0.3×Mo/Umodern seawater value, indicating an overall progressive transition from oxic to suboxic conditions in this site since 2005. The finding of gradually intensified hypoxia in the study area during the last 15 years is consistent with that of previous studies in the adjacent area (Figure 1, Wu et al., 2020), although the overlap of depositional age between these two studies is just from 2005 to 2012 (Figure 5). In this period, MoEF/UEF values in core 3,050–2 (0.643∼1.605) are similar to those in adjacent core E3 (1.004∼1.688) and E4 (0.800∼1.584), and all show the general increasing trends since 2005 (Figure 5). Therefore, the close MoEF/UEF values and similar variation at different locations offer common evidence for the oxygen stress in this coastal hypoxic zone.
[image: Figure 5]FIGURE 5 | Observation data of minimum DO concentrations in the hypoxic zone off the Changjiang River Estuary and down-core variations of MoEF/UEF values in sediment core 3,050–2 (red), E3 (green), and E4 (blue) (Wu et al., 2020; Liu et al., 2021). Orange dashed lines represent 0.1 and 0.3 × Mo/Umodern seawater, and the orange shadow indicates an oxic–suboxic environment.
The compiled DO observation data showed that minimum DO concentrations of bottom waters in the hypoxic zone off the Changjiang River Estuary declined fluctuatingly in the recent 15 years. The hypoxic evolution is also well-registered by sedimentary MoEF/UEF values in core 3,050–2. From 2005 to 2014, the sampling station might be covered by the hypoxic zone, evidenced by the continuously increasing MoEF/UEF value and fluctuant decreasing minimum DO concentration. A significantly decreasing MoEF/UEF value and a relatively high minimum DO concentration were found in 2015, implying that the sampling station might not be covered by the hypoxic zone even temporarily. The recovery of hypoxia in this site after 2015 was recorded by obviously increasing MoEF/UEF values and decreasing minimum DO concentrations.
The authigenic sequestration depths of U and Mo are varied between SWI and relative deep layers within the sediment core, which depend on multiple controlling factors, such as oxygen penetration depth (OPD), sedimentary flux of OM, and sulfide concentration in pore water, especially in the seasonal hypoxia area (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). Due to the lack of observation data mentioned previously, it is difficult to discriminate the potential effects of the offset between SWI and depth of authigenic Mo and U sequestration on these records. In addition, post-depositional remobilization in sediments and the potential impact of bioturbation and irrigation may also alleviate the robustness of the MoEF/UEF value in reconstructing past changes in benthic redox conditions (Crusius et al., 1996; Morford et al., 2009; Duan et al., 2019). However, it is suggested that the authigenic phases of Mo and U are effectively retained in the solid phase as the major proportion is largely unreactive in a eutrophic, low-salinity coastal setting (Jokinen et al., 2020). Moreover, consistent results of MoEF/UEF values and their correspondence with bottom DO levels between this study and previous works both suggest the possible application of the MoEF/UEF value in retrieving redox development in this area. As discussed previously, the OPD, dissolved Mo and U and sulfide concentration in pore water, and the fraction distribution of Mo and U in solid phase should be investigated together to further verify the feasibility of the MoEF/UEF proxy in tracking past changes in bottom water oxygenation in this seasonal hypoxia coastal setting.
CONCLUSION
The authigenic enrichment of Mo and U in sediment core 3,050–2 is primarily controlled by the redox conditions. MoEF/UEF values in core 3,050–2 indicate a general oxic–suboxic environment but are more prone to suboxic environment since 2005 in this area. The similar Mo-U covariation in core 3,050–2 and adjacent cores offer common evidence for the oxygen stress in this coastal hypoxic zone. The results could match well with hypoxic observation data in the Changjiang River Estuary and its adjacent waters and reveal the intensification of seasonal hypoxia in recent years. Our work suggests the possible application of the MoEF/UEF value in retrieving redox development in this area, though more marine chemical work should be investigated to further verify its feasibility.
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