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The interpretation of decline in dissolved oxygen (DO) in the oxygenated bottom water of the Ulleung Basin (UB), southwest of the East/Japan Sea has been challenging because of the integrated influence of various DO-consuming processes. Therefore, the stable oxygen isotopic fractionation of DO was investigated to enhance our understanding of the distinct DO consumption observed in the bottom layers of the center of the UB. We explored the relationship between DO and its oxygen isotope composition (δ18ODO) using data collected at a station located in the center of the UB in 2020, 2021, and 2022. An unforeseen decrease in δ18ODO in the bottom layer (> 1800 m) where DO was depleted was discovered. The overall DO consumption in the mesopelagic water layer (300–1000 m), primarily attributed to water column respiration, exhibited an isotopic fractionation factor (α) with 0.985 ± 0.001 in the δ18ODO/[O2] relationship. The consumptive isotope fractionation factor in the bottom waters near the sediments (approximately 2146 m) showed a value slightly higher (0.988 ± 0.002) than that in the mesopelagic water layer. This isotopic signature is likely due to a smaller fractionation in the bottom waters relative to the mesopelagic water. The isotopic evidence suggests the involvement of mineral oxidation associated with excess dissolved Mn and Fe in the bottom waters because mineral oxidation exhibits a smaller fractionation effect than respiration. Our study demonstrates that DO depletion results from multiple consumption processes, including respiration, mineral oxidation, and diffusive transport, and the isotopic behavior provides evidence that mineral oxidation significantly influences DO consumption.
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1 Introduction

Dissolved oxygen (DO) is a crucial field parameter because it is a key factor in evaluating metabolic activity and ecological health in marine ecosystems and is the most readily available oxidizing agent (Hobbs and McDonald, 2010). There are various factors controlling the DO content as sources and sinks (Hanson et al., 2008; Bocaniov et al., 2012), including gas exchange, photosynthesis, respiration, and other small but significant processes (Lee et al., 2003; Wassenaar and Hendry, 2007), such as mineral interactions, diffusive transport, and biochemical reactions. In addition, the distribution of DO in the ocean interior is influenced by physical processes such as ocean circulation (Joos et al., 2003; Zuo et al., 2019). Therefore, biogeochemical and physical processes are crucial factors that affect oxygen budgets in ocean environments. In general, understanding the spatial and temporal contents of DO is challenging because they are simultaneously affected by multiple factors.

Numerous studies have overcome this limitation by combining DO concentrations with stable oxygen isotopes (Levine et al., 2009; Mader et al., 2017; Li et al., 2019; Zhou et al., 2021; Piatka et al., 2022). The DO concentration, coupled with its oxygen isotopic composition, can provide additional information because it shows decoupling behaviors depending on oxygen sources and sink processes in the oxygen isotope and DO relationship (Levine et al., 2009; Zhou et al., 2021). For example, diagnosing the DO supply process in water with saturation reaching 100% may not be straightforward because surface waters at 100% saturation have been simultaneously influenced by both the equilibrium gas exchange with the atmosphere and photosynthesis. However, since photosynthesis produces DO with oxygen isotopic compositions similar to the oxygen isotopes in source water (approximately 0‰), they are lower than the δ18ODO of air-saturated water (24.2‰ with respect to the Vienna Standard Mean Ocean Water [VSMOW]). Thus, the corresponding δ18ODO values help provide new insights into the multiple components regarding 100% DO-saturated waters (Kroopnick and Craig, 1972; Parker et al., 2005). In addition, oxygen removal processes such as respiration and oxidation of metals can be differentiated from these DO supply processes by causing distinct shifts in the δ18ODO/[O2] relationship, resulting from increasing δ18ODO values as DO decreases (Wassenaar and Hendry, 2007; Sutherland et al., 2018).

The center of the Ulleung Basin (UB) in the East/Japan Sea (EJS) has been in the spotlight due to the distinct DO consumption in the bottom layer. According to Kang et al. (2010), the vertical profiles of DO in the UB can be classified into three types. In general, surface water, where oxygen from the atmosphere is dissolved into the water and is produced via photosynthesis, is primarily affected by DO-supplying processes. As depth increases, decreases in DO are generally attributed to aerobic respiration, reaching the oxygen minimum zone between a few hundred meters and 1000 m deep. In the absence of available reductants (e.g., organic matter), DO concentration remains constant well below depths deeper than 1000 m (Kang et al., 2010; Gamo, 2011). However, the predominant distribution of DO in the center of the UB shows a distinctive structure with characteristic DO depletion in the bottom waters overlying the surface sediments (described as type 2 in Kang et al., 2010).

Compared with those of the other regions of the EJS, the surface sediments of the UB contain high organic carbon (>2.5% dry wt.; Cha et al., 2007; Lee et al., 2008), which is unusually high considering its bed depth of 2200 m. There are several studies supporting the high organic matter content in the sediments of the UB; the high organic matter content could result from organic carbon accumulation rates exceeding 2 g C m-2 year-1 (Lee et al., 2008) associated with the combination of high export flux (f-ratio ≈ 0.28) of phytoplankton-derived labile organic carbon through enhanced primary production (Kwak et al., 2013) and lateral transport of resuspended organic matter that may be related to downslope currents along the continental slope (Yoo and Park, 2009; Hyun et al., 2017; Kim et al., 2017; Hahm et al., 2019; Lee et al., 2019; Hyun et al., 2022; Lee et al., 2022). In general, the degradation of excess organic matter in bottom waters near sediments significantly influences DO concentrations and its δ18ODO (Wassenaar and Hendry, 2007; Zhou et al., 2021). Some studies have reported that excess dissolved Fe and Mn via sediment redox processes are highly active in the sediments of the UB (Hyun et al., 2022; Seo et al., 2022). Furthermore, they are released into the water column, subsequently oxidized by oxygen, and settle in the sediment (Kim et al., 2017). Thus, the DO content of the bottom water layer in the UB can be determined by various sinks, such as microbial respiration, biodegradation and oxidation, and the oxidation of transitional metals because molecular oxygen is the most biogeochemically active oxidant (Lee et al., 2003). Ultimately, these environmental conditions can fuel oxygen consumption in the bottom water column. While there have been some studies supporting the intriguing distribution of DO observed in the bottom waters of the UB, these studies may translate DO consumption using indirect tracers, such as biogeochemical organic carbon cycles (Kim et al., 2017; Lee et al., 2022), benthic biological activity (Hyun et al., 2022), and nutrients (Kim et al., 2012).

Several studies have concluded that δ18ODO, in addition to DO concentrations, is best used as a direct diagnostic tool for the integrated processes influencing DO concentrations (Levine et al., 2009; Mader et al., 2017; Sutherland et al., 2018; Köhler et al., 2021) because the isotopic signature of DO is controlled by isotopic fractionation and relative rates through reactions with various reductants. This study aims to investigate the processes influencing the decline in DO concentrations observed in the bottom water of the UB. We present the first δ18ODO dataset for a distinctive DO depletion zone of the UB, collected over three years of field observations (2020–2022), and interpret DO consumption based on isotopic systematics because δ18ODO data could be a direct tracer for understanding DO controlling processes.




2 Materials and methods



2.1 Data and sample collection

The EJS, which is connected to the Pacific Ocean through shallow straits (depth< 150 m), the Korea-Tsushima Strait in the southwest and the Tsugaru Strait in the northeast, is a semi-enclosed marginal sea surrounded by the Korean Peninsula, Far Eastern Eurasia, and the Japan Archipelago. It has a maximum depth of approximately 3800 m (an average depth of 1667 m) (Figure 1). Depending on a short timescale (approximately 100 years) of deep-water ventilation (Tsunogai et al., 1993; Kumamoto et al., 1998), the oxygen-rich surface water transports to deep layers of the ocean. The bottom topography of EJS is characterized by three relatively deep basins: the Japan Basin in the north, the Yamato Basin in the southeast, and the Ulleung Basin (UB) in the southwest (Figure 1).




Figure 1 | Map of the study area with bathymetric contours, showing the sampling (blue circle: E5; 37°00´N, 131°00´E) and mooring stations (red cross: EC1; 37°20´N, 131°20´E) of the Ulleung Basin of the East/Japan Sea.



Field measurements and seawater sampling were performed at the central area of the UB, Station E5, with a water depth of approximately 2150 m (Figure 1; 37°00´N, 131°00´E) during the three years of field campaigns from 2020 to 2022. Two cruises onboard the R/V Isabu were conducted in March 2020 and February 2022, and one onboard the R/V Eardo was in July 2021. Hydrographic properties, including water temperature, salinity, and turbidity (C-star transmissometer; path length 25 cm), were measured using a conductivity-temperature-depth (CTD) profiler (SBE 911plus; Sea-Bird Electronics) calibrated within 2 years from each cruise period except for transmissometer. DO profiles were obtained using a sensor (SBE 43; Sea-Bird Electronics), and all profiles were calibrated by Winkler titration. The in situ calibration procedure for each DO profile includes computing the correction factors (slope and intercept) based on the regression between Winkler and the DO sensor (Supplementary Figure 1; Kang and Kim, 2023). The CTD casting depth was determined to be approximately 10 m above the seafloor to acquire the hydrographic and chemical properties near the seawater–sediment interface as closely as possible.

Samples for the analyses of DO concentration and oxygen isotopic composition were collected using 12 L Niskin bottles attached to a carousel water sampler. Water sampling depths were determined based on the vertical profile of the DO sensor during each field campaign. To obtain gaseous samples for the oxygen isotope analysis of DO, the ultra-vacuum sample collection system designed by Emerson et al. (1991) was modified in this study (Figure 2). In particular, the most significant change from the previous system was that dissolved gases were extracted and collected directly in the field to inhibit the oxidation of dissolved metals and further biological activity (Köhler et al., 2020). A sample collection system consisting of two glass bottles attached via a Cajon Ultra-Torr connector was used to collect the mixture of gases from the seawater. The system was evacuated under high vacuum pressure (< 40 mTorr) using a vacuum preparation system to remove headspace gases from the bottles. Approximately 330 mL of seawater was carefully and slowly transferred to the bottom bottle. In the field, a mixture of dissolved gases, including oxygen, was immediately extracted from the seawater to the headspace of the bottom bottle. The stopcock of the top bottle was opened, and the extracted gases in the bottom bottle were equilibrated for approximately 15 min in the expanded headspace at room temperature. Subsequently, the stopcock of the top bottle, which was filled with the extracted dissolved gases, was closed, and the obtained samples were analyzed within five months to measure the oxygen isotopic composition of DO in the extracted gases.




Figure 2 | Schematic diagram of the sampling bottle set used to extract the dissolved gases from the seawater samples. The system consisting of the (A) top and (B) bottom bottles was connected by (C) a Cajon Ultra-Torr connector.






2.2 Analysis of the concentration and oxygen isotope composition of DO

The DO concentrations of the seawater samples were determined following the high-precision Winkler method (precision of <0.7 µmol kg-1) using an automatic photometric titrator (DOT-05, Kimoto Electric). The oxygen isotopic composition of DO was measured using the dual-inlet system of an isotope ratio mass spectrometer (IRMS; Thermo Scientific 253 Plus). A mixture of gases that were immediately extracted from the seawater was directly introduced into the sample reservoir of the dual-inlet system without gas separation (Abe and Yoshida, 2003), and only water vapor in the sample was removed by passing it through a molecular sieve 13X water trap. The samples and the reference (atmospheric air) were balanced to a common voltage, resulting in similar pressures within the IRMS. The oxygen isotopic composition of DO was reported in typical delta notation (hereafter δ18ODO) and is expressed as   in parts per thousand (‰), where X is the ratio of the abundance of heavier (18O) to lighter (16O) isotopes. All results were calibrated and reported with respect to atmospheric O2, using a value of +23.5‰ relative to the VSMOW (Kroopnick and Craig, 1972). The analytical precision, expressed as the standard deviation, was better than 0.04‰ for δ18ODO. The reproducibility of the two replicate measurements was better than 0.09‰ for δ18ODO.





3 Results

Below 1000 m in the water column, temperature (0.18 ± 0.05°C) and salinity (34.06 ± 0.01) taken during our cruises were uniform, whereas the temperature and salinity in the upper ocean (<300 m) underwent seasonal changes (Supplementary Figure 2D). The vertical structures of the concentrations and oxygen isotopic composition (δ18ODO) of DO were largely divided into several layers according to the various processes that added or removed oxygen from the water at different depths. Overall, the δ18ODO profiles show an opposite distribution compared with the DO profiles (Figure 3). In Figure 3A, DO concentrations from the surface to 300 m over the 3 years of field campaigns showed consistently high concentrations (256.5 ± 11.9 µmol kg-1, mean ± SD); whereas DO concentrations for 2020 and 2022 ranged from 247 µmol kg-1 to 273 µmol kg-1 and from 239 µmol kg-1 to 275 µmol kg-1, respectively. DO concentrations exhibited relatively large variation in July 2021, ranging from 214 µmol kg-1 to 276 µmol kg-1. Surface water showed low δ18ODO values. With decreasing DO concentrations, δ18ODO increased up to approximately 32.3‰ in 2020 and 2022 and showed a maximum of 33.5‰ in 2021 at depths of 750–1000 m (Figure 3B).




Figure 3 | Vertical structures of the (A) DO concentrations and (B) δ18ODO collected during the 3 years of field campaigns in the UB.



The oxycline depth of each field campaign was observed at a similar depth range between 300 and 1000 m, where DO gradually decreased by approximately 193 µmol kg-1 (at least 55–56% DO saturation) while δ18ODO increased to approximately 4.5‰ with depth. Below a depth of 1000 m, low DO concentrations of < 199 µmol kg-1 were usually observed, which showed small declines up to a depth of 1800 m (maximum of 3 µmol kg-1). From a depth of 1000–1800 m, δ18ODO values also seem to decrease. In this zone, the vertical patterns of each DO profile collected during the three cruises are not notably different; however DO concentrations in 2021 and 2022 were slightly lower than those in 2020 (approximately 5.0 µmol kg-1). In this study, the difference in DO concentration among three independent profiles observed at same station (Figure 3A) was not considered based on the large variability of DO times-series data of mooring; DO concentrations have fluctuated by more than 5 µmol kg-1 at 1400 m and by approximately 10 µmol kg-1 at 2250 m over the time (Supplementary Figure 3).

Compared with a depth range of 1000–1800 m, the DO concentration declined relatively sharply from 1800 m to the bottom depth (2146 m). Within this bottom layer, the total magnitude of decrease was 4–5 µmol kg-1. In particular, in 2020, the DO concentration continued to decline toward the bottom depth from 197.3 to 193.3 µmol kg-1. The DO in 2021 and 2022 began declining more rapidly in the deeper water layer (approximately 1900 m) than in 2020 and then indicated a gentle decrease or no marked decline (Figure 3A). Although there was a slight difference in the depletion patterns from year to year, a substantial decrease in DO at the bottom boundary layer was consistently observed over all field observations. In this DO depletion zone, the δ18ODO indicated low values compared with the upper layers (< 1800 m). They decreased gradually from 1000 m to the bottom depth (approximately 0.5–2.0‰). Actually, the decreasing change in δ18ODO can be observed in the depth range of approximately 1000 to 2146 m. Our focus was the discontinuity in the DO profile of the bottom layer. This water layer exhibited relatively steep oxygen gradients and low δ18ODO over a few hundred meters of depth compared with a depth range of 1000–1800 m, as illustrated in Figure 3.




4 Discussion



4.1 Potential processes driving DO depletion

At the center of the UB, DO concentrations decrease monotonously up to 1000 m through the decomposition of organic matter, which primarily settles from the surface waters. Thus, the oxygen consumption rate is high in the oxycline and then decreases with depth (Feely et al., 2004; Karstensen et al., 2008). As 16O2 was preferentially consumed during respiration, following a mass-dependent law, the residual DO became progressively enriched in 18O (i.e., δ18ODO increase). However, our results show the occurrence of 18O-depleted DO, coinciding with the decrease in DO (4–5 µmol kg-1) in the bottom layer of the UB observed in this study (Figures 3A, B). Therefore, we confirmed that different mechanisms contribute to the oxygen sinks of the bottom water column. The possibility of a mixing effect between different water masses could be ruled out as demonstrated in a previous study (Kang et al., 2010), because the straight lines appear in the T-S diagram (See insert of Supplementary Figure 2D).

To explain the DO depletion from 1800 m to the bottom of the UB, some studies have mentioned several physical and biogeochemical processes as possible DO sinks (Kang et al., 2010; Hyun et al., 2022). The magnitude of decrease in DO from 1800 m to 2146 m of the UB, as reported by some studies, was similar to the values reported in this study (4–5 µmol kg-1) (Kang et al., 2010; Hyun et al., 2022). Kang et al. (2010) mentioned several possibilities of water mass intrusion affecting different aging rates and/or low-oxygenated water from the Japan Basin, denitrification, and aerobic respiration and finally concluded that organic matter decomposition in surface sediments play a crucial role in DO decrease in the bottom water layer of the UB. Hyun et al. (2022) demonstrated that bioactive dissolved organic matter derived from sediments stimulates heterotrophic microbial metabolism regarding the rapid expense of oxygen in the bottom water layer. Thus, to date, DO depletion in the bottom layer of the UB has been constrained as a result of respiratory DO consumption, which is closely related to environmental conditions caused by the high organic matter content in the surface sediment. Lee et al. (2022) noted that depending on the overall environmental conditions of the surface sediment of the UB, the re-oxidation of reduced elements (i.e., Mn2+, Fe2+, NH+, and H2S), as well as the oxidation of organic carbon, could contribute to the sediment oxygen consumption rate. Lee et al. (2022) did not mention the distribution of DO in the water column; however, it is thought that the oxygen consuming processes in the bottom waters in contact with sediments will not differ significantly from the sediment oxygen consumption processes. Ultimately, this study focused on three possible DO-consuming processes in the bottom water: (1) respiration (i.e., the decomposition of organic matter and/or microbial respiration), (2) mineral oxidation, and (3) diffusive transport from a highly oxygenated water column into oxygen-depleted sediments. Logically, these processes could be fully explained by unique local biogeochemical events related to the high organic matter content in the surface sediments of the UB and the presence of a deep nepheloid layer that causes interactions between the water column and sediments (Supplementary Figure 2C). Therefore, the interaction between the bottom water and surface sediments should be considered a crucial factor affecting the distribution of DO in the study area. First, sediment resuspension that may be stimulated by near-bottom currents (Chang et al., 2009; Kim et al., 2013) and lateral transport (Lee et al., 2019) in the bottom layer of the UB can form the nepheloid layer and enable the reintroduction of deposited organic matter into the water column. Moreover, within the nepheloid layers, some evidence proves the behavior of reduced elements, such as dissolved Fe and Mn, released from sediments (e.g., Seo et al., 2022). Previous studies have reported that dissolved Fe and Mn, which are redox-sensitive trace elements (Stumm and Morgan, 1996), show higher concentrations in sediments as well as the water column of the UB than in those of other basins (Cha et al., 2007; Hyun et al., 2017). Thus, depending on the oxygenated-depth of only a few millimeters in surface sediments of the UB (Hyun et al., 2017; Lee et al., 2022), the release of dissolved Fe and Mn from anoxic-sediments into the water column overlying the bottom can occur because Fe and Mn oxides are used as oxidants for the degradation of organic matter in sediments (Kim and Kim, 2016; Kim et al., 2017; Seo et al., 2022), which then oxidizes into a solid phase owing to the interaction with DO. In addition, the diffusion of DO from oxic-water into surface sediments could explain the occurrence of a DO-depleted bottom layer (Wassenaar and Hendry, 2007; Li et al., 2019).




4.2 18O-depletion in the bottom layer

To postulate the DO consumption processes that contribute to DO depletion in the bottom waters of the UB, we explored the oxygen isotopic behaviors derived from the DO consumption processes using δ18ODO and the DO saturation degree ([O2]t/[O2]i) relationship (Rayleigh distillation equation; Aggarwal et al., 1997; Nakayama et al., 2007). The isotopic signature of DO is controlled by the isotopic fractionation factor of the potential O2 consumption processes and their relative rates. The Rayleigh distillation equation was used to calculate the oxygen fractionation factor (α) of DO consumption (Aggarwal et al., 1997; Nakayama et al., 2007).

 

where δ18i and δ18t are the isotopic compositions of the initial and residual DO at the time t, respectively, and [O2]t is the residual DO concentration. It was assumed that [O2]i was equal to the saturation O2 concentration at the temperature and salinity of a given water sample. The observed δ18ODO versus ln([O2]t/[O2]i) was plotted in Figure 4. The fractionation factor (α) for oxygen consumption processes was calculated using Equation (1) by applying the δ18i value for 24.2‰ (at ln([O2]t/[O2]i)=0) in equilibrium with the atmosphere (Bender and Grande, 1987). The equilibrium value of 24.2‰ at 25°C (Kroopnick and Craig, 1972) has been adapted as the initial δ18 (δ18i) because δ18ODO starting point (24.2‰) of oxygen entering the water column from the atmosphere can be changed by biological processes such as respiration and mineral interaction.




Figure 4 | Plots of the observed δ18ODO versus the DO saturation degree (ln([O2]t/[O2]i)) for water column (A) from the surface water to bottom water and (B) from 1000 m to the bottom water, where [O2]t is the residual O2 saturation, and [O2]i is the O2 saturation at 100%. The points denote data collected during the 3 years of field campaigns in the UB. The depths are marked around each point.



Conventional knowledge, depending on respiration, is that the corresponding δ18ODO should result in an increase as ln([O2]t/[O2]i) decreases (Bender, 1990; Kiddon et al., 1993; Angert and Luz, 2001; Levine et al., 2009). In practice, the monotonic and opposite pattern between ln([O2]t/[O2]i) (i.e., the decrease from 0 to –0.5) and δ18ODO (i.e., the increase from 26‰ to 33.5‰) was observed continuously from 100 m to the end of the oxycline zone (approximately 1000 m) (Figure 4A). The α values for DO consumption closely relative to the respiration determined in the literature ranged from 0.981 to 0.992 (the isotopic effect of –20 to –10‰) (Bender, 1990; Wassenaar and Hendry, 2007; Sutherland et al., 2018). The only study to date, by Nakayama et al. (2007), reported a respiratory O2 consumption fractionation factor of 0.987 for the waters from 298 to 3584 m (bottom depth of 3643 m) in the other basin of the EJS (i.e., 41°21.20´N, 137°20.06´N). Similarly, the regression line of the Rayleigh distillation equation yielded an isotopic effect with α values of 0.986, 0.984, and 0.986 in 2020, 2021, and 2022, respectively. Therefore, the δ18ODO values in the mesopelagic layer of the UB agree well with the assumptions regarding O2 consumption through respiration.

In contrast, our result, that ln([O2]t/[O2]i) and δ18ODO in the depth range of approximately 1000 to 2146 m of the UB showed a simultaneous apparent decrease for 0.03 ± 0.007 and 1.32 ± 0.61‰, respectively (Figure 4B), defies conventional knowledge regarding respiratory O2 consumption in the water column. The δ18ODO values indicated an inverse isotopic behavior of respiration. From this discontinuity below the mesopelagic layer caused by unexpected 18O-depleted dissolved oxygen, we postulate that the corresponding δ18ODO in the bottom waters may be controlled by independent isotopic fractionation resulting from different DO-consuming mechanisms. In the previous section, as potential processes driving DO depletion, the respiration, mineral oxidation, and diffusive transport to anoxic sediment can lead to DO depletion in the bottom layer of the UB, which is experienced by local physicochemical properties, such as the resuspension of organic matter and the release of reduced minerals from surface sediments in the nepheloid layers. According to a mass-dependent law, these processes−respiration, oxidation of metals such as Mn and Fe (Wassenaar and Hendry, 2007; Oba and Poulson, 2009a; Oba and Poulson, 2009b; Sutherland et al., 2018), and diffusion (Clark and Fritz, 1997; Lee et al., 2003; Wassenaar and Hendry, 2007)−increase δ18ODO in the residual DO (namely, light isotopes are preferentially oxidized and/or transported). If each of these DO sink processes can be identified by a unique α value, then it may provide insight into the multicomponent progression of DO consumption. Based on this assumption, we theorized about the multiple DO consumptions in the bottom water of the UB based on oxygen isotopic fractionation (Figure 5). Starting from the air-saturated surface to the bottom depth (approximately 2146 m; Point A), the slope of the regression line was slightly different from that calculated for the mesopelagic layer (Point B) where respiration dominates. The estimated α values for 2020, 2021, and 2022 in the bottom water were relatively larger (0.991, 0.986, and 0.988, respectively) (mean value of 0.988 ± 0.001) than those in the mesopelagic layer. We believe that this large α is due to the contribution of other DO sinks, together with respiration to DO consumption. In contrast to the diffusive transport of DO (αd = 0.986; Clark and Fritz, 1997), mineral oxidation has a large fractionation factor (αo > αr) that distinguishes it from respiration (Wassenaar and Hendry, 2007). Ultimately, larger α values estimated in the bottom waters could be derived from the oxidation of minerals such as Mn and Fe because the impacts of mineral oxidation result in αo, which is less fractionating than that for respiration (Taylor et al., 1984; Kiddon et al., 1993; Lee et al., 2003; Oba and Poulson, 2009b). Therefore, the αm value in the bottom layer reported in this study represents the net fractionation factor produced by combining multiple DO consumption processes (Figure 5). As depicted in Figure 5, from 1000 m to 2146 m, the tendency of δ18ODO to decrease (Figure 3B) could be interpreted as a result of mixing between distinguishable DO-consuming processes: multiple DO-consuming processes in the bottom layer (referred to as Point A) and water column respiration in the mesopelagic layer (referred to as Point B).




Figure 5 | Theoretical schematic of δ18ODO versus ln([O2]t/[O2]i), showing the consumptive oxygen isotope fractionation factors. Highly exaggerated straight lines in grey and blue indicate the averaged fractionation factors of 0.985 ± 0.001 (αr; water column respiration) and 0.988 ± 0.002 (αm; multiple DO-consuming processes), respectively. The averaged values of fractionation factor indicated on lines were calculated from the data obtained during the field campaigns, starting with the identified δ18ODO of air-saturated water (24.2‰). Points A and B denote the end-points of bottom water and mesopelagic layer, respectively. The yellow line depicted represents the fractionation factor for mineral oxidation (αo), which was undoubtedly larger than that for respiration. However, an exact value cannot be specified in this study.



In addition, our results indicate that the contribution of the various consumption processes to the total DO consumption at the bottom layer is dynamic and non-stationary. Therefore, the calculated αr and αm values for individual field observations are slightly different (Figure 4); however, larger value of αm than αr is consistent during all cruises. Unfortunately, it is not feasible to accurately quantify and/or fractionate multiple processes of DO consumption. Nevertheless, our work here emphasizes the need to consider the contribution of mineral oxidation to total DO consumption when studying the oxygen consumption mechanism in the bottom layer of the UB. We could maintain our assertion that mineral oxidation contributes to a certain extent of DO consumption in the bottom layer through a simple stoichiometry of Mn oxidation (Mn2++0.5O2(aq)+H2O⇔MnO2(s)+2H+). The decreased DO (approximately 4–5 μmol/kg) is comparable to the maximum oxygen demand (5 μM) estimated by Mn2+ concentration reported by Hyun et al. (2017) (approximately 10 μM in the uppermost layer of sediment).





5 Conclusions

Considering the high concentration of DO in the bottom waters of the UB, the high organic contents in the surface sediments are exceptional. Furthermore, oxygen is depleted within just a few millimeters of the sediments, and the excess dissolved Fe and Mn, via sediment redox processes, are highly active, subsequently being released into waters above the sediments. In these unique environmental settings of the UB, where such conditions are scarcely found elsewhere in the oceans, explaining the remarkable decrease in DO in the bottom layer is complicated because multiple DO-consuming processes can co-occur sufficiently. In this study, we report the first δ18ODO measurements, together with DO concentrations to delineate oxygen isotope fractionation for the sum of multiple factors influencing DO depletion in the bottom layer of the UB. The vertical structures of DO observed in our cruise campaigns showed a typical decline in the mesopelagic layer, but an unforeseen decrease in DO concentrations in the bottom layer. Moreover, δ18ODO also decreased continuously with depth in the bottom layer. Subsequently, we found an unexpected negative shift in δ18ODO with decreasing DO concentration in the bottom layer of the UB. We attribute the decrease in δ18ODO to the net effect of the consumptive isotopic fractionation of multiple processes that respiration, mineral oxidation, and molecular diffusion to sediments co-occur. In particular, the DO consumption process responsible for the 18O depletion could be identified based on the isotopic fractionation of mineral oxidation. The behavior of reduced minerals in the bottom layer reported previously strengthens our findings. We demonstrate that oxygen consumption mechanisms in natural environments can be discriminated using different isotope fractionation factors during DO consumption. This study must be regarded as the first attempt to constrain the multiple oxygen consumption processes in the bottom waters of the UB based on isotopic signatures as a direct tracer. Further experimental studies are needed to improve the understanding of isotopic fractionation during DO consumption and characterize the proportion associated with each individual and specific DO-consuming reaction. Nevertheless, the net fractionation factors (αm) proposed in this study can serve as a useful indicator for elucidating the complex processes responsible for oxygen consumption mechanisms in marine environments.
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