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Impact of the Major Baltic Inflow in 2014 on Manganese Cycling in the Gotland Deep (Baltic Sea)
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The deep basins of the Baltic Sea, including the Gotland and Landsort Deeps, are well-known for the exceptional occurrence of sedimentary Mn carbonate. Although the details of the mechanisms of Mn carbonate formation are still under debate, a close relationship with episodic major Baltic inflows (MBIs) is generally assumed, at least for the Gotland Basin. However, the few studies on Mn cycling during MBIs suffer from a limited temporal resolution. Here we report on Mn dynamics in the water column and sediments of the Gotland Deep following an MBI that entered the Baltic Sea in December 2014. Water column profiles of dissolved Mn were obtained at a monthly to bi-monthly resolution between February 2015 and March 2017 and revealed an impact of the MBI on the Gotland Deep bottom waters beginning in March 2015. Water column profiles and budget estimates provided evidence for remarkable losses of dissolved Mn associated with the enhanced deposition of Mn oxide particles, as documented in sediment trap samples and surface sediments. In July 2015, subsequent to the nearly full oxygenation of the water column, clear signals of the re-establishment of bottom water anoxia appeared, interrupted by a second inflow pulse around February 2016. However, dissolved Mn concentrations of up to 40 μM in the bottom waters in June 2016 again indicated a pronounced reduction of Mn oxide and the escape of dissolved Mn back into the open water column. The absence of substantial amounts of Mn carbonate in the surface sediments at the end of the observation period suggested that the duration of bottom water oxygenation plays an important role in the formation of this mineral. Data from both an instrumental time series and a dated sediment core from the Gotland Deep supported this conclusion. Enhanced Mn carbonate formation occurred especially between the 1960s and mid-1970s, when several MBIs caused a long-lasting oxygenation of the water column. By contrast, Mn carbonate layers were much less pronounced or even missing after single MBIs in 1993, 2003, and 2014, each of which provided a comparatively short-term supply of O2 to the deeper water column.
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INTRODUCTION

The transition metal Mn is an essential micro-nutrient for every life-form and plays a central role in photosynthesis (Davidson and Marchant, 1987; Hansel, 2017). Redox-sensitive Mn occurs in nature in the oxidation states +2, +3, and +4, thus forming an important biogeochemical electron donor and acceptor. While the formation of solid Mn4+ oxides is favored in the presence of O2, dissolved Mn2+ dominates under reducing conditions (Burdige, 1993). Dissolved Mn3+ is an important intermediate occurring in the suboxic water columns and pore waters of marine and limnic systems (Trouwborst et al., 2006; Madison et al., 2011; Dellwig et al., 2012). If reducing pore waters reach supersaturation, Ca-rich rhodochrosites containing Mn2+ may precipitate (Middelburg et al., 1987). The crustal abundance of Mn of ~0.08% is low compared to ~4% of neighboring Fe (Rudnick and Gao, 2003). However, the sensitivity of Mn to changing redox promotes the formation of massive Mn deposits in modern and ancient times; including e.g., ferromanganese crusts and nodules as well as Mn ore deposits comprising oxide, carbonate, and silicate phases (Hlawatsch et al., 2002; Nyame et al., 2003; Johnson et al., 2016). In addition to such exceptional deposits, whose mechanisms of formation are still not fully understood, sedimentary Mn signatures are also used as proxy for past redox reconstructions (Pruysers et al., 1993; März et al., 2011).

Pronounced stratification is a typical feature of restricted basins, fjords, and lakes and may promote the development of anoxic or even sulfidic (euxinic) conditions, as the limited mixing results in an insufficient O2 supply to deeper waters (Spencer and Brewer, 1971; Jacobs et al., 1985, 1987; De Vitre et al., 1988; Skei, 1988; Murray et al., 1989; Zopfi et al., 2001; Dahl et al., 2010). At the transition between the oxygenated surface and reducing bottom waters—an area referred to as the pelagic redoxcline—intense microbial activity causes pronounced dynamics and strong gradients of nutrients and redox-sensitive metals (Dyrssen and Kremling, 1990; Taylor et al., 2001; Labrenz et al., 2007). A prominent peculiarity of redoxclines is the “Mn pump,” which is initiated by the microbial oxidation of upwardly migrating dissolved Mn (Mndiss) to particulate Mn oxides and their subsequent reduction as they re-enter euxinic waters either by reaction with sulfide or mediated by bacteria (Yao and Millero, 1993; Neretin et al., 2003; Tebo et al., 2004). In addition to the latter reaction between Mn and sulfide, which affects the expansion of euxinic waters, Mn may also interact with the N-cycle, as postulated by Luther et al. (1997). At pelagic redoxclines, Mn oxides are further tightly coupled to Fe and P and are believed to influence productivity by retaining certain amounts of phosphate at least over longer time-scales (Dellwig et al., 2010). Finally yet importantly, Mn oxides strongly affect trace metal cycles via scavenging and thus form an important carrier between the oxic and anoxic areas of a water body (Koschinsky et al., 2003; Dellwig et al., 2010; Yigiterhan et al., 2011).

Under reducing conditions, Mn carbonate is frequently observed in marine and lacustrine sediments as for instance in the SE Atlantic, Panama Basin, Loch Fyne, and Lake Sempach (Calvert and Price, 1970; Pedersen and Price, 1982; Gingele and Kasten, 1994; Friedl et al., 1997). Unusually high amounts of Mn carbonate are also found e.g., in manganiferous black shales deposited in the geological past (Calvert and Pedersen, 1993; Huckriede and Meischner, 1996). While missing in euxinic type-localities like the Black Sea, where euxinic bottom waters prevail since ~7,000 years (Calvert and Pedersen, 1996; Wegwerth et al., 2018), the deep basins of the Baltic Sea are the only modern settings showing comparable and even higher Mn carbonate abundances (Suess, 1979; Lenz et al., 2015; Häusler et al., 2018). Despite their manifold occurrence, the detailed pathways of Mn carbonate formation remain unclear. Minor abundances of Mn carbonate in reducing sediments or coatings on carbonate shells may be simply explained by precipitation from supersaturated pore waters (Calvert and Pedersen, 1996). In contrast, the exceptional presence of Mn carbonate in the deep areas of the Baltic Sea requires a more complex biogeochemical and physical framework including e.g., fundamental changes in redox conditions (Huckriede and Meischner, 1996; Lepland and Stevens, 1998; Heiser et al., 2001; Lenz et al., 2015; Häusler et al., 2018). As modern type localities for intense Mn authigenesis and the formation of sedimentary Mn carbonate (Ca-rich rhodochrosite), these deeps may therefore also serve as modern analogs for sediments deposited in ancient epicontinental seas comprising manganiferous black shales and phosphorite-Mn carbonate ores (Hein et al., 1999; Jenkyns, 2010).

Although long-lasting euxinia is considered to have been characteristic of the Holocene Thermal Maximum and Medieval Climate Anomaly (e.g., Zillén et al., 2008; Jilbert and Slomp, 2013; Hardisty et al., 2016), data derived from the increased temporal resolution of (sub-)recent sedimentary records and instrumental time series suggest the occurrence of fundamental redox changes at annual to decadal scales (Neumann et al., 1997; Lenz et al., 2015; Häusler et al., 2018). Stratification of the water column fosters the development of euxinia and Black-Sea-like characteristics of the water column, such as strong bottom water Mndiss enrichments, whereas irregular inflows of North Sea waters can result in the complete oxygenation of the deep basins of the Baltic Sea (Nausch et al., 2003). During these major Baltic inflows (MBIs), considerable amounts of Mn oxides are deposited on the seafloor, where, following the restoration of reducing conditions, they are presumably transformed into Mn carbonates (Huckriede and Meischner, 1996). However, a comparison of an instrumental water column time series with a sub-recent sediment record from the Gotland Basin suggested that MBIs do not necessarily result in the formation of pronounced Mn carbonate layers (Heiser et al., 2001). Rather than single MBIs, Häusler et al. (2018) identified slight bottom-water oxygenation lasting for several years as an important prerequisite of Mn carbonate formation in the Landsort Deep. In addition to experimental approaches that focus on the possible physicochemical mechanisms of Mn carbonate formation, including microbial mediation, detailed field studies during a MBI may shed light on the remarkable Mn authigenesis in the Baltic Sea. Unfortunately, studies on Mn cycling during past MBIs are extremely rare and suffer from a limited temporal resolution (Brügmann et al., 1998; Pohl and Hennings, 1999; Turnewitsch and Pohl, 2010). However, a recent MBI entering the Baltic Sea in December 2014 (Mohrholz et al., 2015) provided the unique opportunity to follow the Mn dynamics in the Gotland Basin during an oxygenation event in detail. Water samples taken at monthly to bi-monthly intervals between February 2015 and March 2017 allowed an evaluation of Mn dynamics during the progressive oxygenation of the water column. Suspended particulate matter from a sediment trap as well as pore water samples of eight short cores were used to obtain Mn budget estimates and thus to draw conclusions on water body displacement and potential basin-internal Mn cycling. Finally, the Mn signatures of the surface sediments obtained between May 2015 and March 2017, a dated sediment core covering the past ~70 years and instrumental water column time series are discussed in terms of the environmental conditions favoring present and past Mn carbonate formation.

MATERIALS AND METHODS

Study Site

The Baltic Sea is a brackish marginal sea comprising several basins separated by narrow sills and channels. The most prominent basins in the Baltic Proper are the Landsort Deep (~459 m water depth), a relatively steep and narrow trench (Häusler et al., 2018), and the Gotland Basin (~249 m water depth), with the largest areal extension and a comparatively flat center (Figure 1). In addition to a gradient of decreasing salinity toward the north, the water column of the Baltic Sea is permanently stratified due to the intrusion of saline waters from the North Sea and riverine freshwater inputs. The resulting restriction of vertical water-mass exchange in the deeper basins promotes a severe O2 deficiency and the accumulation of sulfide in bottom waters (Matthäus et al., 2008).
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FIGURE 1. Maps showing main sampling station 271 as well as the surface sediment stations MUC OD and TrKl04 in the central Gotland Basin. The bathymetry is described by the EMODnet Bathymetry Consortium (2016).



Strong saltwater inflows from the North Sea, so-called MBIs (e.g., Matthäus and Franck, 1992), while irregular in their occurrence, enable the renewal and oxygenation of the Baltic's bottom waters. MBIs depend on certain meteorological conditions, including strong easterly winds leading to a below-normal sea level and subsequently longer-lasting westerly winds (Schinke and Matthäus, 1998). The frequency of MBIs reaching the deep basins is significantly reduced since the 1980s, possibly due to a shift in the large-scale meteorological conditions over the North Atlantic Region (Hurrell, 1995; Matthäus and Schinke, 1999; Meier and Kauker, 2003). Together with the increasing eutrophication of the Baltic Sea, especially since ~1950, the reduced deep-water renewal has provoked the expansion of hypoxic areas (O2 <2 mL L−1; Diaz and Rosenberg, 2008; Carstensen et al., 2014; Gustafsson et al., 2017).

Sampling and Sample Preparation

The samples used in this study were obtained close to the IOW monitoring station 271 (identical to station code BY15), in the central eastern Gotland Basin, during 25 cruises between 2006 and 2017 (Table 1). In addition, two surface sediment samples from sites MUC OD (211 m water depth) and TrKl04 (151 m water depth) were taken during Cruise POS492 in October 2015 (Figure 1). With the exception of pump-CTD (Strady et al., 2008) usage during cruise POS492, water column samples were obtained by a conventional CTD bottle rosette. Eight sediment cores were obtained with a multicorer device (MUC) and the pore water extracted using rhizon samplers (Seeberg-Elverfeldt et al., 2005). Samples for the determination of total dissolved Mn (Mndiss) in the water column were filtered through 0.45-μM syringe filters (SFCA), whereas pore water filtration was not necessary because of a rhizon pore width of 0.1 μm. Samples for dissolved reactive Mn (dMnreact) were treated after Schnetger and Dellwig (2012). Water column and pore water samples were acidified to 2 vol% with concentrated HNO3 and stored cool in acid-cleaned 2-mL reaction tubes. For sulfide analyses, 2 mL of water was fixed in 2-mL reaction tubes containing 20 μL of a 20% Zn acetate solution.


Table 1. Cruises from which sample material was obtained close to the IOW monitoring station 271 (BY15), in the central Gotland Deep (PE = R/V Prof. Albrecht Penck, MSM = R/V Maria S. Merian, M = R/V Meteor, EZ/EMB = R/V Elisabeth Mann Borgese, AL = R/V Alkor, POS = R/V Poseidon, Sal = R/V Salme).
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Water column samples of ~2 L were filtered through 0.4-μm polycarbonate membrane filters for the determination of particulate Mn (Mnpart) in suspended particulate matter (SPM). The filters were rinsed with 60 mL of 18.2-MΩ water to remove salt and then dried at 40°C for 48 h. Time-integrated SPM samples were also obtained using a classical cone-shaped automated Kiel sediment trap with a sampling area of 0.5 m2 (Zeitzschel et al., 1978) positioned in the central Gotland Deep (57°17.95N; 20°14.10E) at a water depth of 186 m. Sediment trap samples were recovered at a temporal resolution of 10–15 days between February 2015 and March 2017. The solid material was washed with 18.2-MΩ water and freeze-dried. A small sample aliquot was removed for scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) inspection and the remainder homogenized using an agate mortar. Sediment samples from MUC casts were sliced in intervals of 0.5–1 cm, stored frozen in Petri dishes, freeze-dried, and finally homogenized in an agate ball mill after separation of a SEM-EDX aliquot. For all solid materials, acid digestions were prepared using a HNO3-HF-HClO4 mixture in closed Teflon vessels heated to 180°C for 12 h. After evaporation of the acids to near dryness, the residues were re-dissolved, fumed off three times with 2 mL of 1+1 HCl, and finally diluted with 2 vol% HNO3 to a volume of 50 mL (4 mL for SPM samples).

Dry bulk densities (DBDs) were estimated by dividing the weight of the dried samples by the volume of the wet samples (Brady, 1984). One short core from the MUC cast obtained in August 2012 was split lengthwise (Häusler et al., 2018) and used for X-ray fluorescence (XRF) scanning.

Analytical Methods

O2 concentrations in the water column were determined using a SBE 911plus CTD (Sea-Bird) equipped with free-flow bottles (Hydro-Bios).

Mndiss in the water column and pore waters was measured after 2-fold dilution of the samples with 2 vol% HNO3, by inductively coupled plasma optical emission spectrometry (ICP-OES; iCAP 6300 Duo/iCAP 7300 since autumn 2016, Thermo Fisher Scientific), using external matrix-matched calibration and Sc as the internal standard. Precision (1.2%) and trueness (0.1%) were determined using 2-fold diluted international reference material SLEW-3 (National Research Council Canada) spiked with Mn.

The numerical rate estimation from concentrations model (REC; Lettmann et al., 2012) was used to estimate Mndiss fluxes in the top 5 cm of the pore waters. Sediment porosity was calculated from the DBDs using an average grain density of 2.7075 g cm−3. The sedimentary diffusion coefficients of Mn (Boudreau, 1997; Berg et al., 1998; Schulz, 2006) were corrected for porosity as well as temperature and salinity as determined from the CTD casts. For details, see Häusler et al. (2018).

Total sulfide concentrations in the pore water and water column samples were measured spectrophotometrically after the method of Cline (1969).

The concentrations of Al, Ca, and Mn in the acid digestions of sediments, sediment trap material, and SPM were measured by ICP-OES (iCAP 6300 Duo and iCAP 7300 since autumn 2016, Thermo Fisher Scientific) using external calibration and Sc as internal standard. The precision and trueness of the international reference material SGR-1b (USGS) were better than 2.% and −4.5%, respectively. The Pb content of the samples was determined from the same acid digestions by Q-ICP-MS (iCAP Q, Thermo Fisher Scientific) using external calibration and Ir as the internal standard. The precision and trueness of the international reference material SGR-1b (USGS) were 3.7 and −2.6%, respectively. The 206/207Pb ratios in the acid digestions of the sediment samples from the August 2012 core were also determined by Q-ICP-MS (iCAP Q, Thermo Fisher Scientific). The Q-ICP-MS was equipped with a PrepFast module (ESI), which allowed online sample dilution to a final Pb concentration of ~1 μg L−1. Following the method of Hinrichs et al. (2002), the instrument was tuned to provide the best performance for the NIST standard SRM 981. Precision and trueness were 0.04 and −0.17%, respectively.

Biogenic opal in the August 2012 short core was measured by ICP-OES (iCAP 6300 Duo, Thermo Fisher Scientific) after the extraction of 50 mg of sediment with 100 mL of 1 M NaOH for 40 min at 80°C in a shaking water bath. The precision of the in-house reference material SIBER was 4%. Si concentrations were converted into those of biogenic opal based on a conversion factor of 2.38, which considered the water content of pure biogenic opal material (diatomite).

137Cs and 241Am activities in the sediment samples from August 2012 were determined by gamma spectrometry (Canberra) using a planar Ge-detector GX3018-7500SL and processed using GENIE 2000 3.0 and 3.1 software (Canberra Industries Inc., USA). Counting statistics for 137Cs and 241Am were better than 5 and 20%, respectively. Trueness was checked against the standard reference materials IAEA-384 (241Am) and IAEA-385 (241Am, 137Cs, decay corrected; International Atomic Energy Agency).

A parallel core from the same August 2012 MUC cast was split lengthwise (Häusler et al., 2018) and analyzed for Ca, Mn, and Ti by XRF core scanning (ITRAX XRF core scanner, Cox; Croudace et al., 2006). The sediment surface was cleaned, smoothed, and covered with a special plastic foil to minimize evaporation during the measurement. The Cr-tube operated at 30 kV and 30 mA with an exposure time of 15 s per step (step size: 200 μm).

SEM-EDX (Merlin VP Compact, Zeiss/AZtecEnergy, Oxford Instruments) was used to identify the Mn mineral phases in the sediment trap material and surface sediments. After suspension of the solid material in an ultrasonic bath and filtration through 0.4-μm polycarbonate filters, the samples were fixed on Al stubs, carbon coated, and placed in a vacuum chamber. The working distance was 8.5 mm and spot analysis was done at an excitation voltage of 15 kV. Relative mineral abundances were determined by automated particle analyses, which were based on EDX element analyses of ~2,000 particles per sample, image processing, and particle recognition. The border values for the differentiation of Mn oxide from Ca-rich Mn carbonate were: Mn >30%, Ca <6%, and Mn >30%, Ca >6%.

RESULTS

Mn Dynamics in the Water Column of the Gotland Deep Prior to the MBI of 2014

Figure 2 shows six water column profiles of dissolved and particulate Mn (Mndiss, Mnpart), O2, and total sulfide from the Gotland Deep at monitoring site 271 (Figure 1). The respective samples were taken between 2006 and 2012, during a so-called stagnation period, that is, without a substantial impact of an MBI. In July 2006, Mnpart was strongly enriched just above and Mndiss below the redoxcline. After slightly decreasing at a water depth of around 160 m, Mndiss concentrations increased again and reached a maximum of ~26 μM in the deepest sample. Along with an upward shift of the redoxcline by ~10 m in April 2007, Mnpart and Mndiss enrichments were less pronounced in the suboxic waters. Below the redoxcline, Mndiss remained at a nearly constant level of ~11 μM until a sudden drop to ~5 μM in the deepest two samples. While sulfide concentrations gradually increased with depth, to a maximum of 45 μM at 221 m, the values abruptly declined to as low as ~2 μM just above the seafloor. In July 2008, the redoxcline occurred a few meters further upward. Mndiss concentrations gradually increased with depth and remained constant at ~10 μM below a water depth of 170 m. Sulfide concentrations also increased with water depth, reaching a maximum of 48 μM in the bottom waters. Despite lower concentrations of Mnpart and a bottom water sulfide level of 114 μM, the Mndiss profile in September 2009 generally coincided with that of the previous cruise, in 2008. In November 2011, the sulfide concentration in the bottom waters increased to a maximum of 148 μM, while Mndiss concentrations within the deeper water column remained at a similar level of ~10 μM. In August 2012, O2 concentrations increased strongly between water depths of 95 m and 130 m whereas the Mndiss profile in deeper waters was more or less unaffected and resembled that of the previous cruises since 2008.
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FIGURE 2. Water column profiles of O2, dissolved and particulate Mn, and total sulfide as determined in samples obtained from station 271 in the central Gotland Basin between 2006 and 2012.



Mn Dynamics in the Water Column of the Gotland Deep During the MBI of 2014

Figure 3 shows O2 and Mndiss as well as available Mnpart and sulfide concentrations in the water column of the Gotland Deep at site 271 as determined during 18 cruises between February 2015 and March 2017. Compared to the pre-MBI profiles (Figure 2), the Mndiss concentration during the first cruise (February 2015) was generally lower throughout the sulfidic water body. Although Mndiss increased steeply, to a maximum of 6.4 μM, just below the redoxcline, its concentration in sulfidic waters gradually decreased, to 3.2 μM in the lowermost sample. Distinctly lower concentrations of sulfide, fluctuating around 20 μM, were also measured at water depths of 150–235 m. Almost 1 month later (3 March 2015), O2 appeared in the bottom waters at concentrations ranging from 9 μM at a water depth of 208 m to 35 μM near the seafloor (231 m). In parallel, Mndiss concentrations in the two deepest samples decreased to ~1.0 μM. During the following four cruises, oxygenation of the deeper waters proceeded and Mndiss was increasingly depleted. By 9 May 2015 and persisting until at least 2 July 2015, only a thin relict of the former euxinic water body remained, occurring at ~130 m water depth. An O2 concentration of nearly 100 μM characterized the water column from the bottom until a water depth of ~130 m, whereas Mndiss and sulfide concentrations were as low as ~3 μM in the depth interval between 125 and 110 m.
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FIGURE 3. Water column profiles of O2, dissolved and particulate Mn, and total sulfide as determined in samples obtained from station 271 in the central Gotland Basin between February 2015 and March 2017. Large yellow and brown triangles denote sulfide and Mndiss concentrations, respectively, in the supernatant water of the corresponding short cores.



In the same depth interval, elevated Mndiss concentrations as high as 6.3, 3.4, and 2.7 μM were also determined on 21 July 2015, 26 September 2015, and 27 October 2015, respectively. The values then dropped to <0.4 μM on 11 November 2015. Beginning with the cruise on 21 July 2015, however, the Mndiss level in the bottom waters began to increase, reaching a maximum of almost 20 μM in the deepest water samples in October and November 2015. Supernatant waters of the corresponding short cores contained up to 16 μM Mndiss on 21 July 2015 and 25 μM Mndiss on 27 October 2015. In samples from those two cruises, particulate Mn (Mnpart) concentrations showed two maxima, of 0.57 μM (128 m) and 2.9 μM (233 m), on 21 July 2015 and three maxima, of 0.98 μM (83 m), 0.65 μM (137 m), and 1.4 μM (231 m), in October 2015. Maximum sulfide concentrations were ~0.8 μM, within the detection limit of the method used during both cruises.

On 4 February 2016, O2 concentrations again increased in the bottom waters, reaching 76 μM. While Mndiss ranged between 2 and 12 μM in these O2-containing waters, the concentration in the still-anoxic overlying waters was 34 μM. A further decrease in the Mndiss concentration was measured in the 20 March 2016 samples, and a continuing decline, to below ~0.1 μM, throughout the almost entirely oxygenated water column in May 2016. Three weeks later (09 June 2016), the bottom waters again became anoxic at depths below 220 m. In these waters, Mndiss was strongly enriched, reaching 40 μM in the supernatant waters of the corresponding short core. This trend of a re-establishment of bottom water anoxia was also reflected by increasing Mndiss and sulfide concentrations during the remaining four cruises. Above the sulfide-containing waters, Mnpart was clearly enriched, both on 9 June 2016 and on 19 October 2016, showing a maximum concentration of 2.4 μM. On 10 March 2017, the reducing conditions extended from the bottom to a water depth of ~180 m and Mndiss and sulfide concentrations were as high as 58 and 36 μM, respectively.

Please note that Mndiss represents the sum of dissolved Mn2+ and the intermediate Mn3+ species with the latter partly entirely dominating in suboxic waters (Trouwborst et al., 2006). The determination of dMnreact comprising mainly of Mn3+ (Schnetger and Dellwig, 2012) during four cruises revealed only a secondary role of Mn3+ under the unstable hydrodynamic conditions prevailing in the Gotland Basin (Figure S1). This finding accords with a previous study in the Baltic and Black Seas highlighting non-turbulent redoxclines as an important prerequisite for substantial Mn3+ accumulation (Dellwig et al., 2012).

Particulate Mn in a Sediment Trap Positioned in the Gotland Deep

Multiplying the bulk SPM fluxes of the sediment trap close to site 271 with the corresponding Mnpart contents allowed the calculation of Mnpart fluxes (Supplementary Dataset). Although the MBI reached the deepest parts of the central Gotland Basin no later than the beginning of March 2015 (Figure 3), Mnpart fluxes remained low until the end of April 2015, as determined from the sediment trap placed at a water depth of 186 m (Figure 4). Thereafter, a slight increase in Mnpart fluxes was followed by a steep rise at the end of June 2015. A malfunction of the sediment trap prevented coverage of later developments, until the end of November 2015. To estimate the Mnpart fluxes that might have occurred during this missing interval of the MBI, we included a dataset from an MBI in 2003 (Häusler et al., 2018). Although O2 concentrations were slightly higher in 2003 than in 2015 (Figure S3), the chosen sediment trap dataset from 2003 at least represented a situation within MBI development comparable to that of 2015. Thus, the 2003 data also showed a rapid increase in Mnpart fluxes shortly after the onset of the MBI and a decrease to a relatively low level in the following 5 months. After the onset of a second oxygenation phase, Mnpart fluxes again increased steeply and strongly fluctuated until March 2017.
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FIGURE 4. Temporal variability of particulate Mn fluxes in a sediment trap positioned at a water depth of 186 m close to station 271 in the central Gotland Basin (brown dots: 2015–2017; open and closed red squares: 2003). Closed symbols were used for budget calculations.



Surface Sediments and Pore Waters From the Gotland Deep

Eight short cores taken close to monitoring station 271 were analyzed for their sedimentary Al, Ca, and Mn contents (Figure 5). To eliminate dilution effects by organic matter and salt, especially in the uppermost fluffy parts, the Ca and Mn contents were normalized to the Al content. Based on the salinity of the bottom waters, the Ca contents were corrected for the pore water salt content. Because the positions of the coring locations varied between the cruises by a few nautical miles (Table 1), differences in the sediment records were most likely due to variable sedimentation rates. Based on a core parallelization using Pb/Al ratios indicating maximum Pb pollution between ~1970 and 1980 (Renberg et al., 2001), in the cores from August 2012 and October 2016 older Mn enrichments occurring at a depth of ~6 cm did not appear before 10 and 14 cm (Figure 5 and Figure S2), respectively. Nonetheless, because all cores originated from water depths below 237 m, a comparison of the uppermost fluffy material is justified and the chosen cores can be considered as representative of the deeper central basin. The concentrations of Mndiss and total sulfide in the pore water from six cores were also determined.
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FIGURE 5. Sedimentary Mn/Al and Ca/Al values, and Mndiss and total sulfide concentrations in pore waters from short cores obtained close to station 271 in the central Gotland Basin. Numbers next to the black arrows indicate pore water fluxes of Mndiss across the sediment-water interface (in μM m−2 d−1). Gray bars indicate core parallelization based on Pb/Al ratios (Figure S3).



The short core taken in August 2012 represented pre-MBI conditions (Figures 2, 5). Sedimentary Mn/Al and Ca/Al values were elevated at ~3 cm and showed two pronounced peaks at a sediment depth of 11–13 cm, whereas no enrichments occurred in the uppermost fluffy layer overlain by euxinic bottom waters. Mndiss and sulfide increased gradually with depth in the pore water, reaching highest concentrations of 190 and 996 μM, respectively, at 20 cm depth. While sedimentary Mn and Ca enrichments at the sediment-water interface (SWI) were still absent in May 2015, elevated Mn/Al and Ca/Al values were recorded in the uppermost sediment sample in July 2015. Below a slight peak at ~1 cm in July 2015, the pore water Mndiss concentrations increased with depth, finally reaching a level comparable to that seen in the profile of the pre-MBI period. By contrast, sulfide concentrations were below the detection limit until 3 cm depth and they remained lower than those of August 2012. While surface sediment Mn/Al values in the uppermost two samples were distinctly lower in October 2015, the decline in Ca/Al was less pronounced than in the core from July 2015. Sulfide was detectable below 1 cm and Mndiss levels reached a distinct near-surface maximum of >400 μM. After the second oxygenation event, around January 2016, increases in Mn/Al and Ca/Al in the uppermost sediment layer were measured in February and June 2016. Pore water sulfide levels increased further in June 2016 and Mndiss still showed a near-surface maximum. Mn and Ca enrichments were absent from the surface sediments collected during the remaining two cruises, in October 2016 and March 2017, and the patterns of pore water sulfide and Mndiss tended to resemble those of the pre-MBI period, represented by the August 2012 core.

Pore water fluxes of Mndiss across the SWI also underwent pronounced variations (Figure 5). While a diffusive flux of 48 μM m−2 d−1 was determined for the pre-MBI period in August 2012, distinctly higher values were estimated for subsequent cores subjected to the MBI. Parallel to the small near-surface Mndiss peak, a ~3-fold increase in the flux occurred in July 2015. Accompanying the highest Mndiss concentrations and steepest gradients was an increase in the corresponding flux, which reached a maximum of 1,253 μM m−2 d−1 in October 2015. The Mndiss fluxes of the remaining three cores exhibited a decreasing trend but were still above the pre-MBI level.

Surface sediments from the short cores taken during the cruises between July 2015 and March 2017 were analyzed by SEM-EDX to elucidate the nature of the Mn enrichments. Mn oxides constituted 61% of all particles analyzed in the surface sediment from July 2015, and their morphologies were similar to those of the Mn oxides in the sediment trap (Figures 6A–C) and in the pelagic redoxcline of the Gotland Deep during a stagnation period (Dellwig et al., 2010, 2012). By contrast, the contribution of Mn carbonates was almost negligible. A typical Mn oxide particle contained only minor amounts of Ca, resulting in a molar Mn/Ca ratio of ~14 (Figure 6C). The abundance of Mn oxides significantly decreased in October 2015, whereas Mn carbonate (Ca-rich rhodochrosite) levels increased slightly (Figure 6D), with a distinctly lower molar Mn/Ca ratio of <3 due to Ca incorporation. In February 2016, the percentage of Mn oxide particles again increased, to ~61%, while the abundance of Mn carbonate remained low. Mixed particles comprising Mn oxide and Mn carbonate were also observed, as indicated by the differing Mn/Ca ratios (Figure 6E). In June 2016, the abundance of Mn oxides increased, as did the abundance of Mn carbonates, to almost 7% of all particles identified (Figure 6F). Mixed phases appeared again, with molar Mn/Ca ratios between 2.4 and 18.9. During the last two cruises, in October 2016 and March 2017, Mn oxide particles were absent and the amount of Mn carbonate was almost negligible (Figures 6G,H).
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FIGURE 6. Scanning electron microscopy with energy dispersive X-ray spectroscopy photographs and the results of particle analyses of the Mn mineral phases present in material of the sediment trap (A, B) and in the fluffy surface sediments (C–H) close to station 271 in the central Gotland Basin.



Sedimentary Mn Signatures in the Gotland Deep During the Past ~60 Years

Past Mn authigenesis in the Gotland Deep was investigated based on various geochemical parameters in the short core from August 2012. XRF scanning identified several layers enriched in Mn, especially in the lower half of the laminated sediment core (Figure 7). The Mn contents determined by ICP-OES in samples from a parallel core of the same cast and the Mn counts from XRF scanning generally agreed well and revealed pronounced Mn enrichments of nearly 17 wt% at a sediment depth of 10–15 cm. However, compared with the discrete samples from conventional slicing at 0.5- to 1.0-cm steps, the higher resolution of 200 μm on a 1.2-cm-wide XRF measurement line captured a clearly higher variability. This methodological difference was especially critical for the uppermost fluffy part of the core. The slightly sloped position of the sediment material in the core liner caused a more depth-integrated sampling and prevented the registration of the two separated Mn layers, which were clearly distinguishable on the XRF scan of core depths of ~1.5 and ~3 cm.
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FIGURE 7. Photograph, Mn counts (X-ray fluorescence core scanning), Mn contents (inductively coupled plasma optical emission spectrometry), activities of 137Cs and 241Am, 206/207Pb values, and biogenic opal contents of the short core taken in August 2012 close to station 271 in the central Gotland Basin. The data were used to identify time markers for event-stratigraphic dating of the sediment core (Supplementary Dataset).



A first slight increase in 137Cs activity at a core depth of ~14 cm and a peak at 11.75 cm were observed (Figure 7). At 9.5 cm, there was a steep rise in 137Cs, with fluctuating but still elevated activities toward the core top. 241Am activities were characterized by a clear maximum at a sediment depth between 14 and 11.5 cm, a single peak at 9.25 cm, and a peak between 7.75 and 8.25 cm. 206/207Pb values ranged from 1.17 to 1.21, with the lowest values at a sediment depth between ~11 and ~9 cm. The opal content was enriched in the topmost samples and between ~6 and 8 cm.

DISCUSSION

Temporal Dynamics and the Fate of Mn in the Gotland Deep After the MBI of 2014

The profiles of Mndiss obtained before the MBI in 2014 represent a first approximation of the conditions that prevailed during a stagnation period, that is, without the impact of substantial oxygenation events (Figure 2). Nonetheless, pronounced differences within the datasets were still discernible. The elevated Mndiss concentrations in the bottom water in July 2006 clearly represented the remnants of the re-established euxinic conditions and the coupled reduction of deposited Mn oxides after the MBI in 2003 (Feistel et al., 2003, 2004; Turnewitsch and Pohl, 2010; Häusler et al., 2018). Conversely, the decrease in Mndiss in the two lowermost samples from April 2007 was certainly due to a very short-term inflow of O2-containing waters, documented in the time-series at site 271 (Figures 2, 9; ICES, 2015). Irrespective of the rising sulfide levels in deep water, possibly attributable to a decreasing pool of reactive Fe in the sediments that exacerbated the escape of sulfide into the open water column (Lenz et al., 2015), Mndiss concentrations were similar at least for the years 2008–2012 and thus suggestive of a balanced status. The Mndiss level was, however, ~2-fold higher than that in February 2015, just before the major MBI pulse of 2014 reached the Gotland Basin (Figures 2, 3). The even more pronounced difference in sulfide levels can be explained by the weak oxygenation event before the major MBI, as indicated by the O2 time series in the bottom waters from site 271 in spring 2014 (Figure 9; ICES, 2015). Although the average Mndiss concentration in euxinic waters of 9.0 μM in August 2012 vs. 4.3 μM in February 2015 indicated substantial Mn loss, a simple inventory estimate relativizes this finding. Thus, based on the hypsography of the Gotland Basin (Figure 9A; Seifert and Kayser, 1995; Supplementary Dataset), the upward shift of the redoxcline by ~10 m (Figures 2, 3) significantly increased the euxinic water volume enriched in Mn, from ~209 km3 in 2012 to 288 km3 in 2015. After a basin-wide extrapolation of Mndiss concentrations from the water column profiles using the corresponding hypsography-based water volumes (Figure 8), the Mndiss inventories (~1.5 × 109 mol) in the euxinic water bodies were identical during the 2 years, which argues against a sustained effect of the weak pre-MBI oxygenation, at least for Mn (see Supplementary Dataset).
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FIGURE 8. (A) Hypsography of the Gotland Basin (Seifert and Kayser, 1995). Temporal variability of (B) the calculated Mndiss inventories in the water column for the entire basin below a water depth of 70 m during the observation period from February 2015 until March 2017 and (C) comparison of Mndiss inventories (blue dots) of the water body above the sediment trap (70–186 m water depth, base area 1 m2), sum of Mnpart fluxes from the sediment trap for the individual sampling intervals (brown triangles: 2015–2017 red squares: 2003), and cumulative Mnpart flux from the sediment trap (black line, total Mnpart flux = 575 mM m−2).
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FIGURE 9. Comparison of the instrumental time series of O2 and total sulfide in the water column of the Gotland Deep at site 271 from 1960 to 2017 (ICES, 2015) with Mn/Ti and Ca/Ti ratios from X-ray fluorescence core scanning of a dated short core taken in August 2012.



Increased O2 and decreased Mndiss concentrations on 3 March 2015 represented the first signals of the approaching MBI from 2014 (Figure 3). This date accords with an O2 time series from a profiling mooring in the Gotland Deep (Prien and Schulz-Bull, 2016; Holtermann et al., 2017). In the following months, the main MBI phase caused the almost complete oxygenation of the water column, with only a thin remnant of the previously euxinic water body at around 120 m water depth (Figure 3). Correspondingly, Mndiss concentrations dropped to near nanomolar levels in these oxygenated waters, thereby enhancing the formation and downward deposition of particulate Mn oxides, as documented by the sediment trap (Figure 4). Although the position of the trap at a water depth of ~186 m caused a bias between the detection of sinking Mn oxides and the onset of bottom water oxygenation, the steep increase in Mnpart fluxes in June 2015 reflected the considerable deposition of Mn oxides at the sediment surface. A temporal bias between the onsets of water column oxygenation and Mn oxide deposition was also apparent in the surface sediments taken close to station 271. Despite the presence of O2 in nearly the entire water column for more than a month, there was no sign of Mn enrichment in the uppermost fluffy sediments in May 2015 (Figure 5). By contrast, an analysis of the core taken in July 2015 showed strongly elevated Mn/Al ratios in the uppermost sample (Figure 5). Particle analysis by SEM-EDX revealed a relative abundance of >60% and further supported the clear dominance of Mn oxide particles (Figure 6C). The similar morphologies of the Mn oxides and particles found in the sediment trap and in the pelagic redoxclines of the Baltic and Black Seas (Figures 6A,B; Dellwig et al., 2010) provide evidence of their origin in the water column. Because agglomeration with organic mucus reduces the density and consequently the sinking velocity of Mn oxides (<1 m d−1; Glockzin et al., 2014), the elevated current velocities resulting from the intruding water masses possibly have delayed the significant deposition of these particles (Holtermann et al., 2017).

Despite the prominence of O2 in nearly the entire water column, a first signal of the re-establishment of bottom water anoxia was already detected on 09 May 2015, by a slightly elevated Mndiss concentration in the supernatant water of the short core (Figure 3). This shift in the bottom water redox regime was even more pronounced in the Mndiss profiles from the cruises in July, September, October, and November 2015 (Figure 3). Elevated Mndiss concentrations in the supernatant water and a peak of 81 μM in the pore water just below the Mn/Al peak at the sediment surface in July 2015 implied the onset of Mn oxide reduction and Mndiss escape into the open water column (Figures 3, 5). Consequently, Mn enrichment in the surface sediment decreased and a further increase in the bottom and pore water concentrations of Mndiss occurred in October 2015. This liberated Mndiss, however, was trapped in the bottom waters below a depth of ~210 m, as indicated by the enhanced Mnpart concentrations of SPM in July and October 2015 (Figure 3).

The return to pronounced bottom water euxinia was interrupted by a second inflow phase that occurred between the cruises of November 2015 and February 2016. According to the ICES Dataset on Oceanography, O2 (26 μM) first appeared, at 239 m, on 3 December 2015, (Figure 9), but O2 concentrations decreased in the following cruise, to 7.6 μM, and a slight presence of ~4 μM sulfide was even determined, on 8 January 2016. Therefore, the main onset of this second inflow pulse must have been between 8 January and 4 February 2016. While the intermediate water column in February 2016 was subjected to pronounced O2 consumption, the intruding O2-containing waters most likely caused an uplift of the former anoxic bottom water (Figure 3; Holtermann et al., 2017). The subsequent oxygenation of the water column again resulted in pronounced Mn oxide formation and deposition, as indicated by the increasing Mnpart fluxes in the sediment trap and the Mnpart enrichments in the surface sediments in February and June 2016 (Figures 4, 5). Nevertheless, the rising concentrations of Mndiss and sulfide in the bottom and pore waters beginning in June 2016 (Figures 3, 5) again suggested a comparatively fast switch to a reducing environment in the deeper Gotland Basin. Mnpart concentrations as high as 2.4 μM were measured at a water depth of ~210 m in October 2016 (Figure 3); however, these Mn oxides most likely dissolved in the deeper euxinic waters before reaching the seafloor, as also indicated by the absence of Mn enrichments in the corresponding surface sediments (Figures 5, 6). Data from the final two cruises of February and March 2017 documented a progressive extension of euxinic bottom waters highly enriched in Mndiss and the final development toward pre-MBI-like conditions (Figures 2, 3).

The strong Mndiss enrichments suggested a relatively rapid return to reducing near-bottom conditions within less than 3.5 months after each of the two oxygenation events. The reconstructed duration of bottom water oxygenation caused by the first inflow in winter 2014/2015 was about half as long as that determined from the instrumental O2 time series from the deep water (below 230 m water depth) of the Gotland Basin (Figure 9; ICES, 2015). This difference was due to the inclusion of the supernatant water samples from the short cores in our dataset, to reflect the conditions very close to the SWI. Although the MBI in 2014 was the third strongest since 1880, with a strength roughly twice as high as the previous MBI, in 2003 (Mohrholz et al., 2015), oxygenation of the Gotland Deep bottom waters was less efficient (Figure 9; ICES, 2015). This discrepancy was unexpected, especially given the distinctly lower sulfide level in 2015 than in 2003. Neumann et al. (2017) suggested that the larger amounts of O2 that entered the Gotland Basin in 2003 were supported by several weaker inflows carrying additional O2 and that the strength of an MBI is not necessarily a measure of its oxidation capacity in the deeper parts of the Baltic Sea.

Mn Balance Calculations

The water column profiles obtained in the Gotland Deep within the course of the MBI from 2014 suggest substantial losses of Mndiss due to O2 inputs and the subsequent formation of particulate Mn oxides that sank toward the sea floor (Figures 3, 5, 6). However, the relatively fast re-establishment of anoxic conditions in the pore and bottom waters also caused a reduction of deposited Mn oxides and an elevated reflux of Mndiss into the water column.

Depending on the basin‘s topography, the water volume increases exponentially with decreasing water depth (Figure 8A) and concentration profiles alone cannot be used to construct elemental budgets. Nonetheless, by multiplying Mndiss concentrations by the corresponding volumes of the hypsography-based water depth intervals, we calculated Mndiss inventories for the entire Gotland Basin below a water depth of ~70 m (Figure 8B; Supplementary Dataset). The estimates were based on the assumption that the water column profiles obtained in the central deep were representative of the entire basin.

Compared with the pre-MBI situation, the inventory estimates indicated a loss of almost 90% of water column Mndiss within the first 2 months after the MBI reached the Gotland Basin in the end of February 2015 (Figure 8B). Although the deeper parts contribute only marginally to the entire basin volume, strong Mndiss enrichments in the bottom waters due to the re-establishing anoxia led to the fast recovery of the Mndiss inventory, with the amounts roughly half of the pre-MBI level in the following months. Apart from the somewhat longer time span until the recharge of Mndiss, a comparable behavior was also apparent after the second inflow pulse, in January 2016. The Mndiss inventories from the February and March 2017 cruises, which were entirely dominated by Mndiss enrichments in the deeper basin, were about two-thirds of the pre-MBI level. When considering the Mn oxides still present on surface sediments below the O2-containing water column (above ~170 m water depth), it is more than likely that the Mndiss inventory of the Gotland Basin will further increase as euxinic conditions expand.

To allow a direct comparison between Mndiss inventories and Mnpart fluxes from the sediment trap, Mndiss inventories were also estimated for the water column above the trap (186–70 m water depth) with a base area of 1 m2 (Figure 8C; Supplementary Dataset). As expected, the temporal pattern of these Mndiss inventories generally resembled the total basin inventories, with two prominent phases of Mndiss loss after the two inflows pulses and subsequent replenishment (Figures 8B,C). An exception are comparatively low Mndiss values during the last two cruises in 2017 because the extension of reducing bottom waters enriched in Mndiss only marginally exceeded the water depth interval considered by the inventory calculation. Compared to the Mndiss inventories there was no clear relation to the Mnpart fluxes from the sediment trap. Thus, the delays between the increases in Mnpart fluxes and inflow-derived Mndiss losses can be explained by slowly sinking Mn oxides particles (Glockzin et al., 2014) affected by changing hydrodynamics within the course of the inflow (Holtermann et al., 2017). In addition, the cumulative amounts of Mnpart found in the trap until July 2015 (81 mM) were insufficient to explain the maximum Mndiss loss of ~270 mM until May 2015. In contrast, after the second inflow pulse, Mndiss loss and the cumulative Mnpart flux were balanced for the period between February and the end of April 2016 (Figure 8C). However, the total cumulative Mnpart flux of 575 mM m−2 was even twice as high as the pre-MBI Mndiss inventory, which strongly argued against a simple vertical consideration of sediment trap-derived Mnpart fluxes.

An indication of the comparatively fast change in the bottom water toward reducing conditions causing Mn oxide dissolution came from pore water profiles that showed strong Mndiss enrichments close to the SWI in October 2015 and June 2016 (Figure 5). This suggested that the corresponding increases in bottom water Mndiss concentrations and inventories were strongly related to Mndiss pore water fluxes that were distinctly higher than those prior to the MBI in 2014 (Figures 2, 5). Extrapolation of the highest pore water Mndiss flux of 1,253 μM m−2 d−1, which occurred in October 2015, to the area located below a water depth of 220 m (642 km2) and subjected to anoxic conditions resulted in an areal Mndiss flux of 8 × 108 mM d−1. This areal pore water flux would need ~55 days to achieve the calculated Mndiss inventory of 4.5 × 1010 mM in the water volume below 220 m (6.6 km3). Although this time span appears reasonable, pore water fluxes alone do not adequately explain the development of Mndiss inventories especially those measured toward the end of the observation period. Even if in October 2016 and March 2017 the Mndiss inventory was limited to the anoxic bottom waters below a water depth of 225 m (3.8 km3) and 190 m (38 km3), the time needed for the respective areal pore water fluxes (1.1 × 108 mM d−1 for 473 km2 and 1.4 × 108 mM d−1 for 1,499 km2) to achieve bottom water inventories of 1.3 × 108 and 8.8 × 1011 mM Mndiss would have increased to 1,240 and 6,308 days, respectively. The discrepancy is undoubtedly due to the fact that the pore water fluxes determined during those two cruises in the deepest part of the basin were no longer representative of the larger basin. Along with the lack of Mn oxides at the sediment surface, the pore water profile and Mndiss flux from the March 2017 cruise clearly approached pre-MBI conditions (Figure 5) at the deepest part of the basin. An important Mn source during these stages of the re-establishment and expansion of euxinic conditions was therefore the surface sediments from shallower water depths, where Mn oxides most likely persisted.

Several aspects strongly argue for substantial basin-internal transport of low-density Mn oxide particles (Glockzin et al., 2014) by lateral currents: (i) the temporal deviation between Mndiss loss in the water column and Mn oxide sedimentation (Figure 8C), (ii) the rapid replenishment of the water column Mndiss inventory, which cannot be explained by pore water Mn fluxes alone, (iii) the presence of Mnpart in oxygenated waters without a significant Mndiss source, e.g., in June 2016 (Figure 3), (iv) the highly fluctuating pattern of Mnpart fluxes of the sediment trap during the second inflow phase (Figure 4), and (v) the discrepancy between the Mndiss inventory of the water column and the Mnpart flux determined by the sediment trap samples (Figure 8C). If not already reduced by expanding euxinic waters, the enhancement of bottom currents by the MBI (Holtermann et al., 2017) most likely also re-suspended Mn oxides previously deposited in the shallower parts of the basin. Indeed, the Mn contents of the surface sediment samples from two shallower stations (MUC OD in 211 m and TrKl04 in 151 m water depth) west of site 271 (Figure 1) in October 2015 were 9.0and 3.1 wt%, respectively (Supplementary Dataset). The overall pathway of material transport toward the central basin finds support by several previous studies. Model results suggest an anti-clockwise direction of near-bottom currents with velocities decreasing toward the central basin (Hille et al., 2006). Along with the largest thickness of Littorina muds, the authors further report highest sedimentation rates in the deepest part of the Gotland Basin. Here, highest accumulation of TOC and heavy metals relates to physical forcing rather than biogeochemical processes (Emeis et al., 1998; Leipe et al., 2011). In addition to this physical transport of Mnpart, bottom currents likely also enhanced the geochemical focusing of Mndiss as suggested for lakes by Schaller and Wehrli (1997).

On the other hand, Mn oxide particles may also have left the basin with the intensified deep currents during the MBI. Lower salinity in the neighboring Fårö Deep during the MBI in 2014 (Holtermann et al., 2017), however, indicate that the connection to the Gotland Basin occurred mainly via comparatively Mn-poor water masses from water intermediate depths. This has also been suggested for the downstream connection to the Landsort Deep by Häusler et al. (2018). Along with the basin‘s topography surrounded by sill depths of ~130 m and less, the current patterns in the deep Gotland Basin rather argue for a pronounced basin-internal cycling of Mn (Hille et al., 2006; Holtermann et al., 2017).

Implications for Mn Carbonate Formation

Although the sediments of the deep basins of the Baltic Sea are the modern type-locality for exceptional Mn carbonate accumulation (Lenz et al., 2015; Häusler et al., 2018), our data argue against prominent Mn carbonate formation, at least in the central Gotland Deep subsequent to the MBI from 2014. Studies of the influence of previous MBIs on sedimentary Mn dynamics in the Gotland Deep require dating of the sediments to correlate instrumental time series from the water column with sediment signatures. This approach was first applied by Neumann et al. (1997), who compared dated Mn carbonate records of sub-recent sediments with the hydrographic long-term data available for the Gotland Basin. However, as recently shown for Mn-rich sediments from the Landsort Deep by Häusler et al. (2018), the application of CRS-based age modeling using 210Pb (Appleby and Oldfield, 1978) is strongly compromised by the ingrowth of authigenic Mn carbonate and scavenging processes at pelagic redoxclines (Wei and Murray, 1994; Swarzenski et al., 1999). To construct an age model for the short core obtained from site 271 in 2012, we used the event-stratigraphic dating method, previously successfully applied to Mn-rich sediments from the Landsort Deep (Häusler et al., 2018) and the eastern Gotland Basin (Moros et al., 2017). Several time markers were used for the linear interpolation (Figure 7): the radionuclides 137Cs and 241Am, reflecting the onset of nuclear bomb testing in 1954 and its peak in 1963, as well as the Chernobyl accident in 1986 (Koide et al., 1977; Appleby et al., 1991), stable Pb isotopes indicating maximum Pb pollution between 1970 and 1978 (Renberg et al., 2001), a basin-wide opal layer resulting from a massive diatom bloom between 1988 and 1990 (Wasmund et al., 2011; Kabel et al., 2012), and the Mn layers that formed after the MBIs in 1994 and 2003 (Moros et al., 2017).

The XRF scan of the dated short core showed two periods of strong Mn enrichment, around 1963 and 1970 (Figure 9). The parallel patterns of Mn/Ti and Ca/Ti were compatible with the pronounced presence of Mn carbonate (Ca-rich rhodochrosite). A comparison with instrumental O2/sulfide data (ICES, 2015) suggested a tight relationship between Mn carbonate and O2-containing bottom waters, in line with the widely accepted linkage between MBIs and Mn carbonate formation (Huckriede and Meischner, 1996; Neumann et al., 1997; Sternbeck and Sohlenius, 1997). The conceptual models of those studies were based on the assumption that massive Mn oxide formation caused by MBI-related bottom water oxygenation is followed by the transformation of deposited Mn oxides into Mn carbonates during the early stages of re-establishment of anoxia. However, as noted above for the MBI from 1993 (Heiser et al., 2001), MBIs do not necessarily result in substantial Mn carbonate formation, as was the case in our corresponding core, with its less pronounced Mn enrichments following the inflows in 1976, 1993, and especially 2003 (Figure 9). Although minor amounts of Mn carbonate crystals were identified in the surface sediment in June 2016 (Figure 6F), the fluffy layers of the cores from October 2016 and March 2017 were barren of any Mn enrichments (Figures 5, 6). This finding argues against sustained Mn carbonate precipitation after the MBI from 2014. The disappearance of the freshly formed Mn carbonate in the fluffy layer samples may have been related to dissolution in the undersaturated bottom waters, as suggested by Heiser et al. (2001) for the partly missing Mn carbonate layers after the MBI in 1993.

In line with previous studies in the Gotland Basin and Landsort Deep (Neumann et al., 1997; Lenz et al., 2015; Häusler et al., 2018), the appearance of discrete Mn carbonate-rich layers in the laminated sediments implied the temporal coupling of their formation to the oxygenation events. Accordingly, a dispersed precipitation from pore waters supersaturated in Mn carbonate seems less likely. Indeed, calculation of the saturation indices for Mn carbonate from pore water data of the Gotland Deep suggests undersaturation at the SWI and supersaturation not before a sediment depth of 3–10 cm (Carman and Rahm, 1997; Heiser et al., 2001; Lenz et al., 2015). Although these studies were based on pore water data obtained during stagnation periods, with Mndiss concentrations similar to those measured in our August 2012 samples (Figure 5), the lack of a pronounced Mn carbonate presence in the surface sediments from October 2015, when pore water Mndiss concentrations were even higher close to the SWI, points to a more complex mechanism of Mn carbonate formation (Figures 5, 6D), especially since fundamental changes in pore water chemistry during periods of intense (~1960 and ~1970) and weak to absent (e.g., the MBIs of 1993, 2003, 2014) Mn carbonate formation are rather unlikely (Lenz et al., 2015). Field data as well as experimental approaches suggest kinetic reasons and an inhibition by organics and/or phosphate as limitations on the precipitation of Ca-rich Mn carbonate in the Baltic Sea (Mucci, 1988; Jakobsen and Postma, 1989; Böttcher, 1998). Böttcher (1998) mentioned a potential role for microbial mediation, as demonstrated for other authigenic mineral phases, such as apatite and dolomite (Vasconcelos et al., 1995; Schulz and Schulz, 2005; Petrash et al., 2015).

The reduction of deposited Mn oxides as the initial step in Mn carbonate formation could occur by the upwards migration of pore water sulfide (e.g., Burdige and Nealson, 1986; Yao and Millero, 1993), but competing dissimilatory Mn reduction (e.g., Lovley, 1993) has to be considered as well. Indeed, the oxygen isotope signatures of Mn carbonates from the Gotland Basin indicated microbial involvement at least during Mn oxide reduction (Neumann et al., 2002). In incubation experiments, Aller and Rude (1988) observed the formation of Mn carbonate during microbially mediated Mn oxide reduction, in which Fe sulfides served as the reductants. In addition to Mn sulfide formation, Lee et al. (2011) reported the production of Mn carbonate by the facultative anaerobic Mn-reducing bacteria Shewanella oneidensis MR-1 in experiments that included Mn oxide in the medium. The enormous deposition of Mn oxides at the SWI during oxygenation events in the deeps of the Baltic Sea may therefore be accompanied by a shift in the bacterial community from sulfate- to metal-reducing phyla. A role for bacterial community dynamics during the re-establishment of anoxic conditions after the MBI from 1993 was documented by Piker et al. (1998). In that study, the sulfate reduction rates in the surface sediments (0–2 cm) in May 1995 reached distinct maxima compared to the previous oxygenated state of the bottom water in June 1994. Assuming bacterial mediation, the duration of non-euxinic conditions at the SWI may be crucial for Mn carbonate formation. In other words, the too rapid re-establishment of euxinia after a single inflow, due to excess sulfide production by sulfate-reducing bacteria, may also cause an unfavorable environment for Mn-reducing phyla potentially involved in Mn carbonate formation (Lee et al., 2011). Although there have been very few measurements allowing a description of the conditions directly at the SWI, the time series of O2 and sulfide in the water column covering the past ~60 years (Figure 9) indicated a substantial difference between Mn carbonate-rich and Mn-carbonate-poor inflow periods. Along with distinctly lower sulfide levels, bottom water oxygenation was of considerably longer duration during the Mn carbonate-rich period between the 1960s and mid-1970s (around 20 MBIs; Mohrholz et al., 2015) than was the case during the sporadic inflows entering the Gotland Basin in 1993, 2003, and 2015. This temporal aspect accords with observations in the Landsort Deep, where massive Mn carbonate formations also occurred during long-lasting periods of hypoxic (slightly oxygenated) but non-euxinic bottom water conditions (Häusler et al., 2018). In contrast to the comparatively short presence of O2 in the bottom waters after the MBI of 2014, which fostered a considerable Mndiss reflux, longer-lasting oxygenation would prevent the escape of Mn to the open water column and thus ensure a high Mn abundance at the SWI.

Although ranked as the third strongest MBI since 1880 (Mohrholz et al., 2015), the inflow from 2014 is rather of short-term relevance for Gotland basin. This is especially true when considering the fast return to an euxinic situation, which paradoxically is even promoted by the inflow of O2-containing but also highly saline waters strengthening water column stratification. Whether this episode will have a lasting effect on nutrient and trace metal budgets remains unclear so far and asks for continuing studies. For instance, the tight relation of Mn, Fe, and P at pelagic redoxclines due to formation of mixed solid phases comprising Mn oxide, Fe oxyhydroxides, and adsorbed phosphate (Dellwig et al., 2010) was also relevant during the current inflow as indicated by elevated deposition of P- and Fe-rich particles between July 2015 and June 2016 (Figure S4). However, the absence of P enrichments at the SWI during re-establishing euxinia (October 2016 and March 2017) suggests considerable release of phosphate back into the water column. While Mn carbonates incorporate certain amounts of phosphate (Jilbert and Slomp, 2013), as seen by elevated P/Al values in older Mn-rich layers below 10 cm sediment depth (Figure 5 and Figure S4), this P sink is currently missing.

The lack of Mn carbonate not only compromises its use as an indicator for past inflow events but also has important implications for other proxies related to Mn authigenesis. A prominent example is Mo and its isotopes, showing strong fractionation during scavenging by Mn oxides (Wasylenki et al., 2008). The possible conservation of the altered isotope signature by sedimentary fixation of Mo released from dissolving Mn oxides may therefore result in misleading redox interpretations (Noordmann et al., 2015; Kurzweil et al., 2016; Scholz et al., 2018). Complementing studies including trace metals are required to shed more light on the possible pitfalls that may be generated by inflow events like the one in 2014 because such oxygenation events should be also of relevance for other restricted basins and fjords as well as ancient epicontinental seas that were often subjected to pronounced O2-deficiency but also redox changes (Hein et al., 1999; Jenkyns, 2010).

CONCLUSIONS

The dynamics of Mn in the water column and sediments were studied in the Gotland Deep (central Baltic Sea) subjected to an MBI of 2014. The first signals of water column oxygenation due to the approaching inflow waters appeared at the beginning of March 2015. This was followed by an estimated loss of nearly 90% of the Mndiss inventory in the water column over the following 2 months, which caused a remarkable deposition of Mn oxides. However, increased Mndiss pore water concentrations and fluxes as well as elevated bottom water Mndiss levels suggested the re-establishment of reducing conditions at the latest after 3.5 months. A second inflow pulse in the beginning of 2016 interrupted this development, but after less than 4 months there was a shift back to reducing bottom waters as well.

Budget calculations indicated a Mndiss recovery of ~70% of the pre-MBI level at the end of the observation period in winter 2017. The recovery could not be explained by pore water fluxes from the central basin alone. Along with the Mnpart fluxes determined from a sediment trap, these estimates further suggested a pronounced basin-internal cycling of Mn during and subsequent to the MBI, which may have benefitted from the circulation patterns in the Gotland Basin and concomitant sediment focusing, including the transport of solid Mn phases from shallower areas toward the central deep.

A comparison of a dated sediment Mn record with instrumental O2/sulfide data generally confirmed the close relationship between Mn carbonate and inflow-related bottom water oxygenation. However, compared to the longer-lasting oxygenation periods in the 1960s and early 1970s, the less pronounced or even absent Mn enrichments after the single inflows in 1976, 1993, and 2003 implied unfavorable conditions for Mn carbonate formation, possibly due to the too rapid shift back to euxinic conditions. Since there was no indication for substantial Mn carbonate formation after both oxygenation pulses in 2015 and 2016 within our study period of ~2 years, it appears rather unlikely that intensive Mn carbonate formation will take place under the currently fast re-establishing euxinic situation. This assumption compromises the use of Mn carbonate layers as a simple proxy for the identification of past MBIs. For instance, scavenged trace metals imported to an increased extent by deposited Mn oxides may serve as complementing proxies if conditions at the SWI assure their fixation. Nonetheless, the combined consideration of a previous study in the Landsort Deep (Häusler et al., 2018) and the present work in the Gotland Basin emphasizes the suitability of the deeps of the Baltic Sea as modern analogs for oxygen-deficient but comparatively dynamic systems in the geological past.
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