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We present a complete description of the depth distribution of marine snow in Orca Basin (Gulf of Mexico), from sea surface through the pycnocline to within 10 m of the seafloor. Orca Basin is an intriguing location for studying marine snow because of its unique geological and hydrographic setting: the deepest ~200 m of the basin are filled with anoxic hypersaline brine. A typical deep ocean profile of marine snow distribution was observed from the sea surface to the pycnocline, namely a surface maximum in total particle number and midwater minimum. However, instead of a nepheloid (particle-rich) layer positioned near the seabed, the nepheloid layer in the Orca Basin was positioned atop the brine. Within the brine, the total particle volume increased by a factor of 2–3 while the total particle number decreased, indicating accumulation and aggregation of material in the brine. From these observations we infer increased residence time and retention of material within the brine, which agrees well with laboratory results showing a 2.2–3.5-fold reduction in settling speed of laboratory-generated marine snow below the seawater-brine interface. Similarly, dissolved organic carbon concentration in the brine correlated positively with measured colored dissolved organic matter (r2 = 0.92, n = 15), with both variables following total particle volume inversely through the pycnocline. These data indicate the release of dissolved organic carbon concomitant with loss in total particle volume and increase in particle numbers at the brine-seawater interface, highlighting the importance of the Orca Basin as a carbon sink.
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Introduction

Orca Basin is a morphologically isolated, intraslope depression on the Louisiana continental slope of the northern Gulf of Mexico. Since its first description by Shokes et al. (1977), the Basin has been the focus of interdisciplinary studies due to its unique geological and morphological characteristics and its strong stratification and permanent halocline (Murray, 1966; Shokes et al., 1977; McKee et al., 1978; Wiesenburg, 1980; Sheu, 1983; Wiesenburg et al., 1985; Sheu and Presley, 1986a, 1986b; Van Cappellen et al., 1998; Tribovillard et al., 2009). The stratified geochemistry of Orca Basin is somewhat unique as a small enclosed basin situated in a larger body of normal seawater (Shokes et al., 1977), but it is also comparable to that of other anoxic, deep-sea brines in the Black Sea (Kaminskii et al., 1989; Wei and Murray, 1994; Hurtgen et al., 1999) and Red Sea (Schardt, 2016).

The deep bottom waters of Orca Basin have been hypersaline for at least the last 7,900 years (Addy and Behrens, 1980; Leventer et al., 1983; Meckler et al., 2008; Shah et al., 2013). Sediments of the basin were reported as anoxic, dark in color, and strongly reducing, transitioning to grey mud below 4.85 m (Addy and Behrens, 1980). Data from gravity cores indicated that porewater salinity in these sediments decreased from 238 near the sediment-water interface to 112 at 10.79 m depth, suggesting brine entrainment from surrounding slopes rather than upward diffusion from underlying sediments (Addy and Behrens, 1980). Sheu et al. (1988) and Pilcher and Blumstein (2007) attributed the formation of the Orca brine to the dissolution of shallow subsurface salt diapirs exposed to seawater by seafloor slumping, present in at least three distinct locations within the basin. This accumulation of brine has generated a strong halocline in Orca Basin, with salinity abruptly increasing from 35 to >275 between water depths of 2,230 m and 2,260 m. This pycnocline temporarily traps settling material within the transition zone between seawater and brine.

Sinking particles rich in organic matter (i.e., marine snow) are major drivers of the biological pump that removes organic carbon from the surface ocean, sequestering atmospheric CO2 in the deep ocean (Ducklow et al., 2001). The settling speed of marine snow in the ocean is influenced by water column stratification (Prairie et al., 2013, 2015), as particle velocity depends on the excess density of the particle relative to that of the surrounding water mass. When particles reach a zone of increased density, settling speed decreases proportionally to the loss in excess density (Condie and Bormans, 1997; Kindler et al., 2010; Prairie et al., 2013, 2015; Prairie and White, 2017). The integrity of a particle then depends on the amount of time that it remains suspended at this depth. Residence time within the transition zone strongly influences remineralization, breakage, reaggregation and partial dissolution of marine snow particles, as they are exposed to numerous physical, chemical, and biological alterations that can reshape parts or all of the individual particles. The deep Orca Basin pycnocline serves as a particle trap: Van Cappellen et al. (1998) observed that the highest concentration of particulate Mn in Orca Basin occurred at 2,200 m, in the middle of the chemocline/pycnocline that reflects a broad seawater-to-brine transition zone.

Limited information is available about the distribution of marine snow within Orca Basin, most of which is based on unpublished video data from manned submersible dives (S Joye, pers. observation). Here, we provide the first profile of marine snow concentration from the sea surface to within 10 m of the seafloor in the northern Orca Basin obtained using an in situ marine snow camera. We highlight a detailed set of our data that focus on the water column across the pycnocline from 2,150 m to 2,275 m. Below this depth, salinity is generally uniform. This section of the water column is characterized by a rapid increase in particle concentration and salinity, a decrease in temperature and oxygen availability, and the associated physical and chemical transformations of organic and inorganic materials.

Methods

Bathymetry

Individual isobaths corresponding to the top of the transition zone from seawater to brine (2,140 m) and the top of the brine (2,251 m) were computed from the high resolution bathymetry data of Kramer and Shedd (2017) within the enclosed area of the Orca Basin (Figures 1 and S1) using Blue Marble Geographics GIS software package Global Mapper© (Software Version 16.2.7). The volumes within each isobath were calculated using the ‘volume’ function of the software package. The sum of these volumes was used to determine the total volume of the brine and transition zone.
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Figure 1

Overiew map of Orca Basin, northern Gulf of Mexico.
 Insert in upper left corner depicts location of enlargement on Louisiana continental slope. Yellow line depicts 2,000 m isocline; green and white lines present the 2,100 m and 2,200 m isoclines, respectively. The yellow dot labeled Orca Basin North marks the position of the camera cast. The white hatched areas present the extent of salt exposure mapped atop the recently published high resolution seafloor morphology by the Bureau of Ocean and Energy Management (BOEM; https://www.data.boem.gov/Main/Mapping.aspx; Kramer and Shedd, 2017).
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Profiling camera

A profiling camera system similar to the one published by Honjo et al. (1984) and Asper (1987) was used during Endeavor cruise EN586 in August 2016 to document the vertical distribution of marine particles larger than 0.2 mm in diameter along depth within the northern Orca Basin (27° 00.287’ N; 91° 17.560’ W) (Figure 1). The standard configuration of the marine snow profiling camera system included a Nikon 7000 digital single-lens reflex camera, a SeaBird Seacat-19 CTD, and a light transmissometer. For the deployment in this study, a WET Labs Environmental Characterization Optics Fluorometer and Scattering Meter (ECO-FLNTU) for turbitity measurements and a WET Labs ECO Fluorometer (ECO-FL) to measure colored dissolved organic matter (CDOM; 460 nm) were also included. Lead weights (136 kg) were added to the camera frame to compensate for the anticipated density increase within the brine. Camera metadata of frame number, time, and exposure settings were recorded with each image and matched to the corresponding CTD time to determine the depth of each image.

Two strobe heads illuminated a section of the undisturbed water column through two collimators mounted perpendicularly 60 cm in front of the camera. Image blackouts, as observed during the camera profile presented here, can occur when the light emitted by the two strobe units is not received by the imaging chip inside the Nikon D7000 camera. The internal factory intervalometer of the Nikon D7000 camera allowed a total of 999 images to be captured per deployment. A high-powered 12 kHz pinger (Oceanographic Instrument Systems, Inc.) was mounted to the camera frame to track the package during its descent through the water column, determine its depth, and gauge the distance to the seafloor using the shipboard echo sounder. Imaging terminated about 10 m above the seafloor.

The camera lowering speed was timed to achieve a high vertical resolution of particle distribution within the halocline near 2,200 m water depth. At an intervalometer setting of 7 seconds between images, the initial lowering speed was set to 25 m min–1 capturing images at a vertical separation of 2.9 m. Below 2,080 m the camera was lowered at 15 m min–1 to a depth of 2,234 m increasing the vertical depth resolution to 1.75 m per image. Winch descent speed was increased to 25 m min–1 between 2,234 m and 2,406 m (max depth) and for recovery. A total of 973 images were recorded, generating an uninterrupted profile that spanned the water column from the surface to a pressure depth of 2,406 m. Image depths were determined by correlating the times recorded from the synchronized CTD data with the time stamps recorded within the exchangeable image file data stored with each image.

All images were processed using Image-Pro® software. The camera was calibrated by placing a reference object of known size within the camera’s focal point. Based on the illuminated area in the images, an area of interest was selected, the dimensions measured, and a volume of illuminated water calculated. All particles larger than 0.2 mm in diameter were counted and sized. Any identifiable objects that were not marine snow (e.g., bubbles, zooplankton, fish, etc.) were marked and removed before the counting of particles per image. Counted particles were normalized to volume and binned by size. During post-processing, particles were binned in 10-m vertically averaged bins.

Settling chamber experiments

Laboratory sinking experiments were conducted to estimate the settling behavior of particles across the strong density gradient observed in the Orca Basin. Marine snow particles were formed in roller tanks filled with a senescent diatom culture and coastal seawater at equal volumes (total tank volume: 1.25 L) and incubated on a roller table at 3.5 rpm at room temperature for ~20 h. The settling experiment was performed at room temperature using filtered seawater and Orca Basin brine in a graduated cylinder. Eleven individual aggregates were siphoned into separate Petri dishes containing Gulf of Mexico bottom water (collected at a water depth of 1,600 m) and the aggregates were soaked for ~2 h. Aggregates were then photographed with a digital microscope (Model 26700-300, Aven Inc.), producing images of the two-dimensional projection of the aggregate. Aggregate settling behaviors were studied in a 1.5-L graduated glass cylinder containg seawater on top of Orca Basin brine. The cylinder was filled as described in Prairie et al. (2017) by slowly pouring the seawater through a diffuser onto the top of the brine. The brine layer at the base of the cylinder was 18 cm thick, the transition zone 2.5 cm, and the overlying seawater 16 cm. For each individual aggregate, we recorded the settling speed and time spent in the distinct layers.

Geochemical analyses

Two CTD profiles were obtained by the Endeavor’s Sea-Bird SBE 9 rosette CTD near the camera site in the northern Orca Basin. Water samples for laboratory measurement of concentrations of dissolved organic carbon (DOC), chloride, sodium, potassium, magnesium, and calcium were collected during CTD cast EN_005.03 in the northern Orca Basin. DOC samples were filtered (0.2 μm) and stored frozen until analysis. Samples for determining major ion concentrations were filtered (0.2 μm), acidified with concentrated nitric acid to a pH < 1, mixed well, sealed tightly and stored at room temperature until analysis. Concentrations of DOC were determined using a Shimadzu TOC-V equipped with a nondispersive infrared detector and employing a high temperature catalytic oxidation method; reagent grade potassium hydrogen phthalate was used as the DOC standard. Concentrations of chloride, sodium, potassium, magnesium, and calcium were determined using a Dionex ion chromatrography system; separate runs were employed to quantify anions and cations. Ion chromatography standards were generated using National Institute of Standards and Technology-certified ion standards. For this paper the measured CTD salinity data were used up to a salinity of 90. Salinities in the brine with higher concentrations were estimated using Knudsen’s modified relationship: salinity = 1.80655 * chloride (Joint Panel on Oceanographic Tables, 1966).

Results

Basin morphology

The size of Orca Basin was recalculated based on the high resolution bathymetry by Kramer and Shedd (2017). We propose that the previously suggested 1,800 m depth contour as the border for the Orca Basin be lowered to 2,100 m, as the 1,800-m isobath extends downslope beyond the actual confines of the Basin into other morphologically independent areas (Figures 1 and S1). This change in depth limit for the Basin reduces the 2-D surface area from ~400 km2 (Shokes et al., 1977) to ~224 km2. A permanent halocline is present near the 2,200-m isobath, approximately 200 m above the seafloor (Sheu, 1990; Tribovillard et al., 2008), covering an area of ~150 km2. For the purpose of this discussion, we define the limits of the transition zone between seawater and brine to cover depths from 2,140 m to 2,251 m. This 111-m thick transition zone has a calculated volume of 16.76 km3 (enclosed area of 258 km2, measured at the upper depth limit), and the brine volume is 10.24 km3 (enclosed area of 158 km2). Pilcher and Blumstein (2007) suggest the source of the salt was the top of a salt dome that was exposed due to over-steepening slopes and subsequent slumping of the sediment covering the salt. Water outflow from the deep Basin is limited by a morphological sill located in the NE of the Basin, allowing water to drain into Jefferson Basin at 2,232 m depth (Figure 1). An additional sill at 2,100 m depth is located about 1 km to the East of the 2,200-m isobath restricting the outflow even further (Figure 1; Kramer and Shedd, 2017).

Camera data

The total particle volume in each image, analyzed and calculated based on the mean particle diameter measured during the image processing, did not vary much from the surface to a depth of 2,225 m. At 2,225 m a single peak was observed, located above the maximum in beam attenuation. At this depth, the total volume of aggregates increased by two orders of magnitude from an average (±standard deviation) of 6.1 ± 0.3 mm3 (0 to 2,229 m, n = 803) to 600 ± 0.3 mm3 (2,229 m, n = 1) measured within a single image. The total particle volume within the brine, between 2,229 m and 2,402 m, averaged 21.0 ± 2.2 mm3 (n = 57).

Particle data (Table 1) grouped into two size classes, <1.0 mm and >1.0 mm equivalent spherical diameter (ESD), and beam attenuation data revealed a strong nepheloid layer just above the brine, with another layer at a depth of 2,198 m in terms of total particle number but not total particle volume (Figures 2, 3, and S2). The first signs of increased particle concentrations were recorded below 1,600 m, where concentration steadily increased to 63.5 particles L–1 at 2,000 m (Figures 2 and 3). Below the pycnocline the smaller size fraction diminished in concentration and the abundance of larger particles doubled from 2.1 L–1 above the pycnocline to 4.5 L–1 in the brine. Total particle volume doubled below the pycnocline from 0.7 mm3 L–1 to 1.4 mm3 L–1. Large particles made up 10.7% of the enumerated particles in the upper 200 m of the water column; below 200 m to a depth of 1,600 m, the concentration of both size fractions varied little, with large particles present at 2.2–5.3% of the total particle concentration (Table 1). Below 1,600 m to a depth of 2,251 m, particle concentration in both size classes increased; however, the larger particles only comprised 2.2–3.2% of the total particle load. In the brine, below 2,251 m, the concentration of large particles doubled and the larger particle size fraction increased by a factor of three (Table 1).
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Figure 2

Water column profile of camera data.
 Data obtained by the camera profile in the northern Orca Basin area are presented. Blue line represents salinity, red line beam transmission, black line temperature and green line the number of particles encountered during the camera cast. Total particle volume is shown as black horizontal bars. Grey box between 2,140 m and 2,340 m presents the area of the detailed enlargement in Figure 3. CTD salinity was plotted to a value of 90; blue crosses indicate salinity as calculated from chloride ion concentration using the relationship of salinity = 1.80655 * chloride (Table 1).
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Figure 3

Enlargement of transition zone between seawater and brine.
 Total particle numbers are presented as green line with black dots. Total particle volume is shown as black horizontal bars. DOC and CDOM are presented as purple diamonds and line, respectively. Temperature, salinity and beam transmission are indicated by lines in black, blue and red, respectively. CTD salinity was plotted to a value of 90; blue crosses indicate salinity as calculated from chloride ion concentration using the relationship of salinity = 1.80655 * chloride (Table 1).
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Table 1

Characteristics of the vertical distribution of marine snow in Orca Basin.

DOI: https://doi.org/10.1525/elementa.348.t1
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a Particle distribution in the water column, averaged for 200-m depth bins and grouped by size: <1.0 mm equivalent spherical diameter (ESD) and >1.0 mm ESD.

b Total particle volume was calculated based on ESD.



Water column data from both the camera-mounted CTD and the ship’s CTD indicated the same vertical structure of surface mixed layer, midwater column minima in salinity and temperature and steep increase in salinity concentration at the depth of the pycnocline (see Figure S3 for a temperature–salinity plot). The oxygen profile taken by the ship’s CTD showed a rapid decline in oxygen concentration across the pycnocline to zero in the brine.

Beam attenuation data showed a slight peak in light attenuation in the surface mixed layer, then returned to near clear-water values in the midwater column to the depth of the pycnocline (Figure 2). Beam attenuation was at its greatest (8.6 m–1) at a depth of 2,237.5 m, with two additional peaks near the top of the pycnocline (8.5 m–1 at 2,231.0 m; 8.4 m–1 at 2,236.5 m; Figure 3). Of the four CTD profiles taken by the ship’s CTD (three) and the profiling camera (one) within the confines of northern Orca Basin, three showed similar peaks in beam attenuation near a depth of 2,238 m. Within the transition zone, thin layers of temperature variations were observed in addition to rapid changes of salinity, CDOM concentration, and total particle volume with depth (Figure 4).

[image: image]

Figure 4

Changes in salinity, CDOM concentration, temperature, and total particle volume with depth.
 Changes in salinity, CDOM concentration, temperature, and total particle volume with depth are plotted, highlighting differences in the individual parameters across the interface from normal seawater to salt brine. Strongest changes in salinity were at 2,232 m and between depths of 2,236 m and 2,240 m. CDOM concentration changed in several steps between depths of 2,232 m and 2,250 m similarly to observed changes in temperature. Changes in total particle volume include a decrease at the first small change in salinity near 2,187 m followed by gains and losses at greater depths, with a notable increase near 2,225 m followed by a strong decrease suggesting loss of particulate mass. Shaded area indicates the transition zone.
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Loss of image data, blackout, blurriness

Within the transition zone, characteristics of the marine snow particles changed rapidly, from numerous small ones, to very high concentrations of particulate matter causing complete loss of image data (blackout), to large aggregates below the depths of image blackouts. Both camera strobes were working, as can be detected in the image data; however, no individual particles were visible in the images and the images recorded were illuminated only very faintly near the edges where the strobes were located. The comet-shaped marine snow aggregates below these blacked-out images measured centimeters in length and a few millimeters in width (Figures 3, S4 and S5). Additional distinct layers of large numbers of small marine snow particles were observed in the transition zone. The 2.5-cm thick transition zone in the settling cylinder resembles natural conditions in Orca Basin with respect to salinity conditions and, on a different scale, the observed cloudy transition zone in the image data (Figures S4 and S5) between 2,140 m and 2,251 m.

Laboratory marine snow settling behavior

Marine snow aggregates tested in the laboratory ranged in size between 3 and 7 mm ESD (Table 2). All aggregates settled through the 2.5-cm thick transition zone between the overlying seawater and the brine in about 5 to 12 min; two of them broke up while settling through the pycnocline. Aggregate settling speeds (Table 2) ranged between 592 and 1,113 m d–1 in the overlying seawater, but slowed in the transition zone between seawater and brine to 3–9 m d–1 or 0.4–1.3% of their speed in seawater. Once in the brine, the aggregates settled at 181–402 m d–1 or 30.9–44.7% of their speed in seawater (Table 2).



Table 2

Laboratory aggregate settling speeds, using roller-tank-generated marine snow aggregates and filtered Orca Basin brine and seawater from the deep Gulf of Mexico in graduated cylinder settling experiments.
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a Aggregate broke into two parts while settling through the pycnocline.



Basin chemistry

CDOM concentrations in the upper water column were near the detection limit of ~0.02 μg L–1, but rose abruptly below the pycnocline to 30.84 μg L–1 ± 6.75 μg L–1 (n = 15; Figure 3). CDOM concentrations correlated well with DOC concentrations (r2 = 0.92, n = 15) obtained through laboratory analyses. CDOM concentrations were approximately 12% of the DOC concentration. Geochemistry determined from water samples collected during CTD Cast EN005.03 (Table 3) changed dramatically within the ~100-m halocline of northern Orca Basin. DOC concentrations increased six-fold, from 45–76 μM DOC in the seawater above 2,200 m to 278.3 μM DOC in the core of the brine at 2,250 m. CDOM concentrations paralleled DOC concentrations, increasing from 0.14 μg L–1 to 35.84 μg L–1 at depth (Table 3). Similarly, chloride and sodium concentrations increased sharply from 555.5 mM Cl– and 453.1 mM Na+ at a depth of 2,100 m to 4,967 M Cl– and 4,667 mM Na+ at 2,250 m. Conversely, potassium (K+), manganese (Mg2+), and calcium (Ca2+) concentrations all decreased through the chemocline, ranging from seawater values of 9.0 mM K+, 50.9 mM Mg2+, and 9.9 mM Ca2+ above a depth of 2,200 m to 6.3 mM K+, 11.3 mM Mg2+, and 8.6 mM Ca2+ at 2,260 m (Table 3).



Table 3

R/V Endeavor CTD data and camera CDOM Station EN_005.03, Orca North, 27° 00.43’ N, 91° 17.13’ W, 15:15 UTZ.
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a Collected by the ECO_FLNTU sensor on the camera frame.

b A very low chloride concentration for this depth.

c Values above 90 calculated as salinity = 1.80655 * chloride.



There were two interesting geochemical anomalies in these data, one near the top of the chemocline at 2,200 m and one at 2,300 m, the deepest sample at Orca North. While magnesium concentrations generally decreased from seawater to brine, both potassium and calcium reached local concentration maxima of 11.5 mM K+ and 17.6 mM Ca2+ at 2,235 m (2.6 M Cl– isopycnal surface). Potassium and calcium concentrations decreased thereafter to minima of 2.5 mM K+ and 2.9 mM Ca2+ at 2,300 m depth. Despite apparent density differences, water column geochemical components shifted again at 2,300 m in the direction of seawater values, consistent with the early work of LaRock et al. (1979) who reported a possible shift in phosphate at 2,338 m. Chloride concentrations diminished from a maximum of 4.96 M at 2,260 m to 733 mM at 2,300 m, an approximate 7-fold dilution. DOC concentrations dropped from 277 μM at 2,260 m to 89 μM (a 3-fold dilution), and sodium concentrations from 4.67 M to 662 mM (a 7-fold dilution). Magnesium concentrations increased slightly, from 11.3 mM at 2,260 m to 13.6 mM at 2300 m, but the CDOM response remained nearly constant at 35.84 μg L–1.

Transition zone from seawater to brine

Salinity increased slowly from 35 at 2,140 m to 61 at 2,229 m and then increased rapidly to >90 at 2,230 m (Figures 2 and 3) Below 2,230 m the salinity continued to increase to a maximum salinity of 318.1. Due to limits of the CTD to measure salinity above 90, laboratory geochemical data were used to estimate brine salinity, which was >300 (R Sibert, personal observation).

Discussion

Based on the high resolution bathymetry by Kramer and Shedd (2017), an updated size of the Orca Basin was calculated. The previously suggested 1,800-m depth contour as the border for the Basin was deepened to 2,100 m, the depth of the outflow sill into Jefferson Basin in the NE quadrant of the Orca Basin, as the 1,800-m isobath extends beyond the actual confines of the Basin, downslope into other morphologically independent areas (Figure 1). This change in depth limit for the Basin reduces the 2-D surface area from ~400 km2 (Shokes et al., 1977) to ~224 km2. The permanent halocline (Sheu et al., 1990; Tribovillard et al., 2008) then covers an area of 158 km2, having a volume of 10.24 km3.

A major source of the particulate material present in the transition zone in the nepheloid layer above the brine arrives in the form of marine snow settling through the water column. This marine snow is supplied by surface production, lateral advection and resuspension from along an interface. As shown in previous studies in the Gulf of Mexico (Diercks and Asper, 1997; Ziervogel et al., 2016; Diercks et al., 2018), marine snow profiles display an increase in particle concentration near the seafloor over a water-column thickness of approximately 200 m (Diercks et al., 2018), indicative of a benthic nepheloid layer (BNL), a common occurrence in the world ocean (Gardner et al., 2017, 2018). The marine snow abundance in Orca Basin reported here exhibited similar characteristics to other Gulf of Mexico profiles, with a 200-m thick layer of elevated particle concentrations extending upwards from the top of the brine to a water depth of approximately 1,980 m (Figure 2). A unique aspect of the Orca Basin is that the nepheloid layer, observed in the camera and transmissometer data, is not near the seafloor, but instead is situated atop the hypersaline brine. This nepheloid layer is likely generated by the strong density gradient of ~3 σ-units m–1 (Wiesenburg, 1980). For comparison, the gradients in the water columns of other anoxic regions, the Saanich Inlet, Cariaco Trench and Black Sea, are 0.01–0.3 σ-units m–1 (Richards, 1965).

Given the strong density gradient in the pycnocline, physical processes acting on particles in this zone may be similar to those in a typical BNL, particularly in terms of residence time. The particle residence time within the BNL is important for the recycling of the primary flux of biogenic material, as it extends the time that particles are exposed to remineralization (Walsh, 1992). Gardner et al. (1985) estimated residence times within the BNL from sediment trap data in the North Atlantic to be on the order of weeks to months. Residence times in the Fram Strait, estimated by van der Loeff et al. (2002), were on the order of 1–2 months. Calculations using laboratory measured settling speeds of 3–9 m d–1 (Table 2) in this study indicate that 11–34 days would be required for marine snow aggregates to settle undisturbed through 111 m of the transition zone in Orca Basin (2,140 and 2,251 m depths based on image data; Figures S4 and S5). This duration, though similar to the residence time of particles in BNLs, is likely an underestimation, as currents and turbulence were absent in the laboratory experiments, thus biasing settling speeds of the particles towards faster descent times.

The loss in particle volume associated with the top of the pycnocline, as indicated by the spike in salinity changes (Figure 4) and increase in CDOM and DOC concentrations (Figures 3 and 4), suggest that some of the particulate matter dissolved, contributing to the CDOM pool. Strong variations in particle concentration were associated with the changes in temperature and salinity around depths of 2,187 m and 2,225 m. In these specific cases, the camera crossed through thin bands, indicating loss of beam transmission possibly caused by layers of very high particle concentration (Figures S4 and S5). DOC concentrations were slightly lower but in good agreement with those published by Shah et al. (2013).

Both image sequences presented in Figures S4 and S5 illustrate the high variability of the particle abundance in size and numbers, as well as the high concentration of fine material that the camera cannot resolve but was recorded by the transmissometer. In several images of the sequences, the camera first recorded cloudiness, then blurry out-of-focus images followed by nearly completely blacked-out images. Below the blacked-out images, the water column was again clear, but with very large aggregates visible.

Layers of increased particulate Mn, an optically opaque particle, were reported by Trefry et al. (1984) below the water depth of 2,000 m with a maximum around 2,050 m, whereas Van Capellen et al. (1988) found the highest concentration of particulate Mn at 2,200 m in the South Orca Basin. Similar layers of high concentrations of particulate Mn were observed in the Black Sea at the interface between oxic and anoxic water masses (Honjo et al., 1988). The blacked-out images in our camera profile were reanalyzed and showed distinct changes in pixel values near their left and right edges where the strobe heads were located, indicating that both camera flashes were fired; however, their light was attenuated before it could be detected and recorded by the camera chip. In addition to these layered transitions of small aggregates, blurriness and elongated comet-shaped aggregates, several centimeters in length (similar to those shown in Figures S4 and S5), were recorded in a 27-m thick layer between 2,342 m and 2,369 m (images END_9137 to END_9153).

A large fraction of the particulate matter settling into the Basin is trapped within the high-density waters of the salinity transition (Millero et al., 1979), which results in a pronounced maximum of the particulate matter in the transition zone. Trefry et al. (1984) reported an increase in total suspended matter of up to 880 μg L–1 in the transition zone of Orca Basin, compared to 20–60 μg L–1 above 2,100 m and 200–400 μg L–1 below 2,250 m. However, they did not observe a peak in total suspended matter at the 2,190 m depth where Van Capellen et al. (1998) found their peak in manganese and our data show a distinct peak in particle concentration. This discrepancy could be due to differences in sampling location. Though Trefry et al. (1984) did not report specific sampling locations within Orca Basin, the locations of Van Capellen et al. (1998) were in South Orca Basin. Sager et al. (2003) suggested that the seawater-brine interface in the Orca Basin is enriched in particulate metal sulfides, which accumulate due to the strong density gradient at this interface. Metal sulfides are optically opaque, thus attenuating and scattering light more effectively than amorphous organic aggregates.

In Orca Basin, marine snow retained at the pycnocline consisted of up to 60% organic matter (Trefry et al., 1984; Van Cappellen et al., 1998). Wong et al. (1985) and Sheu (1983) reported that the settling organic matter was trapped at the pycnocline long enough to undergo a detectable degradation that was reflected by a strong release of biogenic iodine at the density interface, a component that responds strongly to the excitation wavelength of the ECO-FLNTU used during our camera deployment (Figure 3). Wong et al. (1985) suggested that the rapid decrease in the observed peak in total iodine concentration, from 8.1 μM in the transition zone at 2,266 m to 3.8 μM below 2,300 m, may have been caused by (1) an advective core of water with high dissolved iodine, (2) a horizontal diffusive flux of iodide from surrounding sediments on the slopes, or (3) an in situ preferential remineralization of biogenic particles that had accumulated along the pycnocline.

We suggest that lateral input of material explains the particle maximum captured in the camera-mounted CTD data near the depth of 2,230 m. Lateral flow would introduce material into the nepheloid layer atop the brine. Allen and Durrieu de Madron (2009) presented evidence that deep-sea canyons enhance cross-isobath flow, thus allowing upwelling and downwelling along the canyon axis. A canyon-like structure is identified in the NW corner of the morphology of the Orca Basin, due west of the camera deployment site (Figure 1). Based on data presented by Allen and Durrieu de Madron (2009), we suggest that near inertial currents, as reported by Spencer et al. (2016), introduce ageostrophic flow conditions on the deep-sea floor across the canyon morphology, directing particle-laden, colder up-slope water into northern Orca Basin above the transition zone. This water mass then spreads, similarly to the Mississippi River plume at the sea surface, on top of the pycnocline, producing a spatially limited nepheloid layer similar in shape and size to that found as BNL in the northern Gulf of Mexico (Diercks et al., 2018) and in marine environments around the world (Gardner et al., 2018), or as intermediate nepheloid layers as suggested by Masunaga et al. (2017) for Otuschi Bay, Japan. No current meter data in Orca Basin are presently available to support this hypothesis directly, but we argue that the current meter data near the seafloor in water depths of 1,600 m in the northern Gulf of Mexico, indicating annual maximum current speeds of 18–20 cm s–1 (Spencer et al., 2016), are similar in scale and can produce small resuspension events as reported by Diercks et al. (2018).

A second mechanism we suggest, more pronounced in South Orca Basin due to the extent of the exposed salt dome, is the introduction of material via density-driven brine flow from the exposed salt dome in the SE corner of Orca Basin. The fresh brine originating on the slope of the slump surface in the SE corner can resuspend and transport material on the slopes from the salt dome, introducing this material into the transition zone.

The pycnocline constitutes a temporary barrier for marine snow, as presented in our laboratory settling experiments and in the marine snow abundance profile. In this transition zone, marine snow particles exchange pore water (Ploug et al., 2002; Prairie et al., 2013; Prairie and White, 2017) and settle at a reduced speed, which is proportional to the loss in excess density of the particles relative to the increased density of the brine solution. The results of our laboratory settling column experiments show that settling particles slow significantly upon entering the transition zone where salinity is rising steeply, similar to observations for midwater density stratifications presented by Prairie et al. (2013, 2015). Some of the material arriving from above will settle quickly through the pycnocline into the brine, while other material will be subject to fluid shear stress along this interface and become entrained in the nepheloid layer situated on top of the pycnocline, visible in our camera and transmissometer data. We suggest that marine snow particles in this transition zone above the salt brine experience similar changes as those in benthic nepheloid layers, which include aggregation, disaggregation, grazing, dissolution, microbial diffusion (Ploug et al., 2008) and finally sedimentation into the brine or, as under normal oceanographic settings, onto the seafloor.

The laboratory experimental results presented here also confirm that marine snow particles can traverse through the halocline present in Orca Basin. Our experimental transition zone of 2.5 cm thickness retained marine snow aggregates for several minutes, slowing them to 0.3–1.3% of their original speed before they continued to settle within the brine at 28–44% of their speed in the upper water column (Table 3). Prairie et al. (2013, 2015) reported two potential mechanisms as the main reasons for the delayed settling of aggregates through strong pycnoclines: 1) the entrainment of lower density pore fluids from above; and 2) changes in density of the particles due to their porosity. Both reasons depend on the permeability as well as the porosity of the particle which control the exchange of its pore water with the surrounding brine. Further, Jenkinson and Sun (2010) suggested that higher polymer viscosity, found at the top of pycnoclines and associated with high polymeric DOC content, slows the settling speed of particles. Faas (1991) and McAnally et al. (2007) suggested that a high concentration of particulate organic matter in the settling particles can have a similar effect on the settling speed of particles.

The delayed settling of marine snow aggregates in the transition zone can have significant consequences for local carbon cycling, as these aggregates often represent hot spots of bacterial activity (Smith et al., 1992; Kiørboe et al., 2002; Ziervogel et al., 2010; Prairie et al., 2015). The partial dissolution of organic matter within aggregates, and with it the formation of DOC, was attributed by Smith et al. (1992) to hydrolytic ectoenzymes exuded by the particle-associated bacteria. Leakage of the resulting organic solutes from sinking aggregates was suggested by Kiørboe and Jackson (2001) to contribute to water column bacterial production. Prairie et al. (2017) showed that bacteria and ectoenzymes originally associated with sinking marine snow detach from these aggregates at transition zones, remaining active in the layer long after the aggregates have settled out of these zones.

The average concentration of CDOM in the brine (30.84 μg L–1 ± 6.75 μg L–1; n = 15), given the calculation of brine volume as described above, results in a total of 315.9 t of dissolved organic matter being stored in the brine. CDOM, at 12% of laboratory-measured DOC, paralleled the DOC concentration as it increased in the brine, suggesting that DOC is being released in the transition zone and stored within the brine. DOC concentration followed particle size and, inversely, volume distribution; i.e., a loss in total particle volume and an increase in total particle numbers were observed at the depths where DOC concentration increased.

The mean of measured DOC concentrations in the brine, 241.0 μM ± 65.2 μM (n = 10), results in a total amount of 2.47 × 109 moles of DOC stored in the brine, providing a potential source of (refractory) DOC for the abiotic formation of marine snow aggregates as described by (Hansell et al., 2009); in fact, comet-shaped marine snow aggregates several centimeters in length, not seen higher in the water column, were observed just below the transition zone. Some of the DOC comes in with the salt (Joye et al., 2010), but Shah et al. (2013) have also suggested microbial conversion (enzymatic hydrolysis) of POC to DOC, as well as physical disaggregation of POC into DOC, based on stable C isotope budgets evaluated across the chemocline.

Summary

The data presented in this paper present the first continuous profile of marine snow distribution in the Orca Basin. Recorded concentrations of marine snow highlight the physical settings of the permanent halocline, with the presence of a nepheloid layer of small particle sizes above this interface and large aggregates below in the brine, containing a higher volume of aggregated material due to reduced settling speeds in the brine, as shown in the presented laboratory data on settling speed. We suggest that physical, chemical, and biological alteration of material arriving from the surface and through lateral advection into the lower water column and the transition zone lead to increased CDOM and DOC concentrations in the transition zone and in the brine. The transition zone between normal seawater and the brine is a very dynamic part of the water column, characterized by processes similar to those in the transition of water to sediment at the seafloor, but with vertical export into brine instead of sediment.
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Depth (m) DOC CDOM® Chloride Na* K* Mg*  Ca?* Salinity*
(M) (ugl) (mM) (mM) (mM) (mM) (mM)

2,100 76.0 0.14 555.5 453.1 9.0 50.9 9.9 356

2,175 45.0 1.01 639.5 535.5 10.2 51.0 10.6 410
2,200 51.7 2.65 850.7 740.1 8.3 38.6 8.8 545
2,235 182.5 19.98 2,645 2,412 115 30.2 17.6 169.4
2,245 244.0 28.53 4,754 4,328 5.7 11.2 9.0 304.5
2,250 278.3 34.49 4,967 4,668 6.2 11.2 8.6 318.1
2,260 276.8 35.37 4,961 4,566 6.3 113 8.6 317.7

2,300 89.2 35.84 733.3b 662.5 2.5 13.6 29 47.0
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From To <1.0mm Std.Dev. >1.0mm  Std. Dev. 1.0 mm mm3—Std.Dev.

0 200 11.3 1.6 13 0.3 10.7 0.9 0.13 71
200 400 14.4 2.2 0.6 0.1 39 0.6 0.12 73
400 600 12.5 19 0.6 0.1 4.4 0.6 0.68 71
600 800 13.2 19 0.6 0.1 4.4 0.5 0.07 67
800 1,000 10.3 1.4 0.6 0.1 53 0.5 0.07 65
1,000 1,200 10.0 1.4 0.5 0.1 4.5 0.4 0.06 66
1,200 1,400 11.4 1.7 0.5 0.1 4.1 0.5 0.11 67
1,400 1,600 14.4 2.2 0.6 0.1 39 0.5 0.08 66
1,600 1,800 214 3.6 0.6 0.2 2.8 0.5 0.15 68
1,800 2,000 35.7 6.3 0.8 0.2 2.2 0.6 0.13 67
2,000 2,200 63.5 10.7 2.1 0.7 3.2 0.9 0.13 105

2,200 2,400 48.0 8.9 4.5 1.2 8.6 2.6 2.27 71





