
[image: Cover Image]



 

Contents

Abstract

Introduction

Materials and methods

Results

Discussion

Conclusions

Data Accessibility Statement

Supplemental files

Acknowledgements

Funding information

Competing interests

Author contributions

References



[image: image]



elementascience.org

Physical and hydrodynamic properties of deep sea mining-generated, abyssal sediment plumes in the Clarion Clipperton Fracture Zone (eastern-central Pacific)

Benjamin Gillard*,†, Kaveh Purkiani*, Damianos Chatzievangelou†, Annemiek Vink‡, Morten H. Iversen* and Laurenz Thomsen†

DOI 10.1525/elementa.343

* MARUM – Center for Marine Environmental Sciences, University of Bremen, Bremen, DE

† Jacobs University, Bremen, DE

‡ BGR, Bundesanstalt für Geowissenschaften und Rohstoffe, Hannover, DE

Corresponding author: Benjamin Gillard (b.gillard@jacobs-university.de)



How to cite this article

Gillard, B, Purkiani, K, Chatzievangelou, D, Vink, A, Iversen, MH and Thomsen, L. 2019. Physical and hydrodynamic properties of deep sea mining-generated, abyssal sediment plumes in the Clarion Clipperton Fracture Zone (eastern-central Pacific). Elem Sci Anth, Elem Sci Anth, 7: 5. DOI: https://doi.org/10.1525/elementa.343

Domain Editor-in-Chief

Jody W. Deming, Ph.D., Department of Biological Oceanography, University of Washington, US

Associate Editor

Stephen F. Ackley, B.S., Department of Geological Sciences, University of Texas at San Antonio, US

Knowledge Domain

Ocean Science

Submitted: 16 July 2018    Accepted: 07 December 2018    Published: 07 January 2019



The anthropogenic impact of polymetallic nodule harvesting in the Clarion-Clipperton Fracture Zone is expected to strongly affect the benthic ecosystem. To predict the long-term, industrial-scale impact of nodule mining on the deep-sea environment and to improve the reliability of the sediment plume model, information about the specific characteristics of deep-sea particles is needed. Discharge simulations of mining-related fine-grained (median diameter ≈ 20 μm) sediment plumes at concentrations of 35–500 mg L–1 (dry weight) showed a propensity for rapid flocculation within 10 to 135 min, resulting in the formation of large aggregates up to 1100 μm in diameter. The results indicated that the discharge of elevated plume concentrations (500 mg L–1) under an increased shear rate (G ≥ 2.4 s–1) would result in improved efficiency of sediment flocculation. Furthermore, particle transport model results suggested that even under typical deep-sea flow conditions (G ≈ 0.1 s–1), rapid deposition of particles could be expected, which would restrict heavy sediment blanketing (several centimeters) to a smaller fall-out area near the source, unless subsequent flow events resuspended the sediments. Planning for in situ tests of these model projections is underway.
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Introduction

Over the past decade, increasing global consumption and rising market prices of metals, together with technological improvements, have driven several countries and industries to prospect the deep-sea environment for mineral resources, including polymetallic nodules (Hein and Koschinsky, 2013). Polymetallic nodules that are rich in metals and rare earth elements lie on the surface of the abyssal sediment. The Clarion-Clipperton Fracture Zone (CCZ), located in the northeastern equatorial Pacific Ocean (Figure 1), contains the most extensive nodule deposition known (Halbach and Fellerer, 1980) and is of high economic interest (Wedding et al., 2015). However, nodule fields are also essential habitats for benthic communities (Kaiser et al., 2017), and more than half of the megafauna discovered in the CCZ rely on the nodules as a hard substrate (Amon et al., 2016).
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Figure 1

Study areas and locations of sediment samples in relation to the topography.
 The area is located in the eastern German polymetallic nodule license area in the northeastern Pacific Ocean and is characterized by numerous seamounts, NW-SE ridge systems and flat abyssal plains. Blue rectangles encompass the working areas WA1 to WA4 of cruise SO-240 (Kuhn, 2015). White squares represent locations of sediment core sampling by multicorer (MUC). Yellow triangles represent the position of three acoustic current meters that recorded current speeds and directions close to the seafloor throughout three consecutive years. Inset: view of the license area in relation to the East Pacific Rise (EPR) and the Clarion and Clipperton fractures.
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The potential future use of mining equipment on the ocean floor and the subsequent return of mining products (e.g., sediment, water, and abraded nodule debris) to the benthic boundary layer (BBL) would create an operational and discharge plume of fine particulate material (Oebius et al., 2001). Sediment redeposition and bottom blanketing within the vicinity of the mining site (“near field”) could potentially bury benthic organisms, clog the respiratory surfaces of filter feeders and pollute the food supply for most benthic organisms. Potential long-range, lateral and vertical dispersion of fine-grained plume particles would have a lower impact but is expected to spread over several hundreds of kilometers from the disturbance location (“far field”). Both processes would affect the deep-sea ecosystem structure and functioning to a certain, although presently unknown, extent (Ramirez-Llodra et al., 2011).

To date, few studies have analyzed the hydrodynamic behavior of original plume particles and modeled the scale of the impact at different temporal and spatial scales in the benthic boundary layer (Aleynik et al., 2017; Jones et al., 2017). Multiple local and regional factors, such as the physical and chemical properties of the bottom sediments, the hydrodynamic regime (near and far field), bottom topography and the type of mining equipment, must be considered simultaneously. Plume modeling of two small-scale benthic impact experiments carried out in the 1990s (discharge of ca. 10 kg s–1 along predefined tracks) showed that 90% of the suspended particles created by artificial disturbance of the seafloor settled within a radius of 2 km from the disturbance area (Fukushima, 1995; Nakata et al., 1997).

Recent modeling of an industrial-scale, near-bottom sediment plume in the case study area in the CCZ with a discharge rate of 280 kg s–1 indicated that more than 50% of the suspended particles would settle within several kilometers of the source region within 10 days. The remaining particles were transported outside the model boundaries (Aleynik et al., 2017). However, the cohesive properties, aggregation potential and different settling processes of fine-grained deep-sea sediments were not considered, even though they have a considerable effect on plume sediment deposition. We believe that the use of site-specific information about particle behavior under different plume concentrations, in combination with high-resolution bathymetric and oceanographic data, will aid greatly in the initialization and calibration of existing sediment transport models for the nodule fields of the CCZ.

To provide more insight into the likely behavior of the sediment plume produced by an industrial-scale mining operation, our research aims were to (1) produce a complete set of sedimentological parameters that are crucial for model reliability and accuracy and (2) discuss the optimal discharge release conditions that could result in a lower impact on the environment. For these purposes, laboratory experiments and particle transport modeling were carried out using abyssal sediments from the CCZ and simulating the in-situ conditions encountered there.

Materials and methods

Sampling site and oceanographic data acquisition

Surface sediment samples were obtained with a multicorer (MUC) from nine locations within the eastern German license area for the exploration of polymetallic nodules in the CCZ (RV Sonne Cruise SO-240 (Kuhn, 2015); see Figure 1 and Table S1 for details and exact locations). The eastern boundary of the license area, which totals 56,000 km2, is located approximately 2500 km west of Mexico. The predominantly fine-grained sediments derive from different topographic environments at water depths of ~4300 m, including flat abyssal plains, NW–SE trending ridge systems and the rise of seamounts. The top 10 cm of sediment from one multicore per location were sampled at 1-cm intervals for detailed sedimentological analysis. Long-term data on speed and direction of current, as well as background turbidity close to the seafloor, were obtained from three moorings deployed in the eastern part of the license area (yellow triangles in Figure 1) throughout three consecutive years, from April 2013 to May 2016. An upward-looking 600 kHz acoustic doppler current profiler (ADCP) was measured at hourly intervals during the first year and then at 45-min intervals during the next two years. High-quality data were retrieved for the water mass 15–20 m above the seafloor (Kuhn, 2015).

Experimental conditions

All experiments were conducted in a temperature-controlled cool container in triplicate to account for random experimental error and to facilitate the posterior statistical treatment. In-situ temperature and salinity (1.5°C and 34.68) were reproduced and filtered (0.2 μm) artificial seawater was used.

Sediment particle size distribution

Particle size distribution of suspended sediment was measured using the combined approach of the high-resolution Digital Floc Camera (DFC) and the LISST-100X type C (Mikkelsen et al., 2005; Hill et al., 2011). Detection of particles with the floc camera was inspired by Sternberg et al. (1996). These techniques were applied to use a non-destructive technique on untreated suspended sediments and to apply in-situ and ex-situ technologies for a realistic comparison with the impact assessment of future mining activities.

The suspension was first analyzed with the LISST-100X (60 measurements at 1 Hz) and then transferred into the viewing chamber of the floc camera for image analysis. The resulting particle volume distributions from both instruments were compared in the overlapping detection range (10 size classes ranging from 66.9 to 381 μm). A correction was applied based on the linear relationship between the volume concentrations detected by the two instruments. The subsequent merging procedure resulted in a size distribution ranging from 1.9 μm to several millimeters. As in Mikkelsen et al. (2005), the correction was used only to scale between the instruments, and did not affect the shape of the size distribution. Instruments details, linear coefficients and experimental protocols are provided in Figure S1, Tables S2 and S3 and Text S1.

The deep-sea sediment aggregation process

Aggregation due to differential settling

The propensity of deep-sea sediment (inorganic and organic material) in suspension to form aggregates over time under conditions of differential settling (the zero shear rate) was assessed using roller tank incubations (Lick et al., 1993; Iversen et al., 2010). Each vessel consisted of a 1.15 L Plexiglas cylinder that was rotated on its side at a fixed angular velocity to reach solid body rotation, providing a continuous settling environment. The hydrodynamics of the system were characterized by Jackson (2015). Four sediment concentrations (35, 105, 175 and 500 mg L–1) were prepared from a stock solution of 5 g L–1. The suspension was first analyzed with the LISST-100X (60 measurements at 1 Hz), then introduced into the roller tank and rotated at a fixed rate of 3 rpm. The formation of aggregates was observed with the camera over time. For every measurement, a horizontal particle camera transect from the center to the outer rim of the roller tank was performed to ensure a complete view inside the cylinder. To prevent disproportionate aggregation due to the recirculation of settled aggregates in the vessel, the experiment was stopped when the first aggregates reached the bottom of the rotating roller tank. After several minutes, when all the aggregates had settled to the bottom, the supernatant was reanalyzed with the LISST-100X.

Aggregation due to turbulent shear

The effect of the shear rate on the aggregation behavior of plume particles (inorganic and organic material) was investigated in a horizontal Couette reactor (Drapeau et al., 1994). The chamber consisted of a fixed inner cylinder and an outer rotating cylinder. Depending on the angular velocity of the outer cylinder, a variable shear flow regime can be produced. A detailed description of the chamber is provided in Figure S2. The calculation of the mean shear rate G (s–1) produced in the chamber followed Van Duuren’s (1968) method. The Couette flow reactor was used instead of other mixing devices, such as an oscillating grid or paddle mixer, because of the uniformity of the produced turbulent shear flow and the absence of mixing mechanisms that prevent aggregate breakup during mixing (Coufort et al., 2005; Serra et al., 2008; Zhu et al., 2016). Each experimental approach has limitations but as Serra et al. (2008) concluded, the Couette reactor is still the most suitable method for aggregating particles without interference. The results also followed the same trends as experiments conducted inside a 1,000 L water column simulator (Porter et al., 2004).

Three sediment plume concentrations (105, 175 and 500 mg L–1) were prepared from the stock solution. The suspension was first analyzed with the LISST-100X (60 measurements at 1 Hz), then introduced into the Couette reactor and rotated under three different shear rates (2.4, 5.7 and 10.4 s–1). The shear rates of 0–10.4 s–1 were used to simulate a broad spectrum of expected flow conditions during mining operations: from very slow deep-sea currents via “passing eddies” to elevated turbulence intensities behind the collector and exhaust pipe of mining vehicles. Floc aggregation was observed with the camera over time. As with aggregation due to differential settling, the experiment was stopped when the first aggregates reached the bottom of the chamber. After several minutes, when all of the aggregates had settled to the bottom, the remaining water was reanalyzed for particle size distribution using the LISST-100X.

Settling velocity

For the assessment of the sinking velocities of aggregates vs. particle size, a custom settling column was built. The conceptual design was inspired by a combination of the settling column of the LISST-STX (Agrawal and Pottsmith, 2000) and the square cross-section cylinder (Thomsen and Gust, 2000) used for camera analysis. A detailed description of the settling column and sample preparation is given in Figure S3 and Text S1.

Aggregates from the flocculation chambers were carefully transferred into a settling tube by settling/sliding them along the walls of the flocculation chambers into the next experimental chamber. This approach is similar to the process that occurs inside in-situ particle cameras or water column simulators (Sternberg et al., 1999; Porter et al., 2004). The aim was to characterize the general size and settling relationship (Lick et al., 1993; Manning and Dyer, 1999) and erosion behavior of these aggregates (Thomsen and Gust, 2000; Thomsen et al., 2002) for subsequent numerical plume modeling of varying particle size classes. The particle sinking velocities were measured with the camera at the lower end of the column, allowing the aggregates to reach their terminal settling velocities before video analyses were conducted (Nowald et al., 2009).

Bedload transport and critical shear velocity (u*cri)

Bedload transport and critical shear velocity (u*cri) were determined in a Gust erosion chamber with a diameter of 20 cm, with controlled bottom shear stress (Thomsen and Gust, 2000). Aggregates were carefully transferred from the flocculation reactor to the erosion chamber (see the method described above for the settling velocity). The u*cri was increased incrementally in steps of 0.1 cm s–1 every 5 min until u*cri was attained, and the aggregates were resuspended (Pabortsava et al., 2011).

Modeling of sediment plume dispersion

A three-dimensional numerical ocean model was developed to assess the application of the experimental results in a realistic scenario and predict the sediment transport at the study site. The numerical simulations were carried out using the Massachusetts Institute of Technology general circulation model (MIT GCM; Marshall et al., 1997). No-slip conditions at the lateral and bottom boundaries were applied. The initial values of the horizontal and vertical diffusivities of every tracer were set to 0.1 and 10–4 m2 s–1, respectively. However, the model uses the parameterization method of Klymak and Legg (2010) to obtain suitable eddy viscosity and turbulence dissipation values.

A multiple one-way nesting approach was applied. The coarsest model (3600 m horizontal resolution) was laterally forced by the seawater properties. The zonal and meridional current velocities were extracted from the Hybrid Coordinate Ocean Model (HYCOM). For the following higher resolution configuration (1000 m, 300 m), the lateral boundary conditions were supplied by the previous coarser model to a final horizontal resolution of 150 m and a vertical resolution of 5 m.

The model domain was located in the CCZ German license area (Figure 1), where a collector vehicle trial is being planned for early 2019. A flat ocean bottom at a water depth of 4200 m was assumed for simplicity. Sediment transport was simulated by solving the passive tracer equation with an additional settling velocity and sediment source for each sediment class. The sediment transport equation (Equation 1) is written as:
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where c is the sediment concentration; u, v, and w are the velocity fields, ws is the settling velocity; νx, νy, and νz are the horizontal diffusivity coefficients; and qs is the source term. The settling velocities of the sediment particles were directly employed from the results of the experimental analysis considering the natural conditions of the seawater, sediment properties and flocculation processes. Based on data provided by the manufacturer of the collector vehicle, the sediment discharge was set at a rate of 60 t h–1 for a period of 4 days at 5 m above the seafloor, with the collector vehicle moving at a constant velocity of 0.5 m s–1 in an area 300 m by 300 m. The current model grid resolution (150 × 150 × 5 m) was not high enough to simulate a water swirl exerted by a moving underwater collector (which would require higher computational cost and time). Therefore, the turbulence induced by the nodule collector and the effect of the initial momentum of the collector’s exhaust on the movement of sediment particles was mimicked with a higher shear rate (G = 2.4), which was at least one order of magnitude higher than the expected shear rate of the ambient flow in the deep ocean in this area.

Sediment deposition under deep ocean hydrodynamic conditions was investigated under two benthic flow scenarios: (1) a collector discharge concentration of 500 mg dw L–1 under typical average flow conditions of 3.8 cm s–1 and a predominantly easterly flow (aggregate dataset G = 0) and (2) a collector discharge concentration of 500 mg dw L–1, followed by a remaining plume concentration of 105 mg dw L–1 during a simulated passage of an eddy under a northeasterly flow of >10 cm s–1 (aggregate dataset G = 2.4).

Image treatment analysis

Values for the particle size, shape descriptor factors (i.e., circularity, roundness and solidity) and settling velocities were obtained using FIJI software (v.1.51n); steps for processing raw images were adapted from Shen (2016) as follows. The BIOVOXXEL toolbox macro was used to evaluate the sensitivity of the thresholding technique, resulting in the automatic “Intermode” thresholding algorithm being selected as the most accurate for the dataset. Out-of-focus particles were removed manually. Particle settling velocities were determined using the FIJI plugin TrackMate. A stack of pictures was first preprocessed, and the plugin was run with binary images. Every track was visually evaluated, and a minimum of three time points per track was required to validate the track. The average settling speed was converted to m d–1 velocity.

Statistical analysis

Statistical analysis was performed in R (R Core Team, 2016). The particle size and settling velocity datasets were first cleaned of extreme outliers (i.e., values higher and lower than 1.5 interquartile ranges above and below the 0.75 and 0.25 quartiles, respectively) and grouped by sediment concentration (105, 175 and 500 mg L–1) and by shear rate (0, 2.4, 5.7 and 10.4 s–1). As the particle sizes differed among the different groups, the measured velocities were normalized to the median particle size. Kruskal-Wallis rank sum tests, followed by pairwise Dunn’s tests with Bonferroni correction, were performed on the normalized settling velocities.

Modeling of settling velocities

A non-linear (logistic-sigmoidal) curve was fitted to model the settling velocity against the particle size for each concentration-shear rate combination, and 95% confidence and prediction intervals were calculated based on each model. The curves followed Equation 2:
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where a1 is the upper asymptotic limit of the curve, a2 is the inflection point of the curve and a3 represents the scaling factor for the size axis. All model coefficients and statistical significance levels are provided in detail in Table S4.

Results

Analysis of sediment particle size distribution

The particle size distribution of nine sediment cores from the German polymetallic nodule license area in the CCZ (Figure 1) was analyzed. Two regions (i.e., abyssal plain vs. local seamounts and ridges) were found within the four work areas (Figure 2).
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Figure 2

Particle size distribution in the mixed top 10-cm sediment layer.
 Distributions are expressed as a percentage of the volume concentration obtained from the merged results of the LISST-100X and the floc camera (figure inspired by McCave et al., 1995); vertical dashed red lines indicate the median diameter of the sample distribution; the vertical green line indicates sample location by work area (WA1–4). “Finer fraction” refers to particles <63 μm, including clay (<2.5 μm) and silt (2.5 ≤ x < 63 μm); “coarser fraction” refers to particles ≥63 μm and was identified as a biogenic sediment. Black and gray are used only to aid visualization and do not represent grouping of the samples.
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The sediment size distributions from the abyssal plain environments (MUC samples 14, 18, 23, 34 and 61; median diameter, d50 = 20.0 ± 3.1 μm) were characterized by finer grain sizes, with 28, 57 and 15% by volume of the cumulative frequency corresponding to size ranges <10, 10–63 and >64 μm, respectively. All samples exhibited a multimodal distribution, with the 90% inter-percentile range between 3 and 139 μm, a dominant mode in the coarse silts around 20 μm and three weaker ones located at 6, 56 and 252 μm.

In contrast, sediments within the vicinity of the local seamounts and ridges (MUC samples 08, 68, 95 and 106; d50 = 33 ± 13 μm) showed a shift toward coarser size fractions, with an average cumulative frequency of 46% by volume in the size range >63 μm. The same multimodal distribution was observed as for the abyssal plain samples, except with a broader inter-percentile range (4 to 273 μm), with modes rising at 56 and 252 μm. The sand fraction was investigated using binoculars and identified as debris of biogenic deposits, including foraminiferal, radiolarian and diatom residues (Figure S4). The descriptive statistical analysis of sediment particle size distribution is provided in Table S5.

The particle aggregation process

Aggregation of plume particles under typical deep-sea flow conditions of a very low shear rate (G ≈ 0 s–1) took longer and resulted in larger plume aggregates (aggregation time, Ta = 45–135 min to reach a median diameter, d50 = 850–1100 μm) than that for the aggregates produced under elevated shear rates (G = 2.4–10.4 s–1; Ta = 10–50 min to reach d50 = 250–550 μm, as expected during the passage of an eddy or in the wake of a large mining vehicle; Figure 3A–E).
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Figure 3

Aggregation propensity of deep-sea sediment. (A)
 Evolution of median-size flocs produced under different (color-coded) sediment plume concentrations over time, by (A.1) differential settlement aggregation and (A.2) shear aggregation. Pictures of aggregates produced under (color-coded) particle concentrations of (B) 35 mg L–1, (C) 105 mg L–1, (D) 175 mg L–1, and (E) 500 mg L–1. Particle size involvement during the process of aggregate formation under different (line dashed) shear rates of (F) G = 0 s–1, (G) G = 2.4 s–1, (H) G = 5.7 s–1, and (I) = 10.4 s–1.
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In the absence of shear, aggregation increased proportionally with increasing plume concentration (linear slope factor of 0.05; Figure S5). For example, when the initial discharge concentration doubled, the size of the aggregates doubled during the same aggregation duration.

At a fixed plume concentration, increasing the shear rate led to 30% more aggregation (Figure 3A). At a shear rate of G ≈ 10 s–1, which can be expected behind a fast-moving mining vehicle, the plume flocs revealed a shift toward smaller aggregate sizes, indicating disaggregation. The scavenging of plume particles by already formed aggregates is a function of the concentration of plume particles and the shear rate (Figure 3F–I). Thus, by increasing either the plume concentration or the shear rate, we observed faster scavenging by previously formed aggregates (Figure 3I).

Settling velocities of aggregated plume particles

The size and settling velocities of flocculated plume particles varied from 70 to 1357 μm and from 7 to 355 m d–1, respectively (Figure 4). In general, larger aggregates settled faster than smaller ones. However, the size-specific settling velocities of the formed aggregates depended on the initial sediment plume concentration and the shear rate applied during aggregation (Figure 4C–D).
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Figure 4

Settling velocity of deep-sea plume aggregates. (A)
 Boxplots of the settling velocities of aggregates produced under a shear rate of G = 0 s–1 under four (color-coded) sediment plume concentrations. (B) Boxplots of the settling velocity against the shear rate, for concentrations of 105–500 mg L–1. For a comparison with the treatments in A and B, the settling velocities were normalized to the median particle size. (C) Fitted model curves (non-linear logistic-sigmoidal) of the settling velocity against particle size for aggregates produced under a shear rate of G = 0 s–1. (D) Fitted model curves (non-linear logistic-sigmoidal) of the settling velocity against particle size for aggregates produced under a shear rate of G = 2.4 s–1. The 95% confidence intervals are depicted for every modeled curve. For visual purposes, size data grouped in the four (color-coded) classes were plotted on the curves. The raw data can be found in Table S6.
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Under G = 0 s–1 (i.e., differential settling), the size-specific settling velocities were significantly lower for aggregates formed under large sediment concentrations of 175 mg L–1 (Kruskal-Wallis H = 145.3 for 3 df, p < 0.0001) when compared to those formed at small concentrations of 35 mg L–1 (66.60 m d–1 and 143.5 m d–1, respectively; Figure 4A). No statistically significant differences in settling velocities (Table S7 for Dunn’s pairwise comparisons) were observed at concentrations ≥175 mg L–1. Morphological analysis (circularity, roundness and solidity) of the entire size spectrum, available in Figure S6, revealed that larger plume concentrations resulted in the formation of aggregates that had more complex shapes.

Regardless of the plume concentrations, a moderate shear rate of G = 2.4 s–1 during aggregation resulted in elevated size-specific settling velocities (Kruskal-Wallis H = 411.5 for 3 df, p < 0.0001, Figure 4B; median ws = 65–103 m d–1). Once the shear rate exceeded 5.7 s–1, no statistically significant differences in the size-specific settling velocities of the aggregates were detected (see Table S8, for Dunn’s pairwise comparisons).

To derive additional conclusions about plume behavior, only the 0 G and 2.4 G conditions (representing free-stream velocities of 0 and ≈25 cm s–1) were selected as the model input parameters, as these conditions represent the full spectrum of the expected hydrodynamic in situ conditions at the study site. A non-linear (logistic-sigmoidal) curve model was chosen to best fit the behavioral change in the settling velocity against particle size (Figure 4C–D). All coefficients, significance levels and model sensitivities are provided in detail in Figure S7 and Table S4.

Critical shear velocities for resuspension of deposited plume aggregates

For the model input, as well as for the calculation of the mass fluxes in the benthic boundary layer, the critical shear velocities required for the resuspension of newly settled plume aggregates were measured in a benthic erosion chamber. The resuspension behavior of aggregates under varying plume concentrations did not differ under the 0 G and 2.4 G conditions. A critical shear velocity of u*cri = 0.3 cm s–1 corresponding to a bottom current velocity at u100 (1 m above the seabed) of ≈4–5 cm s–1 was required to initiate bedload transport. Suspended load transport was observed at u*cri ≥ 0.5 cm s–1 (u100 = 7–8 cm s–1), when the plume aggregates were resuspended. Full resuspension was observed at u*cri ≥ 0.7 cm s–1 (u100 = 9–12 cm s–1).

Sediment plume dispersion modeling

The sediment parameters derived from the analyses were implemented in a hydrodynamic model to predict the plume dispersal and sediment blanketing during and 1 day after a simulated 4-day collector trial that is planned for the German license area in early 2019. The amount of sediment deposition from the plume that was modeled for each of the three particle size classes, d25, d50 and d75, is shown in Figure 5. Under low flow conditions (G = 0 s–1) a plume blanketing of >0.1 mm extended to a maximum of 2.5 km from the mining site (source 0;0) and thinned out to zero within a maximum distance of 4 km. Under enhanced bottom current velocities, such as those associated with eddy passage (G = 2.4 s–1), the d50 and d75 coarse fractions settled even more quickly, and a plume deposition of >0.1 mm reached a maximum distance of 3.5 km downstream from the source. However, due to the greater current speeds, the lower aggregation and the subsequent settling speeds of fine particles (d25), only 80% of the plume settled in comparison to 96% under low flow conditions (Table 1). The resulting blanketing thinned out to zero 9 km from the mining site.
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Figure 5

Sediment deposition of plume particles and blanketing of the seafloor.
 The thickness (mm, color bar scale) of sediment deposition is shown for three particle size classes (d25, d50, and d75) after 4 days of continuous sediment discharge (60 t h–1) 5 m above the seafloor (position 0;0), followed by 1 day of settling at an initial discharge concentration of 500 mg dw L–1. The mean current velocity is shown as arrows that correspond to 3.8 cm s–1 in A–C (low flow; G = 0 s–1) and 10 cm s–1 in D–F (eddy flow; G = 2.4 s–1).
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Table 1

Percentage of suspended particles remaining in the water column at the end of the modeling exercise (5 days after the start of the collector trial) for three particle size classes.
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Discussion

Deep-sea mining activities have great economic potential but come with a high environmental risk (Ramirez-Llodra et al., 2015), which increasingly concerns the sensitized public. The main issue when addressing the potential impacts of mining activities is the present limited knowledge of the biotic and abiotic processes that occur in the abyssal environment and how they will change as a result of mining activities. To predict the long-term, industrial-scale impact of mining activity, numerical modeling techniques are applied. However, the reliability of such models depends on the quality of the input parameters (Jankowski and Zielke, 1997). This study aimed at providing a reliable dataset for the behavior of deep-sea particles during the discharge of mining plumes.

Analysis of sediment particle size distribution

Attention should be paid to the location site of the mining activity and the sediments that predominate there. Sedimentological grain sizes in the German nodule license area in the CCZ showed a multimodal size distribution pattern. Sediments from the vast abyssal plain environment generally exhibit a finer grain size (d50 = 20 μm), in agreement with the particle size spectrum obtained from several other deep-sea locations (McCave, 1984; Bianchi and McCave, 2000; Thomsen and Gust, 2000). Coarser sediments (d50 = 32 μm) were found near seamounts and ridges. Sediment size distribution in the area is controlled by the hydrodynamic regime of the respective environment following the sortable silt theory (McCave et al., 1995). In a higher current velocity field, such as at the base of a seamount or ridge (White et al., 2008), sediment particle selection and sorting result in coarser particle size distribution over time.

Sampled at the side of a large seamount, the sediment core 106 MUC depicted the highest median particle size (d50 = 52 μm; Figure 2). This site was dominated by larger biogenic deposition (particles > 63 μm) throughout the entire depth of the sediment core, suggesting that biologically derived material predominantly accumulates at this site. To date, no record of size-dependent, particulate organic carbon (POC) content for this study site is available. According to Mewes et al. (2014) and Volz et al. (2018), the total organic carbon (TOC) concentration varies between 0.2 and 0.6 [wt.%] in the German licensed area in the CCZ. Taking into account the generally low sedimentation rate of ca. 5 mm 10–3 year–1 in the CCZ (Khripounoff et al., 2006), this seamount which rises to a water depth of 2300 m is unlikely to cause elevated biological production at the sea surface but interferes with the deep-sea currents, producing a wake effect (Roden, 1991; Comeau et al., 1995). As seamounts and ridges are considered a hotspot for biodiversity (Samadi et al., 2006; Sautya et al., 2011), they should remain out of the dispersion path of a mining plume.

The plume aggregation process

Discharge simulations of mining-related sediment plumes indicate a rapid flocculation propensity (within 10 to 135 min), resulting in the formation of large aggregates (up to 1100 μm). The analysis of aggregation under differential settling and turbulent shear showed that the sediment plume concentration and the shear rate dictate the behavior of particles in suspension. Increasing the suspended particle concentration up to 500 mg L–1 or the shear rate up to 5.6 G (representing a free-stream velocity of ≈0.5 m s–1) promoted aggregate growth, showing that aggregation dominated over breakup. These results corroborate observations reported for laboratory and natural systems (McCave, 1984; Lick et al., 1993; Milligan and Hill, 1998; Manning and Dyer, 1999; Winterwerp, 2002). Flocculation efficiency was found to be rapid (within 10 min) for a sediment plume concentration of 500 mg L–1 and a shear rate (G) of 2–10 s–1. Under these hydrodynamic conditions, which can be expected in the wake of a mining vehicle moving at ≈1 m s–1, more than 90% of the primary particles were scavenged within that time. This scavenging would result in rapid clearance of the water column, subsequently limiting the sediment fallout area of the mining activity.

Settling velocities of aggregated plume particles

The residence time of the mining plume in the water column is controlled by the settling velocities of the particles that compose the plume. The present results confirm that size-specific settling velocities of aggregates are regulated by the hydrodynamic conditions during formation. Increasing the shear rate during aggregation significantly increased size-specific settling velocities (Table S3). A similar relationship was reported in previous investigations for different types of sediments (Lick et al., 1993; Manning and Dyer, 1999). Under a negligible shear rate, aggregates that formed under low plume concentrations of 35 mg L–1 showed higher size-specific settling velocities than similar-sized particles under higher plume concentrations. The present results indicate that aggregate shape, which is often neglected in modeling equations (Joshi et al., 2014) for computational reasons, may be an important regulating factor of the size-specific settling velocity (Figure 4A) resulting in a decrease in effective density, as discussed by Mikkelsen and Pejrup (2000).

The present results revealed that size-specific settling velocities of plume aggregates >100 μm deviate from typical model-based calculations using either Stokes’ or Ferguson and Church’s (2004) recalculated values for ws, as shown in Figure 6. Few studies have measured deep-sea particle settling velocities quantitatively, but values in the present study appear in the same order of magnitude as those found for organo-mineral aggregates from the benthic boundary layer of the deep sea (Thomsen et al., 2002) and are comparable to those obtained during dredging operations in shallow waters (Smith and Friedrichs, 2011). The average settling velocities reported by Smith and Friedrichs (2011) varied between 70 and 150 m d–1, while the deep-sea sediments in the present study settled at rates of 88–102 m d–1. The rates may be similar for different reasons, however, given differences between their study and the present study. For example, the largest aggregates in the present study exceeded those in Smith and Friedrichs (2011), as the primary deep-sea sediment particles for aggregation in the present study were smaller (d50 = 20 μm; larger aggregates can be formed from smaller particles [Milligan and Hill, 1998]). Samples for the study by Smith and Friedrichs (2011) were also taken from the edge of the plume of the dredged sediments where some features were not representative of the interior of the plume.

[image: image]

Figure 6

Comparison of settling velocities of measured aggregates with previously published values.
 Predicted values from Stokes’ law and the Ferguson and Church relation are shown with the (lower) measured values from Thomsen et al. (2002) and the present study. Data plotted from the present study relate to the range of settling velocities for all aggregates produced. The figure has been modified from Ferguson and Church (2004).
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Critical shear velocities for resuspension of deposited plume aggregates

The critical shear velocities required to resuspend the aggregates produced in this study are consistent with previously reported values for deep-sea particles (Southard, 1971; Thomsen and Gust, 2000). Once the plume aggregates settled on the seabed, similarities in aggregate resuspension behavior were observed irrespective of their flocculation history. Under a current flow velocity of 3–4 cm s–1, which corresponds to the mean velocity flow in the investigated area (Kuhn, 2015), bedload transport of the plume aggregates starts. These aggregates are expected to accumulate passively between the nodules. Flow velocities >7 cm s–1, which are lower than those encountered during the passage of mesoscale eddies, would potentially yield a new sediment plume of large aggregates.

Sediment plume dispersion modeling

The 5-day mining model prediction reveals a clear variation in the size of the blanketed area depending on the predominant hydrodynamic conditions. The area of influence ranged from 4 km under normal flow conditions to up to 9 km when an eddy passed through the study site. Near-field hyper-sedimentation of >20 mm (Figure 5) is expected to drastically impact the deep-sea ecosystem to varying extents (Gollner et al., 2017), which is much less adapted to such events than their counterparts at continental margins (Larsson et al., 2013). In the transitional areas with a decreasing blanketed layer, studies of underwater disposal mining wastes (i.e., dredging, drill cutting [Trannum et al., 2010] and land mining [Smith and Rule, 2001; Hughes et al., 2015]) have shown that instantaneous burial of up to 1 mm does not affect macrofaunal species richness or abundance (Olsgard and Hasle, 1993). However, increasingly divergent communities were observed at a burial rate of 3 mm applied monthly over a period of 6 months (Lohrer et al., 2004). Based on a precautionary approach, we suggest that an ecological blanketing threshold value of around 1 mm should be followed. Such threshold levels can be reached only if restricted, small fallout areas of a few square kilometers with a massive blanketing effect are accepted. These fallout areas will then expand during the passage of mesoscale eddies due to resuspension. However, this plume resuspension would then carry large aggregates, which do not disaggregate into smaller particles unless the shear rate reaches high levels of >5.6 G.

Conclusions

Our findings suggest that the use of elevated sediment discharge (500 mg L–1) under elevated turbulence results in rapid sediment flocculation. The modeling results also suggest that mining under “typical” deep-sea flow conditions results in a relatively rapid deposition of larger particles from the plume, thus restricting the blanketing effect to a smaller fall-out area, unless subsequent flow events resuspend the material. Setting such requirements should therefore be considered for the design of the mining collector and exhaust pipe. Further expansion of this study should consider even higher sediment discharge concentrations and investigate the effect of hindered settling processes (sediment concentration >2–3 g L–1; Winterwerp, 2002) and the gelling effect of cohesive sediment (sediment concentration >30 g L–1; Camenen and van Bang, 2011), which is expected to influence the aggregation and the dispersion potential of the mining plume.
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