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Abstract  

Global maps of the maximum bottom concentration, thickness, and integrated particle 

mass in benthic nepheloid layers are published here to support collaborations to 

understand deep ocean sediment dynamics, linkage with upper ocean dynamics, and 

assessing the potential for scavenging of adsorption-prone elements near the deep ocean 

seafloor. Mapping the intensity of benthic particle concentrations from natural oceanic 

processes also provides a baseline that will aid in quantifying the industrial impact of 

current and future deep-sea mining. Benthic nepheloid layers have been mapped using 

6,392 full-depth profiles made during 64 cruises using our transmissometers mounted on 

CTDs in multiple national/international programs including WOCE, SAVE, JGOFS, 

CLIVAR-Repeat Hydrography, and GO-SHIP during the last four decades. Intense 

benthic nepheloid layers are found in areas where eddy kinetic energy in overlying waters, 

mean kinetic energy 50 meters above bottom (mab), and energy dissipation in the bottom 

boundary layer are near the highest values in the ocean. Areas of intense benthic 

nepheloid layers include the Western North Atlantic, Argentine Basin in the South 

Atlantic, parts of the Southern Ocean and areas around South Africa. Benthic nepheloid 

layers are weak or absent in most of the Pacific, Indian, and Atlantic basins away from 

continental margins. High surface eddy kinetic energy is associated with the Kuroshio 

Current east of Japan. Data south of the Kuroshio show weak nepheloid layers, but no 

transmissometer data exist beneath the Kuroshio, a deficiency that should be remedied to 

increase understanding of eddy dynamics in un-sampled and under-sampled oceanic areas.  
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Highlights 

Benthic nepheloid layers are most intense beneath areas of high eddy kinetic energy 

Deep western boundary currents are too weak to generate intense nepheloid layers 

Benthic storms erode the seafloor and maintain the benthic nepheloid layer  

Benthic nepheloid layers are weak to non-existent in areas of low eddy kinetic energy 

High benthic kinetic energy and energy dissipation match strong nepheloid layers 

1. Introduction

Optical instruments have been used for many decades to measure turbidity in bodies of 

water to estimate particle abundance and distribution (Biscaye and Eittreim, 1977; 

Gardner et al., 2017; Jerlov, 1953). It has long been known that particle concentrations 

are elevated in the euphotic zone resulting mostly from primary production of 



phytoplankton (up to 100’s to 1000’s μg l-1), or river discharge into lakes or oceans (μg’s 

to g’s/l). Particles are not long-term conservative components in water because they can 

sink or rise depending on their density, thus moving across isopycnals, as well as being 

advected or subducted with the surrounding water. Consequently, particles can transport 

mass downward even through a stratified water column. Some dissolved or colloidal 

elements/compounds can adsorb onto particles and be transported downward more 

rapidly than through settling, diffusional or turbulent mixing, or subduction. Optical 

measurements have also shown that although particle concentrations in the open ocean 

decrease to very low values in the water column deeper than about 100-200 m (5-12 μg l-

1; Brewer et al., 1976; Gardner et al., 1985), particle concentration can increase near the 

seafloor, sometimes very significantly (100’s-1000’s μg l-1: Gardner et al., 1985; Hill et 

al., 2011). Satellite ocean color data can be used to map particle concentrations globally 

in surface waters (Gardner et al., 2006; Henson et al., 2010; Stramski et al., 2008). High-

resolution vertical measurements throughout the water column primarily depend on CTD 

hydrocasts, which provide lower horizontal and temporal resolution than satellite data. 

Profiling floats or gliders with attached optical instruments increase temporal and spatial 

resolution (Johnson et al, 2009), however most of them presently profile to 2000 m or 

less. Gliders that will profile to 6000 m are being built. All of these instruments can yield 

important high-resolution data from multiple sensors simultaneously. 

The geographic variability of particle concentrations near the seafloor is orders of 

magnitude greater than in the mid-water column (Biscaye and Eittreim, 1977). Their 

synthesis of data in the North and South Atlantic show areas of high concentrations in the 



Western North Atlantic and in the Argentine Basin. Their initial hypothesis was that the 

high concentrations were caused by sediment eroded and resuspended by deep boundary 

currents generated by polar waters sinking and moving equatorward. Also noted was a 

spatial association between elevated nepheloid layer particulate matter concentrations 

(PM) and eddy kinetic energy (EKE) (Hollister and McCave, 1984) or bottom trapped 

topographic Rossby waves (Grant et al., 1985), however, no global map of bottom 

concentrations existed. Weatherly and Kelley (1985) suggested that cold filaments of 

Antarctic Bottom Water were passing through a region south of Nova Scotia in the 

Western North Atlantic where the dynamics of sediment resuspension was investigated 

for several years during the High Energy Benthic Boundary Layer Experiment 

(HEBBLE).  The state of general understanding about nepheloid layers 30 years ago was 

reviewed by McCave (1986), and many of the concepts have not changed. However, 

most of the data in this paper were collected since that review, giving us a much clearer 

picture of global geographic distribution, intensity, and variability. New physical 

measurements and models have also improved our understanding of dynamics in the 

ocean. In this paper we present the first global maps of bottom particle concentrations, 

thickness of the nepheloid layer, and integrated particle mass within bottom nepheloid 

layers compiled from transmissometer data we have collected during the last four decades. 

We compare these data with global maps of EKE, benthic energy dissipation, mean near-

bottom kinetic energy, and refer to newly published time-series measurements in benthic 

nepheloid layers to better understand the causes, likely location, and variability of strong 

and weak nepheloid layers.  



2. Methods and data

Transmissometers were integrated with CTDs and lowered to the seafloor on 64 cruises 

occupying 6,392 stations.  Transmissometers used in WOCE, JGOFS, SAVE and other 

open ocean projects up until about year 2000 were 25 cm pathlength, SeaTech 

instruments with a 660 nm LED light source. One cruise during the HEBBLE program 

(R/V Knorr cruise 74, 1974) used a 1-m folded pathlength SeaTech instrument, as did 

one cruise in the Western North Atlantic (R/V Oceanus cruise 134, 1983).  

The methods for using the 25-cm path length SeaTech transmissometers are given in 

papers published for those projects (Gardner et al., 1985, 1993) and in more detail on the 

Ocean Data View (ODV) web site: 

https://odv.awi.de/fileadmin/user_upload/odv/data/Transmissometer/info). Explained 

briefly, a transmissometer measures in volts (0-5 volts (V)) the transmission (T) of light 

across a path of known length (r). Voltage is then converted to beam attenuation of light 

(c) by the equation:

V/5 = T = e-cr, 

which can be rewritten as 

c = -(1/r) *ln (T) 

Data from transmissometers with different path lengths can thus be compared using the 

same equation. 



Light from a red LED is scattered and/or absorbed by water (cw), particles in the water 

column (cp), and colored dissolved organic matter (cCDOM), the sum of which is defined as 

beam attenuation (c). Thus, c = cw + cCDOM + cp.  In the red spectrum used for our 

measurements, scattering and absorption by CDOM is considered negligible in most open 

ocean waters, so attenuation by particles (cp) equals the total attenuation measured (c) 

minus the attenuation by water (cw). SeaTech transmissometers were factory calibrated in 

particle-free water and the electronics were adjusted so that cw= 0.364. An initial dry air 

reading was made at the factory and any drift of the instrument could be detected and 

corrected by comparison with the air reading in the field during an expedition. 

Processing of the data included data averaging (1 or 2 db binning), examination and 

removal of transient spikes, determination of water column minimum value, adjustments 

for light source drift based on air readings, and final calibration by regressions of 

particulate mass (PM) or particulate organic carbon (POC) concentrations versus cp, 

when PM or POC data were collected. 

We transitioned to WetLabs C-STAR transmissometers in ~ 2000, as SeaTech ceased 

production and the CLIVAR Repeat Hydrography program started. The WetLabs C-

STARs used a 660 nm LED, and the instruments were converted to improved 650 nm 

LEDs around 2013. Each instrument was factory calibrated in particle-free water and 

internal firmware was used to subtract attenuation due to water (cw) from the output data 

stream. Later WetLabs added an algorithm to correct for instrument internal temperature 

hysteresis as the external temperature varied quickly in the upper water column. We had 



developed our own temperature correction with the SeaTech transmissometers (Gardner 

et al., 1993). The voltage was corrected for drift in the instrument by using factory and 

field air and blocked beam readings: 

Tr = ((VSig -VBlock) / (VFac - VBlock))*( VFacAir /VFieldAir), 

where - VSig –is the measured output voltage, 

VBlock is the output voltage with the beam blocked during calibration, 

VFac – is the factory clean-water value, 

VFacAir – is the factory measured voltage output in air,  

VFieldAir – is the field measured voltage output in air.  

WetLabs C-STAR instruments were used on the CLIVAR Repeat Hydrography/GO-

SHIP cruises, but we rarely had the opportunity to collect and filter calibration samples 

on these cruises, which for us were “ships of opportunity” for data collection. Shipboard 

technicians were instructed to clean the transmissometer windows prior to each cast and 

to do a pre-cast air calibration through the CTD every 20 casts and at the beginning and 

end of the cruise. When FieldBlock and FieldAir are taken several times during the cruise, 

the calibration values can be linearly interpolated for every day in the cruise between the 

dates when calibrations occurred and applied to the data. So, if the sensor shift is not 

linear over the duration of the expedition, it can be accounted for by interpolation.  

Without in situ samples we could not establish a known concentration for the minimum 

values in the water column nor was there particle-free water available on the ship for 

calibration. Thus we resorted to using the common method proposed by SeaTech of using 



the cruise minimum voltage or a cruise-average minimum on each cast. We later set this 

value to zero. This means we can’t compare particle minima between oceans, however, 

the uncertainty in measurements at the low minimum values from many different 

instruments with many different operators over 4 decades convinced us this was the best 

solution. Filtration sampling by Brewer et al. (1976) and our own measurements in many 

oceans shows minimum concentrations of about 5-12 μg l-1. The purpose of this paper is 

to quantify properties of nepheloid layers such as the thickness and “excess mass” of 

particles, which requires subtracting the “clear water” concentrations. One could add ~ 12 

μg l-1 to obtain total particle concentrations. This would not change the global 

distribution maps and correlation with ocean dynamics. Furthermore, numerous time-

series measurements in the Western North Atlantic show that particle concentrations in 

active nepheloid layers can change rapidly by over an order of magnitude in a day 

(Gardner et al., 2017). Even in surface waters, the horizontal variability can be large, so 

the particle minima of 5-12 μg l-1 are small compared to the typical concentrations in 

surface waters or active benthic nepheloid layers.  

Beam attenuation due to particles (cp) is linearly correlated with particle concentration, 

however, cp is not an intuitive unit and the conversion factor to PM is not a single 

universal constant, nor is it uniform throughout the water column. This is because beam 

cp is a function of particle composition and particle size (Baker and Lavelle, 1984), which 

change seasonally in surface waters and from surface waters to bottom waters (Gardner, 

1989; Gardner et al.,  1993; 2001) 



Because we are analyzing benthic nepheloid layers, whose primary source of particles is 

resuspended sediment, there is greater uniformity in the conversion factor from cp to PM. 

In order to use a more familiar measurement, we have converted beam cp to μg l-1 using 

the measurements of nepheloid layer PM from the HEBBLE program (Gardner et al., 

1985) because of the large number of samples over the widest range of concentrations in 

any deep-sea study:  

PM = 1208* cp 

Data were gridded (1° x 1°), contoured, and displayed using Golden Software’s Surfer 

package. While mapping we tested many search distances from 2° - 15° of 

longitude/latitude and found that using a search radius of 6.5° was optimal in terms of 

data presentation without excessive small-scale details and interpolation artifacts. 

Because of this, highest PM values are not obvious. We have included a figure in 

Appendix A that maps stations based on near-bottom concentration ranges in μg l-1 

(>1000, 1000-500, 500-100, 100-50, 50-10, <10).) The greater the near-bottom 

concentration, the more variable concentrations are likely to be (Gardner et al., 2017). 

When a location is occupied more than once, the data are averaged in the gridding.  

The “maximum bottom concentration” at each station was determined by taking an 

average of the bottom 10 m of data collected. The distance above bottom for each cast is 

not always reported, however, most cruise logs show it is generally 5-10 meters above 

bottom (mab). In the HEBBLE program the distance was narrowed to 2-7 mab using a 

weighted touch wire that triggered a red light on the CTD control panel at 2 mab.  



The minimum concentration in the profile is calculated for each station, however, the 

minimum can occur at multiple depths. Mapping the depths of the deepest minimum led 

to vary erratic contours. Erratic contours also occurred by using an increase of 0.005 cp 

below the minimum to define the beginning of the nepheloid layer. When we used an 

increase of 0.01 cp there was much less noise in the maps. The depth of the minimum 

plus 0.01 cp units was used to define the top of the nepheloid layer (which is an increase 

of about 12 μg l-1), and the excess PM in the nepheloid layer was obtained by integrating 

from that depth to the deepest measurement. No addition was made for the mab of a cast 

as there was too much uncertainty in that distance, which was usually only ~5-10m.  

CTD/Transmissometer data up until 2012 are available at National Centers for 

Environmental Information (NCEI) (http://www.nodc.noaa.gov/OC5/WOD13/) and at 

the Ocean Data View web site (http://odv.awi.de/en/data/ocean/). Data from 2003 to 

present are being uploaded to the CCHDO database (https://cchdo.ucsd.edu). All of the 

JGOFS transmissometer data we collected can be found at 

http://usjgofs.whoi.edu/jg/dir/jgofs/.  

Our CTD/transmissometer stations seldom include measurements on the shelf, however, 

there are many studies that show resuspension of bottom sediments in shallow 

environments that will not be covered here. Sediment has also been shown to be 

resuspended by breaking internal waves on tidal cycles on the upper slope and in 

submarine canyons, creating intermediate nepheloid layers (Gardner, 1989 and refs 



therein), however, there is no direct evidence that this sediment from the upper slope 

contributes significantly to benthic nepheloid layers in the deep sea. There are also many 

measurements in the Mediterranean Sea (Karageorgis et al., 2008: Puig et al., 2013;) and 

Gulf of Mexico (Son et al., 2009). We have not included those in our data set, though we 

recognize the importance of those marginal seas. 

3. Results and Discussion

3.1. Maximum concentration, thickness and excess PM in nepheloid layers. 

The global distribution of maximum near-bottom PM concentrations reveals significant 

spatial variability (Fig. 1). Two large open-ocean areas where the maximum bottom PM 

concentrations frequently exceeded 100 μg l-1 (total of 387 stations globally, Appendix 

A1-A3) are the Western North Atlantic Basin and Argentine Basin. The stations with 

high concentrations north of Alaska and north of the Amazon outflow are shallow water 

stations (<400 m). There are profiles in other places that had concentrations >100 μg l-1, 

but since we use 1° gridding, higher concentration data points can be smoothed out. 

Concentrations sometimes exceeded 1,000 μg l-1 at several stations south of Nova Scotia 

in the North Atlantic below the Gulf Stream and its extensions. Maximum value from 

filtered samples in that region was 12,701 μg l-1 at 2 mab and values exceeded 2,000 μg l-

1 as high as 131 mab at that site  (Gardner and Sullivan, 1981). The cp profile at that 

station showed more than one maximum in the bottom waters that was generated either 

by advection from higher topography nearby, or, in retrospect, it is possible that we 



sampled the tail end of a turbidity current. The beam attenuation (c) signal was saturated 

(c=8.9 for 1-m pathlength transmissometer) in the bottom 20 m. 

Figure 1. Particulate matter concentration (μg l-1) averaged in the bottom 10 m of each 

profile. Scale is not linear to provide finer detail at low concentrations. Data were gridded 

at 1° x 1° areas and a search radius of 6.5° was used for interpolation. In Figs. 1-4, black 

symbols indicate stations where no nepheloid layer was observed (i.e. no concentration 

increase by >12 μg l-1). Green symbols indicate stations where an increase of 12 μg l-1

greater than the profile minimum was observed. 

Smaller areas with high PM concentrations include south of Iceland and southwest and 

southeast of Alaska (shallow water). Medium PM values (50-100 μg l-1: 413 stations 

globally, Appendix A4) also occur sporadically in the Southern Ocean, southwest of 

Africa and northeast of Madagascar. It is notable that much of the ocean has very low PM 

concentrations (<10 μg l-1 Appendix A6), indicating little or no sediment resuspension. 

The transects covered in this paper were seldom close to mid-ocean ridges, where 

hundreds of hydrothermal vents are manifest as increased temperature, turbidity, iron or 



other elements (Baker, 2017; Fitzsimmons et al., 2017). These areas aren’t obvious in our 

maps. 

The thickness of the nepheloid layer is defined here as the distance between the 

cp_min+0.01 depth and the profile bottom depth (Fig. 2). This is to ensure that there is a 

real increase in PM, since that is at the low end of the instrument’s resolution. The excess 

PM mass is calculated by integrating the PM mass within the entire nepheloid layer (Fig. 

3), which gives a more robust evaluation of erosion and resuspension of bottom 

sediments than just the average concentration in the bottom 10 m. The areas in the 

Western North and South Atlantic where bottom concentrations exceeded 500 μg l-1 (Fig. 

1, Appendix A1, A2) and the nepheloid layer thickness exceeds 500 m (Fig. 2) generally 

coincide with areas where integrated excess PM mass exceeds ~4000 μg cm-2.  

In the maps of both integrated excess mass and nepheloid layer thickness, the area 

beneath the Agulhas retroflection southwest of Africa shows up more prominently than in 

bottom PM concentrations. Similarly, nepheloid layer thickness in areas south and east of 

Madagascar are greater than most regions of the ocean indicating that resuspended 

sediment was advected there from the lower continental slope and upper rise.  



Figure 2. Thickness of the nepheloid layer (m). Note scale change at 200 m. 

Figure 3. Excess particulate matter in the nepheloid layer (μg cm-2). Note scale change at 

1000 μg cm-2. See section 2 for calculation. 

A paper by Homoky et al. (2016, Fig. 12g) showed a map of excess PM in the nepheloid 

layer, citing Biscaye and Eittreim (1977). However, the Biscaye and Eittreim paper 



contained data only for the North and South Atlantic, not global data. The global data in 

Homoky et al. (2016) were not “optical transmission measurements.” They were forward 

scattering white light data compiled from Lamont nephelometer archives long ago by 

Biscaye and Gardner, preserved in an LDEO data base called GeoMapApp, and presented 

by us at the 2014 Ocean Sciences meeting in Hawaii. The Lamont nephelometer data are 

compared with the transmissometer data presented here in a paper soon to be submitted. 

Testing for correlations, we examined linear regressions of the integrated excess PM 

versus maximum bottom PM concentration and nepheloid layer thickness. We found a 

general positive correlation (which was not always linear, had highly variable regression 

slopes geographically, and had considerable scatter in the data) in regressions for either 

individual cruises or areas, but when all global data were combined, there was too much 

scatter to generalize the relationship globally (data not shown). This suggests that 

different areas have different forcing functions that give rise to the diverse structure and 

intensity of benthic nepheloid layers. 

3.2. Areas of strongest nepheloid layers and synopticity 

The two areas of maximum PM in Figures 1 and 3 were highlighted in the Biscaye and 

Eittreim (1977) map of the North and South Atlantic. In their map the area southwest of 

Africa showed slightly elevated mass in the nepheloid layer, however concentrations 

were much higher when our transmissometer data were collected two decades later. It is 

important to note that the data of Biscaye and Eittreim (1977) were  measurements of 

forward-scattered white light regressed against filtered particle concentrations in bottom 



waters in the Western North Atlantic and converted to mass concentrations. Our beam 

attenuation data are optical measurements that have been regressed against particle 

concentrations in bottom waters south of Nova Scotia during the HEBBLE program and 

the regression obtained was used to convert cp values to particle mass concentrations. The 

only place or time where a transmissometer and the Lamont Nephelometer have been 

deployed simultaneously was during R/V Knorr HEBBLE cruise KN74 and during a 2.5 

month deployment of a bottom tripod with both instruments collecting data 

simultaneously at the same time about 1 m off the bottom (Gardner et al., 1985; 2017). 

For all assessments in this paper we are comparing PM concentrations to PM 

concentrations, rather than one optical measurement to another.  

Our transmissometer data were collected over a 38-year period in various seasons, and 

are contoured as if all were collected simultaneously. Two pieces of strong evidence that 

justify our combining the data over multiple years are 1) we found areas of high PM 

concentration in the same two areas of highest concentration in Biscaye and Eittreim 

(1977) in the ‘70’s – ‘80’s, and 2) all of the beam cp sections that we have made from 

transects repeated 10-20 years apart in different oceans have shown that high and low 

benthic PM concentrations occur in the same areas during each transect (Gardner et al., 

2016). It has long been recognized that benthic nepheloid layers result primarily from 

resuspension of bottom sediment somewhere, or along mid-ocean ridges from 

hydrothermal vents (Baker, 2017). See Puig et al., (2013) for a third mechanism for 

forming benthic nepheloid layers - cascading of dense shelf water. The high and low 

concentrations during different decades consistently occur in the same regions, 



suggesting that there are regional hydrodynamic forces and/or topography that generate 

currents strong enough in specific locations to erode and resuspend sediment, and in other 

locations currents are rarely strong enough to erode or resuspend bottom sediments. 

Are there seasonal variations in the PM concentration in nepheloid layers that might 

create a bias in the data? There is evidence from time-series photographs (Lampitt, 1985) 

and sediment trap data (Deuser, 1980) that many areas of the ocean experience seasonal 

variations in the downward flux of organic detritus from surface waters, however, we 

know of no evidence of seasonality in near-bottom PM concentrations other than seasonal 

cascading of water in the Mediterranean (Puig et al., 2013). Nor is there evidence for 

seasonal variations in bottom currents sufficient to resuspend sediments and create areas 

of intense nepheloid layers. Certainly there is seasonality in the formation of bottom 

waters in polar regions, however, mean flow of the Deep Western Boundary Current 

(DWBC) is only about 10 cm s-1 and seasonal increases in bottom currents of the DWBC 

are only about 10-20% (Dickson et al., 2007; Jochumsen et al., 2012). Episodic benthic 

storms have been documented in the Western North Atlantic (Gardner and Sullivan, 

1981; Gardner et al., 2017; Hollister and McCave, 1984; Isley et al. 1990), however, 

there is no evidence of a seasonal bias in their occurrence.  

3.3. Causes of intense nepheloid layers 

Hollister and McCave (1984) pointed out a general global correlation between deep 

boundary currents, strong nepheloid layers and high surface eddy kinetic energy 

generated by features such as the Gulf Stream and its warm and cold-core rings, 

suggesting that sediment resuspended could be diffused upward or advected laterally. 



Bottom boundary layer thickness is usually less than 100 m, depending on bottom 

topography, slope, and current speeds (Armi and Millard, 1976), yet nepheloid layers can 

be as thick as 1000-1400 m (Fig. 2). It is more likely that sediment is advected laterally 

as demonstrated by Armi (1978) to create thick nepheloid layers because eddy diffusivity 

required to explain diffusional mixing for clay particles up to 1000–1500 mab is two 

orders of magnitude greater than the typical vertical diffusivities of 1 cm2 s 1 calculated 

for most of the deep ocean (Bell, 1974; Eittreim and Ewing, 1972). Later studies by 

Watts et al. (1995) and Andres et al. (2016) have shown that beneath the meanders of the 

Gulf Stream, cyclones and anticyclones are generated that create currents strong enough 

to resuspend sediment in waters much deeper than the DWBC, which extends only to 

~4000 m depth in the Western North Atlantic with the water deeper than 4000 m 

consisting mainly of Antarctic Bottom Water (AABW) based on high silicate 

concentrations (Richardson et al., 1981).  

We presented extensive new data and analysis on nepheloid layer distribution and 

dynamics in the Western North Atlantic basin based on Lamont nephelometer data 

(Gardner et al., 2017). We mapped the excess PM in nepheloid layers from vertical 

profiles and collected near-bottom time-series measurements (2-11 months each) of 

particle concentrations that revealed numerous benthic storms beneath the Gulf Stream, 

many of which were associated with nearby meanders and rings. We also compared the 

surface EKE with PM concentrations and temporal variability in benthic PM 

concentration and found a tight correlation. The high concentrations Biscaye and Eittreim 

(1977) mapped from nephelometer data in the ‘70’s – ‘80’s match well the high values 



seen based on these transmissometer measurements from 1979-2016 (Figures 1-3). We 

concluded that the DWBC speeds were too weak by themselves to generate intense 

nepheloid layers. Benthic storms with current speeds >~20 cm s-1, caused by cyclogenesis 

or bottom-trapped topographic Rossby waves were required to erode the seafloor and 

maintain moderate to strong benthic nepheloid layers. We also found that benthic 

nepheloid layers are weak to non-existent in areas of low eddy kinetic energy.  

Another hypothesis for resuspension of bottom sediments in the Western North Atlantic 

was proposed by Weatherly and Kelley (1985). They detected cold filaments containing 

AABW beneath the Gulf Stream moving up and down the deep slope and the filaments 

were sometimes associated with increases in PM. They could detect the shoreward 

boundary of the filaments, but not the offshore boundary and suggested that this 

movement of cold water is part of an abyssal western boundary current in the North 

American Basin or of a basin-scale cyclonic or anti-cyclonic circulation (Hogg, 1983) in 

the Western North Atlantic. However, Weatherly and Kelley (1985) also presented 

sections from previous studies in the same area that looked similar to the cold filaments, 

but those sections included an offshore boundary so isotherms formed a dome that could 

be interpreted as a cold filament meandering along the deep slope. We suggest an 

alternative interpretation that rather than it being a continuous filament flowing as part of 

the DWBC, the sections could bisect cyclonic features generated by the Gulf Stream 

meanders. Cyclonic rotation could cause upwelling in the center of the cyclone, thus 

carrying cold water and resuspended sediment upward, though not hundreds of meters. 

Lateral mixing away from boundaries is still required to develop nepheloid layers 



hundreds of meters thick. This could occur along continental margins or as water moves 

past seamounts and smaller hills in the ocean that Turnewitsch et al., (2013) point out are 

more abundant than is generally recognized. 

A map of global surface EKE (data generated by the joint U.S.-French 

TOPEX/POSEIDON and the JASON Ocean Surface Topography Science Teams 

(OST/ST)) was visualized by Dixon et al., (2011) and reveals marked similarities 

between surface EKE and benthic nepheloid layer intensity (Fig. 4). In addition to the 

Western North Atlantic, good correlation between EKE and nepheloid layer intensity is 

found in the Argentine Basin as previously noted by Hollister and McCave (1984). Time 

series transmissometer and current measurements near the seafloor also provided 

evidence of benthic storms in that basin that are correlated with high surface EKE caused 

by confluences, meanders, and eddies spun off from the Brazil (southward flowing) and 

Malvinas (northward flowing) boundary currents (Richardson et al., 1993). Flow between 

Madagascar and Africa occurs in eddies rather than a steady current (Penven et al., 2006). 

Then the Agulhas Current spawns rings at the Agulhas retroflection south of Africa. This 

eddying motion correlates well with relatively strong nepheloid layers from Madagascar 

around the Horn of Africa to southwest of Africa where concentrations are most intense 

where the current reverses course and moves to the southeast (Figs. 2, 3).  



Figure 4. Map of log of surface EKE based on satellite observations during 2002-06 

(modified from Dixon et al., 2011) with transmissometer station locations superimposed 

and WOCE lines annotated. 

3.4. Are there nepheloid layers beneath the Kuroshio? 

The greatest anomaly when comparing surface EKE and benthic nepheloid layers based 

on existing data is the area beneath the Kuroshio Current off of Japan. Like the Gulf 

Stream, the Kuroshio is a strong surface western-boundary current that meanders and 

sheds eddies in a manner similar to the Gulf Stream. One topographic difference is that 

the Japan Trench (~10,000 m) underlies the western flank of the Kuroshio, whereas the 

continental rise underlies the Gulf Stream and the Brazil/Malvinas currents in the 

Argentine Basin. Meandering of the Kuroshio begins northeast of the trench and moves 

to the northeast where water depth is 5000-6000 m. Extensive current measurements 

between 33°-37° N beneath the main flow of the Kuroshio revealed intensified bottom 

flow in the entire region that was weakly bottom trapped (Bishop et al., 2012). Near 



isolated seamounts, both currents and bottom trapping were amplified. Current speeds 

were measured at 2000, 3500 and 5000 m at five sites for nearly two years and the 

coherence of speeds among those three depths was very high. Speeds were filtered to 

remove tidal influence and still the speed frequently exceeded 20 cm s-1, which is the 

speed at which erosion/resuspension was found to occur beneath the Gulf Stream 

(Gardner et al., 2017). In this region Greene et al. (2009) found that cyclogenesis can 

result from strong flows advecting water columns off of isolated seamounts following a 

quiescent interval, so that could enhance current speeds, which reached a maximum of 

about 25 cm-1 at all depths. Thus, the conditions were such that strong nepheloid layers 

would be expected. 

Another difference between the water column beneath the Kuroshio and that of the Gulf 

Stream is that no DWBC flows counter to the Kuroshio’s surface current because no 

bottom water is formed in the north Pacific. However, Gardner et al., (2017) established 

that the DWBC flow beneath the Gulf Stream is too slow and too shallow (maximum 

4000 m) to create benthic storms found at 4500-5200 m. Still, one would expect the same 

type of cyclones and anticyclones beneath the Kuroshio that exist at 5200 m beneath 

meanders and rings of the Gulf Stream.  

A third critical difference with the Kuroshio is a lack of PM data. We have no 

transmissometer profiles beneath the area of high EKE (Fig. 4), and no time-series 

measurements of PM near the seafloor. We have two occupations of the east-west section 

along 30°N (Fig.4, line PO2), but this is south of the Kuroshio where we would expect 



nepheloid layers to develop (~35°N). However, bottom photos at two stations beneath the 

Kuroshio showed a smoothed bottom or mounds with tails (Fig. 1 of Hollister and 

Nowell, 1991), which is evidence of sediment transport and resuspension at some time in 

the past.  

3.5. Other correlations between nepheloid layers and seafloor dynamics 

In addition to looking at surface EKE, assimilation of thousands of current measurements 

with eddying general circulation models and tides has yielded detailed global maps of 

mean kinetic energy 50 mab (Fig. 2 of Arbic et al., 2010) as well as equally detailed 

global maps of energy dissipation in the bottom boundary layer (Figs. 5 and 9 of Arbic et 

al., 2009; Fig. 3 of Wright et al., 2013).  There is significant agreement between their 

maps of energy dissipation and the maps of surface EKE (Fig. 4) in the vicinity of the 

Gulf Stream, the Agulhas current, in the Argentine Basin, and in spots beneath the 

Antarctic Circumpolar Current. Given that the areas of higher EKE in the circumpolar 

current are likely due to eddies (Chelton et al., 2007), their geographic location may be 

less constrained than in the areas of high EKE unless there are topographic features like 

the Drake Passage or Kerguelen Islands where eddies might be generated regularly.  

Observations also show high energy dissipation rates due to bottom boundary drag 

beneath the Kuroshio between 32°-38°N. Conversely, maps of modeled mean kinetic 

energy at 50 mab show similarly maximum values in all of the regions of high EKE 

except beneath the Kuroshio where mean kinetic energy is about half of that beneath the 

Gulf Stream and Argentine Basin currents (Arbic et al., 2010; Fig. 2), yet currents are 



strong enough to erode sediment. More data are needed to know if there are strong 

nepheloid layers beneath the meandering portion of the Kuroshio, and if not, why? 

3.6. Practical applications 

In addition to obtaining a better understanding of the impact of surface dynamics on deep 

currents and eddies and sediment erosion and transport, this synthesis of nepheloid layers 

has other important applications. There is continued and growing interest and engineering 

effort focusing on mining metal-rich nodules and massive metallic sulfides on the 

seafloor (Halfar and Fujita, 2002; Hoagland et al., 2010; Van Dover, 2014). Deep-sea 

mining introduces particulate matter into the water column, either near the surface, 

seafloor, or in the water column. We want to be able to differentiate these ‘industrial’ 

sources from natural processes of resuspension for a variety of reasons. Our maps and 

analysis provide baseline data to understand where, when, why and how much PM we 

can expect in different geographic locations and in each part of the water column due to 

settling of particles from surface waters, by natural erosion and resuspension of bottom 

sediments, and input from hydrothermal activity. With the information in our synthesis, 

the location and impact of mining on the benthic environment can be better identified.  

Furthermore, studies in the Geochemical Tracers program (GEOTRACES) have found 

that PM scavenges adsorption-prone radionuclides such as 230Th and 231Pa that are used 

as quantitative tracers of adsorption to sinking particles in the ocean (Hayes et al., 2015; 

Van Hulten et al., 2017). These radionuclides have been used as modern- and paleo-

proxies for estimating vertical fluxes to the seafloor and lateral fluxes of insoluble 



elements to the continental margins as well as understanding the southward flux of North 

Atlantic deep water and other aspects of ocean circulation. Our improved understanding 

of which driving forces are important (EKE, topographic waves, cyclones and 

anticyclones spun up beneath meanders and rings of strong boundary currents) and where 

PM in the benthic nepheloid layer is sourced, transported, and deposited will help to 

determine oceanic locations where such scavenging is most likely to occur and to assess 

its impact on present and past global biogeochemistry.  

4. Conclusions

Benthic nepheloid layers are most intense beneath areas of high surface eddy kinetic 

energy, strongly suggesting a linkage with upper ocean dynamics. The geographic 

locations of intense nepheloid layers also coincide with areas of high-energy dissipation 

in the bottom boundary layer and with mean kinetic energy at 50 mab. One anomaly of 

this correlation may be the Kuroshio Current where we have current data, but no PM data. 

The energy dissipation is high beneath the Kuroshio, however, mean kinetic energy at 50 

mab is not as high there as in other areas of high benthic PM. PM data are needed to 

resolve the anomaly.  

Bottom boundary currents are too weak to generate intense nepheloid layers, so bottom 

current intensification (benthic storms) created by cyclones/anticyclones beneath 

meanders/rings below major surface currents or from bottom-trapped topographic waves 

is required to episodically create and maintain intense nepheloid layers. Benthic 



nepheloid layers in large portions of the Pacific, Atlantic and Indian oceans are weak to 

non-existent and are areas of low eddy kinetic energy. There are still many geographic 

areas to explore. 

PM scavenges adsorption-prone radionuclides that are used as paleo-productivity proxies 

and for investigation and modeling of modern and paleo-ocean circulation. Our global 

maps of PM in the benthic nepheloid layer help to determine where such scavenging is 

most likely to occur and to assess its potential impact on global biogeochemistry of 

sediments and bottom water. These maps will also serve as a baseline as deep-sea mining 

expands to exploit more mineral resources.  
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Figure Captions 

Figure 1. Particulate matter concentration (μg l-1) averaged in the bottom 10 m of each 

profile. Scale is not linear to provide finer detail at low concentrations. Data were gridded 

at 1° x 1° areas and a search radius of 6.5° was used for interpolation. In Figs. 1-4, black 

symbols indicate stations where no nepheloid layer was observed (i.e. no concentration 



increase by >12 μg l-1). Green symbols indicate stations where an increase of 12 μg l-1

greater than the profile minimum was observed. 

Figure 2. Thickness of the nepheloid layer (m). Note scale change at 200 m. 

Figure 3. Excess particulate matter in the nepheloid layer (μg cm-2). Note scale change at 

1000 μg cm-2. See section 2 for calculation. 

Figure 4. Map of log of surface EKE based on satellite observations during 2002-06 

(modified from Dixon et al., 2011), with transmissometer station locations superimposed 

and WOCE lines annotated. 
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Appendix A 

Appendix A. Maps showing stations where PM concentration averaged in the bottom 10 

m is 1) >1000 μg l-1, 2) 500-1000 μg l-1, 3) 100-500 μg l-1, 4) 50-100 μg l-1, 5) 10-50 μg l-

1, and 6) <10 μg l-1 calculated from beam cp. 
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