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26 Highlights:  

1. Beam cp  data reveal weak to very  strong nepheloid layers  in the deep  Gulf of Mexico.  

2. Loop Current eddies and other currents may  create varying  bottom nepheloid layers.  

3. Bottom currents create mega-furrows and nepheloid layers at Sigsbee escarpment base.  

4. Nepheloid layers were  weak in the  deep Yucatan Channel  and Straits of Florida.  
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32 Abstract  

The first measurements of bottom nepheloid layers in the  central and southern deep waters 

of the Gulf of Mexico west of the Yucatan peninsula were made  during  the three  summers 

of 2015-2017. P articulate matter concentrations (PM) were estimated from optical profiles 

of beam attenuation due to particles (cp).  Near-bottom maps and vertical sections of  cp  and 

PM converted from cp  show  evidence of sediment resuspension, possibly  linked with 

topographic Rossby waves, loop current eddies,  or  eddy-topography interactions. Additional 

cp  profiles  were made along cross-slope transects around the entire Gulf of Mexico, 
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including  across the Yucatan  Channel  and Straits of Florida in 2017. N ear-bottom PM 

concentrations were  barely  elevated in  the deep Yucatan Channel  and Straits of Florida  at 

that time, except in about the surface 200 m along  the northern and western boundaries.  

Comparison was  made  between  areas with  benthic  nepheloid layers and E ddy Kinetic  

Energy (EKE) patterns in the deep Gulf of Mexico.  Regions  of high EKE or  strong bottom 

currents in the  central and eastern Gulf  were  found over a   large  region of deeply  eroded 

furrows  in the seafloor  previously  imaged using 3-D seismic profiling  and submersible 

observations. F ew PM measurements were obtained in the high EKE areas  during these  

expeditions, howe ver, historical  and recent sampling  show  very  strong  nepheloid layers  at 

stations  within  and westward  of the  region of the actively  eroding  furrows.  
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Bottom furrows   

Current erosion  

Eddy Kinetic Energy   

 

1. Introduction  

Global distribution of bottom  nepheloid layers shows  connections between high surface  eddy kinetic  

energy (EKE)  or mean kinetic energy  (MKE)  with strong  bottom nepheloid layers resulting from  

resuspension of bottom  sediments (Gardner et al., 2017; 2018b). Those syntheses did not include bottom 

nepheloid layers in the deep Gulf of Mexico due  to lack of in-situ data. W hile hig h EKE has been 

previously  observed in the eastern Gulf (Dixon et al., 2011; Wunsch, 2015; Perez-Brunius et al., 2018),  

synchronous particulate  matter measurements in the water  column were not made. Many studies of particle 

distribution and nepheloid layers in the Gulf  have  been made on th e shelf and slope down to 1000-1500 m  

(e.g. Shideler, 1981;  Zhang, 1997; Bernal, 2001; Cochran, 2013, Zuck, 2014; Gray, 2016; Diercks et al., 

2018), but fewer  data have been available to evaluate  nepheloid layers in the deep  (>1500 m ) Gulf of 

Mexico  until recently.   
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71 High resolution 3-D seismic da ta have  also revealed the presence of large-scale furrows at 

the base  of some portions of the Sigsbee Escarpment (Bryant et al., 2001; Bean, 2005). 

Studies have measured strong  currents near some  of the furrowed regions  in the Gulf  

(Hamilton  &  Lugo-Fernandez, 2001;  Bean, 2005),  but there  were  no simultaneous 

measurements of PM  concentrations in the vicinity of those furrows. H owever, ne w 

measurements  from a 2021 survey  show  high particle  concentrations in the furrows area.  

 

New beam attenuation data from five cruises that had a variety of different scientific  

objectives have been uniformly processed and compared with other published data to 

understand the potential relationships outlined above.  

 

The purposes of this paper are:  

1) To map the distribution of particulate matter in the nepheloid layers in the deep Gulf of 

Mexico and some adjacent shelf/slope regions.  

2) To explore spatial relationships between  loop-current eddies (Tenreiro e t al., 2018) or  

eddy kinetic energy  (Perez-Brunius et al., 2018) throughout the  Gulf of Mexico with  

a) new beam attenuation data showing the distribution of bottom nepheloid layers in 

the deep Gulf,  and   

b) erosional furrows along the base of the Sigsbee  Escarpment in the northern Gulf  

(Bryant et al., 2001; Bean, 2005).  

3) To test for the presence of ne pheloid layers in the Yucatan Channel and the Straits of 

Florida that might indicate sediment transport through those passages.  

 

2. Background  

2.1 Gulf of Mexico Basin  

A physiographic map of the Gulf of Mexico (Figure 1) shows two major  carbonate 

platforms, each bounded by steep escarpments, two slope regions sculpted by rising salt  

domes and other  gravitational downslope processes, and an abyssal plain deeper than 3000 

m. The Mississippi River  provides sediment that creates a large  shelf delta  and a deep-sea  

fan ( Coleman, 1988; Davis, 2017). The  Mississippi Canyon traps and transports  sediment 

72 

73 

74 

76 

77 

78 

79 

81 

82 

83 

84 

86 

87 

88 

89 

91 

92 

93 

94 

96 

97 

98 

99 

3 



 

 

 

  

 

 

 Green Knoll 

 

 
  

 

 

 

 

 

 

  

 

 

 

 

 

 

101 that erodes  the canyon and builds  up the  Mississippi Fan.  Rivers in Mexico deliver sediment 

to the  Gulf of Campeche  in the  southern Gulf of  Mexico  (Davis, 2017).  102 

103 

104 

105 
106 

107 Figure 1. Physiographic map shows two major  carbonate platforms with  steep escarpments, 

two areas of salt-sculpted  mini-basins and ridges molded by rising salt domes  bordered 

seaward by steep escarpments, and the abyssal plain deeper than 3000  m. (Modified from 

National Academies of Sciences, Engineering, and Medicine, 2012). The   green dot at the  

base of  the Sigsbee  escarpment marks Green Knoll. Current measurements were made  

northeast of Green Knoll by Hamilton &  Lugo-Fernandez, 2001  (white triangle).  
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114 2.2. Gulf of Mexico Hydrography   

Perez-Brunius  et al., (2018) review  the dominant circulation patterns in the Gulf of Mexico. 

They view the Gulf  as a  highly stratified basin with a two-layer system. The upper layer 

(shallower than  800-1000 m) has surface-intensified flows. The lower layer (>1200 m to the 

seafloor)  shows that c urrents do not depend on de pth, a nd are  dominated by  topographic 

Rossby waves (Hamilton, 2009). Flow in the  upper la yer is dominated by the  Loop Current  
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(LC), which enters the Gulf through the Yucatan Channel between Mexico and Cuba, 

advects water masses into the northern Gulf, meanders clockwise east, then back south and 

exits the Gulf through the Straits of Florida (Figure 2). This meandering loop in the Gulf 

expands and contracts depending on the transport through the Yucatan Channel and the 

detachment of large anticyclonic eddies from the LC (Oey et al. 2005). After exiting the 

Gulf, the flow turns north and mixes with water feeding the Gulf Stream, a prominent 

western boundary current along the east coast of North America (National Academies of 

Sciences, Engineering, and Medicine, 2018). 

Within the Gulf, the LC sheds large (~200-300 km in diameter) anticyclonic eddies at 

irregular time intervals between 4 and 12 months (Leben, 2005). The anticyclonic eddies 

are often times associated with cyclonic/anticyclonic eddies on its edges (Figure 2). These 

energetic Loop Current Eddies (LCE) drift slowly towards the western Gulf, dissipating 

their energy along the way (DiMarco et al., 2005; Kolodziejczyk, 2012; Hamilton et al., 

2014). Observations show how these LCEs shape the upper slope by generating strong 

currents along the 200 m isobath (Maslo et al., 2020). 

Perez-Brunius et al. (2018) note that the circulation in the deep Gulf waters is less well 

known, but cite several studies suggesting that the LC and associated large mesoscale 

eddies can influence the dynamics of the bottom waters below 1000 m. Those studies 

suggest there is a mean cyclonic flow around the deep basin, and that the expansion and 

contraction of the LC induces movement in the lower layer via baroclinic instabilities, deep 

eddies, and topographic Rossby waves (TRWs) to both the interior and northern boundary 

of the western basin. 
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Figure 2. Surface circulation in the Gulf of Mexico shows water entering through the 

Yucatan Channel (light blue and red arrows), showing a well-developed Loop Current 

circulation in the Gulf and its outflow through the Straits of Florida. Cyclonic and 

anticyclonic Loop Current eddies usually develop with the detachment of the Loop Current 

anticyclonic eddy and dissipate energy during a westward drift. (Modified from National 

Academies of Sciences, Engineering, and Medicine, 2018). 

Hamilton and Lugo-Fernandez (2001) measured currents at several locations in the vicinity 

of the Sigsbee Escarpment (Figure 1). Currents were measured at 1600 m, 1800 m, and 

1989 m (9 meters above bottom, a.k.a. mab, Figure 3) on a mooring in a water depth of 

1998 m (white triangle in Figure 1) a few kilometers NE of Green Knoll. Currents showed 

reversing NE-SW flow velocities from near zero to >80 cm s-1 with a period of 10-14 days. 

They concluded that topographic Rossby waves with a period of 10-14 days controlled the 

dynamics in the lower water column with reversing currents varying from near zero to >80 

cm s -1, clearly sufficient to erode bottom sediments (Miller et al, 1977). 
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  Figure  3. Current vectors measured at three depths by Hamilton &  Lugo-Fernandez (2001, 

figure 3) at the location marked by white triangle in Figures  1 a nd 11. Not e  the rotated 

direction of North in comparing  flow direction in Figure  11 map.  Flow was NE-SW, 

roughly parallel with topographic contours. Figure from Bean (2005, figure  4). Data are also 

displayed as vector  diagrams in Hamilton (2007, figure 3).   
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173 

174 The strong currents measured by Hamilton &  Lugo-Fernandez (2001) have also been linked 

with deep-sea mega furrows (Figure  4) discovered along the Sigsbee  Escarpment (Bryant et 

al., 2001; Bean, 2005).  

175 

176 

177 

178 

179 Figure  4. 3D seismic profiling reveals mega-furrows created by currents that are still active  

along the base of Sigsbee Escarpment in the vicinity of Green Knoll (modified from Bean, 

2005; figure  5). Vertical exaggeration is ~4x. Green Knoll’s location is denoted by the 

green  dot  in Figure  1 a nd  a black dot  in Figure 11. The cp  profile from Station 4-37 in 

Figure  9 with a maximum observed PM value of  ~550 µg l-1  was made  close to, and 

possibly  in the  furrow field.  

180 
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186 There  are numerous parallel furrows along the escarpment that vary between 1-10 m deep 

and range  from 5-50 m wide (Bryant et al., 2001). Spacing between furrows is 20-200 m 187 
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and they continue along the base of the escarpment for as long as 100 km and trend up, 

over, or around obstacles as large as Green Knoll, which is over 200 m in height. Direct 

observations and videos from Deep Sea R/V Alvin indicated the slope of the furrow walls 

ranged from nearly vertical to 45° and currents measured with an upward looking ADCP on 

the submersible were 30-50 cm s-1 in the furrowed region (Bean, 2005). The forces creating 

these furrows are still active, but it takes long periods of erosion to create and maintain 

these large-scale features. 

The presence of a mean cyclonic flow around the deep basin was suggested by numerical 

studies (Bracco et al., 2016; Lee, 2003; Oey and Lee, 2002). This cyclonic flow was 

confirmed using an array of deep-water moorings in the western and southern Gulf of 

Mexico (Tenreiro et al., 2018). 

Another significant observation of Perez-Brunius et al., (2018) is the very high eddy kinetic 

energy in the eastern Gulf, which matched findings of Dixon et al. (2011). During the 

hydrographic studies mentioned so far, there were no reported measurements of particle 

concentrations near the seafloor in the deep water column. 

3. Sampling sites and methods 

In this paper we will link sparse past measurements and new, recent optical measurements 

of beam attenuation converted to particle mass concentrations (PM) throughout the Gulf. 

The sampling strategies during the cruises on which these optical measurements were made 

were designed to study ocean acidification, biogeochemistry, and sediment cores, not 

nepheloid layers or currents, but the optical data obtained with transmissometers provide 

important new insights and gave a rare opportunity to learn more about nepheloid layers in 

the Gulf. 
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219 3.1 Station locations  

In the summer/fall  of 2015-2017, scientists aboard Mexico’s research vessel   B/O Justo 

Sierra collected CTD/transmissometer profiles  during three expeditions occupying  

approximately  the same sampling  grid in the central and southern deep waters of the Gulf of 

Mexico (Figure  5, green dots). This  research was  conducted durin g project  XIXIMI  cruises 

4, 5, & 6 ( Linacre  et al., 2019). In the summer of 2017, CTD/transmissometer profiles  were  

also  made along  nine cross-slope transects around the Gulf of Mexico, plus across the 

Yucatan  Channel  and the   south and north Straits of Florida during the  GOMECC3  

expedition on NOAA ship  Ron Brown (Figure  5, red dots).   Another  expedition in 

September-October 2021  expanded  the GOMECC3  station  pattern and added a few new 

stations  in deep waters seaward of  the GOMECC3  lines  (selected preliminary data  became 

available to us, courtesy  of the cruise  PIs).   

220 
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233 Figure  5. S tation locations  during  Mexico’s three  B/O Justo Sierra  surveys in summer/fall  

of 2015-2017 (green dots) and of  NOAA’s   ship  Ron Brown  expedition  in summer of 2017 

(red dots), and six  deep-water  stations from 2021  (black crosses). The  outer edge of light 

blue  shading on the station map denotes 1000 m depth.  
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3.2 Transmissometer data 

WetLabs 25-cm pathlength C-STAR transmissometers with a 650 nm LED light source 

were used to make all profiles. Transmissometers measure the transmission of light (T) 

across a path of known length (r) in volts (0-5 volts (V)). Voltage is then converted to beam 

attenuation of light (c) by the equation: 

-cr 
V/5 = T = e 

which can be rearranged as 

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

Data processing included examination and removal of transient spikes, 2 db bin data 

averaging, determination of water column minimum value, and adjustments for LED drift 

based on factory and field air readings. Ideally, calibrations are also done using regressions 

of PM or particulate organic carbon concentrations (POC) versus c, but neither PM nor 

POC samples were collected concurrently with profiles used in these studies. Without in-

situ samples it is not feasible to establish a definitive concentration at the minimum c in the 

water column. Thus, we applied the method of using the profile minimum voltage or a 

cruise-average minimum (for shallow profiles) on each cast. We later set the c minimum 

value to zero, so all values based on c are then due to particle concentrations greater than 

the profile minimum, cp. Profiles of cp (beam attenuation due to particles) are used in 

making water column sections of cp and PM assessment. The near-bottom values of cp are 

used to compile bottom maps. Details of data reduction and calibration methods are 

published in Gardner et al. (2018b). 

Beam cp is linearly correlated with particle concentration when the composition and size 

distribution are uniform (Baker and Lavelle, 1984). Because both of those variables change 

through the water column seasonally and regionally (e.g. Gardner et al., 2001), the 

particulate matter data are best visualized and interpreted using cp. Filtration sampling by 

Brewer et al. (1976) and our own measurements in many oceans show minimum particle 

concentrations of ~5-12 µg l-1 . 
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267 An int ensely-sampled area sout h of Nova Scotia, Canada, with a  wide  range of ne pheloid 

layer  concentrations  (Gardner et al., 1985) produced a relation of  cp  to PM in the bottom  

100’s of meters as follows:   

 
2PM (µg  l-1) = 1208* c p, r  = 0.94   

 

This relationship was used for  estimating particle concentration in global syntheses of 

bottom nepheloid layers (Gardner et al., 2017; 2018b). U sing the above  equation, PM  value  

of 5-12 µg  l-1  is equivalent to 0.004-0.010 unit s of  c  m-1
p ( ).  

 

Beam attenuation data were  gridded and displayed using Ocean Data View (ODV)  software  

(Schlitzer, R., 2021). Variations  in cp  deeper than  ~200 m are minimal through most of the  

water column  unless int ermediate or bottom  nepheloid layers  are  encountered  (Southard and 

Cacchione, 1972; McCave, 1986). CTD casts generally were lowered to 5-15 mab, though 

some profiles intentionally  covered only the upper water column.  
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284 4. Results  

 

4.1 S ections and seafloor maps of  cp  (PM) distributions during XIXIMI  4, 5, & 6 cruises.  

Vertical sections of cp  along 24°N during the three  XIXIMI  summer/fall  cruises 

demonstrate an absence  of  a clear annual pattern of particle distribution. However,  weak 

bottom nepheloid layers were  always found in some region of the deep basin and a strong  

nepheloid layer occurred along the western margin of the G ulf  in 2015 and 2016 (Figure  6  

d, g). Some of the increased cp  values extend vertically  hundreds of meters to over 1000 

mab. Nepheloid layers were most intense and abundant in 2015 and least intense and 

abundant in 2017.  
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297

298 Figure  6. a-c) Station maps  of cp  profiles  during XIXIMI  4-6  cruises; d-f) vertical sections 

of c  (m-1
p ) at stations between red lines in a-c) along 24°N in 2015-2017; g-i) maps of 

bottom cp  in 2015-2017.  Arrows  and red lines  in g-i indicate the line  of stations used for  

sections shown in d-f.  Bold vertical lines in the sections  (d-f) indicate the location of  

profiles.  The  outer  edge  of light blue  shading on the station maps  (a-c) denotes 1000 m 

depth.  
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305 4.2 Ne pheloid layer distribution and concentration in the Gulf from all XIXIMI  and  

GOMECC  cruises.   

 

While the three  XIXIMI  cruises  (4, 5, and 6)  primarily sampled the deep southern basin and 

not the surrounding shelf (Figure  6a, b, c), the GOMECC3 cruise  produced  nine cross-shelf-

slope sections around the entire Gulf, plus across three channel/straits: Yucatan Channel, 
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311 South Florida Strait and North Florida Strait  (Figure  7a, b, r  ed dots and profiles). With all of 

the XIXIMI6 and GOMECC3 (both 2017)   profiles combined (Figure  7b –   stacked cp  

profiles from both expeditions), we obtain a broader picture of much of the  Gulf  in 2017. 

Shelf and upper slope cp  values can be  five  times to more than ten times greater than in the 

deep Gulf  waters (Figures  6, 7). N ote that these data provide just brief snapshots of water  

column  profiles and bottom cp  values during  three  summers.   

312 
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314 
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316 

317 

318 

319 

320 Figure  7. Station locations (a), profiles  (b), and (c)  map of bottom cp  (m
-1) during  2017  

summer season based on combined XIXIMI6 (green) and GOMECC3 (red) data. The  outer 

edge of light blue  shading on the station map (a) denotes 1000 m depth.   
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324 Profiles from three  pairs of stations occupied in both 2017 (GOMECC3) and reoccupied in 

2021 (preliminary CTD  data courtesy of cruise PIs) reveal significant PM differences 

between the two expeditions  four  years apart (Figure  8).  Bottom temperature, salinity  and 

density are nearly identical below 1200 m  at all three  overlapping  stations  observed four 

years apart, indi cating homogeneous water in the  deep Gulf.  At the western station, c p -

based PM values are  low  in 2017 (Sta.  3-54, max  ~25  µg l-1), but extremely  high  in 2021 

(Sta.  4-70, max  ~440 µ g l-1). The central station’s  PM values at ~1200 m depth were  also 
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331 low (max ~15 µg l-1) in 2017 (Sta. 3-22) and much higher (~120 µg l-1) in 2021 (Sta. 4-38). 

332 PM concentrations at southeastern stations in both years were low; ~15 µg l-1 in 2017 (Sta. 

333 3-64) and ~40 µg l-1 in 2021 (Sta. 4-104). None of the T, S, or density profiles showed any 

334 shifts at the depths where cp increased. 

335 

336 

337 

338 Figure  8. Profiles of cp  (a), T  (b), S  (c), and D (e)  at the  deepest  stations  of three  transects 

occupied in 2017 ( GOMECC3, labeled  3-xx) and at the same three  locations  in 2021 

(labeled 4-xx) (colored symbols and labels in d). Red dots  –   GOMECC3 survey pattern.   

339 

340 

341 

342 A few additional  stations were  sampled during  2021. Profiles from those stations are shown 

in Figure  9 (p reliminary  data, courtesy of the PIs). Temperature, salinity  and density  are  

nearly identical below 1200 m at all three stations in 2021, similar to 2017 data. At the  
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345 western station (4-73), seaward of the 2017 station  3-54, cp  was extremely  high  (max  

c >1.18, PM>~1400   l-1
p µg ). At the  central  station  (4-37), cp  at ~2300 m depth (cp>0.45, 

PM~550 µg l-1) was near Green Knoll and was much greater  than at other  stations  located 

further  north along  90°N  line where depths varied between 400 m to 1200 m (cp  = 0.01 to  

0.06, PM~12 to  72 µg l-1-: data from profiles used in Figure 7).  PM concentration at the  

central eastern station (4-106) was  also very  high: ~550 µg l-1, and was in an area of high 

kinetic energy  (Perez-Brunius et al., 2018). None  of the T, S, or density profiles showed any  

shifts at the depths where cp  increased. These three stations are  shown as colored  symbols  in 

Figure  9.  
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356 Figure  9. P rofiles of cp  (a), T  (b), S  (c), and D (e) at three stations occupied  in 2021 (c olored 

symbols and labels in d).  Red dots  –   GOMECC3 survey pattern. Note that the cp  and PM 

scales  in a) are  six times larger than the scale in Figure  8a.  
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4.3 Nepheloid layers in three  straits  

 

Data along full sections across the Yucatan Channel, South and North Florida Straits 

(Figure  10) were collected during 2017 and revealed  only very weak nepheloid layers in the 

deepest regions, with low PM concentrations on the order of 10 µg l-1 . Concentrations in the 

upper 300-400 m of the two straits along the south and east Florida coast were about 100 µg  

l-1 .  
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369 Figure  10. Stations (a) and sections of c -1
p  (m ) across the Yucatan Channel, red arrow (b), 

South Florida Strait, blue arrow (c) and North Florida Strait, black arrow (d) during  

GOMECC3 cruise in Aug-Sep 2017.  
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5. Discussion  

 

5.1 C urrents and Eddy Kinetic Energy  

Floats and moored current meters were deployed throughout the Gulf  from July  2011 to 

June 2015 to better understand circulation in the Gulf and to calculate eddy  kinetic energy  

(EKE) and mean kinetic energy (MKE) in the Gulf as shown in Figure  11 ( after Perez-

Brunius et al., 2018). The highest EKE was in the eastern Gulf  area where  the LC  moves 

into the Gulf through the Yucatan Channel and out of the Gulf through the Straits of 

Florida. While this is an area  with limited historical or recent deep PM data, it contains 

interesting features and conditions that relate to nepheloid layers. Strong  currents, erosional 

furrows and high values in near bottom PM have been observed as discussed in the  

Background and Results sections.  

 

The station at 25.5°N, 88° W in Figure 6h (also marked by  black diamonds  on Figures 12b 

and by black line in 12d) has elevated cp  values near the bottom in the area  where surface  

EKE is high (Figure 11). At station 4-106 (Figure  9), which is located near the center of the  

high EKE region (rightmost white star in Figure  11), PM concentration reached ~550 µg l-1  

near the seafloor.  
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410

Figure 11. EKE (cm2 s-2) based on data from floats (color map) and moorings (large blue-

colored dots) from 2011 to 2015. The white triangle is the location of Hamilton and Lugo-

Fernandez (2001) current meter measurements (Figure 3). The black dot is the location of 

Green Knoll (Figure 4). The white circle is the location of Feely (1975) profiles in different 

years (Figure 13). Diercks et al., (2018) studied currents and nepheloid layers near the white 

square. The three white stars are locations of the three stations during 2021 (West to East: 

stations 4-73, 4-37 and 4-106 in Figure 9). Figure modified from Perez-Brunius et al., 2018, 

figure 5a. 

Between August 2008 and August 2010, bottom current speed events of 10-40 cm s-1 were 

measured around the Gulf of Mexico in between anticyclonic-cyclonic pairs using point 

current meters at depths of 1000 m to 3500 m on seven moorings that also had a downward-

looking Acoustic Doppler Current Profiler mounted at 20 mab (Kolodziejczyk et al., 2012). 

In the eastern Gulf of Mexico, the high-speed events occurred along the edge of the LC 

between its anticyclonic circulation and a nearby cyclonic eddy. Five years of current 
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411 measurements throughout the water column in the  western Gulf of Mexico indicated that the 

westward movement of detached LCE stron gly modulate not only the upper-layer circulation 

but also impact the deep flow  with currents up to 10-20 cm s-1  (Tenreiro  et al., 2018). Based 

on Miller et al. (1977), these current speeds are sufficient to cause the weak (Figure 6i; 2017)  

to moderate (Figure 6h; 2016) to strong (Figure 6g; 2015) nepheloid layers found in the  

western Gulf.  

 

 

5.1 Interannual variability  of Gulf nepheloid layers  

 

A comparison among  the  three  years of X IXIMI data  (green cp  profiles in Figure  12  c, d,  g) 

clearly shows  that deep nepheloid layers were much stronger in 2015 and 2016 than in 

2017. A  similar comparison between 2015 o r 2016  with 2021 values of cp  in Figure  12 ( c, d, 

h) shows that nepheloid layers  were much stronger in  central locations in 2021 than in 2017.   
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430

435

440
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455

426 Figure 12. Variability of the cp/PM profiles during summer/fall seasons from 2015 to 2021 

in the GOM  a)  and c) –   XIXIMI4 cruise, 2015; b)  and  d) –   XIXIMI5 cruise, 2016; e)  and g) 

–   XIXIMI6 and GOMECC3 cruises, 2017;  f)  and  h) –   2021 expedition (colored symbols 

and profiles marked with station numbers). Green dots and profiles - XIXIMI data;.red dots  

and profiles - GOMECC3 data; black symbol and profile in b) and d) denote an anomalous 

station (see text for details). The  2021 profiles (panel h) are  shown on full scale in Figure  

9a.  

427 

428 

429 

431 
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433 

434 

436 With the exception of the 2021 data  where PM concentrations exceeded 400 µg  l-1  (Figure  

9)  the most intense benthic nepheloid layers in the deep Gulf appeared  during  2016 on the  

central abyssal plain (Figure  6h; 88°W max c 1 1
p  = 0.08 m-  (PM~100 µg  l- )) and lower 

slopes in the western Gulf (Figure  6g; max cp  = 0.07  m -1  (PM~85 µg  l-1)), but the cp  

distribution in the three summer snapshots was highly variable, showing  no consistent  

patterns  (Figure 6g-i). This is in stark contrast to the consistency of cp  distribution in 

decadal repeat sections  observed in Atlantic, Pacific, and Indian Oceans (Gardner et al., 

2018a).  Most of the area  sampled during the three  summers had bottom cp  of <0.03  m -1  

(PM~36 µg  l-1). The sporadic appearance of nepheloid layers along 24°N in Figure  6 might 

result from the  unpredictable  intensification of  bottom currents between cyclonic-

anticyclonic eddy pairs moving westward as observed by  Kolodziejczyk  et al., 2011, 2012, 

and Tenreiro e t al., 2018. We expect that the thick nepheloid layers (Figures 6  and 12)  are  

not due to vertical mixing but rather are due to sediment resuspension further  upslope with 

lateral advection  and mixing (Armi, 1978; Gardner et al. 1985; McCave,  1986; Turnewitsch  

et al., 2013). Examples of vertical nepheloid layer concentration reversals that are  

interpreted as laterally advected detached mixed layers (intermediate nepheloid layers)  are  

shown by McCave (1983).  

 

EKE diminishes toward the western Gulf as the detached LCEs  move westward and 

dissipate energy.  There  was no temporal overlap between published  current measurements 

and cp  profiles during  any  of the  cruises, but the four-year average of EKE data are useful 
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for understanding mean long-term conditions on a broad geographic scale. We also examine 

where strong currents or strong nepheloid layers have been observed in previous studies to 

look for possible connections and causes of anomalous events. One must remember that 

single profiles represent just a short moment in time, and because of the dynamic nature of 

LCEs and their potential link with nepheloid layers, single profile measurements are not 

always likely to represent years-long EKE averages based on data from profiling floats and 

moored measurements shown in Figure 11. For example, compare the differences in PM 

concentrations in Figure 8a-c at stations 3-22 (max ~ 15 µg l -1) versus 4-38 (~120 µg l-1) 

and 3-54 (max ~25 µg l-1) versus 4-70 (max ~440 µg l-1); pairs taken in the same locations 4 

years apart. Simultaneous long time-series measurements of both currents and cp are needed 

to better connect the causes and effects of nepheloid layers (e.g. Gardner et al., 2017). 

While PM data analyzed from five cruises lack temporal or spatial synchroneity with 

current measurements, they demonstrate that measured cp values and PM concentrations are 

consistently high on the shelf (cp >0.1 m-1, 120 µg l-1) and upper slope (cp >0.07 m-1, 85 µg 

l-1) and generally low to very low (cp <0.03 m-1 , 35 µg l-1) in the deep basins. However, data 

from previous studies in other parts of the Gulf show exceptionally high and variable 

bottom PM concentrations and/or currents, providing evidence of sufficiently strong 

currents in some areas to cause active erosion of the seafloor (Feely et al. 1974; Feely, 

1975; Hamilton and Lugo-Fernandez (2001); Diercks et al., 2018). 

Southwest of the site where these strong oscillating currents in Figure 3 were measured (at 

white triangle in Figure 11), Feely et al., (1974) and Feely (1975) filtered water samples 

collected between depths of 1000 m to 2000 m (at white dot in Figure 11) that yielded 

particle concentrations up to 300 µg l-1 at 200 mab in 1971 (Figure 13). The fact that the PM 

maximum was at 200 mab indicates that the sediment was eroded at a shallower depth and 

was advected/transported to this location. How far away erosion occurred is not known. In 

1973, the PM concentrations at the same location were only 10-25 µg l-1. This order of 

magnitude difference is consistent with the large southwest-northeast velocity variations 

measured by Hamilton & Lugo-Fernandez (2001) (Figure 3). It is also consistent with the 
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487 statement by  Tenreiro  et al., (2018) that the detached anticyclonic  LCEs strongly impact 

both the upper-layer circulation and the deep flow along the slope  as they  move westward. 

Long time-series synchronous measurements of current  speeds  and PM concentrations in 

multiple loca tions near the furrows and the Sigsbee Escarpment could help to better  

understand the driving forces of this system and the relationship among detached LCEs, 

eddy-topography interactions, topographic  Rossby waves and sediment resuspension and 

transport.  
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497 Figure 13. Profiles of PM filtered from  water  samples collected at the location marked by  

white circle in Figure  11 (Feely  et al., 1974; Feely, 1975).  498 

499 

500 5.3 Nepheloid layers in t he incoming  (Yucatan Channel) and outgoing channels (Straits of 

Florida) of  the Gulf  of Mexico.  501 
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6. Conclusions.  

 

While it is well known that nepheloid layers are  often strong on the shelf and upper slope  in 

the Gulf of Mexico, especially near river outflows  around the Gulf, n ew data  presented here  

reveal weak to strong  nepheloid layers (15 –   120 µg  l-1) deeper than 2500 m  in the 
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503 Sections of cp  across the Yucatan Channel and South/North Straits of Florida showed  

minimal nepheloid layers  in the deepest parts of the channels  (Figure  10). Transport  through 

the Yucatan Channel  varies  seasonally with the  highest values in the summer  when 

transport is 20-40% higher than the mean transport (Athie et al., 2020). S ummer was  the 

season when the cp  data were  collected, so the high-transport summertime is when sediment 

resuspension would be most likely.  However,  Athie et al. (2020) did not  provide data on 

near-bottom current velocity, which is the driving for ce  for creating  nepheloid layers. 

Sediment in these  passages has  a higher percentage of carbonate material  and lower 

percentage of  fine-grained terrigenous sediment  (Davis, 2017, figures 3.16 and 3.17). Much 

of the  fine  terrigenous sediment has been winnowed away over time, and the larger 

carbonate particles and substrate  are more difficult to erode and resuspend  to  create and 

sustain  nepheloid layers.  

 

Bottom currents beneath the Gulf Stream east of  Florida someti mes flow south for periods 

of 4-6 da ys on the western side of the Strait  (Düing and Johnson, 1972;  Düing, 1975). 

Southerly currents measured from a submarine  near the seafloor sometimes exceeded  50 cm 

s -1  (Gardner et al., 1989)  and reached 87 cm s -1, as recorded by  moored current meters 

(Düing, 1975). Wimbush and Lescht (1979) measured currents at 3 mab  and filmed  

sediment transport in the  Florida Straits. They  reported irregular sediment ripple transport 

when currents reached 22-24 cm s-1 .  

 

Near-bottom currents measured in the Yucatan Channel yielded a mean flow of about 2 cm 

s -1  (Sheinbaum et al., 2002), although  the flow  in their year-long measurements showed 

some reversals in its direction between the Caribbean basin and the  Gulf. Unfortunately,  

time series of current speeds were not provided.  
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southwestern area of the Gulf  in summers of  2015-2017. The data collected in 2021 

demonstrate that there are locations/times  such as near furrows and in areas of high EKE  

where  nepheloid layer PM concentrations can reach extremely high values:  500 - 1400 µg l-1 .  

 

Studies in major oceans have found that areas of high surface  EKE are  often related to areas 

of strong nepheloid layers. Although there  were no simultaneous measurements of currents 

or eddy kinetic energy (EKE) and cp  (a proxy for  PM)  during our Gulf studies, our 

observations show  that moderate (10’s –   100 µg l-1) nepheloid layers were observed in 

varying  locations at depths over 1200 m each summer. The shifting nepheloid layers are  

possibly  associated with intensified deep currents created by  detached Loop Current 

anticyclonic eddies or between cyclonic and anticyclonic  eddies moving  west  in the Gulf. 

The irregular western drift of these  eddies may explain the observed lack of interannual 

consistency  of  where  elevated currents and nepheloid layers occur.  

 

Near-bottom PM concentrations were  barely  elevated in the Yucatan Channel or Florida  

Straits, suggesting minimal transport of fine sediment through the channels at that time  

(summer 2017).  

 

The presence of very strong currents and a strong  nepheloid layer near large furrows in the  

northern Gulf slope indicate conditions of active  sediment erosion, resuspension, and 

transport.  More  long-term, simultaneous measurements of currents and near-bottom PM 

concentrations  in strategic locations in the Gulf of  Mexico  would aid in understanding the 

dynamics of currents and  large furrows  and the  relationship between nepheloid layers and  

EKE  in the Gulf of Mexico.  

 

Data availability:  Finalized transmissometer  data are  freely  and openly  available in  cp  units 

(m-1) through Ocean Data View Repository  (https://odv.awi.de/en/data/ocean/global-

transmissometer-database/).  Availability of the finalized GOMECC3 is at 

https://cchdo.ucsd.edu/cruise/33RO20170718.   
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