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1 Introduction 

Chapter Authors: Erik E. Cordes, Amanda Demopoulos 

1.1 Executive Summary 

This document represents the final report for Contract M17PC00009, issued by the US Department of the 

Interior, Bureau of Ocean Energy Management (BOEM), titled ñDeepwater Atlantic Habitats II: 

Continued Atlantic Research and Exploration in Deepwater Ecosystems with Focus on Coral, Canyon, 

and Seep Communities.ò This report is the final deliverable of BOEM Contract M17PC00009, conducted 

in partnership with the US Geological Survey (USGS). This project effort is now called Deep SEARCH. 

The study is a five-year, collaborative scientific research program focused on the outer continental shelf 

(OCS) between Virginia and Georgia. We surveyed that regionôs deep-sea coral, cold-seep, and canyon 

communities as habitats of focus. Our overarching goal was to improve understanding of the functional 

role of these three habitat types in order to advance scientific knowledge and inform future management 

decisions. The intended application of the new science was to develop better predictive capacities for the 

community types encountered.  

Here, we present our site selection process; results from five directly supported cruises; detailed site 

descriptions of the geological, physical, chemical, and biological conditions encountered; and the results 

from six additional cruises conducted through our collaborations with the Atlantic Deep Sea Ecosystem 

Observatory Network (ADEON) project and the National Oceanic and Atmospheric Administration 

(NOAA) Office of Ocean Exploration and Research (OER). The research results, analyses, and findings 

include the oceanographic, geological, and geochemical setting of canyons, seeps, and coral 

environments; deep-sea soundscapes; community structure and trophic function from microbes to fishes; 

population connectivity; life history of selected species; habitat suitability modeling deep-sea corals and 

seeps; and our educational outreach to the public.  

This study revealed some important findings. Among the most compelling are the following:  

¶ Within the three major habitat types studied, some sites exhibited remarkable characteristics. The 

newly named Richardson Reef Complex is now understood to be one of the largest cold-water coral 

reef (CWR) complexes in the world.  

¶ The seeps along the continental shelf edge, visited here for the first time, are remarkable for their 

extremely high rates of methane release and oxidation. Their chemistry fuels biological productivity 

that appears to also subsidize local pelagic communities.  

¶ Pamlico Canyon is home to a very high diversity coral assemblage, has high overall diversity of 

infauna, and exhibits some of the highest densities of sediment infauna observed at this depth.  

¶ We see numerous lines of evidence throughout our data assemblage of high connectivity among all 

habitat and community types. For example, we see interactions between the diel vertical-migrating 

midwater community and the benthic zone of the Richardson Reef Complex, as well as those of 

midwater organisms with the walls of the canyons and shallow seeps.  

¶ The unique oceanographic conditions in the region have a corresponding influence on the various 

communities. The Gulf Stream cuts through the center of the study area, causing vertical mixing in its 

core down to 1,000 m, thus promoting a rapid translation of food to depth and nutrients to the surface 

and bringing elevated trophic and genetic connectivity of the components of the ecosystem. These 

currents are highly variable at the seabed, (apparently) inducing a high degree of adaptive resilience of 

the deep-sea corals of the region in response to rapidly changing environmental conditions.  
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Through this study, we have filled major data gaps for poorly known deepwater ecosystems, aiding the 

refinement of regional management strategies. Our improved understanding of the habitats and 

communities in offshore areas of the Atlantic Large Marine Ecosystem augments the capacity to predict 

the distribution of sensitive areas concerning the potential development of energy and marine minerals 

managed by the Bureau of Ocean Energy Management. 

1.2 Context and Purpose 

The deep ocean (> 200-m water depth) is magnificent in scale, yet our understanding of deep-sea faunal 

biogeography is constrained by scarce observations skewed towards several select groups. Patterns of 

biogeography and species diversity are dictated by gene flow and hinge upon a complex web of organism 

biology, evolutionary processes, and oceanographic and environmental variables. The mid-Atlantic slope 

between Virginia and Georgia encompasses a variety of habitats that exhibit similarities to canyon, coral, 

and seep communities in the greater Atlantic.  

It is essential that marine management professionals are provided with ecosystem-based baseline 

information before they implement actions in a specific region, whether it be for conservation or other 

programs such as renewable energy, marine minerals, or hydrocarbon extraction. In addition to the 

necessary geophysical, geochemical, and geological survey information, ecosystem-based baseline 

information typically includes species identification, biodiversity assessments, ecology, food-web 

dynamics, and the evaluation of genetic connectivity between surrounding areas and related species. This 

is especially pertinent for ecosystems found on the continental slopes to deep-sea (> 200 m water depth) 

where ecosystem-level assessments have been historically difficult to perform due to the higher costs and 

technical challenges of working in deep water. With ongoing advances in offshore and onshore 

technologies, scientists are beginning to access deep-sea ecosystems to acquire, analyze, synthesize, and 

archive ecosystem-based baseline information.  

Though poorly understood, deepwater ecosystems along the US continental margin support rich, 

enhanced biodiversity and sensitive biological communities. The preservation of this biodiversity is 

critical to the function and sustainability of these systems. They provide numerous ecosystem services, 

including the direct provisioning of food, genetic resources, and nutrient regeneration that support an 

array of life forms including humans (Thurber et al. 2014). Loss of deepwater biodiversity may lead to 

long-term, damaging effects to vast areas of the seafloor, its overlying water column, and ultimately to the 

health of the ocean. Thus, an ongoing flow of better information is needed to better understand deepwater 

ecosystem functions, including quantitative and robust information on faunal and habitat distributions, 

processes that shape population patterns and community structure, and the linkages between physical, 

chemical, and biological processes. These interdisciplinary and interconnected data sets are required for 

predicting organism and ecosystem-level responses to various anthropogenic impacts and for 

understanding the magnitude of different impact types on sensitive communities.  

This project has started to fill in the data gaps that have hindered our understanding of deepwater 

ecosystems, including the offshore areas of the Atlantic Large Marine Ecosystem. The predictive habitat 

models developed through this work provide insight into the distribution of sensitive areas managed by 

the BOEM, aiding its mission to protect this marine environment concurrent with development of 

offshore energy and minerals. 

1.2.1 Regional Seabed Setting and Features 

The continental margin along the US East Coast is a topographically and environmentally complex 

region, composed of heterogeneous features, including cold seeps, submarine canyons, and hardbottom 

habitats, such as lithoherms capped with corals and coral-formed bioherms (Figure 1-1). These three 



 

3 

major seabed features and their associated environmental conditions influence the distribution and 

abundance of organisms, including many of commercial importance, while typically increasing local and 

regional biodiversity. 

Such hardbottom habitats also play an important role in the evolution and diversity of deep-sea fauna. 

They facilitate the dispersal and maintenance of species, serving as dispersal ñstepping-stonesò and 

epicenters of reproductive isolation and speciation, as well as serving as refugia for various deep-sea 

populations. The Mid-Atlantic Planning Area encompasses a large water depth range (200ï2,600 m), 

providing valuable context to examine the role that habitat and other environmental conditions play in 

shaping deep-sea benthic communities. 

 

Figure 1-1. Coral-formed bioherms 

The Gulf Stream is a dominant oceanographic feature in the study region, forming an important part of 

the Atlantic Meridional Overturning Circulation. The Gulf Stream is a major agent of poleward heat 

transport and one of the dominant currents in the North Atlantic Ocean. From the Florida Straits (FLS), 

there called the Florida Current, the Gulf Stream flows towards the Blake Plateau, continuously picking 

up speed due to the inflow of water via the Bahamas Channel and the Antilles Current (Meinen et al. 

2019). The path of the Gulf Stream mainly follows the upper slope but is deflected seaward at the 

Charleston Bump. Presence of the Gulf Stream results in very strong northward oriented surface currents 

(~1.7 m s-1) that decrease in speed with depth. The Gulf Stream is 50ï100 km wide, extends to 700 m 

water depth at the Blake Plateau, and reaches 1,000 m near Cape Hatteras (Heiderich and Todd 2020). 

Even though current speeds decrease with water depth, strong lee waves have been found near the 

seafloor (Todd 2017). The Gulf Stream transitions from an attached Western Boundary current to a 

meandering free jet offshore near Cape Hatteras, flowing into a northeastern direction (Matsumoto et al. 

2003; Andres et al. 2020). The northward flow of the Gulf Stream is balanced by strong equatorward flow 

along the upper slope (Seim and Edwards 2019).  

Water transported within the Gulf Stream is characterized by physical and geochemical properties that 

can have a major influence on the functioning of deep-sea ecosystems. Antarctic Intermediate Water 

(AAIW) is transported northwards, joining the Gulf Stream in the FLS (Heiderich and Todd 2020). 

AAIW is characterized by fresh, low-oxygen, and high-nutrient waters. The AAIW signature slowly 
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disappears when the Gulf Stream is moving northwards due to mixing with other water masses. The other 

major near-bottom water mass present on the Blake Plateau is the southward-flowing upper Labrador Sea 

Water (uLSW), which joins the Gulf Stream near Cape Hatteras and is saltier than AAIW but more 

oxygenated (Heiderich and Todd 2020; Tsuchiya 1989). 

The coastal current system is characterized by cool and fresh Mid-Atlantic Bight (MAB) waters that flow 

equatorward, while warm saltier waters flow poleward from the South Atlantic Bight. Both water masses 

converge near Cape Hatteras which is the end point of MAB circulation (with salinities < 34.5), where 

due to shoaling and narrowing of the shelf, water is exported to the deep ocean, which mainly occurs 

during spring and summer when equatorward flow in the region is strongest (Todd et al. 2019). 

Primary productivity is strongly influenced by the interaction of Gulf Stream and adjacent shelf waters. 

During meandering of the Gulf Stream, eddies can shed off on both sides of the jet. Cyclonic cold core 

eddies break off when the meander is in an offshore position. These eddies move north at the same speed 

as the Gulf Stream and uplifting of the density structure of the front can result in the upward movement of 

nutrients and subsequent enhanced phytoplankton and bacterioplankton growth (Lee et al. 1991; Leterme 

et al. 2008). Small-scale blooms driven by such processes may enhance the food supply to deeper waters 

thereby influencing the food supply to deep-sea benthic communities. However, long-term deployments 

of moored observatories in the region of these eddies only showed one near-bed peak in fluorescence in 

March in the Cape Lookout area, related to the spring bloom (Mienis et al. 2014). 

Deep-sea CWRs and seep community ecosystems often harbor abundant and diverse faunal communities, 

forming hotspots of biodiversity and playing an important role in biogeochemical cycling. So far very 

limited detailed knowledge is available on their distribution along the Southeast US (SEUS) margin, but 

also not much is known about the environmental conditions that influence these often-vulnerable 

ecosystems. More information on the environmental conditions is not only essential to better understand 

the functioning of the ecosystem, but also vital for ecosystem protection and sustainability plans in 

response to current and future leasing of the OCS for our energy and other resource needs.  

1.2.2 Hydrocarbon Seep Ecosystems 

Hydrocarbon seepage enhances habitat and environmental heterogeneity on continental margins across 

the globe (Cordes et al. 2010a, Levin and Sibuet 2012). The flow of seep fluids rich in methane and 

sulfide provides the required energy sources fueling microbial chemosynthesis and methanotrophy, and 

the dominant megafauna at these sites are dependent on endosymbionts for nutrition (Kochevar et al. 

1992). These include Bathymodiolus sp. And Gigantidas sp. Mussels, Lamellibrachia sp. And Escarpia 

sp. Tubeworms, and vesicomyid clams (Cordes et al. 2009). These chemosynthetic species serve as 

foundation species by creating habitat and modifying both the physical and chemical environment, 

thereby promoting the colonization of other fauna that are often endemic to or dependent upon 

chemosynthetic habitats (Carney 1994, Bergquist et al. 2003, Cordes et al. 2005). Endemic seep taxa have 

developed specific adaptations that allow them to persist in environments that are characterized by high 

toxicity due to high concentrations of hydrogen sulfide and hydrocarbons along with resulting low 

dissolved oxygen concentrations (Tunnicliffe et al. 1998, Fisher et al. 2000, Hourdez et al. 2002). 

These extreme living conditions associated with the seeps are ameliorated over time (Cordes et al. 2003) 

and the habitat structure provided by the foundation species, as well as authigenic carbonate, attracts 

background (non-endemic) fauna (Bergquist et al. 2003, Cordes et al. 2005), some of which are 

commercially important species (Baker et al. 2010). The presence of non-endemic fauna may be due to 

the availability of primary production within chemosynthetic habitats and/or the presence of three-

dimensional structure provided by seep habitats, serving as predation refugia or breeding sites (Fisher 

1993, MacAvoy et al. 2002, Gilhooly et al. 2007, Cordes et al. 2009). Studies to date, primarily coming 

from the oil-rich seeps of the Gulf of Mexico (GOM), have shown that non-endemic fauna can derive a 
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portion or all of their nutrition from chemosynthetic sources (MacAvoy et al. 2002, 2008, Cordes et al. 

2010b, Demopoulos et al. 2010). This includes cold-water corals (CWCs) such as the octocoral 

Callogorgia delta in the GOM.  

Recent investigations on the northeast US (NEUS) continental margin documented approximately 570 

gas plumes emanating from the seafloor (Skarke et al. 2014), yet only a few dozen of these sites have 

been visually explored. In this region, hydrocarbon seeps occur on promontories overlooking canyon 

heads, ridges within canyons, and on the open upper to middle slope (Skarke et al. 2014, Quattrini et al. 

2015, McVeigh et al. 2018, Turner et al. 2020). Methane seeps also occur south along the Cape Fear and 

Blake Ridge Diapirs (Van Dover et al. 2003; Brothers et al. 2013). Seafloor gas hydrate has been 

documented previously within the gas-hydrate stability zone along the Blake Ridge at 2,000 m depth (Van 

Dover et al. 2003) and at two seeps off New England (Skarke et al. 2014, Quattrini et al. 2015). In these 

settings, gas bubbles emitted from the seafloor saturate the waters beneath small overhangs with methane, 

promoting the formation of porous gas-hydrate flakes around the bubbles, which then combine to form a 

gas-hydrate mass (Skarke et al. 2014, Quattrini et al. 2015). 

From the limited surveys previously conducted, Gigantidas childressi and Bathymodiolus heckerae 

mussels (Figure 1-2) appear to dominate the seep communities in this region. Given that these mussels 

rely on their endosymbionts for nutrition, their distribution is primarily constrained by the presence of 

methane and/or sulfide (Demopoulos et al. 2019, Vokhshoori et al. 2021). The seep communities of the 

region vary greatly with depth (Turner et al. 2020; Cleland et al. 2021), as is the case throughout the 

Atlantic Equatorial Belt (Cordes et al. 2007), therefore, temperature is probably an additional determinant 

of distribution, as it is for many other marine species. Seep mussels are found over a wide range of depths 

in this MAB region (Van Dover et al 2003, Coykendall et al. 2019), from the shallow ñBodieò Seep 

(~400 m) to the deep Blake Ridge Diapir (2,165 m); however, many of the recently discovered gas 

plumes are much shallower (Skarke et al. 2014) and warmer (Church et al. 1984) than the Bodie Seep. 

Numerous seep-endemic invertebrates such as Alvinocaris sp, and Chiridota heheva, as well as non-

endemic fauna including commercially important species such as red crabs, have been observed at seep 

sites (Turner et al. 2020). The current project has further elucidated the genetic connectivity and energy 

exchange among these geographically isolated ecosystems. 
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Figure 1-2. Bathymodiolus heckerae mussels in seep community 

1.2.3 Submarine-Canyon Ecosystems 

Submarine canyons are common features that incise continental margins worldwide, connecting shallow 

shelves to deep abyssal plains (Shepard and Dill 1966, De Leo et al. 2010, Harris and Whiteway 2011). 

These features serve as major conduits for the downslope transport of particulate nutrients, lithogenic 

material, and organic matter (Keller et al, 1973, Bennett et al. 1985, Valentine 1987, Vetter and Dayton 

1999, Oliveira et al. 2007, Puig et al. 2003, De Leo et al. 2010, Prouty et al. 2017), upwelling of nutrients, 

and sinks for macrophytic debris, organic-rich sediments, and particle-bound pollutants (Harrold et al. 

1998, Vetter and Dayton 1999, Canals et al. 2006, Gibbs et al. 2020). The complex topography of 

submarine canyons leads to accelerated currents and dense water cascades (Keller et al. 1973, Shepard et 

al. 1979) that remove sediments and expose hardbottom features such as steep walls, pavements, and 

rocky debris. The high levels of habitat heterogeneity observed in canyons (Fernandez-Arcaya et al. 2017) 

has led to the hypothesis that canyons support higher biodiversity and biomass as compared to areas on 

the adjacent continental slope (Griggs et al. 1969, Rowe 1971, Vetter and Dayton 1998, de Leo et al. 

2010); however, this hypothesis has rarely been systematically tested (Fernandez-Arcaya et al 2017). 

Submarine canyons are thought to be among the most productive habitats in the deep sea (De Leo et al. 

2010); their complex characteristics can enhance both pelagic and benthic biomass, as well as biodiversity 

of benthic fauna (Rowe et al. 1982, Schlacher et al. 2007, Vetter et al. 2010). Elevated food, strong 

currents, and exposed hard substrates concentrate suspension-feeding organisms such as corals and 

sponges, as well as mobile invertebrates and fishes, some of which are commercially important (Quattrini 

et al. 2015, Miller et al 2015, Figure 1-). Increased food availability may allow organisms to allocate 

more energy to reproduction and thus enhance overall reproductive success. High concentrations of 

breeding individuals with high reproductive output can broadcast larvae from canyons to surrounding 

areas that serve as sinks for these larvae (Snelgrove and Smith 2002; Rex et al. 2005; Vetter et al. 2010). 
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Figure 1-3. Some canyon invertebrates and fishes  
(A) King crab Neoithodes agassizi and a small orange squat lobster. (B) The wreckfish Polyprion americanus. 

Forty shelf-breaching canyons and hundreds of minor slope-sourced canyons exist along the northeast US 

continental margin (Obelcz et al. 2014, De Leo and Ross 2019). In the Mid-Atlantic Planning Area, shelf-

breaching and slope-sourced canyons both occur offshore as far south as Cape Lookout, NC. Sessile 

invertebrate and fish assemblages in the shelf-incising Baltimore and Norfolk Canyons are perhaps the 

most thoroughly investigated, with past efforts by Barbara Hecker in the 1980s using towed camera 

systems and submersibles, and recent efforts by the Atlantic Canyons I program using remotely operated 

vehicles (ROVs) and otter trawls to survey benthic ecosystems in these canyons (Ross et al. 2015, Brooke 

et al. 2017). Similar fish assemblages have been found at comparable depths in Norfolk and Baltimore 

canyons, but differed among macrohabitats due apparently to vertical walls vs. sedimented slopes within 

each canyon (Ross et al. 2015). Differences among habitat types, depth ranges and environmental 

conditions were also apparent in the coral assemblages (12 species total) within each canyon (Figure 1-), 

with many species exhibiting patchy distributions (Brooke et al. 2017).  

We observed more than 30 morphotypes of sponges in Baltimore and Norfolk Canyons. Our observations 

indicate that biodiversity and ecological assessments of sponge communities in canyon environments and 

other deepwater habitat features in the region are poorly understood. Sponges (and their symbionts) may 

play important, yet underappreciated roles, in nutrient cycling and carbon sequestration in the deep sea 

(Kahn et al. 2015).  

To the north of Baltimore and Norfolk Canyons, Quattrini et al. (2015) surveyed benthic communities in 

canyons off New England. They reported variation in benthic assemblages between seafloor features, 

including open-slope, cold-seep, and canyon habitats. Differences in the abundance of the most common 

fish, crustacean, and coral species demonstrated that enhanced abundances in canyons occurs only for 

specific species. This study noted that, for future surveys to more thoroughly examine species 

distributions and abundances, they should incorporate sampling designs that include a replicated suite of 

habitats and depths, and should collect salient environmental data across different features. The current 

study was aimed at gathering more extensive quantitative surveys within the canyons specific to the Mid-

Atlantic Planning Area. 
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Figure 1-4. Various coral assemblages from canyon sites visited  
(A) Acanthogorgia, sp., (B) Bathypathes alternata, (C) Swiftia cf. pallida, (D) Acanthogorgia sp. And Solenosmilia 
variabils, I Brisingid sea stars and Solenosmilia variabilis, (F) Desmophyllum dianthus, (G) Octocorals and 
Desmophyllum dianthus, and (H) Acanthogorgia sp. 

1.2.4 Deep-Sea Coral Ecosystems 

Deep-sea corals including scleractinians (stony corals), stylasterid hydrocorals (lace corals), 

antipatharians (black corals), and octocorals (soft corals, sea fans, sea pens), contribute materially to 

habitat complexity in the deep sea (Cordes et al. 2010a). When related to coral species, the term ñdeep 

seaò refers to aphotic waters greater than 200 m depth. However, because of the presence of many of 

these coral species in cold waters shallower than 200 m, we will use the term cold-water corals, or CWCs. 

Corals predominantly recruit to, and colonize, hardbottom features. Such features include those present in 

submarine canyons, authigenic carbonates, and lithoherms (sensu Neumann et al. 1977). In submarine 

canyons, dense aggregations of corals have been observed on canyon walls (Huvenne et al. 2011, Johnson 

et al. 2013), which may enable them to access sufficient food delivered via currents (Huvenne et al. 2011, 

Brooke et al. 2017). In the mid-Atlantic region, massive reef frameworks are primarily formed by 

Lophelia pertusa along with other scleractinian (stony) corals and octocorals. These species form 

bioherms capped with live coral (Figure 1-5) that can rise 80ï100 m above the surrounding seafloor 

(Partyka et al. 2007).  

Key habitat requirements of CWCs include hard substrate, consistent and sufficient food availability and 

quality, and appropriate temperature regimes (Duineveld et al. 2012, Davies et al. 2008, Tittensor et al. 

2009, Mienis et al. 2012, Georgian et al. 2015). Further studies have found that the saturation states of 

aragonite and calcite in the oceans can control coral growth by increasing the energetic cost of 

calcification (Guinotte et al. 2006, Lunden et al. 2013, Georgian et al. 2016).  

By synthesizing available data on coral occurrences along with available data on their associated 

environment, coral habitat distribution models can be optimized along regional (Davies et al. 2008) and 

local (Georgian et al. 2014) scales. However, these models require ground truthing, as coral communities 

are not always present even when conditions appear conducive to their occurrence (Georgian et al. 2014). 

Coral absence within certain hardbottom environments may be a function of larval dispersal and 

population connectivity, the haphazard nature of recruitment, and/or high rates of mortality in early 

settlement stages (Doughty et al. 2014). The relative importance and frequency of these factors, 

particularly biotic factors, are currently unknown in CWC community assembly and distribution. 
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Figure 1-5. Bioherms capped with live deep-sea coral 

Understanding how populations are structured across spatial scales and environmental gradients in the 

deep sea is essential for effective long-term protection of deep-sea ecosystems from negative 

anthropogenic impacts. Documenting the degree of genetic connectivity among populations of deep-sea 

foundation species, as well as their symbionts, can provide clues into realized dispersal of larvae, 

particularly when coupled with reproductive data and oceanographic models. It is likely that organisms 

within similar taxonomic and trophic groups, and with similar reproductive strategies such as broadcast 

spawning or asexual reproduction, will use the same exogenous factors (such as food) as reproductive 

cues and therefore have similar timing of their gametogenic cycles. Environmental cycles are attenuated 

or absent in the deep sea, and there is strong evidence that seasonal reproduction is driven by the influx of 

particulate organic carbon from surface phytoplankton blooms (Tyler et al. 1993, Witte 1996). 

Understanding reproductive strategy and timing of spawning in deep-sea corals and other benthic 

invertebrates can be used to refine dispersal models and inform studies intending to measure connectivity 

and community resilience. 

Coral habitats are generally considered biodiversity hotspots (Marchese 2015, Cordes et al. 2016a), 

supporting diverse communities of invertebrates and fishes, some of which are facultative or obligate 

associates (Buhl-Mortensen and Mortensen 2005, Mosher and Watling 2009). Due to the cyclical growth 

pattern of reef-forming CWCs, Lophelia pertusa reef frameworks can be thousands to millions of years 

old, and they create a more complex and diverse localized setting with their calcium carbonate skeleton, 

which increases overall biodiversity in the region (Jensen and Frederiksen 1992, Mortensen and Fosså 

2006, Cordes et al. 2008, Buhl-Mortensen et al. 2010).  

The increased habitat heterogeneity created by L. pertusa reefs form niches that are occupied by many 

fishes and invertebrates, depending on the preference for various abiotic factors such as food sources, 

current speed, and protective covering (Etnoyer and Warrenchuk 2007, Buhl-Mortensen et al. 2010, Ross 

et al. 2010). Ophiuroid associates have been shown to improve the overall health and resilience of their 

symbiotic corals by removing sediments and epifauna (Girard et al 2016). CWCs also serve as food 

resources for certain seastars and sea urchins (Mah 2015) and as egg-laying substrate and nursery habitats 

for some fishes (Busby et al. 2006, Etnoyer and Warrenchuk 2007, Quattrini et al. 2009, Ross et al. 2015).  
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For fish species in particular, diversity is three times higher on L. pertusa reefs compared to the 

surrounding soft bottoms (UK Biodiversity Group 2000). In the study area examined here, fish 

communities associated with L. pertusa reefs are quite different from those on other habitats (Ross and 

Quattrini 2007). Coral diversity in particular explains some of the variance in fish communities among 

deep-sea habitats in the western North Atlantic (Quattrini et al. 2015). The current project has helped 

reveal the connections between coral diversity and seafloor habitat structure, fish abundance, community 

structure, and functional diversity. 

An increasing number of studies investigating how animals use information from their environmental 

soundscape for communication, orientation, and navigation have been conducted as a direct result of 

declining costs associated with collecting and analyzing passive acoustic monitoring data (Slabbekoorn 

and Bouton 2008, Pijanowski et al. 2011, Simpson et al. 2005, Stanley et al. 2012). An important new 

area of research is that of adapting habitat quality and biodiversity indicators developed for terrestrial 

applications to marine habitats and soundscapes (Denes et al. 2014, Parks et al. 2014, Staaterman et al. 

2014).  

Coral reef systems, in particular, have proven useful natural laboratories for the application of passive 

acoustic data to measure biodiversity. Research in the US Virgin Islands has shown that diel trends in 

low-frequency sound production correlate with shallow-coral reef species assemblages (Kaplan et al. 

2015), while reef fishes respond more strongly to the higher-frequency components (> 570 Hz) of the reef 

soundscape (Simpson et al. 2008). While these studies reveal the potential value of acoustic metrics for 

monitoring and assessing biodiversity of reef habitats, soundscapes in CWC habitats have not previously 

been characterized. Development of soundscape-derived indicators for CWC habitats in this project 

provides useful metrics for monitoring these remote environments, with far-reaching implications 

including providing an integrated view of their oceanographic and ecological properties. 

1.3 Objectives and Hypotheses 

The overarching goal for this project was to enhance our ability to predict the location of seafloor 

communities within the study area that are particularly sensitive to natural and anthropogenic 

disturbances. In general, sites selected for further study would exhibit one or more of the following: 

bubble plumes acoustically imaged in the water column, evidence of distinctive topographic features on 

the seafloor, anomalies in the multibeam backscatter data, or seismic profiles indicative of hardbottom or 

hydrocarbon seepage. The general study area also encompasses a variety of different habitat types, 

including canyons, hardbottoms, CWC mounds, methane seeps, and soft sediments.  

1.3.1 Objectives 

Within the overarching goal, the study focused on four objectives, each designed to enable this predictive 

capacity. These objectives were:  

1. Explore and characterize the biological communities of the study area. Data were to be gathered to 

describe communities from microbial to megafaunal, connected to their association with the three 

different focal habitat types. In addition, soundscapes were to be generated on CWC reef environments to 

explore the relationship between habitat type and acoustic bioindicators. Species identifications were to 

be determined by a combination of molecular and morphological methods in collaboration with our 

network of taxonomic colleagues. These planned investigations represented an interdisciplinary effort that 

encompassed subject matter experts within the group of contracted scientists as well as those represented 

by USGS collaborators. Their planned interactions were intended to generate and provide a 

comprehensive picture of community structure, function, and habitat association.  
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2. Examine the sensitivity to natural and anthropogenic disturbance of habitat-structuring fauna and 

associated communities. This objective was to be addressed using a combination of laboratory and field 

experiments, information on age structure and population dynamics of key species, the rarity of species 

and assemblages, and the genetic connectivity of dominant species. The application of acoustic 

bioindicators and acoustic similarity/dissimilarity indices was intended to provide novel metrics for 

quantitative comparisons of the impact of different levels of disturbance between locations. 

3. Describe the oceanographic, geological, and geochemical conditions associated with each habitat 

type. We planned these characterizations to include time-series measurements of water-column 

temperature, salinity, dissolved oxygen, turbidity, and fluorometry, along with sediment biogeochemistry, 

and water-column and pore-fluid methane concentrations. These were to be evaluated using direct 

measurements, in situ samplers, and bubble-plume data from multibeam surveys, supporting pH and 

carbonate chemistry measurements, supporting nutrients and organics determinations, physical 

oceanography measurements (with ADEON and European collaborators), and geomorphology 

assessments (with USGS). In particular, the project plan intended to provide detailed and previously 

lacking biogeochemical information of coral, canyon, and seep habitats in the study area.  

4. Model the distribution of habitats and fauna with respect to environmental conditions. After 

achievement of the above objectives, interpretation of the geological (geomorphology and habitat type) 

and biological (species and community distributions) data in the context of the acquired environmental 

data was intended as a Synthesis of Study Results chapter of this report. This information was to be 

incorporated into a quantitative, ensemble modeling framework at the ecosystem scale, to achieve a 

robust predictive capacity for the distribution and sustainability of target communities within the study 

area.  

1.3.2 Hypotheses to be Tested 

In order to achieve these four objectives, we developed and planned to test a series of specific hypotheses 

intended to generate focused questions that guided our field acquisition and laboratory analyses. Below is 

a complete list of the hypotheses from the proposal preceding project execution, a brief summary of the 

findings from project execution, and the location in this report of the full accounting of each finding. We 

have synthesized the results generated by testing these specific hypotheses to achieve our overarching 

goal: a robust predictive capacity for identifying the distribution of sensitive habitats using remotely 

sensed data in the study area.  

Exploration Hy pothesis 1. Previously undescribed community types will be discovered in the study area 

over the course of this project.  

Findings: The discovery of the previously undescribed Richardson Reef Complex in an area thought to 

contain isolated coral mounds during the 2018 field campaign was the most important of several such 

discoveries. The higher resolution of the bathymetry gathered over the Blake Plateau also revealed the 

presence of numerous isolated CWC mounds over an extensive area of the central plateau that was 

previously thought to be largely devoid of coral structures. In addition, the 200ï400 m depth seep 

communities that include vestimentiferan tubeworms in the northern part of the study area were 

undescribed prior to this study and appeared different from the communities at the deeper seeps in the 

community analysis.  

Relevant Report Sections: 2.3 Sites Visited During this Study, 4.1 Community Structure 

Exploration Hypothesis 2. New species, cryptic species, and range extensions of fauna from canyon, 

deep-coral, and cold-seep communities are present in the study area and will be discovered over the 

course of this study.  
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Findings: We discovered numerous species, cryptic species, and range extensions in this study. We 

observed a total of 8 fish species in the North Atlantic for the first time, and 17 other fish species outside 

of their previously reported range. The totals for new species and range extensions of invertebrates are 

more difficult to tally, as taxonomic work in these groups often takes years. However, Diodora tannerið

collected at 709 m depth during dive J2-1129 at the Richardson Reef Complexðrepresents the first 

observation of this limpet species in L. pertusa habitats and represents a depth extension. 

Relevant Report Sections: 4.1 Community Structure, 4.2 Fish Communities, 4.3 Community 

Phylogenetics 

Occurrence Hypothesis 1: The occurrence of coral communities is directly related to seafloor 

topography, oceanographic parameters, and the availability of hard-substrate habitats in the study 

area. 

Findings: Corals of a variety of taxa were present throughout the study region in almost all benthic habitat 

types. It was in the synthesis of the abundance and distribution data with the environmental data where we 

truly tested this hypothesis. For the L. pertusa mounds, the elevation above the local seascape, as 

indicated by the bathymetric position index (BPI), was the best predictor of the presence of live, 

framework-forming corals. This was followed by temperature, dissolved oxygen concentration (DO), and 

12culatount of carbon exported from the surface. For octocorals, BPI and slope were the best predictors, 

followed again by temperature, DO, and export carbon. The distribution of black corals (Order 

Antipatharia) was best predicted by a combination of slope and BPI.  

Relevant Report Sections: 2. Site Summaries, 6.2 Improved Prediction of Occurrence.  

Occurrence Hypothesis 2: The ability to predict the occurrence of coral communities will be 

improved by including oceanographic data in our models of coral distribution. 

Findings: The terrain variables are found to be the most important predictors of coral occurrence, but the 

oceanographic variables contribute greatly to the L. pertusa model. Since these models all tend to 

overpredict suitable habitat, the added layer of complexity of including the oceanographic parameters 

helps to constrain the models, but the best predictors remain the terrain variables. These predictions 

change, however, as the oceanographic variables, specifically temperature and pH, are altered according 

to projections of future climate onto the regional seafloor. In this projected version of the models, the 

deeper sites, including the Richardson Reef Complex, are important refugia of coral distribution as 

changing ocean temperature and pH is translated from the surface to depth.  

Relevant Report Sections: 6.2 Improved Prediction of Occurrence.  

Occurrence Hypothesis 3: The presence of coral and mussel species is primarily controlled by their 

ability to disperse to the site. 

Findings: Because there is apparently ample suitable habitat in the region as indicated by the synthesis of 

the mapping, oceanographic, and organismal distribution results into our predictive habitat model, a 

corollary hypothesis is that the coral and mussel larvae simply cannot travel to, and successfully recruit, 

in all of the suitable habitats available. The genetic connectivity studies address this hypothesis, but with 

different results among the taxa examined. For the mussel species, the simple conclusion is that there is 

ample gene flow among existing populations to consider them one large population throughout the study 

region. For the corals, the answer is more complicated. L. pertusa shows one population in the Northeast 

Canyons, one in Norfolk Canyon, and one on the Blake Plateau. However, the higher-resolution 

population genomic analyses presented in this study indicate previously undetected structure within the 

Blake Plateau sites, including elevated inbreeding at the Richardson site. In the octocoral Plumarella sp. 
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there was ample gene flow found throughout the region, while in the other octocoral, Paramuricea sp., we 

found four distinct species at four different sites/depths. Therefore, it is likely that species-specific 

dispersal capability has a role to play in the realized distribution of coral species in the study area.  

Relevant Report Sections: 5.5 Population Connectivity 

Occurrence Hypothesis 4: Acoustic imaging of bubble plumes and seafloor geology are reliable 

indicators of the presence of cold-seep communities. 

Findings: The abundant water-column anomalies in the multibeam bathymetry data acquired prior to and 

during this study were indeed good indicators of ongoing seepage. When we visited seafloor seep 

locations at Pea Island and Chincoteague, Blake Ridge, and Cape Fear, bubble plumes were visible, and 

we located seep fauna. These communities were primarily bathymodiolin mussels, but our observations 

also included the first documented vestimentiferan tubeworm along the Atlantic coast, this at Pea Island.  

Relevant Report Sections: 2.3 Sites Visited During This Study, 3.2 Geology 

Distribution Hypothesis 1: The distribution of coral species in the study area is controlled by 

temperature tolerance. 

Findings: Temperature was one of the controlling factors in determining coral distribution in the 

predictive habitat model synthesis. However, we directly tested this in the laboratory experiments with L. 

pertusa conducted at Temple University. In these experiments, we simulated in the laboratory the rapid 

shifts in temperature that we measured on the seafloor near the Richardson Reef Complex. A temporary 

ñheat wave,ò wherein we increased temperature from 8 to 14ÁC over the span of 24 hours and then 

returned, induced an increase in respiration and excretion and a decrease in feeding rate, suggesting a 

substantial metabolic stress. Although this particular coral population appeared to be highly resilient to 

these types of stresses, each of these events incurs a metabolic cost and could lead to increased mortality.  

Relevant Report Sections: 5.1 Lophelia pertusa Physiology, 6.2 Improved Prediction of Occurrence  

Distribution Hypothesis 2: The distribution of scleractinian coral communities in the study region 

is further refined by the aragonite saturation state. 

Findings: Although the current distribution of the live corals on the L. pertusa mounds were primarily 

controlled by terrain variables, when we projected the climate projection models into the future, pH was 

second in importance only to temperature for controlling live L. pertusa distribution. So, while this 

hypothesis is largely rejected for the current distribution, aragonite saturation state will be an important 

controlling factor with the commonly predicted coming changes in ocean chemistry.  

Relevant Report Sections: 6.2 Improved Prediction of Occurrence 

Distribution Hypothesis 3: The distribution of Bathymodiolin mussels is controlled by methane 

concentration and methane flux. 

Findings: In general, we know this hypothesis to be validated because the mussels that we observed and 

sampled in this study contained methanotrophic symbionts. They are also largely reliant on methane-

derived carbon as their nutritional source, as revealed by their stable isotope ratios. However, the sites 

with the highest methane flux and methane oxidation rates were at the shallower Pea Island and Kitty 

Hawk Seeps, where the mussels were not present. At the Cape Fear and Blake Ridge Seep sites where 

mussels were present, there were very high concentrations of sulfide detected, and the Bathymodiolus 

heckerae mussels present there have sulfide-oxidizing as well as methanotrophic symbionts, so it may be 

that sulfide, rather than methane, is the more important energy source for this species.  
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Relevant Report Sections: 2.3 Sites Visited During This Study, 3.3 Biogeochemistry and Microbial 

Ecology, 4.1 Community Structure 

Distribution Hypothesis 4: The limits of seep mussel distribution are driven by thermal tolerance. 

Findings: At the broadest level of spatial distribution, mussels were present at the deeper Blake Ridge and 

Cape Fear Seep sites, but were not recorded from the shallower Pea Island and Kitty Hawk sites. It is 

likely that temperature tolerance controls their bathymetric distribution, but we did not explicitly test this 

hypothesis and there are other potential explanatory variables that cannot be ruled out, including those 

related to larval dispersal and biological interactions such as predation and competition.  

Relevant Report Sections: 4.1 Community Structure, 5.5 Population Connectivity.  

Distributi on Hypothesis 5: The distribution of coral-associated communities is controlled by the 

interactions among a variety of environmental variables. 

Findings: Coral-associated communities included demersal fishes, benthic megafauna, and coral-

associated macrofauna, all of which exhibited somewhat different controls on their distribution and 

community composition, although depth was the most important factor in nearly all analyses. For 

demersal fishes, temperature was also an important factor. Temperature is directly related to depth but 

also represents a specific variable, whereas depth conglomerates numerous related variables. For the other 

megafauna, pH and export carbon (also related to depth) were important factors, with the BPI explaining 

much of the remaining variance in L. pertusa -associated community structure.  

Relevant Report Sections: 4.1 Community Structure, 4.2 Fish Communities 

Community Hypothesis 1: The canyon communities will show higher similarity to the canyons to the 

north than communities to the south. 

Findings: In video surveys of the canyon communities, there was some overlap with the coral and seep 

communities, but the majority of the community space in the ordination was solely occupied by canyon 

axis transects. For demersal fishes, the assemblage was highly similar to the fishes of the mid-Atlantic 

canyons, with the community ordination grouping these two habitat types together. There were a number 

of species shared with hardbottom communities in the region, and lower degrees of similarity with the 

coral-associated fish assemblage of the SEUS. The other megafauna observed in the canyon video 

transects were very similar to those from previous studies, including observations in Pamlico Canyon of 

all of the coral species from the Baltimore and Norfolk Canyons to the north. The infauna communities in 

the canyons sampled here were also similar to those from the canyons to the north, although a degree of 

dissimilarity was associated with the break at Cape Hatteras.  

Relevant Report Sections: 4.1 Community Structure, 4.2 Fish Communities 

Community Hypothesis 2: The abundance of hard- and soft-substrate fauna and pelagic nekton are 

all enhanced in canyons compared to nearby slope habitats at similar depths. 

Findings: The active acoustic data from the canyons showed dense aggregations of water-column taxa 

over the edges of the canyons, as opposed to the low density of the acoustic signal in the areas between 

canyons. In the video transects, the mean megafaunal abundance per 1-minute video segment at Pamlico 

Canyon was 25.82 vs. 2.89 at Cape Lookout Deep, which occurs at the same depth. However, this was 

largely driven by high abundances of Acesta sp. present on overhangs in the step-like environment of 

Pamlico Canyon that provided an unsedimented refuge for this species and others such as D. dianthus. If 

this species is removed from the counts, the mean megafaunal abundances per segment at Pamlico 

Canyon are still elevated above those at Cape Lookout Deep; respectively 4 and 2.89 individuals per 
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1-minute of video. There were also higher densities of infauna within the canyons than there were in 

nearby non-canyon sediments. However, the highest infaunal densities recorded in this study, and indeed 

in any comparable study that we could find in the literature, were from the bacterial mats of the Pea Island 

and Kitty Hawk Seeps, which occur in between canyons.  

Relevant Report Sections: 4.1 Community Structure, 4.2 Fish Communities 

Community Hypothesis 3: Demersal fish assemblages will vary among habitat types (coral vs. 

canyon vs. seep), but the degree of specialty will decline with depth and latitude. 

Findings: Demersal fish assemblages varied among habitats, with habitats such as seeps and canyons 

containing functionally diverse, abundant, and species-rich communities of different composition as 

compared to hardbottoms and coral reefs. Communities became more similar below 2,000 m, and had 

lower functional diversity, regardless of habitat type. Communities of demersal fishes were highly similar 

among seep, hardbottom and soft-sediment habitats. The degree of specificity, however, did not decline 

with increasing latitude, as distinct differences could be seen among habitats in the MAB. 

Relevant Report Sections: 4.2 Fish Communities 

Community Hypothesis 4: Enhanced megafaunal biomass and diversity over deep-reef and canyon 

communities is subsidized by impingement with the deep-scattering layer. 

Findings: Validation of this hypothesis was among the most clear and important of all of the results of 

Deep SEARCH. We frequently observed the deep-scattering layer (DSL) interacting with the canyon and 

coral habitats, in particular over Pamlico Canyon and Richardson Reef Complex. At all Deep SEARCH 

sites where we conduct15culate15ticstic water-column sensing, we detected a DSL of enhanced 

fish/shrimp abundance at mesopelagic (300ï500 m) depth. The exact depth range of the DSL varied by 

location, but at all locations where bottom topography intercepted these depths, intensities of 

backscattering signal strength, a proxy for DSL organismal abundance, increased, likely due to 

compaction of organisms into a smaller space than that available in deeper water. Sampling over the reefs 

revealed late juveniles of reef-associated taxa were major components of the pelagic assemblage, 

indicating clear ties between the benthic and pelagic ecosystems. When coupled with ROV observations 

of demersal fishes known to consume pelagic food resources at the same sites, we concluded that 

benthopelagic coupling at deep-reef and canyon habitats is an integral component of the ecology of these 

megafaunal assemblages. 

Relevant Report Sections: 4.2 Fish Communities 

Community Hypothesis 5: Invertebrates associated with octocorals include specific associations 

where a given symbiont is only found on one host species. 

Findings: In the SEUS region, we collected few octocorals that had conspicuous associates, and thus few 

associates were collected. However, of the associated symbionts collected in the region, there were a few 

species unique to their coral hosts. For example, we collected Ophiocre15culatepus only from a 

Metallogorgia melanotrichos as seen in other studies, and we collected an unidentified anemone only 

from Plumarella sp. We found other invertebrate symbionts on more than one coral species but, at least in 

this region, they occurred only on species of the same genus. The ophiuroid genus Asteroschema was 

unique to Paramuricea sp. Both A. clavigerum and an unidentified species of Asteroschema was collected 

from Paramuricea aff. biscaya whereas we collected an unidentified Asteroschema on both P. aff. biscaya 

and P. biscaya. 

Relevant Report Sections: 4.1 Community Structure 
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Community Hypothesis 6: Soundscapes accurately characterize the existing diversity of coral 

habitats. 

Findings: We collected a complete set of acoustic data at the Richardson Reef Complex, and these 

appeared generally indicative of overall biodiversity when we compared them to similar data sets 

collected on shallow reefs. Specifically, the kurtosis, periodicity, and uniformity categories were found to 

indirectly relate to differences in ecosystem diversity in terms of sound producers. There was a higher 

diversity in the soundscape at the highly diverse Great Barrier Reef (GBR) site, and a lower diversity of 

the soundscape at the lower-diversity deepwater reefs. Within the Deep SEARCH study area, a 

multivariate analysis of benthic megafaunal community structure at the locations of the soundscape 

indices could potentially reveal how mean and/or variability in soundscape metrics at a site are related to 

presence, abundance, and/or functional diversity of component species. In other words, communities rich 

in motile scavengers perhaps emit sound differently than those rich in sessile taxa. However, megafaunal 

data were only available at the Richardson Hills site from the present study, therefore these initial 

analyses would require additional data collection to tease out spatiotemporal differences in community 

structure between sites based on passive acoustics. 

Relevant Report Sections: 4.6 Soundscapes 

Community Hypothesis 7: The communities associated with deep-coral habitat in the southern part 

of the study area will be more similar to those of the east and west Florida slope and northern GOM 

than the NE Atlantic. 

Findings: At the broadest level, the Blake Plateau shares the presence of large L. pertusa mounds with the 

west Florida slope and the NE Atlantic. There are coral mounds in the northern GOM, but they are less 

extensive than these other sites. The communities on the coral mounds share similarities among all of 

these areas, but the majority of the shared species (for those fauna that could be identified to the species 

level) are among the Blake Plateau, Florida slope, and GOM. In particular, the octocoral assemblages 

were more similar to those in the GOM and on the west Florida slope compared to the NE Atlantic. The 

only possible exception to this is in the sponge assemblage, but this may reflect the increased level of 

effort in the identification of sponges in the NE Atlantic as opposed to the GOM.  

Relevant Report Sections: 4.1 Community Structure, 4.2 Fish Communities, 4.3 Community 

Phylogenetics.  

Community Hypothesis 8: The communities associated with the cold seeps in the study area will be 

more similar to the GOM seeps than with those of the Barbados Accretionary Prism or Gulf of 

Guinea seeps. 

Findings: The communities associated with the seeps in this region fell into two distinct categories: the 

shallow, intercanyon seeps and the deeper, mussel-dominated seeps. The shallow seeps were not similar 

to any other communities that have been sampled in the larger Equatorial Atlantic Belt region (extending 

from the GOM to West Africa and inclusive of the Blake Plateau and Caribbean seeps). The Blake Ridge 

and Cape Fear Seep communities were very similar to one another, and even with the increased amount of 

data from this study, truly stand out from the rest of the seep communities in the region, most 

dramatically in the absence of any vestimentiferan tubeworms.  

Relevant Report Sections: 4.1 Community Structure, 4.2 Fish Communities, 4.3 Community 

Phylogenetics.  

Community Hypothesis 9: Among all habitats sampled, phylogenetic and functional community 

similarity will be explained by: 1. Habitat type, 2. Depth, and 3. Distance. 
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Findings: Functional and phylogenetic diversity were both mostly explained by habitat type and depth. 

Functional diversity of fishes was distinctly different among habitats, with cold seeps and canyons 

harboring some of the most functional diversity. We saw this pattern, however, mostly at depths greater 

than 2,000 m. Overall, functional diversity decreased with increasing depth, regardless of habitat type. 

Phylogenetic diversity of octocorals was also largely driven by depth and habitat type. Communities at 

depths shallower than 2,000 m contained the highest phylogenetic diversity, likely attributed to the 

diversity of habitats and suitable areas for growth and recruitment of corals in the region. Overall, seeps 

contained low phylogenetic diversity of corals, with just a few coral species inhabiting authigenic 

carbonates in seep areas. We discerned no pattern between functional and phylogenetic diversity with 

geographic distance.  

Relevant Report Sections: 4.3 Community Phylogenetics.  

Connectivity Hypothesis 1: Trophic structure within seep communities will be fueled by 

chemosynthetic productivity while L. pertusa-associated food webs will be supported by 

photosynthetic products and efficient nutrient recycling. 

Findings: In general, benthic communities present at seep sites showed clear reliance on chemosynthetic 

productivity, whereas representative taxa from coral sites largely depended on photosynthetically derived 

organic matter. At both seep and coral sites, the particulate organic matter (POM) ranged from -29.8ă to 

-20.0ă ŭ13C and -0.1ă to 10.9ă ŭ15N, with the majority of POM clearly within the range of 

photosynthetic productivity. An interesting exception were the POM values at the surface within the Gulf 

Stream over Richardson Reef Complex, which ranged from -26.0ă to -20.8ă ŭ13C and -0.1ă to 3.1ă 

ŭ15N. The base of the food web at the seep sites, however, was represented by the primary producer 

symbiotic fauna of bathymodiolin mussels (muscle ŭ13C range, -57.5 to -37.8 ă) where they were present 

at the Blake Ridge, and there the bottom water POM was slightly depleted in 13C (-27.9ă) compared to 

the surface (-22.7ă).  

Relevant Report Sections: 4.4 Trophic Ecology 

Connectivity Hypothesis 2: Seep fauna will show less reliance on seep productivity at shallow sites, 

in older mussel beds, and at sites of low fluid flux. 

Findings: This is a hypothesis consisting of three variables that we did not anticipate being as confounded 

as they were found to be in reality. There was a distinct correlation between depth and the ŭ13C values of 

the benthic fauna at all trophic levels, with deeper fauna having more depleted 13C ratios. The shallow 

seeps, which did not have mussel beds, appeared less reliant on chemosynthetic productivity, with the 

tubeworm, Escarpia sp., serving as the notable exception. However, the shallow seep sites were also the 

sites of the highest rates of fluid flux and methane oxidation rates, which may partially explain the high 

infaunal densities at the shallow seeps as compared to the deeper sites. In other words, while stable 

carbon isotope ratios indicated limited trophic provision of seep-derived carbon at shallow seeps, high 

infaunal community densities hinted at some key reliance on seep production fueling the sediment 

communities.  

Relevant Report Sections: 3.3 Biogeochemistry and Microbial Ecology, 4.1 Community Structure, 4.4 

Trophic Ecology 

Connectivity Hypothesis 3: Trophic connectivity between seep habitats and the other communities 

in the region will be realized through grazing on free-living bacteria and transport by mobile 

predators. 
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Findings: We generated ample anecdotal but little empirical evidence to support this hypothesis. At the 

shallow seeps, there were numerous, direct observations of midwater and demersal fishes and squid 

interacting with the seep communities. However, the large, mobile predators for which there are isotopic 

data indicated little input from methane-derived carbon, with some of the most 13C enriched values 

measured from the seastars and other predators at the Pea Island and Kitty Hawk Seeps. In contrast, most 

of the mobile fauna at the deeper Blake Ridge site, including the brittlestar Ophioctenella acies and sea 

cucumber Chiridota heheva as well as galatheid crabs, unidentified decapod shrimps, and deposit feeding 

echinoid urchins and gastropods including typical seep associates, all reflected incorporation of 

chemosynthetic production. Whereas there was some evidence for isotopically light carbon traveling 

through the food web at the deep Blake Ridge Seep site and through the sponges at the Pea Island site, 

most of the other fauna collected at the shallower seeps primarily reflected background, photosynthetic 

productivity and detritivory.  

Relevant Report Sections: 2.3 Sites Visited During This Study, 4.1 Community Structure, 4.4 

Trophic Ecology 

Connectivity Hypothesis 4: Trophic connectivity will occur between pelagic and benthic species 

through benthic-pelagic coupling. 

Findings: Connectivity between the benthos and the pelagic fauna was most directly evidenced by direct 

observation during the human-operated vehicle (HOV) or ROV surveys and the active acoustic profiles 

obtained over the coral and canyon sites. The video of the fishes and squid utilizing the intercanyon seep 

habitats and the acoustic evidence for the impingement of the DSL on the benthic structures of the 

canyons and coral mounds were among the highlights. In addition, the presence of juvenile benthic fishes 

in the midwater trawls supports a link between the pelagic and benthic zones, given that these pelagic 

juveniles will eventually recruit to the benthos. The direct comparisons of stable isotope values from the 

benthic and pelagic communities overlying the Richardson Reef Complex indicated trophic enrichment in 

nitrogen from pelagic fauna to the benthos, indicating that the pelagic fauna were either acting as a 

trophic subsidy for the benthos or as independent and distinct food sources. However, the benthic-

suspension feeders and pelagic fauna collected by midwater trawl had overlapping isotopic niches, which 

could potentially indicate a shared energy resource. There was much greater separation between the 

pelagic food web and the seep food web, indicating little transfer of seep-derived carbon from the seafloor 

seeps at 2,150 m to the midwater communities that were well above the seafloor in 200 and 500 m of 

water.  

Relevant Report Sections: 2.3 Sites Visited During This Study, 4.2 Fish Communities, 4.4 Trophic 

Ecology 

Connectivity Hypothesis 5: Populations will show a greater degree of genetic connectivity within depth 

ranges than across depth ranges. 

Findings: This hypothesis could only truly be examined in the populations of L. pertusa because there 

were not enough populations of mussel species in different depth ranges and the Plumarella sp. 

populations showed complete admixture. The populations within the Blake Plateau showed little genetic 

differentiation, although it should be noted that there was one haplotype present at the Richardson site 

that was not captured at the other sites. This could be due to isolated recruitment events from unknown 

source populations, potentially due to the increased depth at this site, or simply due to the absence of this 

rare haplotype in our samples from the other sites.  

Relevant Report Sections: 5.5 Population Connectivity.  
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Connectivity Hypothesis 6: Populations will show a break in genetic connectivity north and south of 

Cape Hatteras, NC. 

Findings: The L. pertusa populations showed elevated connectivity among the sites of the Blake Plateau, 

but lower connectivity with the populations north of Cape Hatteras in Norfolk Canyon and Pea Island, 

despite the relatively small distance between these sites. This could not be tested in the other species for 

which we have population-level genetic data, but it should be noted that this hypothesis holds true at the 

community level for a variety of taxa, as discussed earlier.  

Relevant Report Sections: 5.5 Population Connectivity.  

Connectivity Hypothesis 7: Rates and directions of gene flow within species will correspond with 

predominant current directions. 

Findings: Connectivity of Gigantidas childresssi follows the predominant current directions in the region. 

We postulated genetic exchange to flow from the shallower, more northerly Baltimore Canyon Seep to 

the deeper, more southerly Norfolk Canyon Seep. This pattern matches the predominant current in the 

region as the Labrador Current moves southerly towards Cape Hatteras. Sample sizes were too small in 

all octocorals to determine rates and directions of gene flow. However, Plumarella sp. in the SEUS region 

exhibited panmixia, and all sites in which we collected Plumarella sp. were bathed by the Gulf Stream. 

Relevant Report Sections: 5.5 Population Connectivity.  

Biology Hypothesis 1: Coral-growth and recruitment rates are slower in deeper, and more variable 

environments. 

Findings: There were no conclusive results of the coral-growth analyses so this hypothesis could not be 

tested directly.  

Relevant Report Sections: 5.3 Age and Growth Studies 

Biology Hypothesis 2. Timing of seasonal reproduction in benthic invertebrates can be predicted 

from the timing of surface productivity blooms. 

Findings: There was a mixture of seasonal and continuous reproduction in the corals examined, so the 

reproductive timing could not be predicted for all of the species included in this part of the study. 

However, for those with periodic reproduction, including Desmophyllum dianthus, Lophelia pertusa, and 

Solenosmilia variabilis and possibly in Plumarella sp. and Pseudodrifa nigra, the onset of gametogenesis 

appears to be in the spring near our April sampling date, with spawning in the fall after our August 

sampling date.  

Relevant Report Sections: 5.4 Reproductive Biology 

Biology Hypothesis 3: Seep mussel condition index increases with methane flux. 

Findings: We collected samples from mussel beds at Blake Ridge Seep to test this hypothesis, but a 

freezer failure at Florida State University prevented accurate data from being obtained.  

Biology Hypothesis 4: Recruitment dynamics of seep mussels are positively correlated with methane 

flux. 

Findings: Size frequencies of mussels were only available from the mussel pot collections, and these do 

not directly address the question of recruitment dynamics. However, the data we have indicate a few very 
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large individuals with a clear recruitment pulse at smaller size classes (below 10 cm). This may indicate 

occasional, sporadic recruitment events with relatively low adult survivorship at large sizes. 

Relevant Report Sections: 4.1 Community Structure  

Biology Hypothesis 5: Fauna from highly variable environments show increased resilience to 

environmental disturbance. 

Findings: The Richardson site exhibited extreme variability in oceanographic conditions with temperature 

changing 6ï8°C over a 24-hour period. Our experimental results showed that the L. pertusa colonies 

collected from the Richardson site were resilient to these types of changes, with all of the colonies 

surviving simulated shifts in temperature, but that this came with a metabolic cost.  

Relevant Report Sections: 3.1 Oceanography, 5.1 Lophelia pertusa physiology 

Microbial Hypothesis 1: Microbial abundance and activity (sulfate reduction (SR) and methane 

oxidation rates) will be highest and will occur over a broader spatial area in areas of active methane 

seepage. 

Findings: Methane oxidation rate was generally correlated to methane flux, with the highest rates of 

methane oxidation measured in the water column over and in the sediments at the Pea Island site, which 

was also the site of highest methane flux. SR was also elevated in Pea Island sediments.  

Relevant Report Sections: 3.3 Biogeochemistry and Microbial Ecology 

Microbial Hypothesis 2: Sediment SR rates will be explained by a combination of depth, sediment 

organic carbon content, and magnitude of gas or fluid seepage. 

Findings: SR rate was highest where there was a clear sulfate-methane transition zone (SMTZ), as we 

observed in the sediments beneath bacterial mats at Blake Ridge, Cape Fear, and Pea Island.  

Relevant Report Sections: 3.3 Biogeochemistry and Microbial Ecology 

Microbial Hypothesis 3: The composition of sulfate-reducing bacteria (SRBs) and methane-

oxidizing microorganisms (MOMs) will change with depth and will be distinct from the microbial 

communities found at other gassy cold seeps such as in the GOM. 

Findings: The primary determinant of community similarity in the microbial communities was the 

location of their collection. We only obtained diversity data from Pea Island, Kitty Hawk, and Blake 

Ridge seeps, so it is difficult to evaluate whether depth or location with local geochemical conditions was 

more important, although the variance in community structure at the Blake Ridge site was comparable to 

the variance captured at the other two sites combined. Within a site, the composition of the microbial 

community at the seep primarily changed with the carbonate and detrital carbon content of the samples.  

Relevant Report Sections: 3.3 Biogeochemistry and Microbial Ecology 

Microbial Hypothesis 4: Distinct microbial communities exist at seep, coral, and soft-sediment 

habitats in and out of canyons. 

Findings: We did not directly test this hypothesis, as the microbial ecology studies focused on the seep 

sites. However, one of the most interesting findings was that there were relatively high methane oxidation 

rates in the shallow (< 300 m) waters overlying the Richardson Reef Complex. These were higher than 

any site where we measured the rate, except for the Pea Island site. This may be related to nutrient 

limitation in the mixed layer of the Gulf Stream, and further investigation may be warranted.  
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Relevant Report Sections: 3.3 Biogeochemistry and Microbial Ecology 

Microbial Hypothesis 5: The functional potential of microbial communities, as evidenced from 

metatranscriptomic data, will vary between coral, mussel symbionts, bottom water, and soft-sediment 

samples. 

Findings: Numerous issues with molecular work throughout this study, from delays due to closure of labs 

and facilities during COVID and poor quality of preserved ribonucleic acid (RNA) samples resulted in a 

lack of data to fully address this hypothesis.  

Relevant Report Sections: 3.3 Biogeochemistry and Microbial Ecology, 5.2 Coral Symbiosis and 

Microbiome.  
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2 Field Acquisition 

2.1 Site Selection 

Section Authors: Erik E. Cordes, Amanda Demopoulos, Jason Chaytor, Andrea Quattrini, Cheryl 

Morrison, Sandra Brooke 

The study region straddles the BOEM South Atlantic and Mid-Atlantic Planning Areas. The area of 

interest to BOEM lies between Norfolk Canyon (~37.5oN) and the Georgia-Florida border (~30oN), from 

50 miles offshore out to the edge of the US exclusive economic zone. Within that study area are three 

general habitat types: seeps, canyons, and deep-sea corals. In some places these habitats co-occur and 

overlap. Below is a brief description of the sites that we picked for our acquisition surveys.  

2.1.1 Seep Sites 

Until the 1980s, the only confirmed seeps with dense biological communities along the US Atlantic 

margin were those on the Blake Ridge and Cape Fear diapirs off North Carolina. We also suspected a 

seep at a site on the upper continental slope near Baltimore Canyon (Hecker et al. 1983). Since those 

days, seep habitats within Baltimore Canyon and near Norfolk Canyon (ñNorfolk Seepò) have been 

discovered, and many more are suspected. Between the Norfolk Seep and the Blake Ridge Diapir, there 

are over 100 known gas venting sites, from 50 m to 2,650 m water depth, discovered during USGS and 

NOAA Ship Okeanos Explorer cruises over the last few years (Morrison 2019). The Cape Fear Seep is 

one of those. Some of these expulsion locations comprised clusters of seeps, and less common are 

individual sites. Only a few had been visually surveyed before our surveys. We selected as our seep sites 

Norfolk Seep, the Cape Fear Seep, and the Blake Ridge Seep. 

Norfolk Seep was discovered in 2013 and is the most extensive of the known methane seeps in the North 

Atlantic (Prouty et al. 2016, Demopoulos et al. 2019). The seepage area is approximately 120 km off the 

coast of Virginia, just south of Norfolk Canyon in approximately 1,600 m depth and comprises two 

separate ridges, each about 1 km in length. Both ridges are almost completely covered in dense 

populations of bathymodiolin chemosynthetic mussels, with endemic seep associates such as the seep 

cucumber (Chiridota heheva) and alvinocarid shrimp. Unlike other deep seeps in the region, there were 

no siboglinid tubeworms or vesicomyid clams observed at this seep. The presence of large boulders of 

authigenic carbonate, methane hydrate, and streams of gas bubbles indicate the existence of long-term 

active seepage.  

The Cape Fear Seep is the location of a persistent bubble plume observed in the multibeam surveys of the 

Okeanos Explorer, and three areas inhabited by clams and bacterial mats were detected by Sentry 

photographs (Brothers et al. 2013). Unlike other seeps in the region, methane-seep mussels had not been 

observed prior to this study.  

The Blake Ridge Seep is the best-known seep site off of the East Coast. The Blake Ridge Diapir was the 

subject of extensive geological surveys as part of the Ocean Drilling Program (Paull et al 1996, 2000). 

Gas hydrates and extensive methane seepage have been documented from this site (Brothers et al. 2013). 

Chemosynthetic communities were initially described from visual surveys and collections (Van Dover et 

al. 2003), and included seep mussels (Bathymodiolus heckerae) and vesicomyid clams (Vesicomya 

venustus) at depths of 2,155 m. More recent autonomous underwater vehicle (AUV) surveys expanded the 

known extent of chemosynthetic communities at Blake Ridge to four discrete areas (Brothers et al 2013).  
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2.1.2 Canyon Sites 

Previous research has highlighted the resources associated with submarine canyons along the western 

Atlantic margin (Quattrini et al. 2015, Ross et al. 2015, Brooke et al. 2017). These have primarily focused 

on the area between Virginia and New England, with one expedition further south off North Carolina. 

There are three named canyons off the coast of North Carolina; Keller, Hatteras and Pamlico, the former 

is unexplored, but the Hatteras Canyon complex has been the focus of some geological and biological 

studies. We chose Norfolk, Keller, Hatteras, and Pamlico as our canyon sites. 

The head of Norfolk Canyon is approximately 90 km offshore from the mouth of Chesapeake Bay, 

Virginia, and is a long shelf-incised canyon that begins in 200 m of water on the shelf and ends on the 

abyssal plane deeper than 3,000 m. The walls of Norfolk Canyon have extensive areas of exposed hard 

substrate, which provide habitat for dense communities of sessile benthic fauna such as corals and 

sponges. These communities have been documented from 400 to 1,300 m depth to support diverse 

assemblages of other invertebrates. Norfolk Canyon was relatively unexplored, although there were 

records of several coral species, including the structure-forming scleractinian, Desmophyllum pertusum. 

Commercial fishery species such as red crab, hake and monkfish have been observed on the sediment of 

the canyon slopes. Norfolk Canyon is part of the Deep-Sea Coral Protected Area, implemented in 2015 

through the Mid-Atlantic Fishery Management Council. It also lies within an area of frequent Naval 

activity, which made visiting the site logistically difficult.  

Keller Canyon is the only one of the target canyons that incises the shelf, but much less so than those 

further north. The funneling effect of the shelf-incised canyons creates strong currents that remove 

sediment and allow development of hard-substrate benthic communities. Without accelerated currents, 

sediments cover all but the steepest slopes. Several multibeam surveys have collected data as single 

transit swaths across Keller Canyon, but the most comprehensive surveys to date were by the Okeanos 

Explorer (National Centers for Environmental Information [NCEI] Survey ID EX1106) and the Research 

Vessel (RV) Henson (NCEI Survey ID: HEN04-3), which together covered the canyon head to the 

abyssal plain and have revealed the rugged habitat along the head of Keller Canyon and adjacent shelf-

slope break. Prior visual surveys with AUV Sentry revealed some octocorals and anemones, but low 

abundance/occurrence overall. Multibeam surveys by NOAA-USGS in 2011 revealed more than 50 areas 

of diffuse gas venting near Keller Canyon, in depths ranging from 53 to 930 m depth.  

Hatteras Canyon and the adjacent slope were the subject of earlier surveys of benthic megafauna using 

research submersibles (Rowe and Menzies 1969, Rowe 1971). Their observations were of mostly soft-

sediment fauna, primarily sea pens, large holothurians, asteroids, quill worms, and cerianthid anemones. 

They recorded differences in species composition between canyon and slope, which were attributed to 

higher sedimentation levels in the canyon that excluded many common slope invertebrates. None of the 

historical records noted any scleractinians or gorgonian octocorals, but more recent exploration of 

Hatteras Canyon (NOAA-OER) using the AUV Sentry observed octocorals on one of the steep canyon 

walls. Multibeam surveys by NOAA-USGS in 2012 revealed perhaps 12 areas of diffuse gas venting near 

Hatteras Canyon, in depths ranging from 183 to 374 m depth (Morrison 2019).  

Pamlico Canyon only minimally impacts the shelf break and is located approximately 20 miles off the 

North Carolina Outer Banks. The axis of the canyon on the continental slope is approximately 15 nautical 

miles long from 400 m to over 3,000 m depth, but then extends onto the seafloor for over 100 miles to 

deeper than 5,000 m. It has been mapped and was first explored visually on an AUV Sentry cruise in 

2016, which revealed octocorals attached to the canyon walls (Nizinski 2016). Bubble plumes have not 

been previously observed in the vicinity of this canyon. From these data, Pamlico seemed to be the best 

site in terms of abundance and diversity of corals, other inverts, and fishes, and was therefore one of the 

highest priority canyon sites for this study.  
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2.1.3 Coral Sites 

The narrow continental shelf off Cape Hatteras gradually widens to the south, particularly off South 

Carolina and Georgia, then becomes narrow again off the coast of Florida. Between the continental shelf 

and slope in this region is a vast horizontal platform called the Blake Plateau (Dillon and Popenoe 1988). 

This feature is 228,000 km2, has an average depth of 850 m, and is one of the most rugged areas of the 

southeastern US seabed. Hundreds of hardbottom features, ranging from low-relief ledges to massive 

conical peaks, contribute to the rugged topography. Hardbottom habitat includes areas of rocky outcrops 

and ledges, and large numbers of mounds, many of which are bioherms formed by the L. pertusa and 

Enallopsammia profunda at depths from 600 to 800 m. Most of the platform is carbonate in origin, but 

fields of manganese oxide nodules and slabs of phosphoritic rock have also been observed. Some of these 

areas have been the focus of substantial research effort, whereas others have barely been explored. We 

identified this as a rich area of potential study sites, and in a different biogeographic province and 

oceanographic regime from the northern part of the study area. Most sites we selected for our study lie 

within Coral Habitat Areas of Particular Concern (HAPC), established in 2009 by the South Atlantic 

Fishery Management Council. We selected Cape Lookout, Cape Fear, Stetson Banks, Savannah Banks, 

and the Blake Deep as our study sites. 

Cape Lookout is located on the Blake Plateau in relatively shallow (320ï550 m) water, and the series of 

topographic features that make up this site are the most northerly known L. pertusa bioherms on the US 

Atlantic Coast. There are perhaps 10 large and several small features at this location, with elevations up to 

80 m and variable slopes. Multibeam bathymetry surveys have covered the full known extent of the 

mounds (NCEI Survey ID: NF-07-02-MPA and NF-08-01-MPA, and additional surveys by the RV 

Pelagia in 2010). The site is relatively well studied, with habitat and community data collected using 

submersible and ROV surveys (Ross 2006, Partyka et al, 2007, Ross and Nizinski 2007, Ross and 

Quattrini 2007, 2009, Quattrini et al. 2012), and detailed analysis of physical and geological conditions 

(Mienis et al. 2014). Physical oceanographic data indicate that this site is exposed to extreme 

environmental conditions of highly variable water temperature and strong currents. Community data show 

extensive colonies of Desmophyllum pertusum concentrated on the tops and current-facing aspects of the 

mounds, but with highly variable percentages (5ï75%) of live coral. Other species of coral commonly 

found south, were notably lacking (Partyka et al 2007), but coral-associated invertebrates and fishes were 

abundant and diverse (Partyka et al 2007). Because of the existing information at this site, it was not the 

highest priority for our program.  

The Cape Fear site comprises a single large (0.7 km2) coral bioherm, in similar depths (360ï500 m) to the 

Cape Lookout mounds. The mound is very steep, extremely rugged and rises 100 m above the seafloor. 

The mound comprises living and dead coral and is surrounded by areas of dead coral rubble. Localized 

high abundances of orange cup corals and anemones have been observed on the dead coral matrix, but 

large octocorals and other structure-forming scleractinians were absent. Multibeam bathymetry (NCEI 

Survey ID: NF-07-02-MPA) was available for this site and there are several publications that document 

the geology and biology of this feature (Ross 2006, Partyka et al. 2007, Ross and Nizinski 2007, Quattrini 

et al. 2012). As with Cape Lookout, this is one of the better-known sites in the proposed study region, and 

therefore was of lower priority.  

Stetson Banks is a large area of rugged and varied habitat on the eastern Blake Plateau located off of 

South Carolina at depths of 550ï850 m. It was first surveyed in the 1950s, and extensive coral 

communities were subsequently discovered during dredging, drop camera and submersible surveys 

(Stetson et al. 1962, Milliman et al. 1967, Pratt 1968, Ross and Nizinski 2007, Partyka et al. 2007). 

Stetson et al. (1962) estimated that more than 200 mounds, up to 150 m tall covered an area of 6,000 km2. 

Although this expanse of coral habitat was discovered several decades ago, it remained relatively 

unexplored prior to our study. In addition to the óhundreds of coral moundsô described by Stetson (1961), 

this area also contains complex ledges and slopes composed of consolidated rubble that has been undercut 
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by currents. Previously observed sessile invertebrate fauna is much more diverse at this location than at 

the North Carolina bioherms. In addition to the structure-forming stony corals (Desmophyllum pertusum 

and Enallopsammia profunda), several species of cup corals (Bathypsammia sp, Caryophyllia sp.), 

Antipatharians (Leiopathes sp., Bathypathes sp.) and Octocorals (Plumarella pourtalesii, Acanella sp., 

Keratoisis flexibilis, Plexauridae) have also been documented in the Stetson Banks region (Partyka et al. 

2007). Sponges are also very abundant, with 18 different taxa observed by Reed et al. (2006). In addition 

to the older geological surveys, modern multibeam bathymetry is also available for portions of this region 

(NCEI Survey ID: PAT0503, EX1403, and the most recent Okeanos Explorer cruise EX1805). There 

were sufficient existing data to generate predictive habitat models for the area; and these predictions were 

first surveyed during a 2018 Atlantis/Alvin cruise.  

Savannah Banks (475ï600 m) is part of the Blake Plateau north of the large Charleston Bump feature that 

deflects the Gulf Stream and is intensively scoured by currents, exposing hard substrate (Popenoe and 

Manheim 2001). This large, complex site contains extensive hardbottom habitats that range in relief from 

flat to near vertical scarps and lithoherms, which can rise up to 100 m off the seafloor (Reed et al. 2006). 

This region comprises layers of hard limestone rock and soft mudstone, which is susceptible to erosion. 

The differential erosion of these two rock types has created a series of terraces and steep walls with 

overhanging ledges. Sessile benthic fauna, consisting of stony corals (D. pertusum, Madrepo25culateata), 

dense sponge communities (Phakellia spp., Geodia sp., Pachastrellidae and Hexactinellidae), octocorals 

(Isididae, Primnoidae), black corals (Antipathes spp.) and hydrocorals, were abundant on the limestone, 

but not the less stable mudstone. We observed broken phosphorite pavement at this site, but it was 

colonized by a sparse and different sessile community from the limestone substrate. Benthic communities 

were often dense in this area but composed of small colonies. Corals found in this area include the stony 

corals D. pertusum and Enallopsammia profunda (as individual colonies rather than the large contiguous 

thickets observed in other locations) as well as 25culateata. Octocorals (Keratoisis sp., Paramuricea sp., 

Swiftia sp., Eunicella modesta), Antipatharians (Leiopathes sp.) and hydrocorals (Stylaster sp.) were also 

observed (Partyka et al. 2007, Reed et al 2006). The precious coral genus Corallium was also reported 

from this site (Partyka et al. 2007). This area was notable for the large numbers of wreckfish (Polyprion 

americanus) observed on the high-relief rocky bottom during 2001 surveys (Sedberry 2001), although 

these were not observed by Reed et al. (2006). Existing multibeam data for this site included NCEI 

Survey ID: PAT0503, EX1203. EW9702, RC2503, and EX1805. Due to the relatively large number of 

previous dives in this area, and the generally low cover of live coral in the mounds, this area was of lower 

priority for the study.  

The Blake Deep is on the eastern edge of the Blake Plateau where it descends to the abyssal plain further 

offshore. It was mapped and first explored by the recent Okeanos Explorer cruise (EX1805 and 1806). 

There was a relatively high density of corals at this site, including the framework-forming Solenosmilia 

variabilis. This habitat type was a high priority for the NOAA Deep Sea Coral Research and Technology 

program (NOAA 2018) and was therefore a relatively high priority for our study. In recent years, the 

Okeanos Explorer (EX1203, 1403, 1805) has added a large amount of additional bathymetry for this 

region from the Florida Platform to the south of the study area, through to the Stetson Banks. This 

mapping effort revealed the presence of large numbers of mounds extending nearly 200 miles through this 

area. Previous observations, mostly from the Johnson Sea-Link, along with a few dives on EX1806 

verified that these mounds (at least those that have been observed) are CWC mounds. This was a high 

priority area for our project, but it partially lies outside of the study area and was logistically difficult due 

to the frequent use of ports in the northern end of the study area.  
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2.2 Expeditions (Cruises) 

Section Authors: Amanda Demopoulos, Erik E. Cordes 

The Deep SEARCH project involved exploration and research of the Mid-Atlantic Planning Area seep, 

canyon, and coral habitats. The program was originally scheduled to have three primary research 

expeditions. However, because of numerous issues with weather, personnel emergencies onboard the 

ships, and technical difficulties, we planned six cruises, and five dedicated cruises were actually 

conducted. Deep SEARCH personnel also assisted with the planning and execution of three more cruises 

on the NOAA Ship Okeanos Explorer, which added exploratory and complementary mapping and video 

data to this project, and on three additional cruises through the ADEON project, on which many of our 

pelagic trawling and acoustics tasks were accomplished. In addition to those of the five dedicated Deep 

SEARCH cruises, events of these six supporting expeditions are summarized in this report where 

relevant. In total, Deep SEARCH personnel thus participated in 11 different research expeditions to the 

study area over the course of the project, including three concurrent cruises in the fall of 2019. The five 

Deep SEARCH dedicated cruises were as follows: 

1) The first dedicated Deep SEARCH cruise was aboard the NOAA Ship Pisces and using the AUV 

Sentry in September 2017. This cruise was heavily impacted by weather but acquired some 

multibeam data and accomplished three Sentry dives in the study area.  

2) The second dedicated cruise was originally scheduled for the NOAA ship Nancy Foster, but it was 

cancelled due to the need for some unexpected repairs because of an accident as the ship was coming 

out of shipyard. We split that cruise mission into three components: multibeam mapping, submersible 

sampling, and over-the-side sampling plus lander deployments. We completed the multibeam 

mapping portion of the project on the NOAA Ship Okeanos Explorer cruise in May-June 2018 

through a collaborative effort with NOAA-OER. The second dedicated cruise of the project was 

aboard the RV Atlantis and used the Deep Submergence Vehicle (DSV) Alvin in August 2018. It was 

primarily supported through this project, but time at sea was augmented with support from the NOAA 

Deep-Sea Coral Research and Technology Program.  

3) The third dedicated cruise was aboard the RV Brooks McCall in October 2018 and focused on lander 

deployments and over-the-side sampling.  

4) The fourth dedicated cruise was aboard NOAAôs RV Ron Brown and used the ROV Jason II. The 

expedition was conducted in April 2019 and was highly successful in accomplishing much of the 

sampling work described in this report.  

5) The fifth dedicated cruise was a midwater trawling and lander expedition aboard the Nancy Foster in 

October 2019.  

These five cruises are designated in Table 2-1 with an asterix within the context of the timeline of all 

Deep SEARCH related expeditions. Full field reports on each of the expeditions are included in the 

Appendices. 
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Table 2-1. Expeditions associated with the Deep SEARCH project  

Three of these five project-dedicated cruises included the deployment and operation of a submersible. The 

first cruise deployed the AUV Sentry, the second cruise deployed the DSV Alvin, and the fourth cruise 

deployed the ROV Jason. The three different submersibles gave us survey and acquisition opportunities 

that were distinct to the different capabilities of AUVs, DSVs, and ROVs. The shipôs track during 

submersible operations for each of these three cruises is shown in Figure 2-1.  

 

Following this map is a cruise summary for each of the five dedicated research expeditions of the Deep 

SEARCH project. 

Year Date(s) Expedition and Vessel Notes 

2017 9/10ï9/29 *Pisces with Sentry Impacted by three different hurricanes 

2018 3/26ï4/25 (Nancy Foster) Cancelled after emergency repairs were necessary just before the cruise 

2018 5/30ï7/1 Okeanos Explorer with D2 
Collaborationðmapping of Blake Plateau and ROV operations led by Cheryl 
Morrison 

2018 6/6ï6/25 Endeavor CollaborationðADEON cruise 

2018 8/19ï9/2 *Atlantis with Alvin - 

2018 9/27ï10/8 *Brooks McCall Lander deployments, over-the-side sampling 

2018 10/1ï10/24 Okeanos Explorer Collaborationðmapping of Blake Plateau  

2018 10/31ï11/16 Endeavor CollaborationðADEON cruise 

2019 4/9ï4/30 *Ron Brown with Jason - 

2019 10/5ï11/21 Okeanos Explorer with D2 Collaborationðmapping leg plus ROV operations co-led by Alexis Weinnig 

2019 10/22ï10/30 *Nancy Foster Lander recovery, over-the-side sampling 

2019 10/22ï11/6 Armstrong collaborationðADEON cruise 



 

28 

       
Figure 2-1. Ship track map during operations for the three submersible cruises  
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2.2.1 First Expedition, NOAA Ship Pisces with AUV Sentry 

We used the NOAA Ship Pisces to conduct our first dedicated research expedition (cruise # PC1705) in 

the mid- and south Atlantic Ocean from 12 through 17 September 2017. This expedition focused on 

exploring the seafloor for seeps, corals, and canyons at selected survey sites. During this expedition, the 

Pisces mapped 44.7 km of seafloor. Using the AUV Sentry, we mapped an additional 8 km2 of seafloor. 

These efforts helped to fill in the gaps in available seabed map information, some of which dated back to 

the 1800s.  

Despite three hurricanes during this expedition, we were able to complete three Sentry dives. Two of 

these dives surveyed previously unverified seeps located offshore of North Carolina, and the third dive 

surveyed a potential coral habitat located offshore South Carolina. We confirmed several seeps by such 

ground truthing, imaged several seep habitats, and collected corresponding sub-bottom and backscatter 

data to provide context for these seep environments. In addition to bathymetry data, the ship and Sentry 

collected water-column acoustic data. Additional data collected by Sentry included sidescan, 

conductivity-temperature-depth (CTD), DO, redox, turbidity, and photographic. We collected water-

column and sediment samples using the shipôs CTD rosette and monocorer to help us better understand 

the environment in and around the surveyed sites. 

2.2.2 Second Expedition, RV Atlantis with DSV Alvin 

We conducted our second expedition onboard RV Atlantis using the DSV Alvin (cruise # AT41) from 19 

August through 01 September 2018. This was the first submersible sampling cruise of the project. The 

cruise mobilized and demobilized in Woods Hole, MA. We employed Alvin to explore new sites, make a 

variety of deployments and collections, and conduct a variety of studies at two seep sites, three canyons, 

and four deep-sea coral sites (Figure 2-2). This effort included 11 Alvin dives used to explore new sites 

for the occurrence of CWC reefs; make collections of a variety of stony corals and octocorals corals for 

genetic and physiological studies; make collections of communities associated with seeps, canyons, and 

corals for ecological studies; collect quantitative digital imagery for characterization of sites and 

ecological communities; collect spatially explicit near-bottom physical oceanographic data; deploy live 

corals for growth experiments, and collect push cores for community and associated geochemical 

analyses. In addition to launching and recovering Alvin, we conducted several CTD casts with 

monocorers, as well as one multicorer deployment (Figure 2-3). We also acquired multibeam bathymetric 

data to augment previously acquired data from the Okeanos Explorer.  
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Figure 2-2. Alvin dive locations during the second cruise 
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Figure 2-3. Locations of CTD casts and core acquired during the second cruise 
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2.2.3 Third Expedition, RV Brooks McCall 

This expedition using RV Brooks McCall was conducted from 27 September through 08 October 2018. It 

was the third research cruise for the Deep SEARCH project. The primary goals for this mission were to 

conduct midwater trawling targeting the DSL, deploy two landers (one short and one long term), conduct 

CTD casts, and collect sediment samples using a monocorer, piston corer, and megacorer at pre-selected 

and permitted locations. We accomplished the following tasks: three piston cores acquired, six CTD casts 

(without monocore) acquired, and two long-term landers deployed.  

2.2.4 Fourth Expedition, NOAA Ship Ron Brown with ROV Jason 

Our fourth research cruise mobilized and demobilized in Charleston, SC and was conducted from 04 

through 30 April 2019. One mid-cruise personnel transfer took place on 16 April. This cruise employed 

the ROV Jason to explore new sites, make a variety of deployments and collections, and conduct a 

variety of studies at four seep sites, one canyon site, and four deep-sea coral sites. We also deployed 

(April 11), recovered (13 April), and redeployed (15 April) a benthic lander at Richardson Reef Complex. 

The lander had a variety of instruments, including passive acoustic hydrophone, Acoustic Doppler 

Current Profiler (ADCP), baited camera, several sensors (CT, fluorescence, turbidity, DO), and sediment 

trap.  

This cruise included 11 ROV dives and a mid-cruise personnel transfer. We used Jason II to explore 10 

new sites for the occurrence of deepwater coral reefs; make collections of corals and seep fauna, 

including associates, for genetic and physiological studies; make collections of communities associated 

CWC and seeps for ecological studies; collect quantitative digital imagery for characterization of sites and 

communities; collect spatially explicit physical near-bottom oceanographic data; collect coral-growth 

experiments deployed via Alvin in 2018; and collect push cores for ecological and geochemical analyses. 

In addition to launching and recovering Jason II, several CTD casts with monocores, as well as one 

multicore deployment, were conducted. 

2.2.5 Fifth Expedition, NOAA Ship Nancy Foster 

The fifth Deep SEARCH expedition occurred on the NOAA ship Nancy Foster from 22 through 30 

October 2019. The primary tasks of this cruise included recovering the benthic lander at Richardson Reef 

Complex that we had deployed on the third expedition. In addition, several midwater trawls were targeted 

and accomplished within the DSL. We conducted CTD casts to collect full water-column oceanographic 

data as well as discrete water samples for seawater chemistry, eDNA, and microbial diversity analysis. In 

addition, we collected monocore samples for community and geochemical analyses. Sites visited are 

shown in Figure 2-4. 
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Figure 2-4. Locations of sites visited during the fifth cruise 

2.3 Sites Visited with Submersibles 

Section Authors: Amanda Demopoulos, Erik E. Cordes 

2.3.1 Seep Sites 

2.3.1.1 Kitty Hawk (Sentry and Jason) 

Two dives, using AUV Sentry (dive 454) and ROV Jason (dive J2-1134), were conducted at Kitty Hawk 

at water depths ranging from 213 to 467 m.  

Sentry-454 Dive: Sentry dive 454 initially conducted multibeam soundings from 60 m above the seafloor 

over target seep locations based on acoustic anomalies detected previously through shipboard multibeam 

mapping efforts. There were areas throughout the survey that had low Eh and high turbidity, indicative of 

active venting from seeps. The seafloor was primarily composed of soft sediments, with carbonate 

boulders occurring infrequently throughout the AUV Sentry dive track. Shallow depressions and small 

ñholesò were visible in the sediment in all surveyed areas and were spatially correlated on the bathymetry, 

sidescan and sub-bottom profiler datasets. The sub-bottom profiler records from the photo surveys 

contained scattered water-column anomalies that generally correlated well with previously identified 

seeps; however, anomalies unrelated to previous seep locations were also present. 
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Down-looking imagery collected by AUV Sentry revealed zoanthids and anemones attached to some of 

the rocks. We encountered a few bacterial mats and bubbles were imaged in a few locations. Notable 

animals we observed included horseshoe crabs, large lobsters, squid, and several fish species, such as 

scorpaenids, flatfishes, hakes, and macrourids. Other crustaceans included Cancer and Chaceon spp., cf. 

Bathynectes sp., cf. Eumunida sp., shrimp, and some type of lithodid crab. Quill worms (Onuphidae: cf. 

Hyalinoecia) were found in high abundances on the sediment surface. We observed human debris, 

including rope, fishing line, an unidentifiable metal frame, an anchor-shaped object, and other plastic 

material. We observed unusual track marks in several images throughout the dive.  

Jason J2-1134 Dive: As during the Sentry dive, active bubbling, microbial mats, soft sediments, and 

authigenic carbonate were observed throughout the J2-1134 dive. Siboglinid tubeworms were also 

observed and sampled in areas associated with the authigenic carbonate, including a large carbonate 

formation. The dive also encountered abundant quill worms and a scorpaenid fish on the seafloor 

(466.8 m). Other fish observed included a snipe eel, a paralepidid (cf. barracudina), eelpouts, and black-

bellied rosefish. Other animals included lithodid or spider crabs, flounders, and many squat lobsters. 

Throughout the dive, we observed a few siboglinid tubeworms on rocky substrate. We also found some 

areas with active bubbling at 360 m and there collected high-quality imagery and push cores. We 

collected additional cores within mat environments at 334 m. As we transited to shallower depths, we also 

saw some large megafauna, including hammerhead sharks, conger(?) eels, a large manta ray, sea robin, 

flounder and lobsters. Though we were searching for live clams, none were found, but we did see more 

debris, and collected a plastic spoon at 220 m. Toward the end of the dive, there appeared a series of 

linear ridge features on the sonar, perhaps indicating low-profile bed forms. 

2.3.1.2 Pea Island (Sentry, Alvin, and Jason) 

The Pea Island seeps were grouped into two general locations, one to the north and one to the south, 

based on acoustic anomalies detected previously through shipboard multibeam mapping efforts. Water 

depths ranged from 168 to 574 m. 

Sentry-455 Dive: Initial surveys at the site by Sentry indicated areas of low Eh and high turbidity, likely 

due to localized resuspension of particles caused by active venting from seeps. The seafloor was primarily 

composed of soft sediments, with carbonate boulders occurring infrequently, but more often than during 

Dive 454 at Kitty Hawk, throughout the photo surveys. We observed large bacterial mats, as well as 

bubbles throughout the survey that may have been of sufficient size to correspond with the bright-patches 

that we saw in the sidescan sonar data. We observed evidence of seeps on all data sources, including the 

sidescan sonar, sub-bottom profiler and bathymetric water-column records, and in the photos. During the 

photo transects, the sub-bottom profiler was able to penetrate several 10s of meters into the sub-seafloor 

and imaged horizontal and tilted sediment layers adjacent to the smaller canyon walls. ñBright spotsò 

(areas of intense, chaotic acoustic return) in the shallow subsurface were often found associated with seep 

and other anomalies in the water column. 

We observed similar fauna on this dive as those encountered at the Kitty Hawk Seeps (Dive 454). 

Anemones were found attached to some of the rocks. Notable animals observed included a scalloped 

hammerhead shark (Sphyrna lewini), a catshark, large lobsters, squid, and several fish species 

(scorpaenids, flatfishes, hakes, macrourids). Most of the fishes were associated with carbonate rocks. 

Other crustaceans included Cancer sp. and Chaceon spp. and shrimp. Quill worms (Onuphidae: cf. 

Hyalinoecia) were found in high abundances on the sediment surface. We also observed human debris, 

including a glass bottle, fishing line, and other plastic.  

Alvin-4961 Dive: After the Sentry AUV had confirmed the presence of seeps at Pea Island, the Alvin dive 

targeted these seep areas. There was a squad of squid surrounding the sub during the entire dive. The dive 

explored two main seep areas, and these appeared to be very active with large bacterial mats and visible 
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bubble plumes in places. There was some outcropping carbonate at one site, quill worms in one of the 

bacterial mats, and Chaceon sp. crabs scattered throughout. We acquired a series of push cores in mats 

and in a control area to characterize the benthic infaunal communities and associated biogeochemical 

environment.  

Jason-1133 Dive: The overall dive plan was to investigate seep targets in the southern cluster (Pea Island 

C) where we had high-resolution Sentry imagery of seep carbonate, mats, and dense groups of fishes, but 

had not visited during the Alvin-4961 dive. During Jason descent, we observed high concentrations of 

POM and midwater fishes. During the dive, we saw bubbles as well as multiple pits and mounds on the 

sediment surface. We collected sediment cores within microbial mats. Gas bubbles were released during 

the coring (330 m). When collecting a rock sample, a siboglinid tubeworm appeared after we broke off a 

piece of rock from a larger carbonate sample; both were collected. This was the first tubeworm that we 

had observed in the US Atlantic seeps to date. Much like during the Alvin-4961 dive, high densities of 

squid were present, along with long-fined hake, and anemones. We collected a few more rock samples 

throughout the dive. There was a moderate current coming from the north that occasionally resuspended 

sediment and reduced visibility. We commonly observed patchy, moderately sized bacterial mats, along 

with large discrete authigenic carbonate mounds. These were densely colonized by Actinoschyphia sp., 

zoanthids and anemones. On one occasion we observed a colony of L. pertusa (at 11.5oC and 280 m) and 

we collected a sample. Several Eumunida picta were associated with the coral colony. We saw no other 

seep-endemic megafauna, but otherwise this site appeared to be highly productive, as evidenced by the 

large number of fishes (jacks, blackbelly rosefish, Lymonema sp., cusk-eel fish, and eels) and crabs. 

Collections of 16 push cores (in active seep site with bubbles and off-seep) and four water samples (one 

in bubbles and three next to bacterial mats) were accomplished in addition to the collection of a coral 

sample. 

2.3.1.3 Cape Fear (Jason) 

Jason-1137 Dive: We observed moderate to heavy marine snow, and the seafloor was composed of fine 

sediment with visibly abundant bioturbation and brittle stars. Bottom currents were fairly swift at 0.9 kt to 

the south, and areas of sediment scour were present. We observed small colonies of cf. Anthomastus sp., 

so we collected one early in the dive. We observed extensive bacterial mats, as well as abundant 

holothurians and euplectellid sponges, throughout the dive. During the dive, we saw several bamboo coral 

colonies and a few samples were collected. Other organisms encountered included Chrysogorgia sp., 

gastropods, Umbellula sp., ophiuroids, and holothurian trails, plus patches of dead sargassum. Other 

corals included cf. Paragorgia sp. Toward the end of the dive along the upper slope at 2,570 m, we 

observed some burrow/rock mud formations. and collected some rocks for characterization. The rock 

faces were composed of oddly shaped tubular concretions, cemented in place (Figure 2-5).  
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Figure 2-5. Rock faces with oddly shaped tubular concretions cemented in place 

The material appeared very clayey and broke away easily when probed with the manipulator. The slope 

was primarily sedimented and interspersed with rocky outcrop features. During the latter part of the dive, 

we observed several large xenophyophores on the sediment surface. The seafloor features were similar in 

composition to seamounts to the north, with patches of exposed rock and xenophyophores present on the 

sediment. Toward the end of the dive, we collected a few more push cores in ñbackgroundò sediments and 

Niskin bottle water samples, along with some Chrysogorgia sp. colonies on a rocky feature. None of the 

areas surveyed had dense coral cover, nor were they very seepy.  

2.3.1.4 Blake Ridge (Alvin and Jason) 

Alvin-4967 Dive: There is a rather large depression, crater-like feature at the center of this site and was 

the target for this dive. There was abundant authigenic carbonate around the perimeter, but we observed 

little bacterial mat. We sampled the mussel bed using a mussel pot along with a set of push cores. The 

dive encountered high densities of live mussels (Bathymodiolus heckerae), both large and small size 

classes. There were no Gigantidas childressi observed or collected. There were also numerous lucinid 

clams and heart urchins burrowing through the reduced sediments. Mussels were observed in small and 

large clusters, as well as concentrated in long lines, apparently arranged over linear faults overlying the 

diapir. Some of the mussels had bacterial mats on the shells, which may indicate the presence of sulfide in 

the water column at this location. We also observed many large empty mussel shells. We obtained a 

mussel pot and a set of cores here.  

Jason-1136 Dive: The overall dive plan targeted an area of Blake Seep that had been dived on before, 

where we could target community collections of mussels and possibly clams, collect sediment cores 

within mats and adjacent to mussel beds, slurp bacterial mats, sample carbonates and water, and image 

hydrate. Within the first hour of the dive, we came upon a familiar scene of bucket lid markers (#3) and 

Bob Carneyôs (Louisiana State University) previously deployed bucket of rabbit food and oyster shells 

(tubeworm settlement substrate). His name was still clearly visible on the outside of the bucket. In 

addition, we saw some heavily corroded Alvin drop weights. Carneyôs experiment was planted in the 

middle of an extensive mussel bed (B. heckerae) containing mussels of various lengths (Ruppel 2003). 

Mussel pot collections targeted three different mussel patch sizes: small, medium, and large. These 

quantitative collections included communities found within different sized patches, and associated 

holothurians (cf. Chirodota). These scoops of mussels proved to be very tricky, due to the varying mussel 

sizes, but we successfully collected from several different patches. We saw a multitude of dead clam 

shells, and while no large live clams were seen on the seafloor, several small lucinid clams were present 
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within the mussel collections. We also collected push cores in mat environments, along with some 

urchins. Fishes we observed included a Bathysaurus sp. and an Antimora sp. with a parasite attached. 

During the dive, we also explored and imaged a large hydrate mound, with cave-like features where two 

Gaidropsarus sp. fish were hanging out. Many of the rocks we saw were either too big or not 

pliable/breakable, but we were able to collect one rock. We found a black coral attached to a mussel shell 

and we collected it (2,165 m). We collected water samples above a dense mussel bed and adjacent to the 

large hydrate mound. Several of the mussels were coated in white, fluffy material, not exactly like 

filamentous mat, but similar to what has been observed at the mussel beds to the north (Norfolk seeps). 

During the last part of the dive, we encountered a few octopuses in and around the mussels. 

2.3.2 Canyon Sites 

2.3.2.1 Norfolk (Alvin) 

Alvin-4970 Dive: Alvin landed in the flat, central part of the canyon and transited towards the wall at the 

edge of the canyon, flying over primarily soft sediment. At a few points we saw what appeared to be 

munitions debris. There was a small rise and some scattered boulders at the bottom of the wall, but 

overall, the substrate was primarily composed of soft sediment. Towards the top of the wall, there was a 

small field of Acanella sp. bamboo corals. Further up, there were groups of sea pens of different shapes 

and sizes, including short, long and slender forms, some of each were collected into the biobox and 

quivers. 

2.3.2.2 Keller and Hatteras (Pisces) 

We visited Keller and Hatteras using Pisces. We acquired CTD data and collected core samples. 

These water and sediment samples were collected using the shipôs CTD rosette and monocorer to help us 

better understand the environment in and around the features that we explored. These deployments 

enabled ground truthing of the seeps detected at the head of Keller Canyon, where we collected one 

monocore sediment sample. While at Hatteras Canyon, we conducted three CTD casts with monocore 

sediment collections within the thalweg. Based on these limited data, the heads of these canyons were 

primarily composed of silt and sand grained sediments, with increased proportion of clay as depth 

increased within the canyon channel proper. 

2.3.2.3 Pamlico (Alvin and Jason) 

Alvin-4969 Dive: Alvin arrived on bottom away from the side of the canyon wall where there was little 

observable current. There were a few boulders here. We acquired a set of push cores in the local soft 

sediment. Alvin then transited toward the ñdog tailò of the canyon, where we saw a series of short ledges 

and steep walls while climbing up into the tail. We observed extensive soft sediments adjacent to the 

walls. The canyon axis did not appear to be very active. The canyon wall appeared to be composed of 

mudstone with occasional ledges and overhangs. Most of the corals present, including Desmophyllum sp. 

and Solenosmilia sp. along with Acanthogorgia sp. and Paramuricea sp, and Acesta sp. clams occurred 

on the underside of overhangs. There were small piles of dead coral rubble and a few larger live 

antipatharian colonies occasionally accumulated on the ledges. Currents increased appreciably at the top 

of the wall but were still not as high as experienced during the shallow dives on this mission. Near the top 

of the wall, at approximately 1,100 m, there was a large Paragorgia sp., and we took a subsample. 

Jason-1132 Dive: The bottom type at the base of the canyon (at 1,800 m) was heavily sedimented with a 

steep slope. We observed various Acesta sp. shells. We collected sediment cores at several locations 

throughout the dives, on sedimented ledges. We collected rock samples and Acanthogorgia sp. at 

1,700 m. There were a series of rock steps and ledges, mainly populated by sea stars and ophiuroids. We 

observed a multitude of Brisingid sea stars and small underhang communities, including the corals 
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Solenosmilia sp, Desmophyllum sp., and some colonies of Acanthogorgia sp. The overall dive plan 

intended and accomplished a survey track laterally along the northern steep canyon wall in a northwest 

direction. We observed dense coral comm unities under the terrace overhangs. These communities were 

dominated by Solenosmilia variabilis, Desmophyllum dianthus and Acanthogorgia sp. We also commonly 

observed the fileshell Acesta sp. among the corals. We moved upslope to explore a different depth range 

(1,300ï1,350 m) but, despite abundant exposed hard substrate at these depths, the habitat was almost 

devoid of megafauna. The bathymetry contours tended to spread further apart as we moved WNW up- 

canyon, so we decided to move back downslope to the steeper walls. Due to the extended length of the 

dive, we were able to make our way through most of the planned waypoints, covering space over a large 

vertical and lateral gradient, as well as distinct changes in the seafloor geological morphology. 

2.3.2.4 Wilmington (Alvin) 

Alvin-4960 Dive: Unfortunately, when Alvin reached the bottom around 700 m, it encountered 3.5 kt 

currents and near-zero visibility. The pilot fought this for a while, but we observed a hazardous fishing 

line and had little control of the vehicle in these harsh conditions. Alvin came up to about 600 m depth but 

there was no change in conditions. Given the presence of fishing line in the area, the relative lack of 

control of the vehicle, and the low visibility, we decided to call the dive and recover the submersible. 

2.3.3 Coral Sites 

2.3.3.1 Blake Deep (Alvin and Jason) 

Alvin-4964 Dive: Alvin reached the seafloor in an area of small boulders with corals attached, surrounded 

by sandy sediments and occasional patches of coral rubble (primarily Solenosmilia sp.). At first, the 

landscape was dominated mainly by large bamboo coral colonies and a variety of other octocorals and 

antipatharians. We took a few coral fragments and cores, and then Alvin headed for the first defined 

waypoint (WPT). It then turned to approach the wall, but the coral cover declined a bit near the base of 

the wall. The rubble here was primarily Madrepora sp. The submersible started up the wall, in low coral 

abundance at first, but increasing towards the top. We collected from colonies of Madrepora sp., 

Enallopsamia sp., and Solenosmilia sp. along with a variety of octocorals and a large dead bamboo coral 

skeleton. 

Jason-1131 Dive: On this second dive at Blake Deep, we observed several coral species, including 

bamboo corals and anthipatharians. The substrate was primarily composed of hardbottom with thin 

sediment veneer, making push coring impossible. We saw octocorals and black corals attached to the 

occasional rock outcrops. The slope up was not very steep and was very sedimented. Highly sedimented 

rocks and interesting geology with sediment/rock shelves all the way up the ridge. At the top of the ridge 

(1,314 m) was a 0.5ï1-m thick rock overhang with Desmophyllum sp., Anthomastus sp., black corals, 

anemones, and bamboo corals. At 1,311 m there was a sedimented area below the ridge where we took 

four push cores. The ROV came around the ñnoseò of the ridge at WPT 3 and while the community did 

not change much, there were bigger boulders, and extensive soft sediments. Continuing along the dive 

track, there were sparse corals on small sedimented rocks on a not very steep slope. We collected 

Solenosmilia sp., Hemicorallium sp., Iridogorgia sp., black coral, yellow plexaurids with Astroschema 

sp., dead bamboo coral skeleton, Metallogorgia sp., Desmophyllum sp., Chrysogorgia sp., Lethothela sp., 

Swiftia sp., and push cores. The corals encountered in the latter part of the dive were similar to those 

found at the start, including yellow plexaurids, stony corals (Solenosmilia sp.), and an unknown bamboo 

coral. We collected high-resolution imagery of a rock with large vase sponges, bamboo, Solenosmilia sp., 

Chrysogorgia sp., and Desmophyllum sp. We also observed a few different types of seapens. At the top of 

the feature, we observed a fish with several parasites, plus a few more plexaurids. We collected some of 

these and a Chrysogorgia sp. before coming off bottom. 
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2.3.3.2 Richardson Hills/Complex/West/Ridge (Jason)  

Jason-1128 Dive: On the descent of this ROV dive, we crossed a clear thermocline at approximately 

750 m, far deeper than normal, but similar to the water-column profile over the other L. pertusa mounds 

at the northern reef track at Richardson Hills. The ROV landed immediately on coral rubble habitat with 

abundant live L. pertusa colonies. We determined that frequent white balancing of the camera improves 

the color temperature of the image, particularly when the ROV transitioned from sitting on the seafloor to 

transiting, or vice versa.  

We then began a series of octocoral collections. There were abundant Plumarella sp. and neptheids 

throughout, and occasional patches of a white plexaurid. The first swale was mostly this type of habitat 

with live L. pertusa colonies in the ñbushò stage, with some Madrepora sp. and a few Solenosmilia sp. 

mixed in. The second swale near WPT 2 was mostly coral rubble with very little live coral consisting of 

smaller colonies of L. pertusa and occasionally Enallopsamia sp. The bottom of the swale between WPT 

2 and 3 was finer sediments with clear bedforms of sand and small rubble.  

As we began to climb up towards WPT 3 with Jason, there was mostly rubble with large numbers of 

small, white plexaurid colonies. At the top near WPT 3, we encountered another field of standing dead 

coral with numerous live coral colonies interspersed. We set up for the first coral pot sample here, and 

then made a live coral collection into the biobox.  

Upon leaving WPT 3, the coral cover began to decline on the way to WPT 4. We continued along the 

track from WPT 4 to 5 and observed coral rubble in the swales/furrows between the peaks, with dense 

live L. pertusa on the highs. The structure below the live L. pertusa appeared to be a dense matrix of dead 

L. pertusa and fine and sandy sediments. We collected MP2, soft coral, Plumarella sp., and L. pertusa 

into a quiver and biobox during the watch. Fish observations included rattails (Nezumia sp.), 

synaphobranchid eels, and a goosefish (Lophiodes sp.). Depth ranged from 747 to 773 m. There was a 

noticeable shimmer in the water around these topographic highs, consistent with water temperature 

changes.  

Near WPT5, on the flank close to the top of a small feature at approximately 780 m, the substrate was 

mostly coral rubble with white plexurid octocorals plus sponges. We collected one of the white plexurids 

as representative of this habitat. As we continued up the feature, we came across occasional 

Enallopsammia profunda colonies. Most were the yellow morph, but a few were white. We collected 

some of each. An invertebrate that was conspicuous was the pinkish Echinus sp. urchin.  

We continued upslope towards WPT 6. At approximately 750 m, the temperature began to climb sharply 

from 4.4 to 6.5°C at 760 m, then to about 10 deg at 730 m. We traversed across a swale with coral 

rubble/sandy substrate before climbing to WPT6, where there was again a higher abundance of large live 

coral colonies in the warmer waters. Here we began to see occasional Madrepora oculata. We collected 

M. oculata and L. pertusa, plus Plumarella sp. Within 5 minutes we observed three chimeras with black 

spots. The transit between WP 6 and 7 was mainly along the top of a ridge.  

At WPT 7, there were numerous large live L. pertusa colonies. Some of these were approaching the 

thicket stage, with rings or semi-circles of live coral growing around a center consisting of a standing 

dead skeleton. In some places, these structures were so large that they had tipped over and the live coral 

continued to grow at the edges. 

Jason-1129 Dive: We launched the vehicle about 1.5 nautical miles SW (upstream) of the seafloor target. 

The Jason team wanted to test their level-wind on the way down so we decided to allow for the drift of 

the ship in the 1-kt surface currents. On the descent, the temperature dropped steadily the entire time. At 
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450 m, it was approximately 16°C, and at 650 m it was 10°C. On the seafloor at 725 m, it was around 

9°C. Occasionally during the dive, the shimmering water of the thermocline was observed at depth.  

At 2014 hrs local time, the bottom was in sight. We set up on bottom and immediately looked for a place 

to deploy the McLean pump. We came across the large 3-m high marker that we had deployed earlier 

with the coral transplant experiment, but it was in a different location, being just downhill from the 

deployment site. This was a relatively flat area of rubble surrounded by live coral cover on the side of the 

coral mound, so we set the McLean pump here at 2046 hrs local time and used the marker to relocate the 

pump at the end of the dive. As we came off the bottom, we turned towards the transplant target and 

almost immediately found them. The three cement blocks with the stained coral were retrieved into the 

starboard biobox without incident. However, we had a difficult time closing the box even though it was 

not apparently fouled in any way.  

Between 2130 and 2200 hrs, we shot a series of highlight video in this area of large live L. pertusa 

colonies on a fairly steep slope. We set down at a new location and collected a series of Plumarella sp., 

Anthothela sp., and a few sponges into the quivers. We moved over a bit to a relatively undisturbed 

location and collected a coral pot sample and a few more collections into the quivers. We then moved 

again to take another coral pot in a nearby location, and some live L. pertusa into the port biobox. 

The ROV lifted and traversed to WPT 2 on the north side of the mound, away from the Alvin dive tracks 

in the area. We collected Madrepora sp., Plumarella sp., an unknown white plexaurid, and a cup coral. 

We also collected an unknown yellow plexaurid and Anthomastus sp. The area was composed of many 

standing dead L. pertusa capped with dense branches of live L. pertusa. We also saw a few globular 

sponges that looked like large golf balls. We saw a few fish while transiting up the slope, including 

Nezumia sp., Laemonema? sp., and synaphobranchids.  

At 0223 hrs we headed toward the McLane pump to start the multibeam patch test at a known target. The 

seafloor was visible during the multibeam ops, with dense POM visible in the water column. There was a 

time code issue with the 4K camera, wherein we had collected some of the initial video with an incorrect 

time code. We quickly corrected the mistake. During the MB patch test, our plan was to run lines at 

different elevations at particular headings to calibrate pitch and roll. Overall resolution of the MB was 

about 0.5 m. At 0345 hrs the survey began, with 5.5 survey lines completed by 0929 hrs. During trackline 

6, the current was too fast (0.5 kt to the NE) for the ROV to remain on heading and make way, so we 

made the decision to break the line. It was not possible to complete the cross line, so we changed the plan 

and headed to the seafloor and collect samples. 

We deployed marker 1 at 31 59.051 N, 77 24.675 W (WGS84) and then collected Madrepora sp., L. 

pertusa, and three Plumarella sp. colonies into the biobox. We took highlight video in this area after the 

collections. At 0645 hrs, the wind had come up to about 20 kts with gusts to 25 kts, and the weather was 

forecast to build throughout the day, so the dive budgeted only 30 minutes before leaving bottom. We 

took the last mussel pot sample and deployed marker 2 at this location. We then transited over to the 

pump deployment site, over some very large, tipped-over, live L. pertusa colonies, and set up to retrieve 

the pump. By 0715 hrs, the pump was on board and secure. We attempted to fire all of the Niskin bottles, 

but only the two smaller bottles actually triggered. At 0730 hrs, we left bottom for retrieval. 

Alvin-4962 Dive: This dive was over L. pertusa rubble the entire length of the 1.5-km dive track. The 

currents were very strong, approximately 3 kts at times, and the sub battled them all day. The vehicle 

reached the bottom nearly 1 km laterally from its launch position, so we began working where we landed 

rather than chasing the predefined but arbitrary waypoints. The substrate was mainly dead rubble near the 

bottom of the feature. As we began making our way up the hill, we observed a high density of small 

plexaurid octocorals. On the leeward side, most of the coral was dead, but at the crests and the windward 

sides of the mounds, there was a high cover of live coral. We made a series of L. pertusa collections, 
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along with a large Madrepora sp. colony, and some smaller Enallopsamia sp. colonies. These came with 

a variety of octocorals and associates including brittle stars and crinoids. Early in the dive, a large 

swordfish swam around the sub and through the L. pertusa reef. 

Alvin-4963 Dive: This dive was on coral rubble and live coral the entire time, just as the previous dive. 

This dive started deeper (over 800 m) in the trough to the west of the line of coral mounds. We expected 

to find some core-able mud here, but the seafloor was still entirely composed of coral rubble. The 

submersible climbed from here up to the top of the closest mound in the line of connected mounds. We 

encountered more live coral as the sub ascended. There appeared to be a higher concentration of 

particulate material in the water here than there was the day before. We noted a few fish, including 

roughy and small orange hagfish. There were a few small octocorals, including our first sighting of 

Paragorgia sp. in the area. We located a suitable place for the coral-growth tests and deployed the gear 

along with a 2ï3 m high marker. We made a series of L. pertusa collections into the sterilized quivers for 

microbial work. 

2.3.3.3 Richardson West (Jason) 

Jason-1128 Dive: The rocky seafloor appeared black (727 m), with large amounts of coral rubble and 

small patches of live Enallopsammia sp., Plumarella sp., white plexaurids, other octocorals, and sponges. 

The crusty rock features had dense corals growing with on the edges of ledges (several different species 

observed, including L. pertusa and Enallopsammia sp.). Several collections occurred within the first 4 

hours of the dive, including plexaurids, primnoids, Enallopsammia sp., Plumarella sp., cf. Leiopathes sp., 

and crinoids. We attempted push cores, but the sediment was only a fine veneer over hard pavement. We 

saw several large Leiopathes sp. during the dive.  

At 660 m near WPT3, we stopped to image the ledges and collect a coral pot within a mixture of live and 

dead L. pertusa. We had a great deal of difficulty with the wire angle due to the swift surface current, so 

after a few hours of collections, the dive transitioned to an observation-only dive in order to explore more 

of the seafloor, while minimizing impact on the wire. This mode enabled the ship to maintain heading and 

provided an opportunity to cover a great deal of ground and observe the transition from rocky ledges and 

boulders to pavement with many coral colonies.  

During the last 3 hours of the dive, the ROV pilots worked in tandem to enabling sample collection while 

the ROV was in motion. This allowed us to trip the Niskin bottles for water samples and to collect more 

corals and rock samples. We observed several fish species in the latter part of the dive including Nezumia 

sp., Chaunax sp., many Hoplostethus sp., and some type of eel, maybe synaphobranchids. We had a 

successful dive despite the operational limitations. We observed some of the largest Leiopathes sp. 

colonies from all the Deep SEARCH dives at this site. 

2.3.3.4 Savannah Bank (Jason) 

Jason-1130 Dive: During dive descent, there was a striking amount of POM in the water column, as well 

as squid. On the way to WP1, we saw some octocorals (Pseudodrifa sp.) and cup corals and some live 

and dead L. pertusa and collected a coral pot. The sediment had too much coral rubble to enable push 

coring. Throughout the transit from WPT 1 to WPT 2 there was an increase in coral rubble and live coral 

density as the ROV moved upslope. During the first portion of the transit there was abundant coral rubble 

(likely L. pertusa) without much live coral except small colonies of stylasterid and nephtheid corals. Then 

the rubble became denser and the occurrence of live L. pertusa thickets increased.  

As the ROV continued upslope, the currents increased to around 1 kt and we had several sightings of 

Madrepora sp. and Enallopsammia sp. (both yellow and white morphs). As the dive continued, the 

dominant scleractinian transitioned from L. pertusa to Enallopsammia sp. (white morph). Amongst the 
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coral rubble, primnoids (Plumarella sp.), cup corals (Thecapsammia sp.), Neptheids (Pseudodrifa sp.), 

and sponges were common. There were also several small sharks seen throughout the area.  

At WPT 2 (511 m) there were live Enallopsammia sp. and the diversity of corals listed above. Downslope 

from WPT2 the coral diversity suddenly halted and there were almost no live scleractinians and much less 

rubble. There was very high current with substantial particulate material in the water. Throughout this 

time, we collected two mussel pots of L. pertusa, one large live L. pertusa collection, Madrepora sp., 

Plumarella sp., Pseudodrifa sp., cup corals, Enallopsammia sp. (white and yellow), and sponges. While 

collecting the live L. pertusa, we observed a shark eating a squid. We noted that the large urchins were 

primarily in the rubble areas and not with the live coral.  

Overall, we collected several target corals (Enallopsammia sp., Madrepora sp., L. pertusa). Ultimately, 

we were able to collect push cores in the coral rubble next to the Pseudodrifa and near Enallopsammia sp. 

Fish observed included catshark, chimaera, Nezumia sp., and scorpaenids. We tripped all four Niskin 

bottles at the end of the dive near Enallopsammia sp., but the aft bottle did not close all the way because it 

had shifted during the dive. We left bottom at 1138 hrs and saw much POM during ascent. 

2.3.3.5 Cape Lookout Deep (Jason) 

Jason-1135 Dive: We planned a relatively short dive here before the weather started to pick up and push 

us south. The ROV landed slightly deeper than 1,000 m on soft sediment, with scattered small bacterial 

mats. We collected push cores within the mats, as well as suction samples. There were few invertebrate 

megafauna, but moderately abundant fishes of various types (Nezumia sp., Coryphaenoides sp. and 

synaphobranchid eels). We transited northwest towards a steeper structure that had been interpreted as a 

wall. During the transit we came across a pile of boulders of a black material. They were sparsely 

colonized by sponges, octocorals (Acanthogorgia sp., bamboo corals, Chrysogorgia sp.) and black corals 

(Bathypathes?). We collected a Chrysogorgia sp. colony, a small yellow óplexauridô (which resembled 

Acanthogorgia sp.) and a rock with a small single branch bamboo coral colony.  

We headed WNW towards the ówallô and encountered a series of rocks, each with a few coral colonies 

(bamboo corals, Anthomastus sp., black coral, Acanthogorgia sp.), and a small yellow plexaurid. We 

collected highlight imagery of the rock features and associates, then the ROV continued WNW. 

Continuing to the northeast along the 950-m contour, we encountered some Nezumia sp. and other 

rattails. At 2139 hrs the seas began to build, and we were told by the pilot that the dive would be cut 

short. While we had collected several Acanthogorgia sp. into quivers, attempts were made to collect the 

unknown yellow plexaurid, but the ROV was pulled off the area and we aborted the collection effort. We 

fired the Niskin bottles and collected water in them, and then the ROV was recovered to deck. 

2.3.3.6 ñStetson Banksò (Alvin) 

Alvin-4965 Dive: The submersible moved almost 2 km laterally from its launch position to the bottom 

location due to currents. Rather than attempting to return to our predefined waypoints, we moved straight 

towards the wall feature that was the subject of the dive. There was a lot of marine snow in the water 

during the entire dive. On the way to the wall, there were cobble and carbonate pavement with occasional 

Leiopathes sp. colonies and small L. pertusa and Enallopsammia sp. colonies. There were several squid 

swimming around the sub during the transit. We collected a variety of scleractinians and octocorals into 

quivers and we placed an interesting rock in the basket during the run to the wall. The wall came up 

steeply, with a pile of debris near the foot of the wall and plate-like ledges on the way up. There were few 

corals near the base of the wall, but higher abundances towards the top, particularly on overhanging 

ledges. More squid came back to the sub near the top of the wall. The sub transited laterally along the top 

of the wall for a time, which had a number of L. pertusa colonies and small white plexaurids. We 

collected these along with a bamboo coral. We observed and filmed a large white Leiopathes sp. colony 
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with chirostylid crabs near the top. Near the end of the dive, the sub came to the top of the wall and 

transited over the plateau. The current was moving quickly on top, and there were occasionally small L. 

pertusa colonies and multiple short white plexaurids. We obtained mussel pot sample over one of the 

small L. pertusa colonies. 

Alvin-4966 Dive: The goal of this dive was to locate the ADEON lander at the site and determine the 

community structure surrounding the area. The submersible was launched over 1 km from the bottom 

target because of the strong surface currents. When the sub reached the bottom, it was still 1,200 m from 

the mooring target. There was a hard ground in the pump for the main ballast tank, so that was secured 

during the dive. The seafloor was a hard carbonate pavement with sponges, small stylasterids, very short 

octocoral colonies and sargassum. In small depressions in the carbonate, there was a sandy bottom with 

ripples from the obviously strong currents that are typically present at this site. Further along, there were 

patches of two different species of primnoids (one may have been a species of Callogorgia) and larger 

yellow Acanthogorgia sp. and Leiopathes sp. colonies. There were also occasional patches of baseball 

sized cobble with a heavy manganese crust. In some areas, there were small, interspersed L. pertusa and 

Enallopsamia sp. colonies.  

During all of the transits the detection range was kept between 50 and 300 m, and the sub maintained a 

constant scan for the floats of the lander. The sub ran north over the lander target, continuing for about 

100 m. The sub then came southeast and then back to the west, running another line of the target, but 

there was no sign of the mooring. The sub continued to the west another few hundred meters, and then 

came north and ran another parallel line, all the time scanning with the sonar. An effort was made to 

circle larger rock outcrops to avoid sonar shadows behind them and complete a thorough search. After 

running east, the sub went south so that it was about 100 m to the SE of the target. The sub came up off 

the bottom and drifted with the prevailing current in the hopes of running across the lander, but we never 

saw the lander. The sub left the bottom at 1500 hrs. 

2.3.3.7 Cape Fear Coral Mound (Alvin) 

Alvin-4968 Dive: The dive started on the western side of the coral mound. The sub approached the 

mound, going almost straight into the current. We collected a coral pot and a series of cores in coral 

rubble near the base of the mound. The sub continued upslope, fighting the current the whole way. We 

obtained a second coral pot sample from standing dead coral skeleton, and we took a series of push cores. 

We made a few octocoral collections, then the sub made its way to nearly the top of the mound. At this 

point, its batteries were low on charge. We acquired a final coral pot from mostly live coral, and we 

collected live coral into the biobox. We also collected a colony of Paramuricea sp. before our ascent. 
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3 Physical Setting 

3.1 Oceanographic Setting 

Section Authors: Jay Lunden, Furu Mienis, Andrew Davies, Jane Carrick, Alexandra Roads, Jennifer 

Miksis-Olds 

Cold-water coral habitats on the Blake Plateau, such as those of Cape Lookout, are occasionally bathed by 

Gulf Stream waters, resulting in major fluctuations in environmental conditions (Ross et al. 2009, Mienis 

et al. 2014). When the Gulf Stream meanders into the area, cold fresh continental slope waters are being 

replaced by warm, saline Gulf Stream waters, which can result in dramatic temperature changes up to 9°C 

within 24 hours (Mienis et al. 2014, Brooke et al. 2013). These rapid temperature changes that last from 

several days up to a week can have a major influence on metabolism of benthic organisms, for example 

influencing the metabolic and calcification rates of CWCs (Brooke et al. 2013, Lunden et al. 2014).  

We conducted a comprehensive study examining the water-column structure and chemical compositions, 

as well as the near-bed environmental conditions. In this study we compared the hydrographical data 

collected with shipbound CTD casts acquired during multiple cruises at different times and at different 

deep-sea biological hotspots. Results mainly focused on the Richardson Reef Complex. Here, our water-

column data were accompanied by the data from the long-term deployment of a bottom lander. Long-term 

measurements of near-bed environmental conditions were taken to study temporal variability near CWC 

mounds at the Richardson Reef Complex with the aim to identify if the Gulf Stream is a major driver of 

environmental change and determine how this affects the CWC communities.  

3.1.1 Physical Oceanography 

3.1.1.1 Methods 

Figure 3-1 shows the ALBEX-02 lander location at Richardson Hills Reef area. The lander is indicated 

by the yellow square (31 53.922 N, 77 21.168 W) and the water-column CTD casts (full water-column 

data only) locations indicated by circles (red = April 2019 RB1903 cruise, light blue = October 2019 

NF1909 cruise). 

We collected CTD data for this study in 2018 and 2019 during the following cruises: AT41, BMCC2018, 

RB1903, and NF1909. See Figure 3-1 for an overview of CTD casts at the Richardson Reef Complex. 

During all cruises we made vertical profiles of water-column properties using a CTD-rosette system. We 

also collected discrete water samples from chosen depths. The CTD system used for this purpose on RV 

Atlantis cruise AT41 (19 Augustï2 September 2018) consisted of a SBE 911+ deck unit and CTD rosette 

equipped with 24 10-L Niskin bottles. During the Brooks McCall (BMCC) cruise in 2018, we used a 

Seabird SBE 19+ CTD unit, which recorded data offline with bottom depths being estimated from a paper 

chart due to malfunctioning of the shipôs echosounder. The rosette consisted of 12 10-L Niskin bottles. 

We also made additional measurements of oxygen (SBE 43) and turbidity (Wetlabs FLNTU). During the 

RB1903 on the NOAA vessel Ron Brown (April 2019), we used a SBE 911+ system with additional 

sensors for oxygen (SBE 43), fluorescence (Wetlabs ECO-AFL), and turbidity (Wetlabs NTU) to 

generate water-column profiles (Figure 3-2). We collected water samples for water chemistry and 

microbial diversity with a rosette consisting of 12 10-L Niskin bottles. During the 2019 cruise on board 

the NOAA vessel Nancy Foster (cruise NF1909, October) we acquired CTD casts and discrete water 

samples at Blake Deep, Cape Lookout Deep, Pamlico Canyon, and the Richardson Reef Complex (Figure 

3-2). In the Richardson Reef Complex, we conducted a CTD transect across the mounds, and processed 

raw CTD data using the Seabird SBE Data Processing Software. We averaged downcast data to a 1-m bin 

size, quality controlled and outliers removed.  
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Figure 3-1. ALBEX-02 lander at Richardson Hills Reef area 
Lander (yellow square), CTD casts (circles) 

 

Figure 3-2. Aggregated T-S plots with O2  
From April (left) and October (right); 2019 CDT data. 
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3.1.1.2 Results 

The T-S plots show the presence of the different water masses during the period of observation in April 

and October 2019. Shallow Gulf Stream Surface and Thermocline Waters are characterized by high 

temperatures and salinities. AAIW and uLSW are observed below these water masses, showing 

decreasing temperatures and salinities, but high oxygen levels (Figure 3-3, Figure 3-4, and Figure 3-5). 

 

Figure 3-3. Individual temperature and salinity profiles with water depth 
Collected in April (top row) and October (bottom row) 2019. Labels correspond to CTD points on map in Figure 3.1. 
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Figure 3-4. Individual T-S plots of CTD profiles 
Collected in April (top row) and October (bottom row) 2019. Labels correspond to CTD points on map in Figure 3-1. 

 

Figure 3-5. Variability in T-S in relation to presence or absence of the Gulf Stream 
Within the Richardson Reef Complex (gray lines represent density contours) in August 2018, April 2019, and October 

2019. 
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When comparing the CTD profiles and T-S plots from CTD casts collected near the Richardson Reef 

Complex during the different cruises the presence of the Gulf Stream is clearly observed during the NF19 

cruise, characterized by high bottom water temperatures and corresponding to very strong surface currents 

(> 4 kts). The Gulf Stream water is characterized by warm and less oxygenated waters, while April 2019 

we saw relatively cold, fresh, and well-oxygenated slope waters. We also documented multiple warm 

Gulf Stream events in the long-term lander data (Figure 3-6).  

 

Figure 3-6. Meandering of the Gulf Stream near Richardson Reef  
ALBEX lander site shown. Color scale corresponds to surface Geostrophic velocity. Data source: Copernicus Climate 
Change Service. 
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3.1.2 Chemical Oceanography 

3.1.2.1 Methods 

We collected samples from depth and surface waters for aragonite saturation, suspended POM, eDNA, 

suspended sediment concentration, and inorganic nutrients. 

We collected seawater samples onboard the RV Atlantis cruise AT-41 in AugustïSeptember 2018 with a 

CTD-rosette sampler using 10-L Niskin bottles. During the Ron Brown cruise we collected water samples 

for water chemistry and microbial diversity with a rosette consisting of 12 10-L Niskin bottles. In addition 

to the these, we collected bottom water samples at Richardson Reef Complex to fill onboard aquarium 

tanks to maintain live corals. 

We acquired data from 16 CTD casts on the Nancy Foster in 2019. The system consisted of a rosette 

containing 12 5-L Niskin bottles. During the cruise very strong surface currents (> 4 kts) were present, 

which resulted at some stations in greater wire payout compared to the water depth, indicating that actual 

location of the CTD may not correspond well to the recorded GPS position of the vessel.  

Upon recovery of the rosette, we drew seawater samples for various downstream analyses, including 

nutrient concentrations, POM and stable isotopes, and carbonate chemistry. For carbonate chemistry 

analysis, we collected samples in 500-mL HDPE bottles and fixed them with saturated mercuric chloride. 

We measured water pH (total scale) with an Orion 5 Star pH meter with ROSS electrode calibrated 

against Tris buffer (Dr. Andrew Dickson lab, Batch #33). Preserved samples were shipped to Temple 

University and measured for total alkalinity by titration. Full methods are available in Lunden et al. 

(2013) and Georgian et al. (2016). Temperature-salinity diagrams were plotted in Ocean Data View v 5.0, 

and nutrient profiles were plotted in RStudio and Adobe Illustrator. 

For inorganic and organic nutrient and dissolved organic carbon (DOC) analysis, we transferred water 

from a Niskin bottle to a PETG® bottle (250 mL) that had been prepared by acid-washing, rinsing, and 

drying. We sample-rinsed each bottle twice and then filled each with sample and stored it on ice. Within 2 

hours, we filtered a subsample through a 0.22-ɛm Target® filter into a 60-mL HDPE bottle. NOx (nitrate + 

nitrite), nitrite, and phosphate concentration were determined using an autoanalyzer (Latchat Instruments 

FIA 8000 Autoanalyzer) and standard protocols 31-107-04-1-A (for NOx and nitrite) and 31-115-01-1-H 

(phosphate), with detection limits of 0.4 ɛM and 0.1 ɛM, respectively (Rogener et al. 2018). Nitrate 

concentration was calculated by difference (= NOx - nitrite). Total dissolved nitrogen (TDN) was 

quantified via high temperature catalytic oxidation on a TOC-V (Shimadzu Instruments) coupled to a total 

nitrogen unit; the detection limit was 0.3 ɛM. The dissolved organic nitrogen (DON) concentration was 

obtained by difference (= TDN - dissolved inorganic N). Total dissolved phosphorus (TDP) was 

determined via combustion and hydrolysis followed by spectrophotometry with a minimum detection 

limit of 0.2 ɛM (Rogener et al. 2018). The concentration of dissolved organic phosphorus (DOP) was 

calculated by difference (= TDP - inorganic phosphate). DOC concentration was determined by high 

temperature catalytic oxidation using the TOC-V system. 

3.1.2.2 Results 

POM concentrations ranged from 2.49 to 2.7 mg l-1 near the surface and 2.52 to 2.77 mg l-1 at depth over 

the reef. Together, the minor increase in C:N ratio of the POM from the surface (6.3) to the reef (8.6) and 

small changes in the stable carbon isotope values of the POM (surface ŭ13C -22.0 to -22.7ă, reef ŭ13C -

23.4 to -24.3ă) indicate limited aerobic degradation of POM in the water column. Although the 

concentration of POC was relatively low (5.5-6.1 µg×l-1), the POM is relatively fresh when it arrives at 

the reef. DOC concentrations were variable but sporadically high (29 to 37 µM) on the reef (Figure 
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3-7b). This elevated DOC is likely a result of rapidly dissolving coral mucous, which, in L. pertusa, is 

released at rates well in excess of those measured for shallow-water corals (Wild et al. 2008). 

Nitrate (NO3) dominated the dissolved inorganic nitrogen pool, and concentrations reached almost 30 µM 

(Figure 3-7c), whereas the previously reported range of NO3 values for CWC reefs was 2.18ï18.8 µM 

(Findlay et al. 2014, Maier et al. 2011). Regional nitrate concentrations reach a maximum of 25 µM at 

800ï900 m depth (Williams et al. 2011). Phosphate concentrations over the reef were 1.4ï1.8 µM 

(Figure 3-7c), typical of the region (Palter and Lozier 2008), and to those observed near other CWC reefs 

(0.26ï3.59 µM, Findlay et al. 2014, Georgian et al. 2016). DOP concentrations were low (0.2 µM), while 

DON concentrations (1ï2 µM, Figure 3-7b) were typical of background concentrations in the area, but 

there are no published data from other CWC reefs. 

In the Gulf Stream, nutrient fluxes are maximal between 500ï700 m depth and nutrients increase from 

26° to 36°N in denser deepwater layers (Palter and Lozier 2008, Williams et al. 2011). We attributed this 

increase to the influx of nitrate- and phosphate-rich waters from the subtropical gyre (Palter and Lozier 

2008, Williams et al. 2011). However, the nutrient concentrations measured over the reefs here exceed 

those documented previously in the region, suggesting that the reefs may supply nutrients within the Gulf 

Stream seascape. This form of nutrient recycling is vital to the productivity of both shallow (de Goeij et 

al. 2013) and deep reefs (Cathalot et al. 2015, Rix et al. 2018). 

Growth of calcifying corals is regulated further by pH (7.68ï7.81) and aragonite saturation state (Warag, 

1.49ï1.59). The pH values are lower than those previously measured in the North Atlantic (Georgian et 

al. 2016); comparable to values from southern California (Gomez et al. 2018). The Warag values are 

extremely low for shallow-water reefs, but within the lower range of values (1.3 to 2.6) typically 

measured over L. pertusa reefs in the North Atlantic (Findlay et al. 2014; Georgian et al. 2016). 

Saturation state was higher over the reef than in the surrounding water column (1.27 to 1.42), which could 

result from skeletal dissolution within the reef (Georgian et al. 2016). If locally elevated alkalinity 

enhances skeletal precipitation rate, net precipitation is positive and the reef structures are accumulating 

carbon (Titschack et al. 2009), an influential ecosystem service of this deep-sea habitat (Cordes et al. 

2016). 
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Figure 3-7. Aragonite saturation profiles over the Richardson Reef Complex 
 

3.1.3 Temporal Changes in Oceanographic Parameters 

3.1.3.1 Methods 

Many of the samples and data for this section come from the benthic landers, the use of which was 

contributed to the project by our collaborator Furu Mienis from the Netherlands Royal Institute of 

Oceanography (NIOZ). We used the benthic lander ALBEX to measure temporal variability in near-bed 

environmental conditions. The lander consisted of an aluminum tripod equipped with 12 glass BenthosÊ 

floats, two IXSEAÊ acoustic releases and a single 270-kg ballast weight, necessary for deployment and 

recovery. We attached an iridium beacon and large orange flag to the frame in order to locate it after 
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surfacing. Furthermore, the lander was equipped with a NortekÊ Aquadopp current meter to measure 

current direction and speed, and a combined OBS-fluorometer sensor (WetlabsÊ) to measure particle 

density and fluorescence at 1 m above the bottom. These were connected to a NIOZ-built datalogger and 

a Technicap PPS4/3 sediment trap, with an aperture at 2.20 m and a rotating carousel of 12 bottles, 

configured to collect material over a 25-day period. In addition, the lander contained a baited experiment 

to census fishes and mobile species such as crustaceans at the study site. For this experiment the lander 

was equipped with a HD video camera (Sony) with infra-red illumination (LED), directed at the bait fitted 

in a sediment trap carousel (24 bottles), rotating at 14-d intervals. The camera filmed every 2 hours for 15 

seconds throughout the deployment period.  

We deployed this benthic lander at the Richardson Reef Complex during the BMCC2018 cruise (31 

58.9705 N, 77 25.0139 W) for a long-term deployment. Unfortunately, the lander surfaced prematurely in 

December 2018 and was recovered by the NOAA Ship Okeanos Explorer that was fortuitously sailing in 

the vicinity. All sensors had collected data and the sediment trap collected two samples successfully. 

We redeployed the lander near Richardson Reef Complex during the RB19 cruise for a short-term and 

another long-term deployment (Figure 3-1) and then successfully recovered it in October 2019 during the 

NF19 cruise. During the long-term deployment (192 days, April through October 2019) the lander had the 

same configuration as described above but was additionally equipped with an oxygen sensor (Advantech 

ARO-USB) measuring at a 30-minute interval and a hydrophone attached to the frame at 2 m above the 

bottom. Data from this second, long-term, lander deployment will be discussed here, because they 

represent the largest dataset with the most parameters monitored, including passive acoustics and oxygen.  

The ALBEX lander was instrumented with a hydrophone icListen HF system (OceanSonics, Nova Scotia, 

Canada) vertically mounted to the top of the landerôs frame (approx. 2 m above the bottom) and passively 

recorded acoustic data for 2 months at a sampling frequency of 128 kHz; therefore, the maximum usable 

frequency is 64 kHz, half the sampling rate of the recordings (Nyquist frequency). The recorder operated 

on a duty cycle of 1-minute recording ON, 29 minutes OFF. We compared the acoustic time series to time 

series of other lander sensors including: acoustic backscatter from the high-frequency ADCP, current 

speed and direction, optical backscatter (turbidity), temperature, salinity, and dissolved oxygen. The high-

frequency ADCP (2 MHz) had a minimum detection limit of particles 24 mm in diameter and reached 

maximum peak sensitivity for 485-mm sized particles (Lohrmann, 2001, Haalboom et al. 2021). Optical 

backscatter sensor response is inversely proportional to particle size (Haalboom et al. 2021), therefore the 

sensitivity decreased over the ADCP sensitivity range (24ï485 mm) within those frequency bins (Tonolla 

et al. 2011, Belleudy et al. 2010). 

For temporal alignment with the environmental data, we calculated peak (maximum) sound pressure level 

(SPL) for each 1-minute sample and 30-minute interval. Peak SPLs were calculated in low (10ï100 Hz), 

mid (100ï1,000 Hz), high (1,000 Hzï10 kHz), and ultra-high (10ï64 kHz) frequency bands. The majority 

of analyses used the low-frequency band since most abiotic physical sounds dominate this range (NRC 

2003). We analyzed sedimentation events using higher-frequency bins (high and ultra-high), as high 

velocity particle collisions with the face of the hydrophone or with the benthic lander structure produced 

sounds. We constructed time series of daily acoustic SPL percentiles (10th, 25th, 50th, 75th, and 90th) 

from root-mean-square SPLs. A 90th daily percentile indicates that 90% of the dayôs sound levels did not 

exceed this amplitude value; conversely, only 10% of the daily values were louder than the 90% 

percentile value. The lower percentiles capture the sound floor of the soundscape or the quietest ambient 

conditions that are detectable in passive acoustic recordings. The higher daily percentiles represent the 

highest levels of sound in a region and provide the potential to identify transient sound sources. We used 

the 1-minute recordings to construct spectral probability density (SPD) plots showing sound energy levels 

over the full spectrum of frequencies and the estimated probability of a sound level being encountered at 

specific amplitude level at a specific frequency. SPD plots were generated for several specific periods in 

the time series that represented events of interest over two temporal scales: 24 hours and 1 month. 
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We assessed the capability of the observed environmental variables at predicting the low frequency sound 

levels using a General Additive Model (GAM) due to the nonlinear relationships between variables. A 

combination of total current velocity (from all directions), vertical velocity and backscatter, the former 

two treated isotopically, represented the best fit in predicting the observed low-frequency sound levels, as 

this model minimized model performance metrics (AIC, GCV, RMSE) and returned the largest adjusted 

R2 value. However, due to the strong logistic relationship between optical turbidity and acoustic 

backscatter, estimates of turbidity from peak SPLs could be predicted. Model fitted values vs. response 

peak SPL values resembled a linear relationship indicative of good model fit. 

We explored whether passive acoustics can be used as a sentinel indicator in the assessment of bottom-

current variability in a CWC reef, specifically: 1) detecting and predicting current velocities and 

2) detecting particle supply and approximate particle size, and 3) detect complex broad-scale 

oceanographic processes such as the presence or absence of the Gulf Stream within the Richardson Reef 

Complex area. These variables are of high importance in many deep-sea ecosystems, as large magnitudes 

in current velocity shifts will likely affect food particle supply and feeding behavior of CWC through 

polyp expansion (Orejas et al. 2016), influence replenishment of the coral framework (Van Haren et al, 

2014), and impact sedimentation regimes preventing CWCs from burial. A single hydrophone acoustic 

detection and characterization of high current velocities, sediment loadings, and oceanographic processes 

can aid in assessing the status of CWC and other deep-sea ecosystems, especially in the absence of multi-

parameter fixed platform observatories. 

3.1.3.2 Results 

We compiled summary data of all environmental parameters (Table 3-1) and plotted time series of all 

environmental parameters including 12-hr rolling means as indicated by the black lines in (Figure 3-8) 

for the approximate 6-month duration of the lander deployment (14 Aprilï23 October, 2019).  

Time-series data show major fluctuations in both temperature (°C) and an inverse relationship to DO (mg 

L-1) (correlation coefficient: -0.98). Temperature data were positively skewed (‘ͯ = 3.235), with 

sporadic peaks of elevated temperature that reached up to eight times the standard deviation (SD) above 

the mean (max: 10.82°C). Temperature elevations, defined as readings above 1 SD above the mean, 

occurred as either short-duration fluctuations (less than 30 minutes) or distinct longer periods of ramping 

and cooling lasting up to 35 hours. Ten distinct peak events occurred within the 6-month deployment, 

with no detected periodicity between events. Major peak events occurred in early and late May, mid-

August, and early September. 

Table 3-1. Six-month summary of Richardson Hills ALBEX Lander 

Parameter Mean SD Min Max Range 

Temperature (°C) 5.03 0.75 4.13 10.82 6.69 

Dissolved Oxygen (mgO2l-1) 9.47 0.75 4.94 10.32 5.38 

Fluorescence (µgl-1) 0.0827 0.0098 0 0.285 0.285 

Turbidity (NTU) 0.240 0.16 0.132 2.693 2.56 

Acoustic Backscatter (mean Amp) 71.2 14 51.3 131.0 79.7 

Vertical velocity (ms-1) 0.0151 0.042 -0.348 0.397 0.745 

Horizontal current speed (ms-1) 0.0711 0.053 0 0.513 0.513 
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Figure 3-8. Time-series plots for ALBEX lander instruments 
AprilïOctober 2019. Black lines indicate 12-hr rolling means. 

Optical (NTU) and acoustic backscatter (Amplitude), metrics of fine-particle and large-particle turbidity 

respectively, were variable during late May to early June and mid-August, with elevated readings 

corresponding to concurrent temperature elevations. Fine-particle turbidity was highly positively skewed 

( ‘ͯ = 6.375), while large-particle turbidity was near-normally distributed though still positively skewed 

( ‘ͯ = 0.999). 

Fluorescent signal (ɛg l-1 Chlorophyll) was low throughout the duration of the time series, with a 

maximum of 0.263 ɛg l-1. A 12-hour rolling mean delineated signal pulses in late May and early June, as 

well as early August and early September, all of which occur during or near the time of substantial 

temperature elevations.  
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Vertical velocity (m s-1) and horizontal current speed (m s-1) show patterns of fluctuation coinciding with 

temperature peaks in early and late May and late July/early August, but with less obvious pattern 

matching to temperature peaks in the later summer and early fall. 

Horizontal current speed did not appear to have strong directional components over the 6-month period, 

though we found variable patterns within shorter time frames. In May, we observed elevated bimodal 

current speeds to the NW and SE, a pattern which is not observed in any other month of the deployment 

period. We observed the greatest overall current speeds during this month, as well as increases in turbidity 

(optical and acoustic backscatter) and fluorescence. Moreover, Northern velocity components were 

elevated in the mid-late summer, which suggests intermittent influence of Gulf Stream surface currents to 

the Richardson Reef region. We conducted a Harmonic Analysis of Least Squares (HAMELs) tidal 

analysis on horizontal current speed using the ótidemô tool in the oce package v. 1.4-0 (https://CRAN.R-

project.org/package=oce; Kelley and Richards 2020). Results showed some adherence to standard tidal 

constituent models (Table 3-1). 

Mass fluxes varied between 0.98 and 20.23 g m-2day-1. We saw the highest mass fluxes in late May/early 

June and in late August/early September, corresponding to fluctuations in temperature, current speed, and 

turbidity (Figure 3-9). During the May period we saw increases in fluorescence, which might indicate 

that fresh organic matter is delivered to the Richardson Reef Complex. Further analysis of sediment trap 

samples on organic matter content and pigments are needed to confirm this.  

 

 

Figure 3-9. Current cloud of North and East velocity components of current speed 
For each month during ALBEX lander deployment. Gray lines are 2D kernel density estimate contours scaled to a 
maximum of 1. 
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We calculated hourly rates of change for each environmental time series (Figure 3-10). Notably, we saw 

temperature changes up to 3.74°C per hour. As well, high rates of change in temperature appear to 

correspond to major changes in fluorescence, further suggesting intermittent pulses of warm and 

relatively nutrient-rich water, possibly driven by meandering incursions of the Gulf Stream and/or its 

eddies. 

 

Figure 3-10. Hourly Rate of Change for environmental parameters from ALBEX 

 

We related the largest fluctuations in water-column structure and near-bed environmental conditions to 

the presence or absence of the Gulf Stream, as confirmed by satellite imagery. Coastward meanders of the 

Gulfstream lead to rapid rises in bottom water temperature, current speed, and backscatter, resulting in 
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daily variability in near-bottom environmental conditions as well as mixing of the water column. The 

influence of the Gulf Stream shows similar changes in temperature as seen in the Cape Lookout CWC 

area (Mienis et al. 2014), indicating that the coral reefs exist in extreme conditions at the upper thermal 

range (Brooke et al. 2013). This variability can influence the CWC communities in multiple ways. Large 

changes in temperature can have major implications on coral physiology (Brooke et al. 2013, Lunden et 

al. 2014). On the one hand temperature increases of 10°C might lead to a three- to five-fold increase in 

respiration (Dorey et al. 2020) and when not counterbalanced by enhanced food supply can even lead to 

increased mortality (Buscher et al. 2017).  

On the other hand, more turbulent conditions with enhanced current speed and suspended matter 

concentrations related to the occasional presence of warm and oligotrophic Gulf Stream water likely lead 

to enhanced food supply as has been observed in other CWC reef areas (Davies et al. 2009, Mienis et al. 

2007, Thiem et al. 2006). We observed high mass fluxes during the Gulf Stream presence, which when 

enriched in organic matter can compensate stressors like elevated temperature and reduced oxygen 

conditions (Hanz et al. 2019). Moreover, periods of enhanced current speed and subsequent replenishment 

can play a role in the nutrient and carbon cycling in the wider MAB region. 

Combining observations of acoustic and oceanographic data and the examination of their relationships 

assisted in identifying short-term changes in the local environment. The rate of change, magnitude, and 

event duration in environmental and acoustic parameters differed between the early and late May periods, 

where we saw extreme patterns (Figure 3-11). The early May period exhibited substantial deviations in 

temperature, dissolved oxygen, and acoustic percentiles within a 24-hour period (May 4ï5) (Figure 3-12 

and Figure 3-13). Temperature and dissolved oxygen fluctuated rapidly during this period, shifting by 

more than 4 units in under 20 hours. The 90th acoustic RMS SPL percentile increased by 18 dB re 1 mPa2 

between May 3ï4 reaching a peak of 132.7 dB re 1 mPa2 on May 4 and then decreased by 27 dB re 1 

mPa2 between May 4 and 5 coinciding with the deviation in temperature and dissolved oxygen (Figure 

3-12 and Figure 3-13). This is an extreme increase as every 3 dB increase is a doubling of sound intensity 

and a 10 dB increase is a doubling in perceived loudness by a human. 

We used SPD plots to assess the impact the high current 24-hour period had on the soundscape (Figure 

3-12). The low-frequency portion of May 4 showed median SPLs 20 dB re 1 ɛPa2 Hz-1 higher than the 

median low-frequency levels of May 5 (Figure 3-11, red lines). Transient sounds, likely produced by 

sediment particles colliding with the lander frame and hydrophone, were also only present on May 4 and 

manifested in the high-frequency range of the acoustic record (Figure 3-12, red rectangle). Acoustic and 

optical turbidity backscatter measurements suggest the majority of these particles were likely larger in 

size (Figure 3-8). On monthly time scales, low-frequency sound levels in May were higher and more 

variable compared to the following month of June. Median May current speeds (8.1 cm s-1; SD: 7.5) were 

nearly double median June current speeds (4.8 cm s-1; SD: 3.2) with May having a larger variation in 

current speeds. At higher frequencies (100-1,000 Hz), there were peaks in the spectrum in May that were 

absent in June. We observed this acoustic feature, hypothesized as sediment particle strikes, in the SPD 

plots on May 4 but it appeared to be less dramatic when visualized at the monthly scale. 
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Figure 3-11. Two-month time series of low-frequency peak SPLs (dB re 1 mPa2) 
Also shown are environmental variables (current speed, temperature, dissolved oxygen concentrations, acoustic 
backscatter, turbidity). Turbidity smoothed with moving average filter (window length = 10). Black rectangular boxes 

represent May 2ï5 and May 22ï28 time periods. Red rectangular boxes represent May 9ï12 period. 

 

Figure 3-12. Daily time series of 10th, 50th (median), and 90th acoustic percentiles 
Based on RMS sound levels (dB re 1 ɛPa2) in the low band (10 to 100 Hz) frequency. A percentile spectrum is useful 
when sound levels vary over time, as it can reveal very loud events that elevate sound floor (events I, blue boxes), 
loud events not elevating sound floor (event II, red box), or quiet periods (event III, black box). 
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Figure 3-13. SPD plots 
For a) May 4 and b) May 5 time domains. Power spectral density levels represented on y-axis and frequency 
represented on x-axis. Colored based on statistical empirical probability density can be thought of as the rareness of 
a particular sound at a certain frequency, smaller the value the rarer the sound. Red horizontal lines represent 
approximately the center of color band. Red box in (a) highlights peaks likely associated with particle collisions 
against the hydrophone and lander frame. 
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We assessed the strength of associations between sound level and environmental variables with GAMs 

and found interesting relationships between sound levels and current velocity, vertical current velocity, 

and turbidity. The single predictor GAMs constructed to test the ability and effectiveness of using only 

low-frequency sound levels to estimate environmental conditions showed total current velocity to be best 

predicted by low-frequency sound levels (adjusted R2, 0.52). Model response vs. fitted values aligned 

well on óperfect fitô line below 15 cm s-1, but at higher current speeds predictions became more variable 

(Figure 3-13). 

Changepoint analysis identified material shifts in environmental and acoustic data that revealed the 

substantial signature of the Gulf Stream on the soundscape at Richardson Reef, as current-driven sound 

levels increased. While passive acoustic recordings of the deep sea have not previously been used to 

provide information about current dynamics, we show their real potential for monitoring variability of 

abiotic environmental parameters in logistically challenging environments. 

We related the largest fluctuations in water-column structure to the position of the Gulf Stream with 

implications on water-column chemistry and coral physiology. A temperature increase of 10°C might lead 

to a three- to five-fold increase in respiration (Dorey et al. 2020) and when not counterbalanced by 

enhanced food supply can even lead to increased mortality (Buscher et al. 2017). 

Time series of the near-bottom environmental conditions at the Richardson Reef Complex captured 

substantial temporal variability in both oceanographic and acoustic parameters, supporting observations 

from other deep-sea acoustic studies (Chen et al. 2021). We identified material relationships between 

passive acoustics, the local environment, and broad-scale oceanographic conditions, largely driven by the 

presence of the Gulf Stream This is shown by major changes in temperature and current speed, a major 

physical oceanographic feature in the region. In the absence of other observing instrumentation, passive 

acoustics can serve as a sentinel indicator of the physical processes, particularly for variables like food 

supply, sediment availability, and replenishment which are dependent on currents and their speed as well 

as the quantity, composition, and size of particles within the current flow.  

Multiple analyses demonstrated that passive acoustic recordings at the Richardson Reef Complex 

correlated with high current velocity and turbid episodes that persisted in some cases for multiple days. 

Generally, as current speed and particle supply increased, so did low-frequency peak SPLs recorded by 

the hydrophone, suggesting that current induced physical sounds are potentially a driving factor in the 

creation of specific local soundscapes (Lin et al. 2019). Here we also recognize that using passive 

acoustic signals to provide insight into current flow is confounded by turbulence induced noise generated 

by the physical presence of the hydrophone (and the mounting structure) (Wenz, 1962) particularly in the 

low-frequency measurements (< 100 Hz; Bassett et al. 2014).  

It is generally considered that system noise generated from vortex shedding induced by the physical 

presence of the hydrophone interferes with measurement of ambient current flow within the system, 

increasing observed peak SPLs above true ambient levels creating uncertainty in soundscape 

characterization (Bassett et al. 2014). However, from the perspective of any benthic or pelagic organism 

that is in the flow environment, this is a true environmental sound pressure and particle motion signal, 

which can be used by the organism in the same manner the current flow signal would be used if the 

hydrophone and lander were absent. Using sound levels to predict empirical relationships with current 

speeds was effective but varied more at higher current velocities. This may be due to lack of observations 

at higher current speeds or that sound levels in the 10 to 100 Hz range cannot be used effectively to 

predict very high current speeds as sounds from particles colliding with the hydrophone and mounting 

infrastructure become louder in this situation and obfuscate the flow velocity acoustic signal. 

Low and high-frequency acoustic bands both allowed for the detection of particle activity within the reef 

area. Such an approach has been used to estimate bedload transport and turbulent flow in rivers (Tonolla 
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et al. 2011). Tonolla et al. 2011 characterized the high-frequency SPLs as being primarily driven by 

collisions between sediment particles in transport and the low to mid frequencies capturing turbulence 

generated by flow interacting with obstacles, in our case the hydrophone, lander structure, and 

surrounding coral reef structures. However, not all high turbulent flow events produced these sediment 

collision transient sounds because either particle density was not high enough to observe a detectable 

acoustic response or velocities must reach a certain level and/or be sustained for a response to be detected 

in acoustic recordings. Sediment induced turbulence damping may explain lack of elevated peak SPLs 

during certain high current periods at the reef, as this type of damping has been observed in the high-

frequency band in turbulent river habitats during flood conditions with high suspended sediment 

concentrations (Belleudy et al. 2010).  

Given there were relationships between turbidity and low-frequency sound levels, it was possible to 

estimate the size of particles supplied to the reef through model estimations while taking note of the 

constraints of the model. Current speeds alter sediment particle size as well; knowing the general 

magnitudes will help estimate particle sizes, as suspended particles descending from above or laterally 

transported by local currents will aggregate in moderate currents then be sheared into smaller particles 

with large increases in current velocity (Thomsen and Gust 2000). Current velocity shifts of this 

magnitude likely affect food particle access for benthic organisms and also disrupt the effective capture 

rate of food particles by corals (Orejas et al. 2016), particularly when shearing and re-aggregation into 

larger flocs may restrict nutrient access (Thomsen and van Weering 1998). Additionally, shifts in current 

dynamics are also important for the replenishment of the system with nutrients and oxygen (Hanz et al. 

2019, Van Haren et al. 2014, Cyr et al. 2016). 

The observed elevated sound levels in concurrence with increased temperatures and currents suggest that 

the dominant oceanographic feature in the region, the Gulf Stream, can be detected with passive acoustic 

sampling at depth. Two time periods with the largest environmental variations corresponded with Gulf 

Stream activity at the surface, the later time period saw a lag between sound levels and one of most 

efficient oceanographic variables for Gulf Stream detection, water temperature. The 72-hour lag suggests 

sound gives some predictive capability of potential forthcoming Gulf Stream incursions with an increase 

in current speeds occurring prior to an increase in temperature as the incursion reaches the reef. A lag 

however does not always occur, as the first time period has temporal alignment between sound and 

temperature. The presence of a lag may be dependent on the size, the originating direction of incursion, 

and/or rotational direction of eddy (cyclonic or anticyclonic). Increasing the acoustic sampling rate during 

Gulf Stream events, in a semi-automated capability, and extending acoustic recording through a whole 

year would provide additional information on smaller Gulf Stream influences onto the reef and seasonal 

patterns in which the Gulf Stream may play a role. 

Topographically complex CWR systems like the Richardson Reef Complex, generally extend several 

meters vertically from the seafloor and have a substantial role in driving both physical and biological 

patterns (Davies et al. 2009, Costello et al. 2005, Henry and Roberts, 2007). These deep reefs likely 

exhibit distinct soundscapes in a similar fashion to shallow-water coral reefs (Radford et al. 2014). 

Shallow-water reef soundscapes have been suggested to attract fish and coral larvae through elevated 

sound levels emanating from reef site, largely those generated directly and indirectly by adult fish and 

invertebrate species present on reef (Montgomery et al. 2006; Vermeij et al. 2010). Although there may 

be reduced species richness on a deep-sea reef (Costello and Chaudhary 2017, Smith and Brown 2002) 

reducing potential sound source signals propagating away from the reef, studies on shallow reefs show 

that sound propagation distance and off-reef detection is only a few hundred meters mainly due to the 

presence of surface background sounds (waves, vessel noise) and the way marine species detect sound 

(Kaplan and Mooney 2016, Raick et al. 2021). We suggest that deep-sea reefs, on the other hand, are 

hotspots for hydrodynamic generated sounds and may help species detect a reef from a greater distance. 
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3.2 Geologic Setting 

Section Authors: Jason Chaytor, Nancy Prouty, Diana Sahy 

3.2.1 Historical Geology 

The Deep SEARCH project area of interest spans six-degrees of latitude, or more than 700 km, of the US 

Atlantic continental margin from the shelf-slope area offshore the North Carolina-Virginia border to the 

Blake Plateau off the central eastern coast of Florida and out into deepwater settings. Because the project 

area was so broad, a wide range of antecedent geology and modern seafloor processes combined to shape 

the diverse seafloor environments investigated. For ease of description and reference, the study area is 

separated into two primary geologic basins, Carolina Trough and Blake Plateau Basin (Figure 3-14), and 

three morphologic regions: 1) seeps, 2) canyons, and 3) Blake Plateau and adjacent areas. 

The modern configuration of the study area is the result of the initial tectonic breakup of the margin 

during the Triassic and postrift  oceanographic and sedimentary processes over the subsequent 215 million 

years. The initial zone of rifting in the Carolina Trough (shelf/slope) and northern Blake Plateau (Blake 

Plateau Basin) section of the margin differed considerably along-strike, with the southern segment 

ultimately becoming wider than the Carolina Basin to the north (Figure 3-14) During this initial rift 

period, evaporites (salt) were deposited in the Carolina Trough, but not the Blake Plateau Basin, possibly 

a result of variations in crustal thickness and subsidence levels (Dillon et al. 1983, Dillon and Popenoe 

1988). During and following breakup (at around 183 Ma), siliciclastic sedimentation processes were 

active along the entire length of the US Atlantic margin (Poag and Sevon 1989), with periods of carbonate 

deposition interspersed throughout the time section. Beginning in the middle Jurassic, with all the eastern 

North America margin at a subtropical latitude, carbonate depositional processes finally overcame 

siliciclastic processes resulting in the development of carbonate platforms and shelf-edge reefs. Over 

time, carbonate depositional environments along the margin coalesced to form a near continuous 

carbonate ñgigaplatformò (Poag 1991) from the Bahamas to the Grand Banks offshore Canada.  

Termination of large-scale carbonate deposition, resumption of siliciclastic-dominated deposition and 

continued expansion of accommodation space due to basin subsidence and salt withdrawal occurred along 

the northern portion of the margin (north of Cape Hatteras) during the middle Early Cretaceous (133 Ma). 

During the same period and extending until the Late Cretaceous, carbonate deposition largely kept pace 

with crustal subsidence across the Blake Plateau Basin. In the Late Cretaceous, a major shift in deposition 

patterns across the Blake Plateau, perhaps resulting from a combination of global sea-level rise and local 

tectonics, resulted in flooding of the Blake Plateau Basin and development of the current deepwater 

plateau and initiation of carbonate and clay-rich sediment deposition (marl/carbonate-rich mudstone) 

(Dillon and Popenoe 1988); the Bahama Banks at the southern end of the Blake Plateau continued to keep 

pace with sea-level rise (Schlager 1981).  
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Figure 3-14. Major geologic and tectonic basin features of Deep SEARCH study area 
US southeast Atlantic continental margin (simplified Uchupi 1988) 
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At the end of the Paleocene (56 Ma), overall strengthening of northward-directed surface currents through 

the Straits of Florida was likely driven by sea-level fall (Hazel et al. 1984) and diversion of the Suwannee 

Current. This current previously flowed from the GOM to the Atlantic near the current day Florida-

Georgia border (Figure 3-15) (Pinet and Popenoe 1985, Popenoe 1987). These newly rerouted currents 

represent the onset of the modern Gulf Stream (Dillon and Popenoe 1988).  

While the Suwannee Current carried terrigenous sediments directly from the GOM to the Atlantic, the 

rerouting of the current flow across the shallow carbonate banks around the south end of Florida removed 

almost all the sediment load from the Gulf Stream. Starved of terrigenous sediment from both the GOM 

and the Florida-Hatteras shelf by the north wall of the Gulf Stream, the Blake Plateau continued to 

subside throughout the early Eocene.  

Changes in sea level throughout the remainder of the Eocene and early-Oligocene, switched current flow 

several times between the Suwannee (Suwannee Strait/Gulf Trough) and Gulf Stream (Straits of Florida), 

leading to periods of terrigenous sediment accumulation, progradation of the Florida-Hatteras shelf, 

sediment accumulation in the Carolina Trough and erosion of the Blake Plateau and Blake Escarpment 

(Paull and Dillon 1980, Sheridan et al. 1981, Pinet et al. 1982, Pinet and Popenoe 1985, Popenoe 1985).  

Substantial periods of erosional activity in the late Oligocene and Pliocene scoured the surface of the 

Blake Plateau and eroded the Blake Escarpment (Paull and Dillon 1980, Sheridan 1981, Dillon and 

Popenoe 1988), while during the same period, the changes in deep circulation along the western boundary 

of the Atlantic basin initiated rapid sediment accumulationðforming the deep sediment drifts such as 

Blake Ridge off the Carolina Trough (Markle and Bryan 1983, Mountain and Tucholke 1985).  

The rifting origin and long, complex history of reef building, sediment accumulation, non-deposition and 

erosion across the Blake Plateau and Carolina Tough have ultimately led to the two distinct margin 

profiles present today in the study area (Figure 3-16). In the north, the margin is formed by the coastal 

plain (mostly on land), shallow-water insular Carolina platform and the Carolina Trough, before 

transitioning at the general location of the paleoshelf edge carbonate platform, to canyonized upper 

continental slope and slope attached contourite drifts.  

To the south, the Florida Platform and Blake Plateau Basin extend from the southern end of the Carolina 

margin to offshore southern Florida, with continued carbonate sediment deposition after the Early 

Cretaceous and the long-term influence of the Gulf Stream creating a narrow insular shelf, broad gently 

sloping plateau, and steep escarpment.  
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Figure 3-15. Different positions of the Suwannee and Gulf Stream currents over time 
Across the Blake Plateau from the Cretaceous through ~ present. Modified from Dillon and Popenoe (1988) and 
Manheim and Popenoe (2001). 
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Figure 3-16. Schematic diagrams of the antecedent geology of the Deep SEARCH study area 
Carolina Trough (A) and Blake Plateau Basin (B) from the coastal plain to the deep sea. Modified from Dillon and 
Popenoe (1998). 

3.2.2 Geomorphology 

The regional physiography and geomorphology of the Carolina Margin and Blake Plateau were well 

established in the literature prior to the Deep SEARCH project as a result of extensive depth soundings 

(Pratt and Heezen 1964), sidescan (GLORIA; EEZ-SCAN 87, 1991), and seismic studies (Ewing et al. 

1966, Popenoe 1980). Extensive ground truthing of seafloor interpretations across the study area revealed 

by geophysical and other remote sensing data has generally been limited to widely spaced regional 

seafloor sampling activities (Hollister 1973) or highly focused visual and sampling activities (Stetson et 

al. 1969, Reed et al. 2006). High-resolution bathymetry (better than 100-m grid resolution) of the upper 
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slope and shelf in the years prior to this project identified the locations of a large number of seeps, 

including the Pea Island and Kitty Hawk Seeps. Such also revealed the complete and complex nature of 

the canyons, gullies and interfluves that shape the slope from Norfolk Canyon in the north to the reentrant 

adjacent to the Cape Lookout Landslide (Figure 3-17). Although the generalized geomorphology of the 

Blake Plateau has been known for some time due to extensive seismic reflection, single beam 

echosounder and visual surveys, continuous high-resolution bathymetry data were largely absent from 

most of the plateau. Extensive bathymetric surveys of the Blake Plateau began in 2018 and still continue, 

revealing the complexity and diversity of the seafloor across the entire region. The focus here will be in 

the local geomorphology of the focus areas of the project, with a more detailed description of the regional 

morphology described by (Dillon and Popenoe 1988, Popenoe 1994, Popenoe and Manheim 2001).  

3.2.2.1 Seeps 

Seep sites visited during this project occurred in two fundamentally different geologic environments. The 

Kitty Hawk and Pea Island seeps are located along the shelf-edge and upper slope, adjacent to the heads 

of slope canyon systems, while the Blake Ridge and Cape Fear seeps are located in deeper water along 

the Blake Ridge drift and adjacent to the Cape Fear Diapir, respectively.  

The shallow-water Pea Island and Kitty Hawk Seeps are located at the continental shelf edge partially 

within and adjacent to tributaries at the heads of slope canyons. Based on the regional bathymetric and 

other acoustical imaging data, the seafloor in these areas is generally draped by thick sediments resulting 

in a smooth and featureless morphology, except for the large canyon system elements. At a local scale, 

low-relief seep-related authigenic carbonate outcrops and depression (gas release and benthic fauna 

related) are scattered across broad areas in these shelf-edge environments along the north and mid-

Atlantic margin (Prouty et al. 2016).  

The Cape Fear and Blake Ridge seeps are found in water depths greater than 2,000 m and are associated 

with the large SEUS continental margin methane hydrate province (Tucholke et al. 1977, Paull and Dillon 

1981). In this region, disturbance of the hydrate stability field by a line of salt diapirs has facilitate 

development of seafloor chemosynthetic communities across various bottom morphologic regions. The 

Cape Fear Seep is unique along the US Atlantic continental margin, sitting adjacent to the only salt diapir 

with material seafloor expression, previously unroofed by seafloor instability and large-scale failure of the 

region (Cape Fear landslide; Popenoe 1993). The top of the diapir forms a dome-shape mound standing as 

much as 250 m above the surrounding seafloor and is surrounded by partially sediment draped landslide 

features (scars and scarps) and the surface expression of faults (Hornbach et al. 2007) within a wider area 

of bottom-current shaped bedforms. The Blake Ridge Seep is located on the northeastern flank of the 

Blake Ridge drift over the buried Blake Ridge Diapir 600 m below the seafloor. Faults and other fractures 

form the fluid migration pathways between the buried diapir and the seafloor seep environment (Paull et 

al. 1995). The seafloor around the Blake Ridge Seep is generally smooth due to the thick layers of 

carbonate ridge hemipelagic sediment (Paull et al. 1995), but shallow depressions around the main seep 

area are visible even in lower-resolution bathymetry. Large-scale contourite bedforms are present to the 

east of the area.   
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Figure 3-17. Bathymetry and geomorphologic features of canyon systems 
Seabed channels (marked in red) within the study area  
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3.2.2.2 Canyons 

Within the study area, canyons and slope gullies are primarily restricted to the section of the margin 

between Norfolk and Pamlico Canyons. South of Pamlico Canyon, there is evidence of downslope 

erosive flow, but effective development of transport pathways is largely absent and canyon/gully 

complexity is greatly reduced. Major named canyon and tributary systems, those with defined shelf-

breaching or shelf-edge heads and downslope channels, within the study area include Norfolk, Keller, 

Hatteras, and Pamlico Canyons, with numerous unnamed canyons and gullies distributed between each 

(Figure 3-17). The ñAlbemarle canyon systemò (ACS), as defined by Popenoe and Dillon (1996), 

comprises three generally parallel well-defined canyon/channel features draining an approximately 22-km 

long section of the margin. Keller Canyon is the southernmost and only named canyon within the ACS 

and the only one that currently has a well-defined channel extending down the lower slope to a deepwater 

submarine fan.  

The heads of Keller and the other ACS canyons, the broadly shelf-indenting drainage just to its north, and 

immediately adjacent canyons and gullies, deeply dissect a 30-km long section of the shelf and upper 

slope offshore the northern Outer Banks. High-order dendritic drainage patterns at the canyon and gully 

heads coalesce within 15 km of the shelf edge into single U-shaped slope- channels. These channels 

appear to be capturing and storing the bulk of the sediments entering the system. The number and 

complexity of the gullies and canyons in this region have created an upper-slope morphology 

characterized by high and steep interfluves, sediment and debris filled canyon floors, and a patchwork of 

uneroded relict slope sections. South of Keller Canyon, the orientation of the margin changes to NEïSW 

and the upper-slope, stream-order complexity of the canyon systems drops. Between, and inclusive of, 

Hatteras and Pamlico Canyons, deep and parallel canyons and gullies heavily dissect the upper slope, 

often extending downslope only short distances (< 20 km) before appearing to terminate at the base of the 

steep upper slope section. The canyons and gullies likely extend further downslope but have been filled 

with down- and along-slope transported sediments. Low-relief ridges and mounds, presumably some of 

which host seep-related environments (Skarke et al. 2013), are present along the shelf edge above the 

heads of these canyons and gullies. 

Hatteras Canyon is the southernmost of the canyons to have a head defined by prominent dendritic 

distributaries. These distributaries rapidly coalesce into a generally straight, U-shaped canyon with steep 

walls and numerous steps in the downslope profile. Previous description of the canyon identified evidence 

of mass wasting and debris accumulation within the canyon (Popenoe and Dillon 1996). Channel 

sinuosity increases slightly as the canyon opens out onto the shallow gradient lower slope, and at 

approximately 3,300 m, the main channel combines with other lower-slope crossing channels before 

draining into the Hatteras Transverse Canyon.  

Early surveys of Pamlico Canyon (Rona, 1970, Stanley et al. 1981, Popenoe and Dillon 1996,) identified 

the unique morphology of this canyon (relative to other canyons in the study area), with straight but 

asymmetric shape, no clearly identifiable dendritic distributary channel network at the canyon head, deep 

incision into the underlying strata, and apparent lack of connection to a lower-slope channel. Bathymetry 

data collected in the years immediately prior to Deep SEARCH revealed that a broad mass wasting scar 

encompassed Pamlico Canyon and the upper-slope section to the north (Figure 3-17), and that although 

currently separated by canyon fill and a mix of down- and along-slope transported sediments, a lower-

slope channel previously connected Pamlico Canyon to the Hatteras Transverse Canyon. A detailed 

description of the morphology of Pamlico Canyon is presented in Section 3.2.3. Immediately south of 

Pamlico Canyon, short slope gullies have formed around an amphitheater-shaped reentrant into the 

margin and on the open slope (Figure 3-17). Although these gullies are tightly restricted to the steepest 

section of the upper slope, the presence of several headless lower-slope canyons 40 km SE of the current 

mouths of these gullies suggests that they were perhaps much more effective drainages prior to 

enhancement of along-slope and debris flow deposition in the region.  
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3.2.2.3 Blake Plateau 

As described in Section 3.2.1, the Blake Plateau and adjacent areas have been constantly shaped by 

periods of erosion and deposition for tens of millions of years, driven by shifts in the prevailing 

oceanographic regimeðprincipally the Gulf Stream. The geomorphology of the Blake Plateau as seen 

today not only reflects the dynamic nature of these oceanographic and geologic processes (the broader 

Blake Plateau province within the study area includes antecedent geology related to both the Carolina 

Trough and Blake Plateau Basin), but also intense biologic construction processes that the unique 

environment supports. Even though the advances in seafloor mapping have provided an unprecedented 

view of this dynamic region, the early interpretations of the regional geomorphology remain largely valid. 

The most recent compilations of Blake Plateau geomorphology and bottom character (Figure 3-18 and 

Figure 3-19) are those of Popenoe (1994) and Popenoe and Manheim (2001). These compilations utilized 

decades of existing seismic-reflection profiles, sidescan mosaics, bathymetric soundings, towed-camera 

and submersible observations, and bottom sampling (National Ocean Survey 1976, 1979a-e, Pratt 1963, 

Uchupi 1976) to reveal the nature of the Blake Plateau seafloor and investigate the oceanographic and 

geologic controls on its formation. Investigators working in the region often separated the Blake Plateau 

into three morphologic zones: (1) the flat-surfaced and sediment covered southern Blake Plateau (covers 

Million Mounds), (2) the shallow, rugged and bathymetrically prominent Charleston Bump 

(Stetson/Savannah Banks, Richardson Hills and Blake Escarpment), and (3) the shallow, down current of 

the Charleston Bump, and sedimented northern Blake Plateau that overlies the Carolina Trough, rather 

than the Blake Plateau Basin (Cape Fear coral mounds). While the presence of extensive areas of coral 

mounds, primarily on the shallower Florida-Hatteras slope, was known as early as 1962 (Stetson et al. 

1962, Popenoe 1994), the density and abundance of these features was not appreciated until the 

availability of modern high-resolution multibeam data across the entirety of the plateau.  

Morphologically, the Charleston Bump and adjacent areas to the east dominate the shape of the Blake 

Plateau within the Deep SEARCH study area. Persistent erosion of the region over millions of years by 

Gulf Stream currents has dissected the antecedent Blake Plateau Basin stratigraphy, removing thick 

sections of Paleogene age deposits. Because of the continued focusing of the Gulf Stream through this 

area, deposition of sediments has been restricted, resulting in complex outcropping of Cretaceous through 

Oligocene age rocks at the seafloor. Reworking and cementation of phosphate-rich sediments through 

multiple cycles over millions of years, further add to the ruggedness of the seafloor across the Charleston 

Bump section of the plateau, resulting in the formation of extremely resistant ferromanganese encrusted 

phosphorite pavements.  

3.2.3 Methods 

3.2.3.1 Geology, Mineralogy, and Geochemistry Methods 

Our derivation (or update) of regional and site-specific geomorphological interpretations are based on a 

combination of new and existing bathymetric data, sub-bottom profiles, and dive observations 

(AT41/RB1903). For regional scale analysis and where higher-resolution data were not available, we used 

a 25-m resolution (grid cell) bathymetry compilation that merged existing high-quality data with newly 

collected data from Deep SEARCH (AT41 and RB1903) and NOAA Ocean Exploration (2018 and 2019 

NOAA Ship Okeanos Explorer) surveys. For the four seeps sites, we used new, from Sentry 2017, and 

existing (Wagner et al. 2013, Brothers et al. 2013) 1- to 2-m resolution Sentry AUV acquired bathymetry 

for interpretation. 

Sub-bottom profiles used to support the interpretations are primarily those collected from the hull 

mounted (Knudsen 3260) chirp sub-bottom profilers installed on the vessels which collected the regional 

bathymetry data. We used additional sub-bottom profiles collected by the AUV Sentry at Pea and Kitty 
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Hawk Seeps for both investigation of the subsurface and mapping of water-column anomalies at those 

sites. We used photo transects from the 2017 AUV Sentry Deep SEARCH and deep-sea coral surveys of 

seeps and canyons in the northern segment of the study area to validate interpretations as needed. 

We collected sediment cores via a number of methods, including CTD monocorer (MNC-labeled cores), 

Alvin and Jason deployed push cores (PU-labeled corers), multicorer (MUC-labeled cores), and piston 

cores during the 2018 Brooks McCall cruise (BMCC PC-labeled cores). We collected rock samples using 

the manipulators on Alvin and Jason. 
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Figure 3-18. Bottom character type of the northern Blake Plateau 
From seismic-reflection profiles; 2018 and 2019 dive locations shown. Modified from Popenoe (1993). 
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Figure 3-19. Sub-crop morphologic map of the central and northern Blake Plateau 
Map shows the surface or near surface exposure of Paleocene through Holocene rock units and sediment 

accumulation; 2018 and 2019 dive locations shown. Modified from Manheim and Popenoe (2001). 
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3.2.3.1.1 Sediment Methods 

3.2.3.1.1.1 Grain Size 

We performed grain size analyses of sediment samples collected during the 2017, 2018, and 2019 cruises 

in the USGS Woods Hole Coastal and Marine Science Center Sediment Laboratory via laser 

diffractometry, using established standard operating procedures. Prior to instrument analysis, we weighed 

the entire sediment sample (or if sample size exceeded 15 g, homogenized subsamples) and then wet-

sieved it through a 2-mm (10 US-mesh) sieve into a pre-weighed autosampler vial using distilled water, 

followed by addition of a small volume of sodium hexametaphosphate to prevent coagulation. If any 

material was retained by the sieve following wet sieving, the > 2-mm fraction and the vial were placed in 

an oven until completely dry. After drying, we determined the weight of each fraction, re-wetted the 

sediment in the vial using distilled water, and passed the > 2-mm fraction through a set of sieves to 

measure the size distribution of that component.  

Once all sample vials were prepared, we sonicated each vial for 10 minutes and loaded into the 

autosampler of the Horiba LA-960A laser diffractometer. Three analyses of each sample were performed 

automatically by the instrument. We performed replicate analyses of selected samples at the end of each 

analysis run. Analysis results from the laser diffractometer and the > 2 mm sieved fractions (if present) 

are combined and converted to weight percent of primary sediment texture classes of gravel, sand, silt, 

and clay (Wentworth 1929, Poppe, et al. 2005) and described using the Shepard classification scheme (as 

modified by Schlee 1973). The final grain size distributions are reported both as 17 size-bins 

corresponding to phi (◖) size classes (Krumbein 1934) between -5 and 11 ◖ (where diameter in mm = 2-

◖), and as 10x metric size classes between 0.001 µm and 64,000 (µm). We used the logarithmic method 

of moments technique (Collias et al. 1963) without a ñShepardôs Correctionò (Kenney and Keeping, 

1954) to calculate statistical measures reported in phi-sizes of sample mean, median (D50), SD (sorting), 

skewness, and kurtosis.  

3.2.3.1.1.2 Carbonate Content/Bulk Organic Matter 

Calcium carbonate (CaCO3) and bulk organic matter (BOM) content of sediments were determined using 

a modification of the Loss on Ignition (LOI) method outlined by Dean (1974) that increases heating time 

at the 550oC (3 hours) and 950oC (2 hours) steps. Analyses were made on dried (100oC for 24 hours), 

powdered and homogenized subsamples (2ï4 g dry weight [DW]) of sediment. The weight differential 

following the first heating step is assigned entirely to loss of BOM. The weight differential after the 

second heating step is equated to loss of CO2 from CaCO3 in the sediment, and the concentration of 

CaCO3 is calculated by multiplying the weight differential by 2.27. The efficiency of this method is 

greater than 99% as routinely verified via ignition of a bivalve shell (96ï97% CaCO3) standard. 

3.2.3.1.1.3 X-Ray Diffraction (XRD) Mineralogy  

Quantitative mineralogy of sediments from seep sites and Pamlico Canyon were determined at the USGS 

Woods Hole Coastal and Marine Science Center via XRD analysis, using a Rigaku Miniflex 600 

benchtop x-ray diffractometer utilizing a copper anode tube to generate x-rays operated at 40 kV and 15 

mA. Data processing and analysis were performed using the Rigaku PDXL2 software. The 

Crystallography Open Database (Graģulis et al. 2012), NIST Inorganic Crystal Structure Database 

(https://icsd.nist.gov/), and the International Centre for Diffraction Data PDF-4/Minerals database (Gates-

Rector and Blanton 2019) were used to search and match diffraction patterns and identify component 

mineral phases. Whole-powder pattern fitting of high-probability candidate phases and Rietveld structure 

refinement (Bish and Howard 1988) were used for quantitative analysis. Bulk sediments were dried at 

100oC for 24 hrs, powderized using a mortar and pestle and were passed through a 63-µm sieve prior to 

being packed on aluminum or glass holders as nonselectively oriented powder mounts. Powder mounts 
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were placed into the internal goniometer and were analyzed at 2ɗ angles between 3Á to 90Á, with 0.002o 

steps/minute. Those samples packed on the aluminum holders were continuously rotated during analysis. 

At least two powder mounts of each sample were analyzed and processed, with the results averaged in 

order to minimize spurious peaks or anomalously high peak intensities that would affect the quantitative 

results. The concentration of different minerals/mineral groups is an average of at least two independent 

analyses of each sample and reported in weight percent equivalent. 

3.2.3.1.1.4 Radiocarbon Dating of Foraminifera 

We performed radiocarbon (14C) analysis on single- and mixed species planktonic foraminifera picked 

from sediment subsamples. Although single-species planktonic foraminifera are preferred for dating, the 

abundance of foraminifera species within the sediment is highly variable and often necessitated the use of 

several planktonic species to obtain sufficient material for dating. We submitted samples for Accelerator 

Mass Spectrometry (AMS) 14C dating at the at the National Ocean Sciences Accelerator Mass 

Spectrometry facility. The submitted carbonate minerals are directly acidified with strong acid, H3PO4, to 

convert the carbon in the sample to CO2, educed with use of a catalyst (Fe or Co) in the presence of 

excess hydrogen (CO2 + 2H2 = C(graphite) + 2H2O) to produce graphite for the AMS analysis. Reported 

radiocarbon age is derived from the ŭ13C-corrected fraction modern (Fm) (Stuiver and Polach 1977, 

Stuiver 1980) using a half-life of 5,568 years. Calibrated ages (years before present [YBP]) are calculated 

using Calib 8.2 (Stuiver et al. 2021) and the Marine20 calibration curve (Heaton et al. 2020), with only 

the 550-year reservoir correction (no delta-R) applied. 

3.2.3.1.2 Rock Methods 

We gleaned subsamples of rocks collected during the AT41 and RB1903 cruises for chemical and 

mineralogic analysis using diamond saws and diamond drill corers. We trimmed slabs cut from the rock 

samples to remove surface crusts and visible alteration, and further subsampled to target specific 

lithologies or mineral zones. Samples for chemical and XRD analysis were machine milled, with splits 

prepared from the homogenized powders. We sent samples for elemental analysis in their original form to 

facilitate standardized processing.  

3.2.3.1.2.1 Major, Minorm and Trace Elemental Composition 

We performed analytical geochemistry of rock samples we had collected by the USGS Minerals 

Resources Analytical Chemistry facility at the Geology, Geophysics, and Geochemistry Science Center in 

Denver, CO. Unprocessed subsamples of the sampled for XRD analysis were submitted for Wavelength 

Dispersive X-ray Fluorescence (WDXRF) major element and sixty-element Inductively Coupled Plasma-

Optical Emission Spectroscopy-Mass Spectroscopy (ICP-OES-MS) analyses. The samples were prepared 

by milling to powders of < 150 µm, with the WDXRF slits fused with lithium metaborate/lithium 

tetraborate flux prior to introduction to the instrument, and ICP-OES-MS samples were fused at 750°C 

with sodium peroxide with the fusion cake dissolved in a dilute nitric acid to form the analytical solution. 

Analytical performance is measured by the concurrent analysis of laboratory QAQC samples (including 

NIST SRM88b) and acceptable comparison (result is no greater than 15% different) of those result with 

the calculated relative SD of duplicate QAQC samples.  

3.2.3.1.2.2 X-Ray Diffraction (XRD) Mineralogy  

We performed quantitative mineralogy of authigenic carbonates and other rock samples using the same 

methods as used for analysis of bulk sediment samples except for additional processing and analysis steps 

for the low-volume authigenic carbonate cement samples. For these low-volume samples, sample-holder 

blanks were measured and removed from the resulting patterns, while the Rietveld structural refinement-
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WPPF analysis range was restricted to between 2-theta values of 20o and 70o to exclude additional 

background effects. 

3.2.3.1.2.3 Radiocarbon Dating of Authigenic Carbonates 

We performed radiocarbon (14C) analysis on splits of the carbonate cement subsamples from authigenic 

carbonates extracted for XRD analysis. Laboratory analysis methods for authigenic carbonates were the 

same as for foraminifera as described in Section 3.2.3.1.1.4. 

3.2.3.1.2.4 Stable Isotopes of Authigenic Carbonates  

Stable carbon (d13C) and oxygen (d18O) isotopes were analyzed at the Stable Isotope Geosciences Facility 

at Texas A&M University and University of Miami. We subsampled authigenic carbonate samples using 

a hand-held pneumatic drill (a Dremel tool) to sample the authigenic carbonates. We analyzed the 

resulting powdered carbonate for ŭ13C and ŭ18O using a Thermo-Finnigan MAT 253 with a Kiel IV 

Automated Carbonate Prep Device and are reported in per mil (ă) relative to the international reference 

Pee Dee Belemnite (PDB). Analytical uncertainties (2ů) of 0.04ă for d13C and 0.06ă for d18O
 
are 

reported based on the long-term daily measurements of the international carbonate standard, NBS-19. We 

determined carbonate content, reported as weight percent (wt%), using a coulometer at the USGS Pacific 

Coastal and Marine Science Center, Santa Cruz, CA.  

3.2.3.1.2.5 Clumped Isotopes (ȹ47) of Authigenic Carbonates 

We analyzed authigenic carbonate samples for clumped isotopes (ȹ47) using established methods from 

(Swart et al. 2019) at the University of Miami. Samples weighing between 8 to 10 mg were digested in 

105% phosphoric acid (H3PO4) held at 90°C. The produced CO2 was cleaned by passing through a series 

of traps to remove water. The ŭ13C and ŭ18O of the CO2 were calculated from the ratios of masses 45/44 

and 46/44 measured using a Thermo 253 and corrected for the typical isobaric interferences using the 

methods of (Brand et al. 2010). We measured samples against a cryogenically purified in house reference 

gas calibrated against NBS 19 and reported relative to Vienna Pee Dee Belemnite (VPDB). Following the 

methods in (Huntington et al. 2009) raw æ47 values were calculated using the 17O correction values 

described by (Brand et al. 2010). Final æ47 values (æ47 processed) were calculated from the æ47 raw values 

based on the procedures and standardization methods to place the æ47 raw values into the carbon dioxide 

equilibrated scale according to (Dennis et al. 2011). We used the equation of (Swart et al. 2019) to relate 

ȹ47 to temperature for the reaction at 90°C (Eq. 1):  

ȹ47 ă = 0.0392 (0.0017) *  106/T2 + 0.158 (0.018) (R2 = 0.985) (Equation 1) 

3.2.3.1.2.6 Uranium-Thorium Dating 

We dated U-Th of select authigenic carbonates at the British Geological Surveyôs Natural Environment 

Research Council Geochronology and Tracers Facility based on an analytical method modified from 

Edwards et al. (1987) and Shen et al. (2002), and described in Prouty et al. (2016). Powdered carbonate 

samples were processed via total dissolution techniques, with isotope ratios measured on a Thermo 

Neptune Plus multi-collector ICP-MS, relative to a mixed 229Th-236U tracer calibrated against gravimetric 

solutions of CRM 112a U and Ames laboratory high purity Th. Because authigenic carbonates can 

incorporate detrital material that carries 232Th, and an associated amount of initial 230Th that is not related 

to the in situ decay of 234U, a correction was required to calculate a reliable carbonate precipitation age. 

The detrital isotopic composition was based on measured sediment values from Prouty et al. (2016) from 

385 and ~1,600 mbsl along the US Atlantic margin, with the detrital (230Th/238U) value for each 

sample/site interpolated based on water depth. This corrects for both the 230Th contained within the 

detrital grains, and hydrogenous 230Th produced by the decay of U dissolved in the water column, which 



 

77 

is adsorbed onto the surfaces of sediment particles. Using the decay constants of Cheng et al. (2013), we 

performed U-Th age calculations using an in-house Excel spreadsheet. 

3.2.4  Results 

3.2.4.1 Seep Sites 

Our work on the local geology at the Cape Fear and Blake Ridge seeps during the Deep SEARCH project 

was built off of the previous activities at those sites, specifically recent geological and geomorphological 

analyses based on AUV Sentry data by Wagner et al. (2013) and Brothers et al. (2013). The results 

presented here describing the geology and geochemistry of the Pea Island and Kitty Hawk Seeps 

represent the first quantitative analysis of these areas. Seabed bathymetries and water-column anomalies 

from Sentry AUV data are shown in Figure 3-20, Figure 3-21, Figure 3-22, and Figure 3-24 to lay the 

context for the presence and compositions of authigenic carbonates at these two seep locales.  

Overall, the authigenic carbonates at both the upper-slope (Pea Island, Figure 3-20 and Figure 3-21; and 

Kitty Hawk, Figure 3-22) and the deeper diapir-related sites (Blake Ridge, Figure 3-23, and Cape Fear, 

Figure 3-24) are quite similar in their mineralogic and geochemical composition, with minor, but obvious 

variations due to the primary background sedimentation environment.  

Calcium carbonate in the form of aragonite (CaCO3) dominates the authigenic carbonate samples 

recovered (36.6ï97%, all samples), with the aragonite content in cements (86ï97%) accounting for the 

higher concentrations. Secondary amounts of low- and high-Mg calcite and dolomite are present, 

accounting for up to 25% of the groundmass, apart from the single authigenic carbonate sample from the 

Cape Fear Seep which is composed of 94% dolomite (Figure 3-24). Dolomite is present and generally 

more abundant with the sediments proximal to the authigenic carbonate outcrops (Table 3-2). Detrital 

components, primarily hosted in the groundmass, include quartz, plagioclase and potassium feldspars, 

micas (muscovite and biotite), pyroxenes, amphiboles, and variable amounts of clay phases.  

The concentrations of quartz (SiO2) and calcite as seen in both the XRD and WDXRF (Table 3-3) results 

reveal the primary mineralogic difference between the shallow shelf edge (higher quartz concentration) 

and deeper diapir-related site (higher calcite conc.), which are primarily a reflection of the terrigenous-

detrital and biogenic components of the surrounding sediments (Table 3-2, Table 3-3, Figure 3-20, 

Figure 3-21, Figure 3-22, and Figure 3-24).  

Because of fundamental control that the surrounding sediments have on the final form of the authigenic 

rock, the texture of the carbonates is best described as a terrigenous-detrital and biogenic clast ñbrecciaò 

supported by fine-grained aragonite cemented matrix (Figure 3-25). Large (> 5 cm long) bivalve shells 

incorporated into the matrix of the authigenic carbonate were only collected in a single sample, AT41-

AL4967-R2 from the Blake Ridge Seep. Voids, fractures and skeletal bioclasts are filled by bladed 

(fibrous) aragonite (Figure 3-25) or aragonite cemented fine-grained sediments. The mineral composition 

and texture of the carbonates from all visited sites compare closely with those from the Norfolk and 

Baltimore Canyon seeps as described by Prouty et al. (2016). 

Trace element geochemistry of selected bulk samples from the Pea Island, Kitty Hawk and Blake Ridge 

Seep sites show that the whole-rock composition of the carbonates is closely aligned across the different 

environments, with variations due to the source of the background sediments. Table 3-4 shows a 

comparison of selected trace element concentrations from 11 samples across the three seep sites where 

these data are available, with the most pronounced, but relatively minor variations between the samples 

seen for elements predominantly represented in the sedimentary terrestrial detrital mineral fraction (Si, Ti, 

Zr, Mo, and Hf enhanced at Pea Island and Kittyhawk) or the biogenic fraction (Ca and Sr enhanced at 

Blake Ridge). 
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Figure 3-20. Pea Island North bathymetry and water-column anomalies 
(A) 1-m resolution AUV Sentry bathymetry and (B) interpreted seafloor character and water-column anomalies  
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































