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1 Introduction

Chapter Authos: Erik E. Cordes, Amanda Demopoulos

1.1 Executive Summary

This document represents tfirgal reportfor Contract M17PC00009, issued by th& Department of the

I nterior, Bureau of Ocean DBeemvatgy ptlandaHabkitgtellme nt ( BOEM
Continued Atlantic Research and Exploration in Deepwater Ecosystems with Focus on Coral, Canyon

and Seep Communitiesbhis report is the final deliverable of BOEM Contract M17PC00009, conducted

in partnership with th&)S Geological SurveyUSGS) This project effort is now calleeep SEARCH.

The studyis a fiveyear, collaborative scientific research program focusethi@outer continental shelf

(OCS)bet ween Virginia and Geor gseacoral, Wideepandearypne d t hat
communities as habitats of focus. Our overarching goal was to improve understanding of the functional

role of these three habitgfpes 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 prageesults from five directly supported cruisdstailed site
descriptions of the geological, physical, chemical, and biological conditions encouatetd¢de results
from six additional cruises conducted through our collaborations withtthrtic Dego Sea Ecosystem
Observatory NetworkADEON) project andheNational Oceanic and Atmospheric Administration
(NOAA) Office of Ocean Exploration and Research (OER research results, analyses, and findings
include the oceanographic, geological, and gepgbal setting of canyons, seeps, and coral
environmentsdeepsea soundscapesommunity structure and trophic function from microbes to fishes
population connectivitylife history of selected specidsabitat suitability modeling deegea corals and
seeps and our educational outreach to the public.

This study revealedosne important findings. Among the most compellarg the following

1 Within the three major habitat typstidied some sites exhibited remarkable characteristics. The
newly named Richrdson Reef Complex is now understood to be one of the largesvatddcoral
reef(CWR) complexes in the world.

1 The seeps along the continental shelf edge, visited here for the first time, are remarkable for their
extremely high rates of methane releasd oxidation. Their chemistry fuels biological productivity
that appears to also subsidize local pelagic communities.

1 Pamlico Canyolis home to a very high diversity coral assembldgeshigh overall diversity of
infauna, and exhitstsome of the highest densities of sediment infauna observed at this depth.

1 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 diafwagtiating
midwatercommunity 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.

1 The unique oceanographic conditions in the region have a corresponding inflnetheevarious
communities. The Gulf Stream cuts through the center of the study area, causing vertical mixing in its
core down to 1,000 nthuspromotng a rapid translation of food to depth and nutrients to the surface
and bringng elevated trophic andegetic 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 deepsea corals of the region in response to rapidly changing environmental amditio



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 Mafitosystem 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 water depth)s magnificent in scale, yet our understanding of desgpfaunal
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 compgérngabism
biology, evolutionary processes, and oceanographic and environmental variables. -Ntkamtici slope
between Virginia and Georgia encompasses a variety of habitats that exhibit similarities to canyon, coral,
and seep communities in the greaAdantic.

It is essential that marine management professionals are provided with ecedsgseshibaseline
information before they implement actions in a specific region, whether it be for conservation or other
programs such as renewable energy, marimenals, or hydrocarbon extraction. In addition to the
necessary geophysical, geochemical, and geological survey information, ecdsgseshibaseline
information typically includes species identification, biodiversity assessments, ecologywdbod
dynamts, and the evaluation of genetic connectivity between surrounding areas and related species. This
is especially pertinent for ecosystems found on the continental slopes isedep200n water depth)
where ecosystetievel assessments have been hisatlsidifficult 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 accesssle®pcosystems to acquire, analyze, synthesize, and
ardhive ecosysterased baseline information.

Though poorly understood, deepwater ecosystems alotdRhbentinental 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). Léskepwater 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
ecoystem 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 interdisaipliand interconnected data sets are required for
predicting organism and ecosystéenel responses to various anthropogenic impacts and for

understanding the magnitude of different impact types on sensitive communities.

This project has started to filt 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 serasitigse 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 thks East Coasis a topographically and emenmentally complex
region, composed of heterogeneous features, including cold seeps, submarine canyons, and hardbottom
habitats, such as lithoherms capped with corals andfwyraéd biohermsKigure 1-1). These three



major seabed features atiebir associated environmental conditions influence the distribution and
abundance of organisms, including many of commercial importance, while typically ingrissl and
regional biodiversity.

Such hardbottom habitats also play an important role in the evolution and diversity -ceddapna.

They facilitate the dispersal and matoheséanasadof
epicenters ofa@productive isolation and speciation, as well as serving as refugia for variousedeep
populations. The MigAtlantic PlanningAreaencompasses a large water depth range 2600 m),

providing valuable context to examine the role that habitab#rer environmental conditions play in

shaping deegea benthic communities.

Figure 1-1. Coral-formed bioherms

The Gulf Stream is a dominant oceanographic feature in the study region, fornmmgoaiant 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 FloriddFi8)jts

there called the Florida Currentgt 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 deflecteatdedthe

Charleston Bump. Presence of the Gulf Stream results in very strong northward oriented surface currents
(~1.7 m &) that decrease in speed with depth. The Gulf Streani (K0Bkm wide, extends to 700 m

water depth at the Blake Plateau, andthhea 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
meardering 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 e ecosystems. Antarctic Intermediate Water
(AAIW) is transported northwards, joining the Gulf Streianthe FLS (Heiderich and Todd 2020).

AAIW is characterized by fresh, loaxygen and highnutrient waters. The AAIW signature slowly



disappears when the Gulf Stream is moving northwards due to mixing with other water masses. The other
major neatbottom waer mass present on the Blake Plateau is the soutHiearnithg upper Labrador Sea

Water (uULSW), 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 systamcharacterized by cool and fresh Midlantic 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 poM®ad& circulation (withsalinities <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 fluenced 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 nloat ther 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). Smakcaleblooms driven by such processes may enhance the food supply to deeper waters
thereby influencing the food supply to desgm benthic communities. However, lelegm deployments

of moored observatories in the region of these eddies only showed ofmedpask in fluorescence in

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

DeepseaCWRs and seep community ecosystems often harbor abundant and diverse faunal communities,
forming hotspots of biodiversity and playing an ongant role in biogeochemical cycling. So far very

limited detailed knowledge is available on their distribution alongtheéheast USSEUS margin, but

also not much is known about the environmental conditions that influence theseubfterable

ecosystems. More information on the environmental conditions is not only essential to better understand
the functioning of the ecosystem, but al#tal for ecosystem protection and sustainability plans in

response to current and future leasing of@@Sfor our energy and other resource needs.

1.2.2 Hydrocarbon Seep Ecosystems

Hydrocarbon seepage enhances habitat and environmental heterogeneitynamtbmtiargins 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 the#essare dependent on endosymbionts for nutrition (Kochevar et al.
1992). These includBathymodiolusp.And Gigantidassp.Musselsl.amellibrachiasp. And Escarpia

sp. Tubeworms, and vesicomyid clams (Cordes et al. 2009). These chemosynthetic spec&s ser
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., ZD@¥8es 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
dissolhed 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 epgas well as authigenic carbonate, attracts
background (noendemic) fauna (Bergquist et al. 2003, Cordes et al. 2005), some of which are
commercially important species (Baker et al. 2010). The presence-eidemic fauna may be due to

the availabilityof 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. 28d9lies to date, primarily coming

from the oitrich seeps of th&ulf of Mexico (GOM), have shown that neendemic fauna can derive a



portion or all of their nutrition from chemosynthetic sources (MacAvoy et al. 2002, 2008, Cordes et al.
2010b, Demopoulost al. 2010). This includes coldater coral{CWCs)such as the octocoral
Callogorgia deltain the GOM.

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

gas plumes emanating from the seafloor (Skarke 804&H4), 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 ghgdrate stability zne 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 weth methan
promoting the formation of porous ghgdrate flakes around the bubbles, which then combine to form a
gashydrate mass (Skarke et al. 2014, Quattrini et al. 2015).

From the limited surveys previously conducté&iyantidas childressatndBathymodiolus hekerae

musselsFigure 1-2) appear to dominate the seep communities in this region. Given that these mussels
rely on their endosymbionts for nutritiotiheir 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 theroaghout the

Atlantic Equatorial Bel{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 (VanDe er et al 2003, Coykendall Seep al . 20109
(~400m) 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 tise&ndie
Numerous seepndemic invertebrates suchAdsinocarissp, andChiridota hehevaas 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 elucitteeynetic connectivity and energy
exchang among these geographically isolated ecosystems.



Figure 1-2. Bathymodiolus heckerae mussels in seep community

1.2.3 Submarine-Canyon Ecosystems

Submarine canyons are common features that incrggeatal 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
maerial, 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, organith sediments, and partieclund 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 (KéB&BeGhleard 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 (FerAecalezet al. 2017)

has led to the hypothesis that canyons stigpgher biodiversity and biomass as compared to areas on
the adjacent continental slope (Griggs et al. 1969, Rowe 1971, Vetter and Daytodell988 et al.

2010); however, this hypothesis has rarely been systematically tested (FerAeaezet al 207).

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, Schiercet al. 2007, Vetter et al. 2010). Elevated food, strong
currents, and exposed hard substrates concentrate susgessiiog organisms such as corals and
sponges, as well as mobile invertebrates and fishes, some of which are commercially importainti (Qua
et al. 2015, Miller et al 201%;igure 1-). Increased food availability may allow organisms to allocate
more energy to reproduction and thus emleasverall 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; VeddOgt al.



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 shelfbreaching canyons and hundreds of minor skipeced canyons exist along the northekst
continental margin (Obelcz et al. 20Dk Leo and Ros2019). In the MidAtlantic Planning Areashelf
breaching and slopgourced canyons both occur offshore as far south as Cape Lookout, NC. Sessile
invertebrate and fish assemblages in the sheifing Baltimore and NorfolkCanyons are perhaps the

most thoroughly investigated jtiv past efforts by Barbara Hecker in the 1980s using towed camera
systems and submersibles, and recent efforts by the Atlantic Canyons | progranemsitaly operated
vehicles ROV9) and otter trawls to survey benthic ecosystems in these canyons {Rbsz0é5, 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. 201Bjfferences among habitat types, depth ranges and environmental
conditions were also apparent in the coral assemblages (12 species total) within eachFogumeofh-},

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

We observed more than 30 morphotypes of sponges in Baltimore and Neafglkns. Our observations
indicate that biodiversity and ecological assessments of spongelggties 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 & 2015).

To the north of Baltimore and NorfolRanyons, Quattrini et al. (2015) surveyed benthic communities in
canyons off New England. They reported variation in benthic assemblages between seafloor features,
including operslope, coldseep, and canydmabitats. 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 extensiwangjtative surveys within the canyons specific to the-Mid
Atlantic PlanningArea.



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, | 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

Deepsea 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 inthe deepsea (Gorsl et al . 2010a). When rel ated
sead refers to aphotic waters greater than 200
these coral species in cold waters shallower than 200 m, we will use the tenvataiaoals, or CWCs.

Corals predominantly recruit to, and colonize, battbmfeatures. Such features include those present in
submarine canyons, authigenic carbonates, and lithoheensuNeumann et al. 1977). In submarine
canyons, dense aggregations of cobelve 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 thaid-Atlantic region, massive reef frameworks are pritgdormed by

Lophelia pertusalong with other scleractinian (stony) corals and octocorals. These species form
bioherms capped with live cordfigure 1-5) that can rise 8000 m above the surrounding seafloor

(Partyka et al. 2007).

Key habitat requirements GWCs include hard substrate, consistent and sufficient food availability and
guality, and appropriate temperature regimes (Duineveld 2082, Davies et al. 2008, Tittensor et al.
2009, Mienis et al. 2012, Georgian et al. 2015). Further studies havetfairike 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 oaral occurreces along with available data on their associated
environment, coral habitaistribution models can be optimized alaegional (Davies et al. 2008) and
local (Georgian et al. 2014) scalekwever, these models require ground truthing, as coral comesuniti
are not always present even when conditions appear conducive to their occ@enrgiaf et al. 2034
Coral absence within certain hardbottom environments may be a function of larval dispersal and
population connectivity, the haphazard nature ofuitment, 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
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Understanding how populations are structured across spatial scales and environmental gradients in the
deep sea is essential for effective laagn protetion of deepsea ecosystems from negative

anthropogenic impacts. Documenting the degree of genetic connectivity among populationssedeep
foundation species, as well as their symbionts, can provide clues into realized dispersal of larvae,
particularlywhen 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 exogéadoss (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
paticulate organic carbon from surface phytoplankton blooms (Tyler et al. 1993, Witte 1996).
Understanding reproductive strategy and timing of spawning insiegpgorals and other benthic
invertebrates can be used to refine dispersal models and infoliessitdnding 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 facultatiigabe
associates (BuiWlortensen and Mortensen 2005, Mosher and Watling 2009). Due to the cyclical growth
pattern of reeforming CWCsophelia pertusaeef frameworks can be thousands to millions of years

old, and they create a more complex and dedocalized setting with their calcium carbonate skeleton,
which increases overall biodiversity in the region (Jensen and Frederiksen 1992, Mortensen and Fossa
2006, Cordes et al. 2008, Btitlortensen et al. 2010).

The increased habitat heterogeneityated byl. pertusareefs 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 2007Bubhsen et al2010, 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 selaing (Mah 2015) and as etaying substrate and nursery habitats

for some fishes (Busby et al. 2006, Etnoyer and Warrenchuk 2007, Quattrini et al. 2009, Ross et al. 2015).



For fish species in particular, diversity is three times highdr. gertusarees compared to the
surrounding soft bottoms (UK Biodiversity Group 2000). In the study area examined here, fish
communities associated with pertusareefs are quite different from those on other habitats (Ross and
Quattrini 2007). Coral diversity in pattilar explains some of the variance in fish communities among
deepsea 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, fismabuodamunity
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 qualityoaottiversity 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 apptitatissive

acoustic data to measure biodiversity. Research id#irgin Islands has shown that diel trends in
low-frequency sound production correlate with shaltowal reef species assemblages (Kaplan et al.

2015), while reef fishes respond mommegly to the highefrequency 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 imabhl{&s have not previously

been characterized. Development of soundsdap@ed indicators for CWC habitats in this project

provides useful metrics for monitoring these remote environments, witedahing implications

including providing an integratieview 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 tioahaind 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 ihe 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, hardbottom@BWC 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 af@ata 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 andst@obioindicators. 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,reaimitat association.
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2. Examine the sensitivity to natural and anthropogenic disturbance of hakstaticturing fauna and
associated communitieg his objective was to be addressed using a combination of laboratory and field
experiments, information on agtructure 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 providd m®irics for
guantitative 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 ideltimeseries measurements of watatumn

temperature, salinity, dissolved oxygen, turbidity, and fluorometry, along with sediment biogeochemistry,
and watercolumn and por#luid methane concentrations. These were to be evaluated using direct
measuremeds, in situ samplers, and bublgime data from multibeam surveys, supporting pH and
carbonate chemistry measurements, supporting nutrients and organics determinations, physical
oceanography measurements (with ADEON and European collaborators), andpjexogyr

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 neect to environmental conditionfter

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 wasritended as 8ynthesis of Study Resultshapter 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 sustainalaifitarget 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 ouaéigldsition 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 finging. W
have synthesized the results generated by testing these specific hypotheses to achievarchingver

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 cugithe 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 isolat8VC mounds over an extensive area of the central platedawvas

previously thought to be largely devoid of coral structures. In addition, the&@00n depth seep
communities that include vestimentiferan tubeworms in the northern part of the study area were
undescribed prior to this study and appeared diffdrem the communities at the deeper seeps in the
community analysis.

Relevant Report Section®.3 Sites Visited During this Study, 4.1 Community Structure

Exploration Hypothesis 2 New species, cryptic species, and range extensions of fauna from canyon,
deepcoral, and coldseep 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 speciaghe 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 takas ydaweverDiodora tannerd
collected at 709 m depth during dive J229 at the Richardson Reef Com@esepresents the first
observation of this limpet specieslinpertusahabitats and represents a depth extension.

Relevant Report Section$.1 Community Structure, 4.2 Fish Communities, 4.3 Community
Phylogenetics

Occurrence Hypothesis 1The occurrence of coral communities is directly related to seafloor
topography, oceanographic parameters, and the availability of-salmbtrate habitats in thetudy
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 hypothesiBor thel.. pertusamounds, the elevation above the local seascape, as

indicated by théathymetricpositionindex (BPI), was the best predictor of the presence of live,
frameworkforming corals. This was followed by temperature, dissolved oxygen coatientfDO), and
12culabunt of carbon exported from the surface. For octocorals, BPI and slope were the best predictors,
followed again byemperature, DO, and export carbon. The distribution of black corals (Order

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

Relevant Report Section®. Site Summaries, 6.2 Improved Prediction of Occurrence

Occurrence Hypothesis 2The ability to predict the occurrence of coral communities will be
improved by including oceanographic data in our meaé coral distribution.

Findings The terrain variables are found to be the most important predictors of coral occurrence, but the
oceanographic variables contribute greatly tolthgertusamodel. Since these models all tend to
ovelpredictsuitable haltat, 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 tempenatitd, 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 tempure and pH is translated from the surface to depth.

Relevant Report Sections.2 Improved Prediction of Occurrence

Occurrence Hypothesis 3The 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 muks®he 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 codiugtdhere is

ample gene flow among existing populations to consider them one large population throughout the study
region. For the corals, the answer is more complic&teuertusashows one population in the Northeast
Canyons, one in Norfolk Canyoand one on the Blake Plateau. However, the higbslution

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 bBiocoazellasp.
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there was ample gene flow found throughout the region, while in the other octBemeahuriceasp., we
found four distinct species at four different sites/depths. Therefore, it is likely that speeatfsc
dispersal capability has a role to play in the realized distribution of coral species in the study area.

Relevant Report Sections.5 Popuhtion Connectivity

Occurrence Hypothesis 4Acoustic imaging of bubble plumes and seafloor geology are reliable
indicators of the presence of cedéep communities.

Findings The abundant watemlumn anomalies in the multibeam bathymetry data acquiredtprand

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 weaadisible

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

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

Relevant Report Section®.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 directhgtkttis in the laboratory experiments wlth
pertusaconducted 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
ihevatve, 0 wherein we increased temperature from 8
returned, induced an increase in respiration and excretion and a decrease in feeding rate, suggesting a
substantial metabolic stress. Although this particular canaliiation 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.1 Lophelia pertusaPhysiology, 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 onlthpertusamounds 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 controllingliveertusadistribution. So, while this
hypothesis is largely rejected for the current thistion, aragonite saturation state will be an important
controlling factor with the commonly predicted coming changes in ocean chemistry.

Relevant Report Sections.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 comteed 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 shdtleavisland and Kitty

Hawk Seeps, where the mussels were not present. At the Cape Fear and Blak&eRpigites where

mussels were present, there were very high concentrations of sulfide detected Batbyim®diolus
heckeraemussels present there have sulidkédizing 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 Section2.3 Sites Visited During This Study, 3.3 Bigeochemistry 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 deepdRi8dpkand
Cape FeaBeep 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 othetential explanatory variables that cannot be ruled out, including those
related to larval dispersal and biological interactions such as predation and competition.

Relevant Report Sectioré.1 Community Structure, 5.5 Population Connectivity

Distributi on Hypothesis 5:The distribution of corahssociated communities is controlled by the
interactions among a variety of environmental variables

Findings Coralassociated communities included demersal fishes, benthic megafauna, and coral

associated macrafaa, 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. Temperaturetlig itated 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 remainig variance irL. pertusa-associated community structure.

Relevant Report Sectioné.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 tbé 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, therabtage was highly similar to the fishes of thid-Atlantic

canyons, with the community ordination grouping these two habitat types together. There were a number
of species shared with hdaattomcommunities in the region, and lower degrees of similavitly the
coralassociated fish assemblage of 8#&US 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 aatfolk 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 Section$.1 Canmunity Structure, 4.2 Fish Communities

Community Hypothesis 2:The abundance of hardnd softsubstrate fauna and pelagic nekton are
all enhanced in canyons compared to nearby slope habitats at similar depths.

Findings The active acoustic data from tt@nyons showed dense aggregations of wailermn 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 abundanemipatelvideo segment at Phco

Canyon was 25.82 vs. 2.89 at Cape Lookout Deep, which occurs at the same depth. However, this was
largely driven by high abundancesAxfestasp. present on overhangs in the dikee environment of

Pamlico Canyon that provided an unsedimented refugehnis species and others suctDaglianthus 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-minuteof video. There were also higher densities of infauna within the canyons than there were in
nearby norcanyon sediments. However, the highest infaunal densities recorded in this study, and indeed
in any comparable study that we could find in the literatwexe from the bacterial mats of the Pea Island
and Kitty HawkSeeps, which occur in between canyons.

Relevant Report Section$.1 Community Structure, 4.2 Fish Communities

Community Hypothesis 3:Demersal fish assemblages will vary among haltyga¢s (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 functionallydiverse, abundant, and speeiieh 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 see, hardbottom and seffiediment habitats. The degree of specificity, however, did not decline
with increasing latitude, as distinct differences could be seen among habitat®ikBhe

Relevant Report Section4.2 Fish Communities

Community Hypothesis 4:Enhanced megafaunal biomass and diversity over-desfpand canyon
communities is subsidized by impingement with the-deggpering layer.

Findings Validation of this hypothesis was among the most clear and important of all of the results of
Deep SEARCHWe frequently observed the desgattering laye(DSL) interacting with the canyon and

coral habitats, in particular over Pamlico Canyon and Richardson Reef Complex. At all Deep SEARCH
sites where we condudiculatel Sticstic watercolumn sensing, we detect a DSL of enhanced

fish/shrimp abundance at mesopelagic {ZI® 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 préstyDSL 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 reafsociated 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 deepef and canyon habitats an integral component of the ecology of these
megafaunal assemblages.

Relevant Report Section4.2 Fish Communities

Community Hypothesis 5:Invertebrates associated with octocorals include specific associations
where a given symbiont is only found o dvost 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 cotabsts. For example, we collect®phiocrel Sculatgpusonly from a

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

from Plumarellasp. 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 ophiuroidsgtenoschemaas

unique toParamuriceasp. BothA. clavigerumand an unidentifiedpecies ofAsteroschemaas collected

from Paramuricea aff. biscayahereas we collected an unidentifidsteroscheman bothP. aff. biscaya

andP. biscaya

Relevant Report Section$.1 Community Structure
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Community Hypothesis 6 Soundscapes accuratelyashcterize 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
collectedon 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 diverseaGBarrier ReefGBR) site, and a lower diversity of

the soundscape at the lowdiversity deepvaterreefs. Within the Deep SEARCH study area, a

multivariate analysis of benthic megafaunal community structure at the locations of the soundscape
indices cold 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 thase 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 Sectiorn$.6 Soundscapes

Community Hypothesis 7:The communities associated with deepal habitat in the southern part
of the study area will be more similar to those of the east and west Florida slope and nG@drn
than the NE Atlantic.

Findings At the broadest level, the Blake Plateau shares the presence df.lpagisamounds vith the

west Floridaslope and the NE Atlantic. There are coral mounds in the nor@®@, 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 BlakPlateau, Florida slope, a@®DM. In particular, the octocoral assemblages

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

only possible exception to this is in the sponge assemblage, but this metytheflecreased level of

effort in the identification of sponges in the NE Atlantic as opposed tG @id.

Relevant Report Section$é.1 Community Structure, 4.2 Fish Communities, 4.3 Community
Phylogenetics

Community Hypothesis 8 The communities assiated with the coldeeps in the study area will be
more similar to th&sOM 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 getw

shallow, intecanyonseeps and the deeper, mussahinated seeps. The shallow seeps were not similar

to any other communities that have been sampled in the larger Equatorial Atlantic Belt region (extending
from theGOM to West Africa and inclusi of the Blake Plateau and Caribbean seeps). The Blake Ridge
and Cape Fedeep 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 rezggon, m

dramatically in the absence of any vestimentiferan tubeworms.

Relevant Report Sectioné.1 Community Structure, 4.2 Fish Communities, 4.3 Community
Phylogenetics.

Community Hypothesis 9:Among all habitats sampled, phylogenetic and functional contynun
similarity will be explained by: 1. Habitat type, 2. Depth, and 3. Distance.

16



Findings Functional and phylogenetic diversity were both mostly explained by habitat type and depth.
Functional diversity of fishes was distinctly different among habitdth, aeld 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 divergy 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 recruitmental&dn 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 Section$.3 Community Phylogenetics

Connectivity Hypothesis 1:Trophic structure within seep communities will be fueled by
chemosynthetic productivity while L. pertesssociated food webs will be supported by
photosynthetic productnd 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 mater. At both seep and coral sites, the particulate organic matter (POM) range@ flom8 & t o

20. 0% and-0. 1a t o !N, @ithhé&majority of POM clearly within the range of

photosynthetic productivity. An interesting exception were the R@Mes at the surface within the Gulf

Stream over Richardson Reef Complex, which ranged ffos. 0 &2 Ot. B ang-0. 1a to 3. 1a
U°N. The base of the food web at the seep sites, however, was represented by the primary producer
symbiotic fauna obathymno di ol i n mu $¥G rarlge;576mB33clBe ai where they w
at the Blake Ridge, and there the bottom water POM was slightly depléfed@i@ 7. 9a) compar ed
the surface@ 2 . 7a) .

Relevant Report Section.4 Trophic Ecology

Connecivity 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. ¥ hauessof was a
the benthic fauna at all trophic levels, with deeper fauna having more déptatios. The shallow

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

tubeworm Escarpiasp., 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 partialip éxplaigh

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 skejyved carbon at shallow seeps, high

infaunal community densities hintedsatme key reliance on seep production fueling the sediment
communities.

Relevant Report Section3.3 Biogeochemistry and Microbial Ecology, 4.1 Community Structure, 4.4
Trophic Ecology

Connectivity Hypothesis 3 Trophic connectivity between seep habitatd the other communities
in the region will be realized through grazing on fleeng bacteria and transport by mobile
predators.

17



Findings We generated ample anecdotal but little empirical evidence to support this hypothesis. At the
shallow seeps, themwere 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 methaxderived carbon, with some ofeémost'*C enriched values

measured from the seastars and other predators at the Pea Island and Kit8eejasvikn contrast, most

of the mobile fauna at the deeper Blake Ridge site, including the brit{@&sitéoctenella acieand sea
cucumberChiridota hehevas 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 szase evidence for isotopically light carbon traveling

through the food web at the deep Blake RiBgep site and through the sponges at the Pea Island site,
most of the other fauna collected at the shallower seeps primarily reflected background, phestosynth
productivity and detritivory.

Relevant Report Section®.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 benthigelagic coupling.

Findings Connectivity between the benthos and the pelagic fauna was most directly evidenced by direct
observation during theumanoperated vehicle (HOV) ROV surveys and the active acoustic profiles
obtained over the coral and canydes The video of the fishes and squid utilizing the ag&eyonseep
habitats and the acoustic evidence for the impingement @$hen the benthic structures of the

canyons and coral mounds were among the highlights. In addition, the presenceilef perghic fishes

in the midvatertrawls 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 commuttigis 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 souraeserdhe 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 faweb, indicating little transfer of seeerived 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 Section®.3 Sites Visited During This Study, 4.2 Fish Comunities, 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 populatiohs pértusabecause there

were not enough populations of mussel species in different depth ranges Bhahtheellasp.

populations showed complete admixture. The populations withinl#ie Blateau 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 popultions, 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 Population Connectivity
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Connectivity Hypothesis 6 Populations will shova break in genetic connectivity north and south of
Cape Hatteras, NC.

Findings ThelL. pertusapopulations showed elevated connectivity among the sites of the Blake Plateau,
but lower connectivity with the populations north of Cape Hatteras in Norfolkdbasryd Pea Island,

despite the relatively small distance between these sites. This could not be tested in the other species for
which we have populatielevel genetic data, but it should be noted that this hypothesis holds true at the
community level for avariety of taxa, as discussed earlier.

Relevant Report Sections.5 Population Connectivity

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

Findings Connectivity ofGigantidas childressdiollows the predominant current directions in the region.
We postulated genetic exchange to flow from the shallower, more northerly Baltimore Gagpn

the deeper, more southerly Norfolk Cany&aep. This pattern matches the predwni 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. Howlvenarellasp.in the SEUS region
exhibited panmixia, and alitss in which we collecteBlumarellasp. were bathed by the Gulf Stream.

Relevant Report Sectiors.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 cgrawth analyses so this hypothesis could not be
tested directly.

Relevant Report Sections.3 Age and Growth Studies

Biology Hypothesis 2Timing of seasonal reproduction in bentiiegertebrates 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 includiki part of the study.

However, for those with periodic reproduction, includidgsmophyllum dianthus, Lophelia pertuaad
Solenosmilia variabili@nd possibly ifPlumarellasp. andPseudodrifa nigrathe onset of gametogenesis
appears to be in thgpring near our April sampling date, with spawning in fthkk after our August

sampling date.

Relevant Report Sections.4 Reproductive Biology

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

Findings We collected samplesdm mussel beds at Blake Rid8eep 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

19



large individuals with a clear recruitmgmilse at smaller size classes (below 10 cm). This may indicate
occasional, sporadic recruitment events with relatively low adult survivorship at large sizes.

Relevant Report Sectioné.1 Community Structure

Biology Hypothesis 5:Fauna from highly variale environments show increased resilience to
environmental disturbance.

Findings The Richardson site exhibited extreme variability in oceanographic conditions with temperature
changing 68°C over a 24our period. Our experimental results showed thak tipertusacolonies

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 Section3.1 Oceanography, 5.1ophelia pertusgphysiology

Microbial Hypothesis 1: Microbial abundance and activity (sulfate reducti@R)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 flBRwas also elevad in Pea Island sediments.

Relevant Report Section3.3 Biogeochemistry and Microbial Ecology

Microbial Hypothesis 2. SedimenSRrates will be explained by a combination of depth, sediment
organic carbon content, and magnitude of gas or fluid seepage

Findings SRrate was highest where there was a clear sutf&thane transition zof8MTZ), as we
observed in the sediments beneath bacterial mats at Blake Ridge, Cape Fear, and Pea Island.

Relevant Report Section3.3 Biogeochemistry and Microbial Eology

Microbial Hypothesis 3: The composition of sulfateducing bacteria (SRBs) and methane
oxidizing microorganisms (MOMSs) will change with depth and will be distinct from the microbial
communities found at other gassy cold seeps such as GQM

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 depthaatilon 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 Section3.3 Biogeochemistry and Microbial Ecology

Microbial Hypothesis 4: Distinct microbial communities exist at seep, coral, andsedment
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 relativetydtigineoxidation

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 i&am, and further investigation may be warranted.
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Relevant Report Section3.3 Biogeochemistry and Microbial Ecology

Microbial Hypothesis 5: The functional potential of microbial communities, as evidenced from
metatranscriptomic data, will vary betweeoral, mussel symbionts, bottom water, and-seftiment
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 preserviddnucleic acidRNA) samples resulted in a
lack of data to fully address this hypothesis.

RelevantReport Sections3.3 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 Chawtinea Quattrini, Cheryl
Morrison, Sandra Brooke

The study region straddles the BOEM South Atlantic and Midntic Planning Areas. The area of
interest to BOEM lies between Norfolk Canyon (~3W)sand the Georgi&lorida border (~3W), from
50 miles ofshore out to the edge of the @%clusive economic zon&Vithin that study area are three
general habitat types: seeps, canyons, andsleporals. In some places these habitatsccar and
overlap. Below is a brief description of the sites that wkgaldor 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 siten the upper continental slope near Baltimore Canyon (Hecker et al. 1983). Since those
days, seep habitats within Balti m®ree o0Garmyawre @drednn
discovered, and many more are suspected. Between the Negfpkand thd8lake RidgeDiapir, there

are over 100 known gas venting sites, from 50 m to 2,650 m water depth, discovered during USGS and
NOAA Ship Okeanos Explorecruises over the last few years (Morrison 2019). The Cape Fear Seep is

one of those. Some of these elgon 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 discoved 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 pthdend comprisetwo

separate ridges, each about 1 km in length. Both ridges are almost completely covered in dense
populations obathymodiolin chemosynthetic mussels, with endemic seep associates such as the seep
cucumber Chiridota hehevaand alvinoced 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 existegterof |

active seepage.

The Cape Fear Seep is the location of a persistent bubble plume observed in the multibeam surveys of the
Okeanos Explorerand three areas inhabited by clams and bacterial mats were deteStatryy

photographs (Brothers et 2013). Unlike other seeps in the region, methseep mussels had not been
observed prior to this study.

The Blake Ridge Seep is the b&abwn seep site off of theast CoastThe Blake Ridg®iapir was the

subject of extensive geological surveys as pfitie 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 (MareDov

al. 2003), and included seep mussBlatlymodiolus heckerpand vesicomyid clamg/gsicomya

venustusat depths of 2,155 m. More recenitonomous underwater vehi¢®UV ) surveys expanded the

known extent of chemosynthetic communities at BlakegRiw 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 naa\ypfocused

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 Canyammplex 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 log shelfincised 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 biawitécsuch 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, inahgothe structurdorming scleractinianDesmophyllum pertusum
Commercial fishery species such as red crab, hake and monkfish have been observed on the sediment of
the caryon slopes. Norfolk Canyon is part of the Deggm CoraProtected Areamplemented in 2015

through the MidAtlantic 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 shigi€ised canyons creates strong currents that remove
sediment and allow development of haubstrate bahic 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 we@kbgribe
Explore (National Centers for Environmental InformatioGEI] Survey ID EX1106) and thResearch
Vessel RV) Henson(NCEI Survey ID: HEN043), which together covered the canyon head to the
abyssal plain and have revealed the rugged habitat along the heateofO&elyon and adjacent shelf
slope break. Prior visual surveys with AlBéntryrevealed some octocorals and anemones, but low
abundance/occurrence overall. Multibeam surveys by NQIS&S in 2011 revealed more than 50 areas
of diffuse gas venting near Kel 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
sedment fauna, primarily sea pens, large holothurians, asteroidsywguitis and cerianthid anemones.

They recorded differences in species composition between canyon and slope, which were attributed to
higher sedimentation levels in the canyon that excludany common slope invertebrates. None of the
historical records noted any scleractinians or gorgonian octocorals, but more recent exploration of
Hatteras Canyon (NOAMER) using the AU\Sentryobserved octocorals on one of the steep canyon
walls. Multibeam surveys by NOAAJSGS 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 20ffrilies o

North CarolinaOuterBanks. 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 mappedaas first explored visually on an AUSentrycruise 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 beste the

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 plaif called the Blake PlatedéDillon and Popenoe 1988)

This feature is 228,000 Khas an average depth of 850 m, and is one of the most rugged areas of the
southeasterb)S seabed. Hundreds of haaattomfeatures, ranging from lowelief ledges to massiv

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

and ledges, and large numbers of mounds, many of which are bioherms formed.ljyettiesaand
Enallopsammia profundat depths from 600 to 800 m.dét 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 ConcéHAPC), 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 $320m) water, and the series of
topographic features thatake uphis site are the most northerly knownpertusabioherms on th&S

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: NB7-02-MPA and NF08-01-MPA, andadditional surveys by theV

Pelagiain 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, Quattiiet 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 curremsu@ity data show
extensive colonies ddesmophyllum pertusuooncentrated on the tops and cursaing aspects of the
mounds, but with highly variable percentages/&n) of live coral. Other species of coral commonly

found south, were notably lackiiBartyka et al 2007), but coraksociated 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 singlgd40.7 kmd) coral bioherm, in similar depths (3&D0 m) to the

Cape Lookout mounds. The mound is very steep, extremely rugged and rises 100 m above the seafloor.
The mound comprisdiving and dead coral and is surrounded by areas of dead coral ruttddized

high abundances of orange cup corals and anemones have been observed on the dead coral matrix, but
large octocorals and other structdoeming scleractinians were absent. Multibeam bathymetry (NCEI
Survey ID: NFO7-02-MPA) was available for thisite 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 bé&ttern sites in the proposed syueegion, 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 5850 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 totab@anered an area of 6,000 km

Although this expanse of coral habitat was discovered several decades ago, it remained relatively
unexplored prior to our study. I n addition to the
this area alsoantains 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 struefarening stony corals@iesmophyllum pertusum
andEnallopsammia profundaseveral species of cup coraBathypsammiap,Caryophylliasp.),
Antipathariansl{eiopathesp.,Bathypathesp.) and Octocoral${umarella pourtalesiiAcanellasp.,

Keratoisis flexbilis, 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 bathynge#aigo available for portions of this region

(NCEI Survey ID: PAT0503, EX1403, and the most recgkeano€xplorercruise EX1805). There

were sufficient existing data to generate predictive habitat models for the area; and these predictions were
first surveyed during a 2018tlantigAlvin cruise.

Savannah Banks (47600 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 extensivebloti@mhabitats 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 comprisglayers of hard limeston®ck 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 ralsrusumMadrep®@5culateata),

dense sponge communitiézh@kelliaspp.,Geodiasp., Pachastrellidae and Hexactinellidae), octocorals
(Isididae, Primnoidae), black coralsrtipathesspp.) and hydrocorals, were abundant on the limestone,

but not the less stable mudstone. Weeobsd 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 adesteciiony
coralsD. pertusumandEnallopsammia profundés individual colonies rather than the large contiguous
thickets observed in other locations) as weR%Bsulateata. Octocorals Keratoisissp.,Paramuriceasp.,
Swiftiasp.,Eunicella modesia Antipathariansl({eiopathesp.) and hydrocoral$S{ylastersp.) were also
observed (Partyka et al. 2007, Reed et al 2006). The precious coralOgeallisim was also reported

from this site (Partyka et al. 2007). This area was notable for the large numbers of wré&akfiphHdn
americanu}y observed on the higtelief rocky bottom during 2001 surveys (Sedberry 2001), although
these were not observed by Re¢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, thissuafdower
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 re©&mianos Explorecruise (EX1805 and 1806).

There was aelatively high density of corals at this site, including the framevimmking 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 highripyidor our study. In recent years, the

Okeanos ExplorefEX1203, 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 regaled the presence of large numbers of mounds extending nearly 200 miles through this
area. Previous observations, mostly from the JohnsoihiBkeaalong with a few dives on EX1806

verified that these mounds (at least those that have been obsen@w@raounds. 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: Amandadmopoulos, Erik E. Cordes

The Deep SEARCH project involved exploration and research of theANadtic Planning Areaseep,
canyon, and coral habitats. The program was originally scheduled to have three primary research
expeditions. However, because of rarous issues with weather, personnel emergencies onboard the
ships, and technical difficulties, we planned six cryiaed five dedicated cruises were actually
conducted. Deep SEARCH personnel also assisted with the planning and execution of thregisaesre cr
on the NOAAShip Okeanos Exploreryvhich 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 accomulidneaddition 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
studyarea over the course of the project, including three concurrent cruisedail 4ie2019. The five

Deep SEARCH dedicated cruises were as follows:

1) The first dedicated Deep SEARCH cruise was aboard the NOAARS$ipsand using the AUV
Sentryin Septembe2017. This cruise was heavily impacted by weather but acquired some
multibeam data and accomplished th&smtrydives in the study area.

2) The second dedicated cruise was originally scheduled for the NOAAIahipy Fosterbut it was
cancelled due to thneed 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 ovethe-side sampling plus lander deployments. We compligtednultibeam
mapping portion of the project on the NO/RAip Okeanos Explorecruise in MayJune 2018
through a collaborative effort with NOA®ER. The second dedicated cruise of the project was
aboard the R\Atlantisand used thBeep Submergence VehidleSV) Alvinin August 2018. It was
primarily supported through this project, but time at sea was augmented with support from the NOAA
DeepSea Coral Research and Technology Program.

3) The third dedicated cruise was aboard theBRdboks McCaliin October 2@8 and focused on lander
deployments and ovehe-side sampling.

ANThe fourth dedicated cRoruBrosveandwsedth®DW ason IiThaNOAAG s R\
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 miatertrawling and lander expedition aboard t@ncy Fostein
October 2019.

These five cruises are designatedabple2-1 with an asterix within the context of the timeline of all
Deep SEARCH related expeditions. Full fieports on each of the expeditions are included in the
Appendices.
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Table 2-1. Expeditions associated with the Deep SEARCH project

Year Date(s) Expedition and Vessel Notes
2017 9/109/29 *Pisceswith Sentry Impacted by three different hurricanes
2018 3/264/25 (Nancy Foster) Cancelled after emergency repairs were necessary just before t

2018 5/307/1 Okeanos Explorevith D2 Collaborati@rmapping of Blake Plateau andoRé&tions led by Chi

Morrison
2018 6/66/25 Endeavor Collaborati6GrADEON cruise
2018 8/199/2 *Atlantiswith Alvin -
2018 9/2710/8 *Brooks McCall Lander deployments, tveside sampling
2018 10/110/24  Okeanos Explorer Collaborati@rmapping of Blake Plateau
2018 10/3111/16 Endeavor Collaborati6GrADEON cruise

2019 4/94/30 *Ron Browmvith Jason -

2019 10/311/21 Okeanos ExplorvithD2  CollaboratiGrmapping leg plus ROV operatidad by Alexis Weinn
2019 10/2210/30 *Nancy Foster Lander recovery, etrerside sampling

2019 10/2211/6  Armstrong collaborati@rADEON cruise

Three of these five projeciedicated cruises included the deployment and operation of a submersible. The
first cruise deployed the AUSentry the second cruise deployed the DSVin, and thefourth cruise

deployed the ROMason The three different subensibles gave us survey and acquisition opportunities

t hat were distinct to the different capabilities
submersible operations for each of these three cruises is shéguie 2-1.

Following this map is aruise summary for each of the five dedicated research expeditions of the Deep
SEARCH project.
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2.2.1 First Expedition, NOAA Ship Pisces with AUV Sentry

We used the NOAA Shipiscesto 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 sps, corals, and canyons at selected survey sites. During this expedition, the
Piscesmapped 44.7 km of seafloor. Using the Al3¥ntry we mapped an additional 8 kof 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 complet&émteglives. Two of

these dives surveyedeasiously 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
groundtruthing, imaged several seep habitats, and collected corresgaubibottom and backscatter

data to provide context for these seep environments. In addition to bathymetry data, the Skigtrgnd

collected watercolumn acoustic data. Additional data collectedBeytryincluded sidescan,
conductivitytemperaturalepgh (CTD), DO, redox, turbidity, and photographic. We collected water
column and sedi ment samples using the shipbds CTD
the environment in and around the surveyed sites.

2.2.2 Second Expedition, RV Atlantis with DSV Alvin

We conducted our second expedition onboardd¥i&ntisusing the DSVAlvin (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 HE. We employedAlvin to explore new sites, make a
variety of deployments and collections, and conduct a variety of studies s¢ep siteghreecanyons,
andfour deepsea coral sitefiFigure 2-2). This effort included 1Alvin 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; maladlections 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 né@attom physical oceanographic dataploy live

corals for growth experiments, and collect push cores for community and associated geochemical
analyses. In addition to launching and recoveAhgn, we conducted several CTD casts with

monocorers, as well as one multicorer deploymeigiufe 2-3). We also acquired multibeam bathymetric
data to augment previously acquired data fronTdkeanos Explorer
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2.2.3 Third Expedition, RV Brooks McCall

This expedition using RBrooks McCallwas 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, depldag landers (one short and one long term), conduct
CTD casts, and collect sediment samples using a monocorer, piston corer, and megaceseteztie

and permitted locations. We accomplished the following tasks: three piston cores acquired, sist€TD ca
(without monocore) acquired, and two letggm 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 micdruise personnel transfer took place on 16 April. This cruise employed
the ROVJasonto explore new sites, make a variety of deployments and collections, and conduct a
variety of studies at four seep sites, one canyon site, and fousdaapral sites. Wesal deployed

(April 11), recovered (13 April), and deployed(15 April) a benthic lander at Richardson Reef Complex.
The lander had a varietf instruments, including passive acoustic hydrophéeepstic Doppler

Current Profilef ADCP), baited camera, geral sensors (CT, fluorescence, turbidity, DO), and sediment
trap.

This cruise included 11 ROV dives and a roidise personnel transfer. We ugedgon llito explore 10

new sites for the occurrence of degpercoral reefs; make collections of corals aeegp 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 spatiallgxplicit physical neabottom oceanographic data; collect cagedwth

experiments deployed viavin in 2018; and collect push cores for ecological and geochemical analyses.

In addition to launching and recoveridgson || several CTD casts with monoesy as well asne

multicore deploymentvere conducted.

2.2.5 Fifth Expedition, NOAA Ship Nancy Foster

The fifth Deep SEARCH expedition occurred on the NOAA $témcy Fostefrom 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, severahtartrawls were targeted

and accomplished within@&DSL. We conducted CTD casts to collect full wateiumn 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 an8iyse visited are

shown inFigure 2-4.
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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 AU\VSentry(dive 454) and ROVason (live J21134), were conducted at Kitty Hawk
at water depths ranging from 213 to 467 m.

Sentry454 Dive Sentrydive 454 initially conducted multibeam soundings from 60 m above the seafloor

over target seep locations based on acoustic anomalies detested gy 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 occurng infrequently throughout the AUSentrydive track. Shallow depressions and small

Afhol esdo were visible in the sediment in all sur ve
sidescanand subbottom profiler datasets. The sbbttom profier records from the photo surveys

contained scattered wateolumn anomalies that generally correlated well with previously identified

seeps; however, anomalies unrelated to previous seep locations were also present.
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Downtlooking imagery collected by AU%entryrevealed 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 spexges, such
scorpaenids, flatfishes, hakes, and macrourids. Other crustaceans ii@mbedandChaceorspp., cf.
Bathynectesp, cf. Eumunidasp, shrimp, and some type of lithodid crab. Quill worms (Onuphidae: cf.
Hyalinoecig were found in high abundancestbe sediment surface. We observed human debris,
including rope, fishing line, an unidentifiable metal frame, an anshaped object, and other plastic
material. We observed unusual track marks in several images throughout the dive.

JasonJ2-1134 Dive As during theSentrydive, active bubbling, microbial mats, soft sediments, and
authigenic carbonate were observed throughout #1632 dive. Siboglinid tubeworms were also

observed and sampled in areas associated with the authigenic carbonate, iadaidjagarbonate

formation. The dive also encountered abundant quill worms and a scorpaenid fish on the seafloor
(466.8m). Other fish observed included a snipe eel, a paralepidid (cf. barracudina), eelpouts, and black
bellied rosefish. Other animals inded 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 collectedduglity imagery and push caéNe

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 seiag 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 indicatingptafile bed forms.

2.3.1.2 Pealsland (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 yentryindicated 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 carbortagelders 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 thmabrid

that we saw in the sideansonar data. We observed evidence of seeps on all data sources, including the
sidescan sonar, sdiottomprofiler and bathymetric wateolumn records, and in the photos. During the

photo transects, theib-bottom profiler was able to penetrate several 10s of meters into tseafibor

and i maged horizont al and tilted sediment | ayers
(areas of intense, chaotic acoustic return) in the shallosusiaee 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 KittySdeps(Dive 454).

Anemones were found attached to some of the rocks. Notable animals obsdndstiiacscalloped
hammerhead sharlsphyrna lewir)i a catshark, large lobsters, squid, and several fish species
(scorpaenids, flatfishes, hakes, macrourids). Most of the fishes were associated with carbonate rocks.
Other crustaceans includ@€ancersp. am Chaceorspp. and shrimp. Quill worms (Onuphidae: cf.
Hyalinoecig 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 theSentryAUV had confirmed the presence of seeps at Pea Island|\imedive
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 whthdtegal 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, an@haceorsp. crabs scattered throughout. We acquired a series of push cores in mats
and in a control area tharacterize the benthic infaunal communities and associated biogeochemical
environment.

Jason1133 Dive The overall dive plan was to investigate seep targets in the southern cluster (Pea Island
C) where we had higtesolutionSentryimagery of seep caomate, mats, and dense groups of fishes, but
had not visited during th&lvin-4961 dive. Duringlasondescent, 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 grface. 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 werectedleThis was the first tubeworm that we

had observed in the US Atlantic seeps to date. Much like duringthre4961 dive, high densities of

squid were present, along with lefiged hake, and anemones. We collected a few more rock samples
throughout he dive. There was a moderate current coming from the north that occasicnalyereded
sediment and reduced visibility. We commonly observed patchy, moderately sized bacterial mats, along
with large discrete authigenic carbonate mounds. These werdydenlemized byActinoschyphiasp.,
zoanthids and anemones. On one occasion we observed a colompenfisa(at 11.83C and 280 m) and

we collected a sample. SeveEalmunida pictavere associated with the coral colony. We saw no other
seependemic megafuna, but otherwise this site appeared to be highly productive, as evidenced by the
large number of fishes (jacks, blackbelly rosefisfmonemap, cuskeel fish, and eels) and crabs.
Collections of 16 push cores (in active seep site with bubbles asdeyf) andour water samplesohe

in bubbles anthreenext to bacterial mats) were accomplished in addition to the collection of a coral
sample.

2.3.1.3 Cape Fear (Jason)

Jason1137 Dive We observed moderate to heavy marine snow, and the seafloor was confiioeed o
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 colonfeglodimiastusp,

so we collected one early in thevei 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 iGtindedjogia sp,
gastropodsUmbellulasp, ophiuroids, and holothurian trails, plus patches of dead sargassum. Other

corals included cfParagorgiasp. Toward the end of the dive along the upper slope at 2,570 m, we
observed someurrow/rock mudormations. and collected some rocks for characterization. The rock

faces were composed of oddly shaped tubular concretions, cemented irFjgace Z-5).

35



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 sedimeet 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 exposedmdotenophyophores present on the

sedi ment . Toward the end of the dive, we coll ecte
Niskin bottle water samples, along with so@lerysogorgiasp. colonies on a rocky feature. None of the

areas surveyeldad dense coral cover, nor were they very seepy.

2.3.1.4 Blake Ridge (Alvin and Jason)

Alvin-4967 Dive:There isa rather large depression, crdike feature at the center of this site and was

the target for this divelhere was abundant authigenic carbonaterrzal 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 aflimusselsBathymodiolus heckergeboth large and small size
classesThere were n@igantidaschildressiobserved or collected. There were also numeiaeisid

clams and heart urchins burrowing through the reduced sediments. Mussels were observed in small and
large clustes, as well as concentratedamg lines, apparentlarranged over linear faults overlying the

diapir. Some of the mussels haalcterial mats on the shells, which may indicate the presence of sulfide in
the water column at thiscation. We also observed many large empty mussel shells. We obtained a
mussebpot and a set of cores here.

Jason1136 Dive The overall dive platargeted an area of Blake Seep thatlmeeh dived on before,

where we could target community collections of musselgasdibly clams, collect sediment cores

within mats and adjacert tnussel beds, slulyacterial mats, sample carbonates and water, and image
hydrate. Within the first howf the dive, we came upon a familiar scene of bucket lid markers (#3) and
Bob Ca Laouisignd State(Universityreviously deployethucket of rabit food and oyster shells
(tubeworm settlement substrate). His name was still clearly visible @utsiele of the bucket. In

addition, we saw somteeavily corrodedilvin drop weightsCarneyp s exper i ment was pl an
middle of an extensive musdsd B. heckeragcontainingmussels of various lengths (Ruppel 2003).
Mussel potollections targeted three different mussel patch sizes: small, meatidrigrge. These
quantitative collections included communitfesind within different sized patches)dassociated
holothurians (cfChirodota). Thesescoops of mussels proved to be very tricky, due to the varying mussel
sizes, but we successfully collected from sewvdifédrent patches. We saw a multitude of dead clam
shells, and while no lard&e clams wereseen on the seaflo@everal small lucinid clams wepeesent
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within the mussel collections. We also collected push cores iemvabnments, along with some
urchins.Fishes we observed include®athysaurusp. andan Antimorasp. with a parasite attached.
During the dive, we also explored and imaged a large hydrate meitha@avelike features where two
Gaidropsarussp. fishwere hanging out. Many of the rocks we saw were either too big or not
pliable/breakablehut we wereable to collect one rock. We found a black coral attathedmussel shell
and we collected it (2,165 m). &\tollected water samplebave a dense mussel bed and adjatzetite
large hydrate mound. Several of the mussels weaed in white, fluffy mat@al, not exactly like
filamentous mat, but similar to what has bebserved at the mussel beds to the north (Norfolk seeps).
During the last part ahe 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 Alvinlanded 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 smditveulders 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 ofAcanellasp. 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 usiRigces We acquiredCTD data and collected core samples.
Thesevaterands e di ment samples were collected using the ¢
better understand the environment in and around the features that we explored. These deployments

enabled grounttuthing of the seeps detected at the head of Keller @amylwere 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 13d 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.here were a few boulders here. We acquired a set of push cores in the local soft
sedimentAlvint hen transited toward the Adog tail o of the
and steep walls while climbing up into the tail. We observed axtenesft 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, ir2esiiraphyllunsp.
andSolenosmilissp. along withAcanthogorgiasp. andParamuriceasp, andAcestasp.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. Currentsédappreciably at the top

of thewall butwere 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 |®ay@gorgiasp., and we took a subsample.

Jason1132 Dive The lottom type at the base of the canyon (at 1,800 m) was heavily sedimented with a
steep slope. We observed variduzstasp. shells. We collected sediment cores at several locations
throughout the dives, on sedimented ledges. We collected rock samphssaattibgorgiasp. at

1,700m. 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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Solenosmilissp, Desmophyllunsp.,and some colonies éfcanthogorgissp. 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 msnvevait
dominated bySolenosmilia variabilisDesmophyllum dianthiendAcanthogorgissp. We also commonly
observed the fileshefcestasp. among the corals. We moved upslope to explore a different depth range
(1,300 1,350 m) but, despite abundant exposed hard substrate at these depths, the habitat was almost
devoid of megafauna. The bathymetry contours tended to spread further aparhased WNW up

canyon, so we decided to move back dshepeto 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 Wa$ distinct changes in the seafloor geological morphology.

2.3.2.4 Wilmington (Alvin)

Alvin-4960 Dive:Unfortunately, whemlvin reached the bottom around 700 m, it encountered 3.5 kt
currents and nearero visibility. The pilot fought this for a while, but weserved a hazardous fishing
line and had little control of the vehicle in these harsh conditi®ing 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 thevehicle, 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 sedimentnd occasional patches of coral rubble (prima&ityenosmilissp.). 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, andlthemeaded 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 primaradreporasp. The submersible started up the wall, in low coral
abundance at firshut increasing towards the top. We collected from coloni®ééaafreporasp.,
Enallopsamiasp., andSolenosmilissp.along with a variety of octocorals and a large dead bamboo coral
skeleton.

Jason1131 Dive On this second dive at Blake Deep, we obseses@ral 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. &lslope 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 0i3-m thick rock overhang witbesmophyllunsp.,Anthomaaissp., 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 fAnoseo
not change much, there were biggerldets, 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
Solenosmilissp.,Hemicoralliumsp.,Iridogorgia sp., black coral, yellow plexaurids wistroschema

sp., dead bamboo coral skeletbtetallogorgiasp.,Desmophyllunsp.,Chrysogorgiasp, Lethothelasp,
Swiftiasp, and push cores. The corals encountered in the latter part of the dive were similar to those
found at the start, including yellow plgurids, stony coralsSplenosmilissp.), and an unknown bamboo

coral. We collected highesolution imagery of a rock with large vase sponges, banSadenosmilissp.,
Chrysogorgiasp., andDesmophyllunsp. 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 &hrysogorgiasp. before coming off bottom.
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2.3.3.2 Richardson Hills/Complex/West/Ridge (Jason)

Jason1128 Dive On the descent of this ROV dive, we crossed a clear thermocline at approximately
750m, far deeper than normal, but similar to the watdumn profile over the othdr. pertusamounds

at the northern reef track at Riclaon Hills. The ROV landed immediately on coral rubble habitat with
abundant live.. pertusacolonies. We determined that frequent white balancing of the camera improves
the color temperature of the image, particularly when the ROV transitioned frorg eittihe seafloor to
transiting, or vice versa.

We then began a series of octocoral collections. There were abihaisuairellasp.and neptheids

throughout, and occasional patches of a white plexaurid. The first swale was mostly thishigipieadf

with live L. pertusac ol oni es i n t he Madegorasp. andtadegbolenosmiligph s o me
mixed in. The second swale near WPT 2 was mostly coral rubble with very little live coral consisting of
smaller colonies dof. pertusaand occasinally Enallopsamiasp. 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 witson there was mostly rubble with large numbers of

small, white plexaurid cohies. 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, theoral 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. pertusaon the highs. The structure below the livgpertusaappeared tbe a dense matrix of dead

L. pertusaand fine and sandy sediments. We collected MP2, soft ¢duaharellasp., and_. pertusa

into a quiver and biobox during the watch. Fish observations included rattedarfiasp.),

synaphobranchid eels, and a gosefLophiodessp.). 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 #8®snpstrate 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 profundeolonies. Most wre the yellow morph, but a few were white. We collected

some of each. An invertebrate that was conspicuous was the dagkistussp. urchin.

We continued upslope towards WPT 6. At approximately 750 m, the temperature began to climb sharply
from 4.4 t106.5°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 oct¢ddamrapora oculataWe collected

M. oculataandL. pertusa plusPlumarellasp. 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 llvgpertusacolonies. Some of these were approaching the
thicket stage, with rings or setircles 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 ovevewdride li
continued to grow at the edges.

Jason1129 Dive We launched the vehicle about 1.5 nautical miles SW (upstream) of the seafloor target.
The Jasonteam wanted to test their lewsind on the way down so we decided to allow for the drift of
the shipin the Xkt 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 watehe 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 largehBjh marker that we had deployed earlier

with the coal 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 2046daistime 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
starboad 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 latg@déteisa
colonies on a fairly stp slope. We set down at a new location and collected a seRaswdrellasp.,
Anthothelasp., 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 collectiorthéngoiivers. We then moved
again to take another coral pot in a nearby location, and sonie |pegtusainto the port biobox.

The ROV lifted and traversed to WPT 2 on the north side of the mound, away frédvithdive tracks
in the area. We collectddadreporasp.,Plumarellasp., an unknown white plexaurid, and a cup coral.
We also collected an unknown yellow plexaurid &mthomastusp. The area was composed of many
standing deadl. pertusacapped with dense dnches of live.. 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
Nezumissp.,Laemonema sp., and synaphobranchids.

At 0223 hrs we headed toward the McLane pumgtdd the multibeam patch test at a known target. The
seafloor was visible during the multibeam ops, with dé&t@# visible in the water column. There was a
time code issue with the 4K camera, wherein we had collected some of the initial video wittri@einco
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 begaith &.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, sogee tteplan
and headed to the seafloor and collect samples.

We deployed marker 1 at 31 59.051 N, 77 24.675 W (WGS84) and then coltaaiesporasp.,L.

pertusa and thred’lumarellasp. colonies into the biobox. We took highlight video in this area thfte
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 deplayadker 2 at this location. We then transited over to the

pump deployment site, over some very large, tippest, livelL. pertusacolonies, and set up to retrieve

the pump. By 0715 hrs, the pump was on board and secure. We attempted to fire all ddithizoitiss,

but only the two smaller bottles actually triggered. At 0730 hrs, we left bottom for retrieval.

Alvin-4962 Dive This dive was ovek. pertusarubble the entire length of the 1k dive track. The

currents were very strong, approximately 8 &t 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 pliefinedbut arbitrary waypoints. The substrate was mainly dead euiddr 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 highec®f live coral. We made a seriesLofpertusacollections,

40



along with a largéladreporasp. colony, and some smallenallopsamiasp. colonies. These came with
a variety of octocorals and associates including brittle stars and crinoids. Early iwethe ldirge
swordfish swam around the sub and through_theertusareef.

Alvin-4963 Dive This dive was on coral rubble and live coral the entire time, just as the previous dive.
This dive startedieeper (over 800 m) in the trough to the west of thediremral mounds. We expected

to find some cor@ble mud here, but the seafloor was still entirely composed of coral rubble. The
submersible climbed from here tgthe top of the closest mound in the line of connected mounds. We
encountered more live cdras the sub ascendethere 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, includingsigfiting of
Paragorgiasp.in the area. We located a suitable place for the @pmiith tests and deployed the gear
along with a 23 m high marker. We made a series. opertusacollections into the sterilizegquivers for
microbial work.

2.3.3.3 Richardson West (Jason)

Jason1128 Dive The rocky seafloor appeared black (727 m), with large amounts of coral rubble and

small patches dfve Enallopsammiasp.,Plumarellasp., white plexaurids, other octocorals, and sponges.
The crusty rock features th@aense corals growing with on the edges of ledges (several different species
observed, including.. pertusaandEnallopsammiap.). Several collections occurred within the first 4

hours of the dive, including plexaurids, primnoiisallopsammiap.,Plumarella sp., cf.Leiopathesp.,

and crinoids. We attempted push cores, but the sediment was only a fine veneer over hard pavement. We
saw several largeeiopathesp. during the dive.

At 660 m near WPT3, we stopped to image the ledges and collect @aionathin a mixture of live and

deadL. pertusaWe 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 obsenailgrdive in order to explore more

of theseafloor, 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 severalfisties in the latter part of the dive includidgzumia
sp.,Chaunaxsp., manyHoplostethusp., and some type of eel, maybe synaphobranchids. We had a
successful dive despite the operational limitations. We observed some of thellaigesthesp.

colonies from all the Deep SEARCH dives at this site.

2.3.3.4 Savannah Bank (Jason)

Jason1130 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 octocdratsu@lodrifesp.) and cup cotlsand some live

and dead.. pertusaand 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 upslopairing the first portion of the transit there was abundant coral rubble
(likely L. pertusa without much live coral except small colonies of stylasteridraaphtheiccorals. Then

the rubble became denser and the occurrence df lipertusathickets inceased.

As the ROV continued upslope, the currents increased to around 1 kt and we had several sightings of
Madreporasp. andEnallopsammiasp. (both yellow and white morphs). As the dive continued, the
dominant scleractinian transitioned frampertusato Enallopsammiap. (white morph). Amongst the
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coral rubble, primnoidsRlumarellasp.), cup coralsThecapsammiap.), NeptheidsRseudodrifasp.),
and sponges were common. There were also several small sharks seen throughout the area.

At WPT 2 (511 m) there were livenallopsammiap. and the diversity of corals listed above. Downslope
from WPT2 the coral diversity suddenly halted and themeabnost 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 potslofpertusa one large live.. pertusacollection,Madreporasp.,
Plumarellasp.,Pseudodrifasp., cup coralgnallopsammiap. (white and yellow), and sponges. While
collecting the liveL. pertusawe observed a shark eating a squid. We noted that the large urchins were
primarily in the rubble areas and not with the loazal.

Overall, we collected several target coréadllopsammiap.,Madreporasp.,L. pertusg. Ultimately,

we were able to collect push cores in the coral rubble next tstedodrifeand neaEnallopsammiasp.

Fish observed included catshark, chgraNezumissp., and scorpaenids. We tripped all four Niskin
bottles at the end of the dive n&arallopsammiap., 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 dwémd. as

2.3.3.5 Cape Lookout Deep (Jason)

Jason1135 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 collect® push cores within the mats, as well as suction samples. There were few invertebrate
megafauna, but moderately abundant fishes of various tiezsifiasp., Coryphaenoidesp. and

synaphobranchid eels). We transited northwest towards a steeper sthatthiaad 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, octocorafec&nthogorgiasp., bamboo coral§€hrysogorgiasp.) and black corals
(Bathypathe®). We colected aChrysogorgiass p. col ony, a small vyell ow Opl €
Acanthogorgiasp.) and a rock with a small single branch bamboo coral colony.

We headed WNW towards the oO6wall & and encountered
(bamboo coralsinthomastusp., black coralAcanthogorgiasp), 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 98@ontour, we encounid someNezumiasp. 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 sevefalanthogorgiasp. into quivers, attempts were made to collect the
unknown yellow plgaurid, 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.

2336 ASt et son Avinhkso (

Alvin-4965 Dive The submersible moved almost 2 krtetally 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
Leiopathessp. colonies and small pertusaandEnallopsammiap. colonies. There were several squid
swimming around the sub during the transit. Wikected 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 fileédedges on the way up. Thenere 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 aimber ofL. pertusacolonies and small white plexaurids. We

collected these along with a bamboo coral. We observed and filmed a largéeubitiathesp. colony
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with chirostylid crabs near the top. Near the end of the dive, the sub came to the topaif amel

transited over the plateau. The current was moving quickly on top, and there were occasiondlly small
pertusacolonies and multiple short white plexaurids. We obtained mussel pot sample over one of the
smallL. pertusacolonies.

Alvin-4966Dive: 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 reachettd, 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 ctonies 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 hee been a species@éllogorgia) and larger

yellow Acanthogorgiasp. and_eiopathesp. colonies. There were also occasional patches of baseball
sized cobble with a heavy manganese crust. In some areas, there were small, intérspersedand
Enallopsamiasp. colonies.

During all of the transits the detection range was kept beté@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 sadhtand then back to the west, running another line of the target, but
therewas 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 behem eind 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
sav 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 almogtraight into the auent. We collected a coral pot and a series of cores in coral
rubble near the base tbfe mound. The sub continued upslope, fighting the current the whole way. We
obtained a second coral gamplefrom standing dead coral skeleton, and we took a sdrjmssh 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 acquirtiah coral pot from mostly live coral, and we
collected live coral into the bioboXe also collected a colony Bfaramuriceasp.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 BlaR&teau, 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 meanderstimaarea, 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 fitwah |

several days up to a week can have a major influence on metabolism of benthic organisms, for example
influencing the metabolic and calcification rate<Cd¥/Cs (Brooke et al. 2013, Lunden et al. 2014).

We conducted a comprehensive study examitiiegvatercolumn structure and chemical compositions,

as well as the nedred environmental conditions. In this study we compared the hydrographical data
collected with shipbound CTD casts acquired during multiple cruises at different times and attdifferen
deepsea biological hotspots. Results mainly focused on the Richardson Reef Complex. Here, eur water
column data were accompanied by the data from thetkmng deployment of a bottom lander. Letggm
measurements of nebed environmental conditions veetaken to study temporal variability n€zawWC
mounds at the Richards&eef Complexvith the aim to identify if the Gulf Stream is a major driver of
environmental change and determine how this affect€¥€ communities.

3.1.1 Physical Oceanography
3.1.1.1 Methods

Figure 3-1 shows the ALBEX02 lander location at Richardson Hills Reef area. The lander is indicated
by the yellow square (31 53.922 N, 77 21.168 W) taedvatercolumn CTD casts (full watezolumn

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: AT41CBEMS,
RB1903, and NF1909. Sé&ure 3-1 for an overview of CTD casts at the Richard&mef Complex

During all cruises we made vertical profiles cdtercolumnproperties using a CTHibsette system. We

also collected discrete water samples from chosen depths. The CTD system used for this piRyose on
Atlantiscruise AT41 (19 AugusR September 2018) consisted of a SBE 911+ deck unit andGSEfie
equipped with 24 10 Niskin bottles.During theBrooks McCal(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 tI2&0LNiskinpditless. ec hos ou
We also made additional measurements of oxygen (SBE 43) and turbidity (Wetlabs FLNTU). During the
RB1903 on the NOAA vess®&on Brown(April 2019), we used a SBE 911+ system with additional

sensors for oxygen (SBE 43), fluorescence (Wetlabs-BED), and turbidity (Wetlabs NTU) to

generate watecolumnprofiles Figure 3-2). We collected water samples for water chemistry and

microbial diversitywith a rosette consisting of 12 -10Niskin bottles. During the 2019 cruise on board

the NOAA vesseNancy Fostefcruise NF1909, October) we acquired CTD casts and discrete water
samples at Blake Deep, Cape Lookout Deep, Pamlico Canyon, and the RiclRads@omplexKigure

3-2). In the Richardson Reef Complex, we conducted a CTD transect across the mounds, and processed
raw CTD data using the SeabB®BE Data Processing Software. We averaged downcast datanmadoanl

size, quality controlled and outliers removed.
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3.1.1.2 Results

The T-S plots show the presence of the different water massey) 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 amadirsties, but high oxygen level§igure 3-3, Figure 3-4, andFigure 3-5).
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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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When comparing the CTD profiles andSTplots from CTD casts collected near the Richardeef

Complexduring the different cruises the presence of the Gulf Stream is cleadyvetisduring the NF19

cruise, characterized by high bottom water temperatures and corresponding to very strong surface currents
(> 4 kts). The Gulf Streamvater is characterized by warm and less oxygenated waters, while April 2019

we saw relatively coldrésh, and welbxygenated slope waters. We also documented multiple warm

Gulf Stream events in the logrm lander dataHigure 3-6).
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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, suB@videBNA,
suspended sediment concentration, and inorganic nutrients.

We collected seawater samples onboard theARAAtis cruise AT41 in August September 2018 with a
CTD-rosette sampler using A0Niskin bottles. During th&on Browrcruise we collected water sptas
for water chemistry and microbial diversity with a rosette consisting of 412NiBkin bottles. In addition
to the these, we collected bottom water samples at Richardson Reef Complex bmfildaguarium
tanks to maintain live corals.

We acquired data froh6 CTD casts on thBlancy Fostein 2019. The system consisted of a rosette
containingl2 5-L Niskin bottles. During the cruise very strong surface currents (> 4 kts) were present,
which resulted at some stations in greater wire payompared to the water depihdicating 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 concemations,POM and stable isotopes, and carbonate chemistry. For carbonate chemistry
analysis, we collected samples in 580 HDPE bottles and fixed them with saturated mercuric chloride.
We measured water pH (total scale) with an Orion 5 Star pH meteR@I8S 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 aRq16). Temperatursalinity diagrams were plotted in Ocean Data View v 5.0,
and nutrient profiles were plotted in RStudio and Adobe lllustrator.

For inorganic and organic nutrient and dissolved organic c4(bOR) analysis, we transferred water

from a Niskin bottle to a PET& bottle (250 mL) that had been prepared by-agdhing, rinsing, and

drying. We samplginsed each bottle twice and then filled each with sample and stored it on ice. Within 2
hours, we filtered a ssamplethrough a 0.22 m T & filtgr énto a 66mL HDPE bottle. NQ (nitrate +
nitrite), nitrite, and phosphate concentration were determined using an autoanalyzer (Latchat Instruments
FIA 8000 Autoanalyzer) and standard protocolsl8F-04-1-A (for NOx and nitrite) and 311501-1-H
(phosphate), with detection | i (Rogéensretalf 201BNittatee M an d
concentration was calculated by difference (=N€@itrite). Total dissolved nitrogen (TDN) was

guantified via high temperature catalytic oxidation on a TWDShimadzu Instruments) coupled to a total
nitrogen uni t; the detection | imit was 0.3 g M.
obtained by difference (¥DN - dissolved inorganic N). Total dissolved phosphorus (TDP) was
determined via combustion and hydrolysis followed by spectrophotometry with a minimum detection

I i mi t oRogeber & al.2048The concentration of dissol®rganic phosphorus (DOP) was
calculated by difference (EDP - inorganic phosphatelDOC concentration was determined by high
temperature catalytic oxidation using the TOGystem.

3.1.2.2 Results

POM concentrations ranged from 2.49 to 2.7 rthgdar the surfze and 2.52 to 2.77 mg &t 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 (dilffae@2.0to-2 2 . 7 & [i*Cr e e f
234t0-24 . 3a) indicate | imited aerobic degradati on
concentration of POC was relatively low (84 pgxl'), the POM is relatively fresh when it arrives at

the reefDOC concentrations were variable but sporadicaijhi(29 to 37 pM) on theeef Figure

49

0.

Th

of



3-7b). This elevated DOC is likely a result of rapidly dissolving coral mucous, whi¢h,pgartusais
releasedht rates well in excess of those measured for shallatercorals(Wild et al. 2008)

Nitrate (NQ) dominated the dissolved inorganic nitrogen pool, and concentrations reached almost 30 uM
(Figure 3-7c), whereas the previously reported range ot M&ues for CWC reefs was 211183.8 uM

(Findlay et al. 2014Maier et al. 2011)Regional nitrge concentrations reach a maximum of 25 uM at
8001900 m depti{Williams et al. 2011)Phosphate concentrations over the reef weiiel 84M

(Figure 3-7c¢), typical of the regiorfPalter and Lozier 2008and to those observed near other CWC reefs
(0.26G 3.59 pM, Findlay et al. 2014Georgian et al. 2016POP concentrations were low (0.2 pMyhile

DON concentrations {12 pM, 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, nutrientufkes are maximal between 30@0 m depth and nutrients increase from

26° to 36°N in denser deepterlayers(Palter and Lozier 2008Villiams et al. 2011)We attributed this
increase to the influx of nitratand phosphatdch waters from the subtropicgyre (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. Thartih of nutrient recycling is vital to the productivity of both shallgle Goeij et

al. 2013)and deep reefCathalot et al. 2013Rix et al. 2018)

Growth of calcifying corals is regulated further by pH (7.681) and aragonite saturation stalarag
1.49 1.59). The pH values are lower than those previously measured in the North AGattigian et

al. 2016) comparable to values from southern Califof{@@mez et al. 2018)TheWaragvalues are

extremely low for shallowvater reefs, but within thewer range of values (1.3 to 2.6) typically

measured ovdr. pertusareefs in the North Atlanti¢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
resut from skeletal dissolution within the re@eorgian et al. 2016)f locally elevated alkalinity

enhances skeletal precipitation rate, net precipitation is positive and the reef structures are accumulating
carbon(Titschack et al. 2009an influential eosystem service of this despa habitatCordes 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 amples and data for this section come frombrghiclanders, 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 tdmwgaability in nearbed
environmental conditions. The lander consisted of an aluminum tripod equipped with 12 glassBBenthos
floats, two IXSEA acoustic releases and a single-Rgballast weight, necessary for deployment and
recovery. We attached andium 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 Nertéfuadopp current meter to measure

current direction and speed, and a combined -@&8ometer sensor (WetlaBs) to measure particle

density and fluorescence at 1 m above the bottom. These were connected telaull@atalogger 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 &8ay 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 iné@illumination (LED), direted at the bait fitted

in a sediment trap carousel (24 bottles), rotating at ttervals. The camera filmed eveérjhours for 15
seconds throughout the deployment period.

We deployed this benthic lander at the Richardson Reef Complex during the BWCGAGe (31

58.9705 N, 77 25.0139 W) for a lotgrm deployment. Unfortunately, the lander surfaced prematurely in
December 2018 and was recovered by the NCBAK Okeanos Explorethat was fortuitously sailing in

the vicinity. All sensors had collecteldta and the sediment trap collected two samples successfully.

We redeployed the lander near RichardReef Complexduring the RB19 cruise for a shaéerm and

another longerm deploymentRigure 3-1) and then successfully recovered it in October 2019 during the
NF19 cruise. During the loagerm deployment (192 days, April through Octobet @) the lander had the

same configuration as describaubve butvas additionally equipped with an oxygen sensor (Advantech
ARO-USB) measuring at a 3@inute interval and a hydrophone attached to the frame at 2 m above the
bottom. Data from this secon@nigterm, 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 (OceanSlmviasScotia,
Canada) vertically mounted to the top of the | and
recorded acoustic data f@months at a sampling frequency of 128 kHz; therefore, the maximaipheus
frequency is 64 kHz, half the sarmg rate of the recordings (Nyquist frequency). The recorder operated

on a duty cycle of -inute recording ON, 29 minutes OFF. We compared the acoustic time series to time
series of other lander sensors including: acoustic backscatter from tHegugency 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 48Bm sized particles (Lohrmann, 2Q0Haalboom 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 range428 mm) within those éguency bins (Tonolla

et al. 2011Belleudy et al. 2010).

For temporal alignment with the environmental data, we calculated peak (maximum) sound pressure level
(SPL) for each 4ninute sample and 3@inute interval. Peak SPLs were calculated in low {D0OHz),

mid (100 1,000 Hz), high (1000 Hz 10 kHz), and ultréhigh (10 64 kHz) frequency bands. The majority

of analyses used the lefrequency band since most abiotic physical sounds dominate this range (NRC
2003). We analyzed sedimentation events usinggnifjaquency bins (high and ulttzigh), 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, 75tin)and 90

from rootmeansquareéSPLs A 90t h daily percentile indicates tF
exceed this amplitude value; conversely, only 10% of the daily values were louder than the 90%
percentile value. The lower percentiles capturesthend 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.sMacsed

the Eminute 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 spéc 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 prefictovg frequency sound
levels using a General Additive Model (GAM) due to thelme@ar relationships between variables. A
combination of total current velocity (from all directions), vertical velocity and backscatter, the former
two treated isotopicallyepresented the best fit in predicting the observedftegquency sound levels, as

this model minimized model performance metrics (AIC, GCV, RMSE) and returned the largest adjusted
R? value. However, due to the strong logistic relationship between optibadity 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 saedantinel indicator in the assessment of bettom
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 complestatsad

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 manysdaegrosystems, as large magnitudes

in current velocity shifts will likely affect foodasticle supply and feeding behavior of CWC through

polyp expansioiOrejas 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 othergisepcosystems, especially in the absence of-multi
parameter fixed platform observatories.

3.1.3.2 Results

We compiled summary data of all environmental parameletsi€ 3-1) and plotted time series of all
environmental parameters including-i2rolling means as indicated by the black lineshglre 3-8)
for the approximate-énonth duration of the lander deployment (14 A8 October, 2019).

Time-series data show major fluctuations in both temperature (°C) and an inverse relationship to DO (mg
LY (correlation coefficient:0.98). Temperature data were positively skewed (= 3.235), with

sporadic peaks of elevated temperature that reachedeightéimes 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 shedturation fluctuations (less than 30 minutes) or distinct longer periods of ramping
and cwling lasting up to 35 hour3endistinct peak events occurred within thenénth 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?) 9.47 0.75 4.94 10.32 5.38
Fluorescence (ugl?) 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™) 0.0151 0.042 -0.348 0.397 0.745
Horizontal current speed (ms™) 0.0711 0.053 0 0.513 0.513
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Figure 3-8. Time-series plots for ALBEX lander instruments
Aprili October 2019. Black lines indicate 12-hr rolling means.

Optical (NTU) and acoustic backscatter (Amplitude), metrics offisicle and larggarticleturbidity
respectively, were variable during late May to early June andungaist, with elevated readings
corresponding to concurrent temperature elevations-gantele turbidity was highly positively skewed
& * =6.375), while largeparticle turbidly was neainormally distributed though still positively skewed
& =0.999).

FIl uor es c e ntChlmadphylh wak lovw thraughbut the duration of the time series, with a

ma x i mum o fl A012tber Bolling meah delineated signal pulsesate IMay 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 8) and horizontal current speed () show patterns of fluctuation coincidingtiwv
temperature peaks in early and late Maglate July/early August, butith 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 overotit @eriod,

though we found variable patterns within shorter time frames. In May, we observed elevated bimodal

current speeds to the NW and SE, a pattern whichtisbszrved 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 midate summer, which suggests intermittent influence of Gulf Stream surface currents to

the RichardsomReef region. We conducted a Harmonic Analysis of Least Squares (HAMELS) tidal
analysis on horizont al ciutheroee packagep.a®(ttpsu/6RAN.B t he Ot
project.org/package=oce; Kelley and Richards 2020). Results showed some adherence to standard tidal
constituent modelsT@ble 3-1).

Mass fluxes varied between 0.98 and 20.23’day*. We saw the highest mass fluxes in ldi@y/early
June and in latAugust/earlySeptember, corresponding to fluctuations in temperature, current apeled
turbidity (Figure 3-9). During the May period we saw increases in fluorescence, which might indicate
that fresh organic matter is delivered to the Richardef ComplexFurther analysis of sediment trap
samples on organic matter content and pigments are needed to confirm this.
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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 $égese(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 ahdarm
relatively nutrientrich water possibly driven by meandering incursions of the Gulf Stream and/or its
eddies
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Figure 3-10. Hourly Rate of Change for environmental parameters from ALBEX

We related théargest fluctuations in waterolumn structure and nebed 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 temperatuneentspeegdand backscatter, resulting in
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daily variability in neatbottom 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 CapeQ@\wgkout
area(Mienis etal. 2014) indicating that the coral reefs exist in extreme conditions at the upper thermal
range(Brooke et al. 2013)This variability can influence theWC communities in multiple ways. Large
changes in temperature can have major implications on coral phys{8agpke et al. 2013.unden et

al. 2014) On the one hand temperature increases of 10°C might lealreedo 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 togtoccasional presence of warm and oligotrophic Gulf Stream water likely lead

to enhanced food supply as has been observed in@tEreef areagDavies et al. 20QMienis et al.

2007, Thiem et al. 2006)We observed high mass fluxes during the Gulfétr@resence, which when
enriched in organic matter can compensate stressors like elevated temperature and reduced oxygen
conditions(Hanz et al. 2019Moreover, periods of enhanced current speed and subsequent replenishment
can play a role in the nutrieand carbon cycling in the wid&tAB region.

Combining observations of acoustic and oceanographic data and the examination of their relationships
assisted in identifying shetérm changes in the local environment. The rate of change, magnitude, and
eventduration in environmental and acoustic parameters differed between the early and late May periods,
where we saw extreme patterfsglre 3-11). The eay May period exhibited substantial deviations in
temperature, dissolved oxygen, and acoustic percentiles withimaw4period (May #5) (Figure 3-12
andFigure 3-13). Temperature and dissolved oxygen fluctuated rapidly during this pehifting by

more than 4 units in under 20 hours. Th# 86oustic RMS SPL percentile increased by 18 dB re 1 mPa2
between May B4 reaching a peak of 132.7 dB re 1 mPa2 on May 4 and then decreased by 27 dBre 1
mPa2 between May 4 and 5 coinciding with theviation in temperature and dissolved oxydégure

3-12 andFigure 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 usedSPDplots to assess the impact the high currertt@4r period hd on the soundscapEigure

3-12). The lowfrequency portion of May 4 showed meddRALs2 0 d B r e -1 higher lhanZzhe H z
median lowfrequency levels of May 3~(gure 3-11, red lines). Transient sounds, likely produced by
sediment partiles colliding with the lander frame and hydrophone, were also only present on May 4 and
manifested in the higfrequency range of the acoustic recdfij(ire 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, leirequency sound levels in May were higher and more
variable compared to the following month of June. Median May current speeds (811 $bt §.5) were
nearly double median June current speeds (4.8¢c®x 3.2) with May having a larger variation in

current speeds. At higher frequencies (1@D0 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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Also shown are environmental variables (current speed, temperature, dissolved oxygen concentrations, acoustic
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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 varidbiddsvith

and found interesting relationships between sound levels and current velocity, vertical current velocity,
and urbidity. 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 lowfrequency sound levels (adjustedl B.52). Model response vs. fitted values aligned

wel | on o6per f ect? Hutiathiyhet currerd spbedsl pedictiohsshecame mere 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, adrotenestound

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 igistically challenging environments.

We related the largest fluctuations in watetumn structure to the position of the Gulf Stream with
implications on watecolumn chemistry and coral physiology. A temperature increase of 10°C might lead
to athree 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 nedyottom environmental conditions at the Richardson Reef Compfaxred

substantial temporal variability in both oceanographic and acoustic parameters, supporting observations
from other deefsea acoustic studies (Chen et al. 2021). We identified material relationships between
passive acoustics, the local environment] broaescale 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 instiom@aissive
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, compositioand 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.
Generdly, as current speed and particle supply increased, so diftéauency 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. 2048)e 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 environtaksound 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 waeffective 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 partecliding with the hydrophone and mounting
infrastructure become louder in this situation and obfuscate the flow velocity acoustic signal.

Low and highfrequency acoustic bands both allowed for the detection of particle activity within the reef
area. Sule 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-frigduency SPLs as being primarily driven by

collisions between sediment particles in transport antbthéo 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 dampay 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
concentrationgBelleudy et al. 2010).

Given there were relationships between turbidity andfleguency 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. @ent speeds alter sediment particle size as well; knowing the general
magnitudes will help estimate patrticle sizes, as suspended particles descending from above or laterally
transported by local currents will aggregate in moderate currents then be $hieesethller 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 cals (Orejas et al. 2016), particularly when shearing afagdjgeegation 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 witbrmsitand 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, datebted 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 oceanographieariables for Gulf Stream detection, water temperature. TH®@Rlag suggests
sound gives some predictive capability of potential forthcoming Gulf Stream incursions with an increase
in current speeds occurring prior to an increase in temperatureiasuirson 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 idection of eddy (cyclonic or anticyclonic). Increasing the acoustic sampling rate during
Gulf Stream events, in a seiitomated capability, and extending acoustic recording through a whole
year would provide additional information on smaller Gulf Straafltnences 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 imgltidth physical and biological

patterns (Davies et al. 20090stello et al. 2003Henry and Roberts, 2007). These deep reefs likely

exhibit distinct soundscapes in a similar fashion to shallater coral reefs (Radford et al. 2014).
Shallowwater reef gundscapes 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; Vetraki2010). Although there may

be reduced species richness on a despreef (Costello and Chaudhary 2@mith and Brown 2002)

reducing potential sound source signals propagating away from the reef, studies on shallow reefs show
that sound propagatiatistance and offeef 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 201 Raick et al. 2021). We suggest that deep reefspn 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 spandaixees of latitude, or more than 700 km, ofuise

Atlantic continental margin from the shelfope area offshore the North Carolivimginia border to the

Blake Plateau off the central eastern coastafidia and out into desyatersettings. 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 referenady treatis

separated into two primary geologic basins, Carolina Trough and Blake PlateauFasia 8-14), and

three morphologic regions: &peps?2) canyonsand 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 peoit oceanographic and sedimentary processes over the subsequenti®hs mill
years. The initial zone of rifting in the Carolina Troughédlfslope) and northern Blake Plateau (Blake
Plateau Basin) section of the margin differed considerably atiig, with the southern segment
ultimately becoming wider than tl@arolina Basin to the nortlirigure 3-14) During this initial rift

period, evaporites (salt) were deposited in the Carolina Trough, but not the BlekaiBasin, possibly

a result of variations in crustal thickness and subsidence levels (Dillon et glDL8#8and Popenoe

1988). During and following breakup (at around 183 Ma), siliciclastic sedimentation processes were
active along the entire lengtti 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 strbpicallatitude, carbonate depositionabpesses finally overcame
siliciclastic processes resulting in the development of carbonate platforms aredgjeetbefs. Over

time, carbonate depositional environments along the margin coalesced to form a near continuous
carbonate #fgi g9l fromthé Bahamas to(the Grangl Bahks offshore Canada.

Termination of largescale carbonate deposition, resumption of silicicladiminated deposition and
continued expansion of accommodation space due to basin subsidence and salt withdrawabsmogrred

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 BlRkateau Basin. In the Late Cretaceous, a major shift in deposition
patterns across the Blake Plateau, perhaps resulting from a combination of gldbatlsese and local
tectonics, resulted in flooding of the Blake Plateau Basin and developmentafriéiet deepater

plateau and initiation of carbonate and etah sediment deposition (marl/carbonaitth mudstone)

(Dillon and Popenoe 1988he Bahama Banks at the southern end of the Blake Plateau continued to keep
pace with sedevel rise (Schlaget981).
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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)

63



At the end of the Paleocene (56 Ma), overall strengthening of nortidiraated surface currents through
the Straits of Florida was likely driven by sleael fall (Hazel et al. 1984) and @ixsion of the Suwannee
Current. This current previously flowed from tG®©M to the Atlantic near the current day Florda
Georgia bordefFigure 3-15) (Pinet and Popenoe 198%openoe 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 tke 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 FloriddHatteras shelf by the north wall of the Gulf &ire the Blake Plateau continued to

subside throughout the early Eocene.

Changes in sea level throughout the remainder of the Eocene an@kgolsene, switched current flow
several times between the Suwannee (Suwannee Strait/Gulf Trough) and Gulf(Straé&sof Florida),
leading to periods of terrigenous sediment accumulation, progradation of the HFattdeas shelf,

sediment accumulation in the Carolina Trough and erosion of the Blake Plateau and Blake Escarpment
(Paull and Dillon 1980Sheridaret al. 1981Pinet et al. 198Pinet 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 DillonSi#&@dan 281, 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 accumuld@iéorming the deep sediment drifts such as

Blake Ridge off the Carolina TrougMarkle and Bryan 198Mountain and Tucholke 1985).

The rifting origin and long, complex history of reef building, sediment accumulatiorjeosition and
erosion across the Blake Plateau and Carolina Tough have ultimately led to the two distiimct marg
profiles present today in the study arEay(re 3-16). In the north, the margin is formed by the coastal
plain (mostly on land), shallowater insular Carolina platform and the Carolina Trough, before
transitioning at the general location oétpaleoshelf 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 Florid&ith continued carbonate sediment deposition after the Early
Cretaceous and the lottgrm influence of the Gulf Stream creating a narrow insular shelf, broad gently
sloping plateau, and steep escarpment.
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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 regionbphysiography and geomorphology of the Carolina Margin and Blake Plateau were well
established in the literature prior to the Deep SEAR@IjEcCt as a result of extensive depth soundings
(Pratt and Heezen 1964), ss¢an(GLORIA; EEZ-SCAN 87, 1991)and seismic studies (Ewing et al.

1966 Popenoe 1980). Extensive grounathing of seafloor interpretations across the study area revealed
by geophysical and other remote sensing data has generally been limited to widedyregamal

seafloor sampling activities (Hollister 1973) or higfdgused visual and sampling activities (Stetson et

al. 1969 Reed et al. 2006). Higresolution bathymetry (better tha00-m grid resolution) of the upper
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slope and shelf in the yearsarto this project identified the locations of a large number of seeps,

including the Pea Island and Kitty Hawkeps. Such also revealed the complete and complex nature of

the canyons, gullies and interfluves that shape the slope from Norfolk Canyemiorth to the reentrant
adjacent to the Cape Lookout Landsl{fgure 3-17). Although the generalized geomorphology of the

Blake Plateau has been knofan some time due to extensive seismic reflection, single beam

echosounder and visual surveys, continuous-regblution bathymetry data were largely absent from

most of the plateau. Extensive bathymetric surveys of the Blake Plateau began in 20il&cantirsie,
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 (bn and Popenoe 198Bopenoe 1994openoe 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 theestigdf and upper slepadjacent 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 shallowwater Pea Island and Kitty Havleeps aredcated 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 sedimamgs resulti
in a smooth and featureless morphology, except for the large canyon system elements. At a local scale,
low-relief seeprelated authigenic carbonate outcrops and depression (gas release and benthic fauna
related) are scattered across broad areas inshef&dge 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 largeSBUS continental margin methane hydrate province (Tucholke et al.,, Paitill 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 sdragitom morphologic regions. The

Cape FeaBeep is unigue along théS Atlantic continental margin, sitting adjacent to the only salt diapir
with material seafloor expression, previously unroofed by seafloor instability anestzalgefailure of the

region (Cape Fear landslideppenoe 1993 The top of the diapir forms a dorsbape 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 expre$s$aiits (Hornbach et al. 2007) within a wider area

of bottomcurrent shaped bedforms. The Blake Ri@gep is located on the noeidisterrflank of the

Blake Ridge drift over the buried Blake Ridge Diapir 600 m below the seafloor. Faults and othezdractur
form the fluid migration pathways between the buried diapir and the seafloor seep environment (Paull et
al. 1995). The seafloor around the Blake Ri8gep is generally smooth due to the thick layers of

carbonate ridge hemipelagic sediment (Paull €t395), but shallow depressions around the main seep
area are visible even in lowegsolution bathymetry. Larggcale 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 Pamlig@anyons. South of Pamlico Canyon, there is evidence of downslope
erosive flow, but effective development of transport pattsiayargely absent and canyon/gully
complexity is greatly reduced. Major named canyon and tributary systems, those with defired shelf
breaching or shelédge heads and downslope channels, within the study area include Norfolk, Keller,
Hatteras, and PambdCanyons, with numerous unnamed canyons and gullies distributed between each
(Figure3-17) . The AAIl bemar | e,azsdefimgdbyPopenos dne Dillon (1926%; S )
comprises three generally parallel wadfined canyon/channel features draining an approximagskyn

long section of the margin. Keller Canyon is the southernmost and only named canyon within the ACS
and the ont one that currently has a welefined channel extending down the lower slope to avigtep
submarine fan.

The heads of Keller and the other ACS canyons, the broadlyistietiting drainage just to its north, and
immediatelyadjacent canyons and guliedeeply dissect a 30n long section of the shelf and upper
slope offshore the northern Outer Banks. Higtier dendritic drainage patterns at the canyon and gully
heads coalesce within 15 km of the shelf edge into singlhdped slopechannels. Thesehannels

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 anslppermorphology

characterized by high and steep interfluves, sedimendeins filled canyon floors, and a patchwork of
uneroded relict slope sections. South of Keller Canyon, the orientation of the margin changeSwo NE
and the uppeslope streamorder complexity of the canyon systems drops. Between, and inclusive of,
Hatteras and PamlicGanyons, 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 guligly kextend further downslope but have been filled
with down and alonegslope transported sediments. Loglief ridges and mounds, presumably some of
which host seepelated environments (Skarke et al. 2013), are present along the shelf edge above the
head 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 sttdightped canyon with steep

walls and numerousteps 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 shallowngtagier slope, and at
approximately 3,300 m, the main channel combines with other {shpecrossing channels before

draining into the Hatteras Transverse Canyon.

Early surveys of Pamlico Canyon (Rona, 198tnley et al. 1981, Popenoe and Dillon 1p#&entified

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 sti@atand apparent lack of connection to a leslepe channel. Bathymetry

data collected in the years immediately prior to Deep SEARCH revealed that a broad mass wasting scar
encompassed Pamlico Canyon and the uplogre section to the nortRigure 3-17), and that although
currently separated by canyon fill and a mix of deeund alongslope transported sediments, a lower

slope channel previously connetteamlico Canyon to the Hatteras Transverse Canyon. A detailed
description of the morphology of Pamlico Canyon is present&édtion 3.2.3Immediately south of

Pamlico Canyon, short slope gullies have formed around an amphithleapsd rentrantinto the

margin and on the open slogédure 3-17). Although these gullies are tightly restricted to the steepest
section of the upper slope, the mese of several headless lovaope canyons 40 km SE of the current
mouths of these gullies suggests that they were perhaps much more effective drainages prior to
enhancement of alorgjope and debris flow deposition in the region.
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3.2.2.3 Blake Plateau

As descibed inSection 3.2.1the 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 regindeprincipally the Gulf Stream. The geomorphgjoof 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 Ptaau 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 geomogyh@main largely valid.

The most recent compilations of Blake Plateau geomorphology and bottom chédigcter 3-18 and

Figure 3-19) are those of Popenoe (1994) and Popenoe and Manheim (2001). These compilations utilized
decades of existing seisrieflection profiles, sidscanmosaics, bathymetric soundings, towsmera

and submersible observatigasd bottom sampling (National Ocean Survey 1976, 1@/Baatt 1963

Uchupi 1976) to reveal the nature of the Blake Plateau seafloor and investigate the oceanographic and
geologic controls on its formation. Investigators wogkin the region often separated the Blake Plateau
into three morphologic zones: (1) the flatrfaced and sediment covered southern Blake Plateau (covers
Million Mounds), (2) the shallow, rugged and bathymetrically prominent Charleston Bump
(Stetson/Savanah Banks, Richardson Hills and Blake Escarpment), and (3) the shallowcdemt of

the Charleston Bump, and sedimented northern Blake Plateau that overlies the Carolina Trough, rather
than the Blake Plateau Basin (Cape Fear coral mounds). Whilesbenpe of extensive areas of coral
mounds, primarily on the shallower Floritlatteras 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 moderrhigh-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 oves wiillilears 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 bestricted, resulting in complex outcropping of Cretaceous through
Oligocene age rocks at the seafloor. Reworking and cementation of phesgihgediments through

multiple cycles over millions of years, further add to the ruggedness of the seaflootlzeiGkarleston

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 sipecific gomorphological interpretations are based on a
combination of new and existing bathymetric data;lsotbom profiles, and dive observations
(AT41/RB1903). For regional scale analysis and where higdsmiution data were not available, we used

a 25m resoution (grid cell) bathymetry compilation that merged existing {tjghlity data with newly
collected data from Deep SEARCH (AT41 and RB1903) and NOAA Ocean Exploration (2018 and 2019
NOAA Ship Okeanos Explorérsurveys. For the four seeps sites, we used new,Semtry2017, and

existing (Wagner et al. 201Brothers et al. 2013)-10 2-m resolutionSentryAUV acquired bathymetry

for interpretation.

Subbottom profiles used to support the interpretationgpénearily those collected from the hull
mounted (Knudsen 3260) chirp shbttom profilers installed on the vessels which collected the regional
bathymetry data. We used additional $ditom profiles collected by the AUSentryat Pea and Kitty
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Hawk Seepdfor both investigation of the sabrfaceand mapping of watezolumn anomalies at those
sites. We used photo transects from the 2017 Ad¥tryDeep SEARCH andeepsea corasurveys of
seeps and canyons in the northern segment of the study area te\atetatretations as needed.

We collected sediment cores via a number of methods, including CTD monocorerl@id®l€d cores),
Alvin andJasondeployed push cores (Fldbeled corers), multicorer (MU{abeled cores), and piston
cores during the 201BrooksMcCall cruise (BMCC PClabeled cores). We collected rock samples using
the manipulators oAlvin andJason
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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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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@@Ldnd 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 samgilee exceeded 15 g, homogenized subsamples) and then wet
sieved it through @mm (10 USmesh) sieve into a pweighed autosampler vial using distilled water,
followed by addition of a small volume of sodium hexametaphosphate to prevent coagulatign. If a
material was retained by the sieve following wet sieving, tBersn fraction and the vial were placed in

an oven until completely dry. After drying, we determined the weight of each fractimefted the

sediment in the vial using distilled waterdgpassed 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 L-860A laser diffractometefhree 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 192%oppe, et al. 2005) and described using the Shepard classification scheme (as
modified by Schlee 1973). The final grain sizstgbutions are reported both as 17 dunes

corresponding to phie size classes (Krumbein 1934) betwegmnd 11« (where diameter in mm =2

), and as 10x metric size classes between 0.001 um aB@064m). We used the logarithmic method
ofmomens technique (Collias et al. 1963) without a A
1954) to calculate statistical measures reported isighs of sample mean, median (DS8Ip, (sorting),
skewness, and kurtosis.

3.2.3.1.1.2 Carbonate Content/Bulk Organic Matter

Calcium carbonate (CaGband 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 550C (3 hours) and 95C (2 hours) steps. Ayses were made on dried (200or 24 hours),
powdered and homogenized subsampléd (2dry weigh{DW]) of sediment. The weight differential
following the first heating step is assigned entirely to loss of BOM. The weight differential after the
seconcdheating step is equated to loss of @©Om CaCQ in the sediment, and the concentration of

CaCQ 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 shellq®% CaC@) standard.

3.2.3.1.1.3 X-Ray Diffraction (XRD) Mineralogy

Quantitative mineralogy ofsliments 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 xray diffractometer utilizing a copper anode tube to generadyxoperated at 40/ and 15

mA. Data processing and analysis were performed using the Rigaku PDXL2 software. The
Crystallography Open Database (Gragulis et al. 20
(https://icsd.nist.gov/), and the International Centre for Biffion Data PDH/Minerals database (Gates
Rector and Blanton 2019) were used to search and match diffraction patterns and identify component
mineral phases. Wholeowder pattern fitting of higiprobability candidate phases and Rietveld structure
refinemen (Bish and Howard 1988) were used for quantitative analysis. Bulk sediments were dried at
100°C for 24 hrs, powderized using a mortar and pestle and were passed throygn aié8e prior to

being packed on aluminum or glass holders as nonseleativetyted powder mounts. Powder mounts
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were placed into the internal goni ometer &and were

steps/minute. Those samples packed on the aluminum holders were continuously rotated during analysis.
At least two powler 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 grougs &verage 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 radiocarbot'C) analysis on singteand mixed species planktonic foraminifera picked
from sedimentghsamplesAlthough singlespecies 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 materiadléing. We submitted samples for Accelerator
Mass Spectrometry (AMSYC dating at the at the National Ocean Sciences Accelerator Mass
Spectrometry facility. The submitted carbonate minerals are directly acidified with strong s, td
convert the arbon in the sample to GGeduced with use of a catalyst (Fe or Co) in the presence of
excess hydrogen (GG 2H, = C(graphite) + 2bD) to produce graphite for the AMS analysis. Reported
radi ocar bon ag e ¥G-csreces fractiorendodeffmhp(Btuiviertard Palach 1977

Stuiver 1980) using a halife of 5,568 years. Calibrated aggedrs before present BP]) are calculated
using Calib 8.2 (Stuiver et al. 2021) and the Marine20 calibration curve (Heaton et al. 2020), with only
the 550yearreservoir correction (no dela) 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
sampls 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 samplesrfandéd 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 facili#&g the Geology, Geophysics, and Geochemistry Science Center in
Denver, CO. Unprocessed subsamples of the sampled for XRD analysis were submitted for Wavelength
Dispersive Xray Fluorescence (WDXRF) major element and setgment Inductively Coupled Plasma
Optical Emission Spectroscojass Spectroscopy (IGCBESMS) analyses. The samples were prepared
by milling to powders of < 150 um, with the WDXRF slits fused with lithium metaborate/lithium
tetraborate flux prior to introduction to the instrument, anld@ESMS 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 SRM8®) and acceptable comparison (result is no greater than 15% different) of those result with
the calculatedelative SD of duplicate QAQC samples.

3.2.3.1.2.2 X-Ray Diffraction (XRD) Mineralogy

We performed quantitative mineralogy of authigenic carbonates and otikesamples using the same

methods as used for analysis of bulk sediment samples except for additional processing and analysis steps
for the lowvolume authigenic carbonate cement samples. For theseolowie samples, samplelder

blanks were measuredaremoved from the resulting patterns, while the Rietveld structural refinement
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WPPF analysis range was restricted to betwethe values of 2tand 70 to exclude additional
background effects.

3.2.3.1.2.3 Radiocarbon Dating of Authigenic Carbonates

We performedadiocarbon’’C) 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 carbond!*C) and oxygend!®O) isotopes were analyzed at the Stable Isotope Geosciences Facility

at Texas A&M University and University of Miami. We subsammathigenic carbonate samples using

a handheld pneumatic drill (a Dremel tool) to sample the authigenic carbonates. We analyzed the

resulting powdered carbonate f#fC andUi*®0O usinga ThermoFinnigan MAT 253 with a Kiel IV

Automated Carbonate Prep Devaned are reportedinpermd() r el ative to the inter
Pee Dee Belemnit@DB). Analytical uncertaintie2(lgf 0. 0d¥&G drmd O0 d%Déara f or

reported based on the lotgyrm daily measurements of the international carbonateastymdBS19. We

determined carbonate content, reported as weight percent (wt%), using a coulometer at the USGS Pacific
Coastal and Marin8cience Center, Santa Cruz, CA.

3.2.3.1.2.5 Clumped Isotopes (gqu7) of Authigenic Carbonates

We analyzed authigencar bonat e sampl es sfusing establishedpretiodsfremt opes |
(Swart et al. 2019t the University of MiamiSamples weighing between 8 to 10 mg were digested in

105% phosphoric acid @RQy) held at 90°C. The produced €®as cleaned by pagsg through a series

of traps to remove wateF. h €°C U a #d of the CQ 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 ofBrandet al.2010) We measuredssmp | es agai nst a cryogenically
gas calibrated against NBS 19 and reported relativViéetana Pee Dee BelemnifgPDB). Following the

methods inHuntington et al. 2009) a w7 vaeies were calculated using tH® correction values

described byBrand et al2010) Finalaa;valueséa; pr ocessed) wer e; ¢ alwc wlad tued
based on the procedures and standardization methods to plage theaw v al uesondioxidé o t he ¢
equilibrated scale according @@ennis et al. 2011We used the equation (Bwart et al. 201%p relate

o7 to temperaturéor the reaction at 90°(Eq. 1)

qu7d =0.0392 (0.0017) 108/T2+0.158 (0.018) (R=0.985)  (Equation 1)

3.2.3.1.2.6 Uranium-Thorium Dating

We dated UTh of select authigenic carbonates at the British Geological Sursleyural Environment
Research Councibeochronology and Tracers Facility based on an analytical method modified from
Edwards et al. (199AndShen 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 mulktollector ICRMS, relative to a mixed°Th-*®U tracer calbrated against gravimetric
solutions of CRM 112a U and Ames laboratory high purity Th. Because authigenic carbonates can
incorporate detrital material that carr@&h, and an associated amount of initfdl'h that is not related

to the insitu decay of**U, 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 ~)600 mbsl along the US Atlantic margin, with the deti@Th/2%U) value for each

sample/site interpolated based on water depth. This corrects for bétfrtheontained within the

detrital grains, and hydrogenotiéTh produced by the decay of U dissolved in the water column, which
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is adsorbed onto the faces of sediment particles. Using the decay constants of Cheng et al. (2013), we
performed UTh age calculations using anliwuse 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 tiSEBE&EH project

was built off of the previous activities at those sites, specifically recent geological and geomorphological
analyses based on AUSentrydata by Wagner et al. (2013) and Brothers et al. (2013). The results
presented here describing the lggy and geochemistry of the Pea Island and Kitty HSedps

represent the first quantitative analysis of these areas. Seabed bathymetries acoluvateanomalies

from SentryAUV data are shown ifrigure 3-20, Figure 3-21, Figure 3-22, and Figure 3-24to lay the

context for the presence and compositions of authigenionates at these two seep locales.

Overall, the authigenic carbonates at both the uplopre (Pea Islandkigure 3-20 andFigure 3-21; and

Kitty Hawk, Figure 3-22) and the deeper diapielated sites (Blake RidgEigure 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 primarabkground sedimentation environment.

Calcium carbonate in the form of aragonite (Cgaminates the authigenic carbonate samples

recovered (361807%, all samples), with the aragonite content in cementsqB%) accounting for the

higher concentration§econdary amounts of lewand highMg calcite and dolomite are present,

accounting for up to 25% of the groundmass, apart from the single authigenic carbonate sample from the
Cape FeaBeep which is composed of 94% dolomiégure 3-24). Dolomite is present and generally

more abundant with the sediments proximal to the authigenic carbonate out@loles3(2). Detrital
components, primarily hosted in the groundmass, include quartz, plagioclase and potassium feldspars,
micas (muscovite and biotite), pyroxenes, amphibaled variable amounts of clay phases.

The concentrations of quartz (S)@nd calcite as seen in both the XRD and WDXRé&b(e 3-3) results
reveal theprimary mineralogic difference between the shallow shelf edge (higher quarent@ation)

and deeper diapirelated site (higher calcite conc.), which are primarily a reflection of the terrigenous
detrital and biogenic components of the surrounding seatieTable 3-2, Table 3-3, Figure 3-20,

Figure 3-21, Figure 3-22, and Figure 3-24).

Because of fundamental control thia¢ surrounding sediments have on the final form of the authigenic

rock, the texture of the carbonates is best described as aterrigiatoizgda nd bi ogeni ¢ cl ast
supported by fingjrained aragonite cemented matigure 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 Rige Seep. Voids, fractures and skeletal bioclasts are filled by bladed

(fibrous) aragoniteRigure 3-25) or aragonite cemented figgained sediments. The mineral composition

and texture of the carbonates from all visited sites compare closely with those from the Norfolk and
BaltimoreCanyon seps 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 wheteck composition of the carbonates is closely aligned across the different
environnents, with variations due to the source of the background sedirfiabts.3-4 shows a

comparison of selected trace element concentrations from 11 samepbss 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
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