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Lan9 Mnnageme n t and the Virginia lnstitute of Marine Science consists
of the following :

Volume I . Executive Summary .

This vo1ime contains the Executive Summaries of
the ao=k conducted by VIMS under contract AA550-CT6-62 and
the U . S . Geological Survey under Memorandum of Ur.der-
star.ding AA550-MU7-31 .

Volume IIA, IIB, ITC and IID . Cnemical and Biological
Benchmark Studies .

rhis volume contains the individual program
element reports for the work completed by VIMS during the
firat year of the Chemical-Biological Benchmark Studies !n
the Middle Atlantic outer continental shelf region.
Microfiche appendices containing field, laboratory, and data
processing forms are included at the end of Volume IID .

Volume III . Geologir Studies .

This volume contains the individual program
element reportc for the work completed by USGS during the
first year of the Geologic Studies in the Middle Atlantic
outer continental shelf region . Microfiche appendices and a
map supplement are included .

In addition to the printed and microfiched materi .il, the final re ;.ort
also includes a complete, documented set uf the environmental data
generated by VIMS which has beea depcsited with the Environmental Data
Service, National Oceanic and Atmospheric '.dministration, U . S .
Department of :.omserce, Washington, D. C . 20235. Data documcntation
has also beern provided to BLM .

Copies of computer programs developed by VIMS during this study
have been depoz :ted with BLM as has a microfiched set of the raw data .
Anyone desiring aLcess to the computer programs, data documentation,
or raw data can cortact :

Environmental S Undies Field Coordinator
Bureau of Land Management
Atlantic Outer Continental Shelf Office
6 World Trade Center, Suite 600D
New York, New York 10048

Eugere M. Burreson
Program Manager
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CHEMICAL A'7D _H IOLtX:ICAL BF.NCH !J1kY._STl'DIE:S
E~E:C_'TIVE SU`1MARY HF,P!!kT ~

E . M . Burreson

INTRUDUCt TON

Purpose and Scope ot the St,

lncreasing demand for petroleum and natural gas In the United
States has led to a need for development of reliable new domestic
;,ources . The Outer Continental Shelf of the United States holds great
interest among the oil companies for possible exploration and
development of oil and gas resources to meet tnis need . This Interest
was demonstrated for the Middle Atlantic Outer Continental Shelf in
the oil companies' response to the lease sale conducted in August
1976 . Of the 134 tracts comprising 876,750 acres offered for lease in
August 1975 for exploratory drilling in the Baitimore Canyon Trough
(Figure 1), oil companies purchased drilling rights to 101 tricts
comprising 575,011 acres . The Bureau of Land Management Environmental
Studies Program was established to provide information needed for
prediction, assessment, ar.d management of impacts on the human marine
and coastal environn:ents of the Outer Continental Shelf and the
nearshore area which may be affected by these drilling activities .
The studies are designed to :

1 . "Provide informat`.on on the status of the environment upon
which the prediction of the impacts of Outer Continental
Shelf oil and gas development for leasing decisionmaking may
be based,

2 . provide information on the ways and extent that Outer
Continental Shelf development c .:n ~otentially impact the
human, marine, biological, and c ;,aatal areas,

3 . ensure that information alrea .iy available or being collected
under the program is in a form that can be used in the
decisionmaking process associated with a specific leasing
action or with the longer term Outer Continental Shelf
minerals management responsibilities, and

4, provide a basis for future monitoring of Outer Continental
Shelf operations ."

The Virginia lustitute of Marine Science began Bureau of Land
Management support_ .- research or. the Middle Atlantic Outer Continental
Shelf in October 19 7 : . The principal objectives of the first year
studies were to provide chemical and biological data on conditions
existing prior to oil and gas development, and on processes -egulating
biological community structure or levels of chemical constit6ents in

I



I

r )

Nwa' ,"ty

39•
W

Atlnnfio
Clty

5e
30 '

74°f10*
\73000 '

/
~

11

\

1
1

/
/

/

/ . (~
i/ 0

~

E
S; \Cp ry00

~

Figure 1 . Middle Atlantic OCS lease tract area . Sale 40 .

/



the shuli envtror.ment . For environmental impact assessment it is
insuifictent to know only the orga%isms or chemical constituents
present :-nd their spatial and temporal distribution . r;n understanding
of controlling mechanisms or processes Is imperative before causality
of future change can be determined with any degree of certainty .

During the initial sampling year (October 1975 through September
1976, C,:lntract N o . 0R55U-CT5-42) specific goals of the Middle Atlantic
chemical and biological Lenchmark studies were as follows :

. summarization oi shelf hydrographic and meteoroingical
characteris^iscs such as temperature, salinity, dissolved
,,,vgen, and micronutrients during the four sampling seasons
with particular emphscis on frontal systems and water mass
identificat :~on ;

2 . characterizatio .l of the water column in terms of zooplankton,
neustou, bacteria, particulate trace metals, and dissolved and
particulate hydrocarbons as related to each otF.er and temporal
(seasonal and/or diurnal), spatial (geographic), and
hydrographic variability as determined during the study ;

~ . characterization of the dominant infauna and epifauna in the
macro- and mega- faunal ranges, foraminifera, and bacteria
along with aediment characteristics such as grain size,
organic carbon and nitrogen, sediment hydrocarbons, and
sediment trace metals in relation to temporal, spatial, and
hydrographic variability as determined during the sample year ;

4 . description of the histopathology of selected epiFannal and
infaunal species and discussion of histopatholcgic_~1
conditions in relation to hydrocarbon and trdce metal
concentrations in the se]Pcteu species ;

. discussion of temporal and spatial hydrocarbon degradation
potential of microbial populations in surf .ciai witer and
sediments and determination of the effect of hydrocarboa
products on this potential and the mineralization of chitin
and cellulose, the normal substrates for microbial
populations ; and

6 . (:xtension of the Virginian Sea Wave Climate Model for the
region from Cape Hatteras, North Carolina, to Long Island, New
York .

Preliminary findings based cn the first year of study (1975-1976)
were documented in a Final Report (V .I .M .S . 1977) and :an be
summarized as follows .

1 . The waters of the Middle Atlantic Bighc were characterized by
two vertical frontal zones dividing three water mass
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typzs--the coastal bor.ndary lzyer, shelf water, ar.-' r lope
water .

2 . Water mass structure was generally reflected in the plankton
coimnunity with distinct coastal, shelf, ana slope assemblages .

3 . Spring neaston tows were dominated by eggs and ;arvae of
fishes and crustaceans .

4- SedrmentR on the Middle Atlantic shelf are characteristically
medium to coarse sands grading to slightly muddy f'nL sands at
the shelf break .

5 . Trace metals and hydrocarbons tend to associate w: : ii fine
sediment particles and thus the distribution of t' .ecoe chemical
con£tituents closely reflected the distribution of 'iae
sediments rather than potential sources cf origin .

6 . Density of heLerotrophic bacteria in se diments appeared to be
related to both proximity to shore and silt/clay content .

7 . Macrobenthos, which demonstrated little seasonality, was most
ab:,ndant on the outer shelf and least abundant on the
continental slope . However, species diversity and richness
increased .)ffshore .

8 . The most significant finding from the firat sampling year
probably was documentation of the influence of local ridge and
swale topography on the distriDution of sediments, sediment
constituents, and benthic hiota . Ridges were characterized by
coarse-skewed medium sands grading tn fine sands in the
swales. Concomitant wlta the shift in sand size wa- an
increase in the silt and clay content . Trace mer-al,
hydrocarbon, organic nitrogen, and organic car ' . ,
concentrations are closely related to silt and clly :ontent of
sediments and thus levels were higher in swales . increases in
density from ridge to swale were also characteristic for
bacteria, foraminifera, and macroten t hos .

During the second sampling year (1`i76-1977, Gontract No .
AA5S0-CT6-62), specific goals of the Middle Atlantic studies remained
the same as during the first year . Thus all proqrams initiated during
the first year were continued to provide comparative data with which
to re-evaluate the preliminary findings discussed above . However,
some sanpling stations were added or deleted based on first year
results . New studies were also initiated, primarily to examine the
factors controlling benthic comc ;;rnity composit ::on . Included were
programs to assess 1) relationship of macrobenthos to mesoscale
sedimentary and topographic patterns ; 2) response of benthos to
cataRtrophic disturbance ; 3) biotic interrelationships of macrobenthos
and demersal fishes ; and 4) community composition of meiobenthos .
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Other new studief-, included zooplankton biomass estimates, replication
of zooplankton J, ago z :, L:: ' ing to provide an estimate of sampling
variability, and an analysis of historical finfish catch data from the
Middle Atlantic shelf .

The majority of the two-year Middle Atlantic environmental
studies program was conducted with VIMS in-house personnel .
Subcontracts were made with the Marine Science Consortium for carbon
analysis to be conducted at American University, the Universiy of
Delaware for taxonomic assistance, the Virginia Associated Research
Campus (VARC) of ttie College of William and Mary for sore trace metal
analysis, and t^_ University of Virginia for foraminifcca analysis . A
listing of prinria?? investigators and associ.ate principal
investigators i~ provided in Table 1 .

Liaison was established between VIMS and the U . S . Geological
Survey (USGS) a .Ld betaeen VIMS and the Environmental Data and
Information Service (E!)IS) to coordinate other phases of the BLM OCS
studies prog)am related to the Middle Atlantic and to provide for data
archiving with the National Oceanographic Data Center (NODC) of EDIS .

Re lationship of Study to Other Studies in the Same Area

Extensive geological studies of the Middle Atlantic OCS were
conducted during this approximate time frame by the U . S . Geological
Survey (USGS), Office of Marine Geology, Woods hole, Massachusetts .
The general objectives of these studies, funded under Memoranda of
Understanding (U8550-MU5-33 and AA550-MU7-31) between USGS and BLM,
were to assess the potential geologic hazards to oil and gas
development ; to deecribe the sedimentary environments ; to establish
geochemical benchnark data ; and to define rates of movements e ..d
pathways of poliutants . Results of these stu3ias are included iu this
report .

Although many of the USGS and VIMS studies were conducr~!d
independently, there were several areas in which both ir.stitution;
were involved . USGS supplied detailed bathymetry for use in the wave
climate model . A preliminary sedimentary texture map was provided for
bio-lithutacies interpretation .

USGS persanne . from the Atlantic-Gulf Coast Branch (hydrocarbon
laboratory) participated in each VIMS benthic cruise . Sediment
samples for hydrocarbons were analyzed by both USGS and VIMS
personnel . USGS performed analyses on a bleiided sample taken at each
benthic station each season while VIMS oerfo :med replicate analysis
once at each station .

During the first sampling year, sediments collected on VIMS
cruises were provided to USGS, Woods Hole, for analysis of total trace
metal concentrations . Under the VIMS co :;trAct, sediments aere
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Table 1 . Program Elements and Responsible Principal Investigatora,
Contract 08550-CT5-42 (1975-1976) and AA550-CT6-62 (1976-1977 ) ,

Principal Investigator(s)
Program Elements Associate Principal investigator(s)

I . Chief Scientist D. Boesch

II . Principal Elements

Benthic Studies D .

Hydrocarbon Studies C .
W.

R .

Trace Metals R.
R.

Boesch
J . Kraeuter (megabenthos)
K . Serafy (macrobenthos)
D . Hartzba :.3 (meiobenthos)
L . Watliug (Univ . Delaware, taxo-

nomic consultant)
R . Ellison (Univ . Virginia,

foraminifera)

Smith
Maclntyre (December 1976 -

May 1977)
C . Su (laboratory analyses)
Bieri (GC-MS)
K . Cueman

Harris
Huggett
R . Jolly (VARC, PIXE analysis)
G . Grant (VARC, AA analysis)

Zooplankton-Neuston Studies G . Grant

Bacteriological Studies H . Kator

Histopathological Studies C . Ruddell

Finfisn Studies J . Musick
E . Foell
G . Sedberry

III . Supporting Elements

Physical Oceanography and
Meteorology E . Ruzecki

C . Welch
D . Baker
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Table 1 . (Concluded) .

' Principal Investigator(s)
Program Elements Associate Principal Investigator(s)

. III. Supporting Elements (cont ..)

Carbon Analysis M. Champ (American University)

Nitrogen Analysis R . Wetzel

Sediment Grain Size R. Byrne

Program Management E . Burreson
M. Lynch (October 1976 to May 1977)
J . Jacobson (January 1976 to

September 1976)
B . Laird (reports)
W . Athearn (logistics) (May 1977 to
April 1978)

J . Brokaw (logistics) (September
1975 to April 1977)

Data Management G . Engel

Staristics W. Roller

IV . Special Studies

Baltimore Canyon Trough
Wave Climate Mo'.r1 V . Goldsmith

Degradation (Bacteripl)
Studies H . Kator

Recolonization Studies D . Boesch
K . Serafy

Historical Finfish
Analysis J . Musick

J . Colvocoresses
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analyzed for leachable metals and USGS total digestates were analyzed
for barium and vanadium . During the second year VIMS analyzed
sediments for both leachable and total metal concentrations .

VIMS collected suspended sediments for USGS analysis and, using a
USGS instrument, provided USGS with records of nephelo aeter/
transmissometer traces .

VIMS biologists partic ipated in USGS submersible cruises in the
lease area during the first year to obtain quantitative and
qualitative estimates of animal distributions .

.. ...
National Oceanic and Atmospheric Administration ( NOAA), U . S .

Department of Commerce, analyzed historical finfish and benthos data
related to the Middle Atlantic Bight OCS area under Interagency
Agreement No . AA550-IA7-35 with BLM. The National Data Buoy Office
maintained two meteorological data buoys in the region, one of which,
in addition to stannard meteorological wind-sea surface data, recorded
wave data (AA550-IA6-3) . This data, particularly the wave data, was
used by VIMS in wave model studies . The 2nvironmental Data and
Information Service ( EDIS) Center for Experiment Design and Data
Analysis ( CEDDA) of NOAA under Interagency Agreement No . AA550-IA6-12
analyzed historical oceanographic and meteorological data for long
term and seasonal trends . VIMS physical oceanographers worked closely
with CEDDA on this project and provided a complete set of all
oceanographic data in the VIMS data base for offshore areas . A list
of personnel responsible for liaison between BLM supported studies in
the Middle Atlantic Region is provided in Table 2 .

Other BLM funded studies in the region that did not directly
relate to the benchmark study included two literature surveys . A
:iterature survey of the 200 m - 2000 m s?ope area from the Gulf of
Maine to Cape Hatteras, North Carolina, was conducted by The Research
Institute of the Gulf of Maine ( TRIGOM) under Contract No, .
(1855U-CT5-47 . An update of the TRIGOM 1974 socio-economic ar .d
environmental inventory which covered the northern portion of the
Middle Atlantic Bight, and a University of Rhode Island (URI 1973)
coastal and offshore environmental inventory of the region from Cape
Hatteras to Nantucket Shoals was ccmpleted by the Center for National
Areas ( CNA) under Contract No . AA550-CT6-45 . VIMS personnel have
provided data and reports to CNA for their update .

Major non-BI .M studies in the region include the ground fish
surveys conducted annually by the National Marine Fisheries :ervice
(NMFS), the Marine Ecosystems Analysis Program ( MESA) New York Bight
Studies, both o : NOAA, and Environmental Protection Agency (EPA)
funded dump site studies off Delaware Bay .

VIMS' other major offshore study in the Middle Atlantic Bight is
a National Sc ence Foundation ( NSF) funded study of the Norfolk Canyon
ecosystem which focuses on shelf and canyon ichth Nnfauna, zooplankton,
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Table 2 . Liaison Responsibilit~es for the Middle Atlantic Bight BLM
, Supported Studies .

Agency (Proje^t) Agency Liaison VI'iS Liaison

USGS D. Folger ?1. Lynch
(1975-1976)

M. Ball E . Burreson
(1976-1977)

EDS

Middle Atlantic Physiral/
Meteorological Sunmiary

NOAA, 2J .E . Fisheries Center

NODC Archiving

:. Hughes

G. Falk

R . Reid

S . Marcus

G . Engel

9

E . Ruzecki

E . Burreson
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and epifauna . The investigators associated with the zooplankton and
physical oceanographic and meteorological aspects of the Norfolk
Canyon Study are program element principal investigators for the
comparable element in the BLM benchmark study .

BLM Personnel

Contract monitoring personnel within BLM recpoasible for these
studies were Contracting Officers Authorized Representatives - Drs . J .
Snyder and A . Horowitz and Mr . P . Thomas ; and Contracting Officers -
Mssrs . W . Hamm, F . Galinsky, A . Guida, and P . Lubetkin . LiAison with
the Branch of Environmental Studies, BLM, was the resFonsib'_l+ty of
Dr . R. Beauchamp and Mr . J . Cimato .

The Study Area and Study Plan

The region studied during the benchmark program covers an area of
over 13,000 square nautical miles, or about 45,000 km2, extending off
New Jersey, Delaware, Maryland, and Virginia over the broad
continental shelf and upper slope (Figure 2) . Sampling had to be
extensive enough tu characterize this expansive environment and also
intensive enough to characterize the diversity of environments within
regions of this topographically complex continental shelf . General
requirements of the sampling scheme, including number of stations,
were set forth by BLM in the contract ; VIMS was responsible for
selection of the actual location of stations in consultation with USGS
and `sLM .

1975-1°i 6 Sampling Year

Tn order to provide both the extensive coverage required of the
area i-nrier consideration for lea3ing and tha intensive coverage
desired .n the portion of the lease area of most interest to industry,
51 benthic stations (A's through L's, Figure 2) were allocated as
followb :

- 24 stations (A's through F's), grouped in 6 clusters, each
containing 4 stations, primarily concentrated in the outer
shelf area but extending into central and inner shelf areas
were located in a corridor bounded roughly by 38 .5°N and
39 .5°N .

-- A 7 station transect (G series) positioned r .ear the northern
border (40°N) of the lease area .

-- A 6 station t-ansect (K series) positioned along the southern
border (38°N) of the lease area .

10
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Figure 2 . Stations sampled for macrobenthos .



- A 6 station transect (L series) positioned off Chincoteague,
Virginia between 37°N and 37 .5°N south of the lease area and

-- 8 stations (H, I, and J series) positioned on the continental
slope or in or near submarine canyons in the central area .

The 24 cluster stations in the central area were sampled
quarterly to provide intensive sampling in time and space such that
refined assessments of bathymetric, topographic, sedimentological, and
seasonal effects could be determined . The remaining 27 stations were
sampled twice yearly (during summer and winter) to provide the broad
geographic coverage necessary for distinguishing bathymetric and
latitudinal patterns over the region .

Nine stations (C2, D1, N3, El, Fl, J1, Al, B1, I1) were chosen
for collection of larger organisms by dredge and trawl (megabenthos)
to be used for histopathological and chemical stulies . They were
located in the central area corresponding, wherever possible, with
stations samplqd for macrobenthos and sediments . These stations were
sampled quarterly.

The 6 water column stations (C1, D1, N3, E3, F2, J1) were located
on a cross shelf transect extending from Cl off Atlantic City, New
Jersey, to J1 on the slope edge . These stations were positioned based
on the known hydrographic characteristics of the area and located,
where possible, in the vicinity of benthic stations . Because of the
small number of stations, these sites were restricted to the central
study area .

The identiry oF the tracts that would be offered for leasing
under the ini :ial Middle Atlantic OCS sale (Sale 40) was no : available
at the time jL' qtation selection . USGS identified three areas of
possible inct-,est based on geophysical data . Stations in the central
study area samplEd during this initial year are shown in Figure 3
along with lrazts actually leased in Sale 40 . Comparison of stations
with actual leases shows coverage with regard to potential development
was good, with the exception of water column studies in the
northeastern and northwestern lease areas .

Rationale for Location of Stations

Cluster Stations . Six areas (Areas A-F) (Figure 2) were chosen
as representative of bathymetric zones and/er reflective of high
interest for oil and gas development . Within each orea, 4 permanent
stations were fixed to cover the range of presumed biological and
sedi ..entary habitats . In the 4 areas situated totally on the
continental shelf (B-E), stations were chosen to at least represent
ridge, flank, and swale environn.~nts of the first-order topographic
system (McKinney et al . 1974) . Existing geological information
indicated that sediments and sedimentary processes vari,-d considerably
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with rrspec.t to copogtaphy ; however, comparable biological and
cnemical information was lacking, making this sampling design
cciterion hypothetical . The stations ir, areas A and F were located at
dept`ic lying beyond the presence of ridges and swales, thus the
stations ulere established to cover the bathymetric ranges within these
outer shelt-shelf break zones .

Three of the cluster areas (A, 8, and E) are located in regions
in which the USGS conducted bathymetric surveys recause of potential
oil .+nd gas development activitiLs . Area A covers a comparatively
gently s :oping portion of the outer shelf a .id shelf break south of
Hudson Canyon . Low rellef hummncks are found in the outer part of the
area, and it is crossed by several sea level stilistand shore features
(Milliman 1972 ; Cousine et al . 1977) . Sediments in this region are
generally muddier than elsewhere on the shelf to the Sol•th .

Area B is crossed by the southwest-northeast trendini Tiger
Scarp, representing a portion of the Fortune Shore (Milliman 1973) .
Area B includes a shallow terrace (<50 m deep), which contains
cuesta-like features (Swift et al . 1972), and deeper ridge and swale
topography (56-74 m) . The distribution and variability of surface
sediments (Knebel 1975) and the structure of the surficial sand sheet
(Knebel and Spiker 1977) in this region have been studied by USGS .

Area E covers outer shelf ridge and swale topography (55-9U m)
north of thc hed d of Wilaiington c.anyon . Knebel and Spiker (1977) also
studied the surficial sand sheet in this area, and Knebel and Folger
(19i6) reported large sand waves in the southern part of this region .

Area F, to the east of Area E, was selected as bn outer
shelf-shelf break parallel of Area A . The depth gr3dient is much
steeper and the sedimer .s le ;s muddy in this region than in Area A .

Two other clus E - - r.reas +ere selected to represent inner shelf
and central shelf cor.,~ .tinns . The central shelf area (Area D) is
located on a segment of _he shoal retreat massif of the Great Egg
Valley (Swift et al . 1972 ; Swift 1975) . This region is one of the
most intensively studied shelf arcas in terms of sedimentology, having
been the subject of a number of investigations by staff of the
Atlantic Oceanographic and Meteorological, Laboratories (AOML) ot NOAA
(McKinney et al . 1974 ; Stubblefield et al 1975 ; Stubblefield and Swift
1976) . Area D is characterized by a well-developed systeir of NE-SW
oriented ridges and swales (30-50 m depth range) superimposed by
lesser order topographic features 'kMcKinney et al . 1974) .

Area C, located near the shoreward termination of the shoal
-reat massi : nor0east of the ancestrdl Great Egg Valley (Swift et

al . 1972) off Atlantic City, New Jersey, is characterizec by
well-developed ridges and swales which range in depth from 15-35 m .
The sediments in Area C include coarser s nds than found in other
cluster areas, but swales locally cut into underlying clay deposits .
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Transect 5tations . Transect G extended from northern few JerFO!y,
across the Hudson Shelf Valley to the upper continPnt-0 s' .pe ,ti,. . ' . of
Hudson Canvun . Transrrt K ex .end.:d trom the `iaryland-Dclaware region
to the ipper slope south of Baltimore Canyon . Transect L exterded
from off Vlrrinia's Eastern Shore to the upper slope north of Norfolk
Caryon . Along each transect, stations at approximately 25, 40, 55,
100, (65, and 35U m depths were sampled . On transect G an additional
station (G3) was located in the axis of the Hudson 5helf Valley at
73 m .

Except for ('3, those stations on the continental shelf were
positioned on flat or flaak bottoms, and topographic hig ; and lows
were avoided in order to minimize the effect of topographv on apparent
cross-shelf patterns .

These trans#:ct stations (Figure 2) are ubeful in describing the
broad-scale biogeographic, sedimentoiogic ; and hydrograpi ..c patterns
in the Middle Atlantic Bight .

Continental Slope and Canyon Stations . Four stations (H and J
series) were positioned on the upper continental slope off Areas A and
F (Figure 2) . The shallower of each pair o ; stations was located at
350-400 m and the deeper at 700-750 m. Many tracts leased under
BLM-OCS Lease Sale 40 are located at the shelf break, and many tracts
located at slope depths have been nominated for leasing in a future
sale . This underlines the iff•portance of sampling the little-known
slope environment .

Study plans initially stipulated at least one station in one of
the submarine canyons incising the Middle Atlantic continental shelf .
The canyon chosen for study was Toms Canyon which is smaller than the
major canyons such as Hudson, Wilmington, and Baltimore, bii* is much
closer to Sale 40 lease tracts than the larger canyons . 'our stations
(I series) were positioned along a transect extending f ~m t' .e outer
continental shelf (ca . 80 m) through the head and upperpa-t of the
axis of Toms Canyon (to 4b0 m) (Figure 2) .

Dredge and Trawl Station s . Only nine stations were sa:mpled
quarterly h; dredge and trawl . The megabenthos captured was used for
ecological studies, analyses of trace metals and hydrocarbons, and
histological material . One station from each of the cluster areas
plus 3 others, 11, J1, a-rd N3 (located between cluster areas D and E)
were selected (Figure 2) . This rampling scheme gave broad coverage
from the inner shelf to the upper slope over the central study area,
but did not allow sampling of various topographic features within
bathymetric zones or broad latitudinal sampling .

Water Column Stations . In order to correspond with benthic
stations, a cross-shelf transect extending through cluster areas C, D,
E, and F was selected . One station from each of these areas, Cl, D1,
E3, and F2, were designated as water column stations together with N3,
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between areas D and E, and J1 on the continental slope off Area F .
These statior,s constituted a section roughly perpendicular to the
shoreline and slope break and extending from 9 km (15 m depth) to 145
km (400 n depth) offshore (Figure 2) .

1916-1971 Sampiing Yrdr

Second year study objectives remaine .i unchanged and thus, except
fur a few minor changes and the initiation of come new studies, the
samF•l+ng scheme for the 1976-1977 sampling year was similar to the
first year .

Benthic Cluster Stations . Preliminary first year results
suggested that some stations could be eliminated due to faunal
similarity with other locations . Thus sampling was discontinued at
the tour cluster stations, C1, C3, D2, and D3 (Figure 2) . These
stations are a considerable distance Inshore from the lease areas and
were yielding little additional information . It was decided to retain
only one ridge and one swale station in each of these two cluster
areas .

Benthic Transect Stations . Sairpling at seven transect stations,
Li, L3, Ki, K3, G1, G3, and G7, (rigure 2) was discontinued after the
first sampling year . Stations L1, KI, and G1 were located far from
the lease areas and any pollution event associated with oil
development . Thus it vaa only necessary to document general community
structure over a one year period . Stations L3, K3, and G3, although
some distance seaward of L2, K2 . and G2, were only about 10 m greater
in depth than the latter stations and thus faunistically similar .
Sampling at Station G7 was disconr :nu-d because it was faunistically
similar to H1 and H2 and was pe:iph ::rally out of the study area .

Wate r Column Stations . .n ;rder to more completely define
seasonal neuston and subsurface zooalankt-n community structure in the
present and future lease area,, ,: trinsect of 4 stations (,L1, L2, L4,
L6) from the coast of Virginia o the shelf-edge near Norfolk Canyon
was added, as well as two statio.is (B5, A2) to the north of the
original transect .

Habitat Delineation StudY . In order to determine if it was
possible to extrapolate results from fixed stations located in
topographically complex areas to other regions of the same features,
or to similar features in other areas, and to document the
relationsi(ip between bEnt.hic invertebrates and demersal fishes, a
habitat del+neation study was conducted . Cluster areas B and E were
chosen because many of the prime lease tracts are in these reg :ons .
Both regions were stratified bac,ed on existing bathymetry and sediment
data and stations were determin•ad by random select'on of Loran C
coordinates . Sampling was conducted during fall 19 76 for oegabenthos
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and macrobenthos, but demersal fishes were sampled each seasca
throughout the year .

Recolonization Study . This study, also initiated during the
1976-1977 sampling year, was designed to assess the effects of oiled
sediment on recolonization of benthic invertebrates following
catastrophic disturbance . The location chosen for this experiment
(Station B5, Figure 2) is an area of fine sediment with relatively
high silt and clay content which could retain oil .

Station Location . Accurate navigation and positioning is
essential for studies of the seabed in the Middle ktlantic continent I
shelf because of its considerable topographic and sedimentologic
complexity . High precision navigation systems are not available ove*
much of the region . The Loran C system of radionavigation with norm-,!
position variation from 15-60 m in the study area (U . S . Coast Guard
1974) is available and was used during this study .

Because the sampling design relied on sampling topographic
features, it proved more important to locate the feature to be sampled
than to return to an electronically fixed position . Normal procedure
was to cruise to the assigned position determined by Loran C and to
locate the precise feature with a precision depth recorder (PDR) .

Cruise Oraanization

The field sampling program throughout tt.e first year consisted of
separate cruises for water column and benthic studies . Each sampling
season, one water column and at least one benthic cruise (two during
winter and summer) occurred . During the summer season, a separate
trawl cruise saved considerable time and expense . An additional
bacteriological cruise (04G) was conducted one week after the summer
water column cruise to resample bacteriological samples 1 in a
laboratory mishap .

During the second sampling year a three-cruise system was
implemented with separate water col4mn, benthic, and trawl cruises ;
deployment or recovery of recolonization boxes waR also conducted on a
separate cruise . Dates of all cruises and vesRels utilized are listed
in Table 3 .

Participating in the majority of all cruises was a
multidisciplinary scientific crew headed by a chief scientist .
Composition of this party wp, dependent uoon cruise ; e .g . on benthic
cruises there were representatives from physical oceanography,
microbiology, benthic ecology, hydrocarbon chemistry, and trace metal
chemistry . Each discipline was headed by a group leader or member
skilled in field sampling procedure . All members of the scientfic
party w.re divided into watch sections, supervised by a watch captain
or party chief . This shipboard party was supported by a shoreside
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Tatip 1 . Cruises conducted under contracts 08550-CT5-42 (1975-1976)
and AA550-CT6-62 (1976-1977) .

Cruise No . Vessel Dates _

O1W* R/V Columbus Isr.lin 27 Oct . - 6 Nov ., 1975

01B R/V G . W. PiercL 22 Oct . - 31 Oct ., 1975

02W R/V G . W. Pierce 4 Feb . - 17 Feb ., 1976

02B N/V G . W . Pierce 19 Feb . - 23 Mar . . 1976

03W R/V Virginian ;ea 7 Jun . - 17 Jun ., 1976

03B R/V J . M. Gilliss 14 Jun . - 24 Jun ., 1976

04B R/V G . W. Pierce 14 Aug . - 2 Sep ., 1976

04T R/V Cape Henlopen 23 Aug . - 27 Aug ., 1976

04W R/V Virginian Sea 30 Aug . - 10 Sep ., 1976

04G R/V John Smith 12 Sep . - 14 Sep., 1976

05B R/V H . J . W. Fay 3 Nov . - 8 Nov ., 1976

05W R/V Virginian Sea 4-7 Nov.17-26 Nov ., 1976

R/V H . J . W . Fay 19 Nov . - 27 Nov ., 1976
05T R/V Cape Henlopen 8 Nov . - 18 Nov ., 1976

05R R/V Cape Henlopen 19 Nov . - 3 Dec ., 1976

06B R/V H. J . W . Fay 4-17 Feb . 6-13 Mar ., 1977

06W R/V H. J . W. Fay 19 Feb . - 6 Mar ., 1977

06T k/'! J . M . Gill.iss 18 Mar . - 28 Mar ., 1977

. 07T R/V Cape Henlopen 16 May - 21 May , 1977
07W R/V H . J . W . Fay 17 May - 28 May , 1977
07B R/V H . J . W . Fay 30 May - 5 Jun ., 1977

07R R/V Henlopen 2 Jun . - 6 Jun ., 1977

08B R/V H . J . W. Fay 3 Aug . - 17 Aug ., 1977

08R R/V Cape Henlopen 11 Aug . - 18 Aug ., 1)77

08W R/V H. J . W . Fay 19 Aug . - 30 Aug ., :977

08T R/V Cape Henlopen 7 Sep . - 15 Sep ., 1977

09R R/V Cape Henlopen 29 Nov . - 5 Dec ., 1977

* W - water column
B - benthos
T - trawl
G - special bac :~-riology
R - recolonization
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logistics team at VIri3 consisting of logistics assistant, logistics
technician, and graduate ssRiatants .

Mobilization for all cruises occurred at VIMS and, where
applicable, at the chartered vessel's home port . All vessels except
R/V Cape Henlopen embarked and debarked at VIMS facilities or L .earby
U . S . Government installations . Crew changes and equipment repair or
replacement were effected at Atlantic City, New Jersey, or Lewes,
Delaware .

Shipboard Proccdures

Because a three-cruise system was elected, the mission and
sequence of events differed for each cruise . Table 4 illustrates the
procedures followed .

Sample and Data Archives
BLM Cruises 01 to 08 (Fall 1975 to Summer 1977)

Several classes of samples and records are archived at VIMS for
possible f ti ture needs . The types and numbers archived, together with
their mode of storage are listed in Table 5 .

Tapes and Logs

Included in this category are the raw analogue tapes from the CTD
systems and the three groups of digital tapes generated from the
analogue tapes . There are 71 analogue tapes and 95 digital tapes in
all from cruises 01 to 04 and 95 analogue tapes and 186 digital tar :s
from cruises 05-08 . The analogue tapes are stored in individual
plastic tape containers and the digital tarea are in the custody of
the Physical Oceanography Department .

Hydrographic logs, meteorological logs, and Loran C logs with
recorder readouts are available . Depth recorder records from the
eight cruises ace available as are copies or transcripts of ships'
logs and benthic data sheets . Original benthic data sheets are in the
custody of the several principal Investigators . All of these logs and
data sheets are also on microfiche and stored at MERRMS .

Bottom Photographs

Black and white negatives and color slides are archived in cruise
notebooks in the custody of the Invertebrate Ecology group . A listing
~; 211 photographs is presented in Tables 6 and 7 .

~ummary of S.mples Collected

A summary of sampl j s collected is presented in Tables 8 and 9 .

(TEXT CONTINUES ON PAGE 28)
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Table 4 . Sequence of sampling procedures followed at each station on
benthic, trawl and water column cruises .

atPr o umn
Rei :'-hic Cruises Trawl Cruise Cruises

!~ta*_?un acquisition
uy Loran C

P,a- ;yme±ric verification
by precision depth
recorder (PDR)

Buoy deployment or
ship anchored

t
Loran C f, PDR recheck

Hydrographic cast,
meteorological data

Microbiological water
sampling

Benthic,(grab) sampling

auoy or,anchor recovery

Station acquisition

I
Bathymetric verification
by precision depth
recorder (PDR)

Hydrugraphic cast,
meteorological d ata

Anchor dredging

Small biological
trawling

O:ter triwlir.g

Station acquisition

I
Bathymetric verification

i
Neuston (1200 hrs)

+
Hydrographic cast

Neuston,(1500 hrs)

Surface~$ Esottom
water collections

Neuston,(1800 hrsj

Hydrographic cast

Neuston,(2100 hrs)

Zooplankton (bongo)
tows i

Neuston (2400 hrs)

Hydrographic cast

Neuston~ (0300 hrs)

Neuston,(0600 hrs)

Hydrogriphic cast

Neuston+(0900 hrs)
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Table 5 . Samples Archived under Contract 08550-CT5-42 (1975-76) and
AA550-CT6-62 (1976-77) .

• Number of Samples
Type of Sample 1975-76 1976-77 Containers Location

~ Zooplankton 48 194 buffered formalin Conrad House
in jars

Neuston 192 309 buffered formalin Conrad House
in jars

Sediment Cores 840 1,521 ziploc bags in Ferry House
freezer

Foraminifera 234 248 ziploc bags in Ferry House
freezer

Bottom Photographs 594 1056 laboratory note- Melville House
books

Macrobenthos 950 770 707 ethanol a.n jars Melville House

Megabenthos 10,000 11,100 70% ethanol in.jars Wachapreague
and vials and 200 Labo-atorv
bags of dried echino -

derms

Histo-•athology :
Slides 6,250 7,350 slide files Davis Hall
Tissva Blccks 3,470 3,600 block drawer Davis Hall

Tarh i11 . 48 35 zipl,•c bags in Byrd Hal 1
freezer
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Table 6 . :etailed ,isting of BLM Bottom Photographs (Contract No .
08 :50-CT5-42), 19/5-1976 .

Cruise Stae ion Type Num er Cruise Station Type Number

01 Al EF,W 6 02(cont .) 14 B&W 4
A2 " 6 J2 " 4
A3 " 6 K1 " 7
A4 " 6 K2 " 5
Bi " 7 K3 " 8
B2 " 4 K4 " 4
^' " 6 KS " 4
Rd " 6 K6 " 4
' 1 " 6 L1 " 5

..Z " 6 L3 " 6
C3 " 8 L4 " 6
C4 " 6 L5 " 6
D1 " 12 L6 " 6
D2 " 6
D3 " 4 03 Al B&W 12
El " 7 A3 " 7
E2 " 3 A4 Color 6
E3 " 8 B2 Bf,WBC 12
E4 " 7 B4 B&W 6
Fl " 6 C1 Color 6
F2 " 6 C2 Color 7
F3 " 5 C3 BF,W&C 12
F4 " 6 C4 " 8

Dl " 13
02 BI B&W 5 D2 B&W 7

d2 " 7 D3 1,6W&C 13
B3 " 7 DG " 8
B4 " 6 E, " 12
l, 2 " 6 E 2 " 11
C3 " 7 F'_ Color 4
C d " 6 E4 B$WfiC 12
D2 " 6 Fl " 11
D3 " 6 F2 " 12
El " 6
E 'I of 4 04 D1 B&W 6
'_3 " 7 D2 B6Wf,C 13
E4 " 6 D3 B&W 5
Fl " 5 D4 " 9
F2 " 3 rl " 6
F 3 " 5 1:2 " 6
F4 " 6 E3 " 5
H1 " 6 E4 " 6
112 " 5 Fl " 8
11 " 6 F2 BGW6C 14
12 " 5
13 " 5
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Table 7 . Detailed listing of BLM bottom photographs ( Contract No .
AA550-CT6-62) 1976-1977 .

05 06 07 08
Station B&W Color BtiW Color B&W Color B&W Color

Al 6 7 6 0 7 5 8 0
A2 5 6 4 0 5 5 6 0
A3 7 6 0 0 0 5 5 0
A4 7 0 0 5 11 0 7 5

BI 6 6 6 0 4 5 7 0
B2 6 : 6 5 7 4 8 0
B3 7 7 7 0 6 2 13 0
B4 7 4 6 0 7 0 9 0
B5 0 1 0 0 6 4 9 0

C2 2 0 6 6 7 0 0 6
C4 1 0 6 6 0 5 8 0

D1 6 0 4 7 6 3 5 0
D4 5 0 5 8 6 6 6 0

El 9 0 6 6 7 6 5 0
E2 5 0 6 4 0 6 4 0
E3 3 0 6 7 4 6 8 0
E4 6 0 6 4 2 0 7 6

Fl 6 0 6 6 0 0 6 5
F2 6 J 8 0 6 6 6 0
F3 6 5 7 0 0 5 8 0
F4 6 6 6 0 6 6 6 0

G2 0 0 8 0 0 0 4 5
0 1 1 , (~ 1/2 0 0 0 4 6
G4 O 0 0 0 0 0 4 6
G 5 0 0 0 0 0 0 4 6
G6 0 0 0 0 0 0 4 6

H1 0 0 0 0 0 0 4 7
H2 0 0 7 0 0 0 6 6

Il 0 0 0 0 0 0 4 6
12 0 0 0 0 C, 0 4 6
13 0 0 1) 0 0 0 4 6
14 0 0 0 0 0 0 4 6

JI 0 0 7 0 0 0 4 6
J2 0 0 8 0 C 0 7 5
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Table 7 . (continued)

Station B&W
05
Color B6W

06
Color B64J

07
Color B&W

08
Color

K2 0 0 0 0 0 0 2 6
K4 0 0 0 0 0 0 4 6
K5 0 0 0 0 0 0 4 6
K6 0 J 20 0 0 0 0 6

L2 0 0 0 0 0 0 3 6
L4 0 0 7 0 0 0 0 12
L5 0 0 0 0 0 0 4 6
L6 0 0 12 0 0 0 5 6

BD* 0 8 0 0 0 0 0 0
BF 0 7 0 0 0 0 0 0
BM 0 6 0 0 0 0 0 0
BF 0 10 0 0 0 0 0 0
BR 0 9 0 0 0 0 0 0
BS 0 10 0 0 0 0 0 0
ED 0 11 0 0 0 0 0 0
EF 0 7 0 0 0 0 0 0
EL 0 6 0 0 0 0 0 0
ER 0 9 0 0 0 0 0 0
ES 0 9 0 0 0 0 0 0

Totals 112 141 180 64 97 79 230 153

*Area B and E habita• del+.neation samples .
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'Table 8 . Summary of samples collected and analyzed during BLM cruises 01-04 .

amples Require Collecte Analyzed

' Sediment characteristics
Grain size 1350 1169 1169
Organic carbon (Champ) 900 891 8871

• Nitrogen 900 891 7322

Benthic samples
Macrobenthos (grabs) 900 89] 891
Megabenthos (SBT, anchor dredge trawl) variable 115 115
Foraminifera 234 234 234
Photographs 594 594 594

Histopathology samples variable 1726 12313

Trace metals
Sediments 522 522 522
Megabenthos 144 144 144
Zooplankton 48 48 48
Neuston variable 25 25
Suspended particulates 48 48 96`'

Hydrocarbons
Sediments 306 306 306
Megabenthos 144 156 156
Zooplankton 48 49 49
Neu3ton variable 4 4
Dissolved hydrocarbons 24 24 24
Particulate hydrocarbons 48 48 48
Surface film P.ydroc :rtons variablF 15 15
Tarballs variable 71 0

Zooplankton 48 53 53

Neuston 192 196 196

Bacteria
Field collection :nd enumeration :
Sediment 300 304 304
Surface water 24 30 30
Microlayer 24 15 15

Physical Oceanography
CTD/DO casts variable 246 246

~ XBT's variable 220 220
Salinities 348 1188 1188
DO's 348 1112 1112

' Micronutrients 492 147] 1471

.,.ganic carbon (wa-Ler column) (Champ)
DOC 48 48 48
POC 48 96 96

..~- -
1 4 sampl .s lost during analysis .
2 Reagent contamination resulted in loss of 159 samples
3 No minimum number of analyses was specified . The samples not

analyzed are stored in paraffin embedded tissue blocks .
`' Includes leachable and refractory analyses .
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Table 9 . Summary of samples cc -tcted av,d analyzed during 1976-1977
( BLM cruises 05-08) .

Samples Required Collected Ana:yzed

Sediment characteristics
Grain Size 1400 1515 1400
Organic carbon 1400 1400 1400 '
Nitrogen 768 780 768

Benthic samples
Macrobenthos (grabs) 768 770 770
Megabenthos (SBT, anchor dre ,e trawl) 282 270 270
Meiobenthos 384 384 288*
Foraminifera 244 248 248
Photographs variable 1056 1056

Histopathology samples variable 1717 1717

Trace metals
Sediments 732 746 73i
Megabenthos 144 146 144
Zooplankton 168 168 168
Neuston variable 8 8
Suspended particulates 96 96 96

Hydrocarbons
Sediment 246 242 242
Megabenthos 144 144 144
Zooplankton 168 168 168
Neuston variable 8 8
Dissolved hydrocarbons 96 96 96
Particulate hydrocarbons 96 96 96
Surface film hydrocarbons variable 28 28
"arball, variable 35 0

Zooplankton 168 194 168

Neuston 300 3 :19 300

Fish Food Habits (Stomach} 4000 min . 8132 5290

Bacteria •
Field co!.lection and anum?r•ition :
Sediment 248 248 249
Surface w&ter 48 48 43
Xicrclayer 48 may . 22 22
Thermocline variable 23 23
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Table 9 (continueu)

Samp les Required~ Collected Analvz t d

~ Physical OcPanoRraphy
CTT1/DJ casts variable 246 246
KBT'S variaLle 22,1 220

' Salinities 340 min . 2324 2324
DO's 340 min . 2266 2266

Micronutrients 340 nin . 1063 1063

Organic carbon ( water col vimn)
DOC 110 max . 202 110
POC 96 96 96

Habitat delineation
Megabenthos 66 66 66
Macrobenthos 88 88 88

Grain size 88 88 88
TOC 88 88 88

* One core archived, one core analyzed for grain size at each station
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SamPling rl , thod 2-

Physical Uceanography and `leteorolog~

Meteorological _P arameters . Observed parameters consisted of
windspeed and direction, atmospheric pressure, wet and dry bulb air
temperature, sea su-fa,!e temperature, and direction, period, and
height of wind waves and swell . Also, eatima :es of visibility, cloud
cover and type, and concurrent weather conditions were made and
recorded . Measurements were mac:e every three hours on water column
cruises and once per station on tF•• benthic cruises . In addition,
continuous records of :tmospheric presstirP we .:e obtained with a
barograph .

Oceanographic Paraneters . Me,,.ured parameters were water
temperature, conductivity, pressur , electrical current generated in a
dissolved oxygen probe, temperature of the dissolved oxygen probe,
:ight transmission anci light scattering . In addition to these in 5itu
measurements, water samples for dissolved oxygen, salinity,
micronutrient, and suspended sediment analyses, were obtained from
various levels in the water column (near surface and near bottom
levels were always sampled with as many as ten additional samples
taken at various intermediate levels) . Water samples, and in situ
measurements listed above were obtained with a CTD/DO Rosette Sampler
combination . Optical properties of the water column measured during
benthic sampling cruises were obtained with a nephelometer-trans-
missometer . Measurements of water temperature as a function of depth
were made with an expendable bathythermograph (XBT) at positions
halfway between water column s nd benthic stations .

Sampling frequency varied between water column and benthic
stations .

I . Water Column Star _,r. : ; . Water column stations were nf
two kinds - 24 hour stations and single occupancy stations . At
the 2h hour stations, four CTD casts were taken at 0000 hrs .,
0600 hrs ., 1200 hrs ., and 1800 hrs . Exceptions occurred duri,ig
fall, 1975 and winter, 1976 (BLMOIh and BLM02W) when only a
single CTD cast was performed at each station . At the single
occupancy stationa only one CTD r3st was taken . Each set of in
situ measurements was augmented il*.th near surface and near bottom
water samples for salinity and ".J determinations . Intermediate
levels (10, 20, 30, 50, 100, 150, 200, 250, and 300 m) were also
sampled . Additionally, water samples for determination of
micronutrients, particulate organic carbon (PCC), and dissolved
organic carbon (DOC) concentrations were sampled once ,:h
station at near sur'ace and near bottom .

28



II . Rcnthic Stations . Benthic station sampling was similar
to water column station sampling except that sampling occurred
only once per station, and POC-DOC samples were omitted . Added
to the samplitig were near surface and near bottom water samples
for suspended sediments, and continuous nephelometer-
tranz:missometer records of light transmission and scattering as a
function of depth . The suspended sediment samples were obtained
at the first numbered station in each cluster group (Al, B!, Cl,
etc .) and at all transect stations (C, K, and L) . When a
therswcline was evident an additional suspended sediment cample
was obtained near or in the thermocline .

Sutsurface Zooolankton

Double-oblique tows, from surface to near-bottom and back to
surfece, were made at each of the 12 stations with 60 cm
opening-closing bongo systems (McGowan and Brown 1966), first with
paired 202 um mesh nets, then with 505 um mesh nets . The track of
tows followed a broad arc, except in heavy weather w1hen waves were
yuartered . All tows were taken using'either a 1/4-inch (0 .7 cm)
stainless steel cable or a plastic coated cable, towed at a vessel
speed of approximately 1 .5 knots . To avoid surface contaminants,
samples were submerged in closed position, opened below the surface,
then re-closed before retrieval through the surface layer . Flowmeters
(General Oceanics, Inc .) were excluded from the net utilized for
chemical analysis .

Samples collected in the metered half of bongo net pairs and
reserved for taxonomy were washed dowu with the ship's seawater system
into collecting buckets, concentrated on 110 u m netting, transferred
to glass jars and preserved in 5-8 percept buf :`ered formaldehyde in
seawater .

During the se .:ond year (19%b-19ii), addit :onal bongo collections
were made at stations A2, B5 and E3 on zac`' cruise to provide
repl)cate samples for statistical purpuses . At these stations the
initial two bongo tows (202 wm and 505 um nEts) were followed in
succession by three additional tows . The latter utilized an array of
two 60 cm bongo samplers and a time-depth recorder . Bongos were
fitted with paired 202 um and 505 um nets, the upper pair closed on
descent for chemistry samples and unmetered, the lower pair open on
descent and with both sides metered fc+r taxonomy and biomass
collections . After immersion below the surface layer, the upper bor.go
systeu was opened 'oy messenger, the array towed obliquely to
near-bottom, then back to below the sur :qce . The upper bongo system
was thcn closed b-' ., .e retrieval through the surface layer . All such
4ows were conducted at night, usually between the hour3 of 2000 and
2400 EST .
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Neuston collections were obtained every th .ee hours for a 24-hour
period at each station during each quarterly cruis_ . At stations D1,
N3, and F2 during the second year only a single neuston tow was made,
in conjunction with bongo sampling . The neuston sampler, designed at
Woods Hole Oceanographic Institution, consisted of two
hyc+rodynamically-shaped . foam-filled floats connected by an endless
fiberglass belt, accommodating a standard one-meter plankton net and
towed by a four-point bridle . n 505 um mesh net was employed in all
neuston sampling . The unit sampled the surface laver to an
approximate depth (floating depth) of 12 cm and a width of one meter .
Tows were made from an extended boom in a widely circular track Zo
keep the net away from the ship's wake and, exc- . where abundance of
salps or ctenophores dictated a shorter tow, we• :` 20 minutes
duration .

Collected samples were washed into buckets, where they were
inspected for tarballs and large, readily identified species .
Tarballs, if present, were removed to labelled plastic zip-bags and
frozen . Large species, if present, were transferred to acid-washed,
teflon-capped jars and frozen for trace metal and hydrocarbon
analysis . A maximum of two species was selected at each station, with
specimens accumulated for a given station through the eight neuston
tows at 24-hour stations . Numbers and identity of *removed specimens
and the occurrence cf tarballs were noted on collection log sheets .

Sediments

Sediment samples for grain size, organic carbon, and nitrogen
znalyses were collected at each grab station . At each station, 12
replicate 0.1 m2 Smith-McIntyre grab hauls were s..ade except at some
deep stations where, because of long haul timP, few,~r hauls were made .
Into each of these successful grabs, a 3 .5 cu inside diameter clear
acrylic core was inserted, removed, and capped an both ends for grain
size analysis . The cores generally contained the top 10 cm of
sediment . During the first year, cores from the six grabs taken for
trace metal or hydrocarbon samples, usually the first six, were sent
to the USGS, Woods Hole, where a single grain size analysis was
performed on composited aliquants from the cores and the remaining
material returned to VIMS . At VIMS grain size ana.'vses were performed
on all six sediment samples from the grabs taken :ar faunal analysis
and two of the individual samples returned by USGS . During the second
year all twelve sediment samples were analyzed at VIMS .

Organic carbon and nitrogen samples were collected in a similar
fashion but in smaller diameter core tubes (2 .2 cm inside diameter) .
Gue core sanple each was taken from the six grabs collected for
analysas of macrobenthos . Samples were quickly frozen and remained so
until analysis .
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Mac a anthcs

A 0 .1 m2 Smith-Mclntyre grab sampler of stainless steel
construction modified to accommodate a Benthos Edgerton 35 mm camera
(Model 371) and flash (Model 381) was used for macrobenthos sampling .
The camera's shutter was activated by a bottom trip switch when the
camera was approximately 1 m off the bottom, except during the last
two seasonal sampling periods when a focal distance of 0 .6 m was used
to enhance resolution of bottom features . Maximum depth of
penetration, sediment temperature, and depth of the redox potential
dis^oi._inuity (RPD) were measured and reco-u,d for each grab sample .
The Smith-McIntyre grab sampled to a sediment depth of 7-18 cm and
gen-ra? :y depth of pe-.etration exceeded '.0 cm .

omall cores (2 .2-3 .5 diameter) were removed from each sample for
gra4n size, organic carbon, and nitrogen analyses . The remaining
contents of the Smith-Mclntyre grab were emptied into a 5-gallon
galvanized bucket which was then placed on a specially constructed
elutriation stand . Sea water was run into the bucket and allowed to
elutriate light-bodied organisms until no macrofauna was seen
overflowing . The overflow was caught on a small 0 .5 mm mesh Nitex
screen in a frame at the bottom of the elutriator . This screen with
the trapped organisms and debris was then removed and placed in a
labeled cloth bag . The remaining sediment and heavy organisms in the
bucket were sieved through a similar, but larger surface area, 0 .5 mm
Nitex screen, and the debris placed in a large cloth bag. Because of
coarse sediments, a majority of the original sediment collected often
remained on this screen after washing . The "light" and "heavy"
fractions were anesthetized in isotonic MgC12 for r.bout 30 minutes,
then transferred to separate 30-gallon drums containing 10% buffered
formalin with Rose Bengal as a vital stain .

'S _sabe:ithos

Two pieces of equipment were utilized to s : .mpl.u the megabenthic
fa;:n:, a small biology (Menzies) trawl (SBT) and .+ mcdified anchor
dredge . The trawl was lined with 4 mm mesh L'ishinn seine . The trawl
mouth was 1 m wide and 10.5 cm high. The anchor dredge had a 39 .5 cm
wide and 10 .5 cm high mouth (maximum cutting depth) and was modified
by attaching a 1 .35 m long tail section covered with a 4 mm stainless
steel mesh to allow finer materials to winnow through .

The two different samplers were used in order to provide accurate
representation of both vagile, surface dwellers as well as the
infauna . The SBT skimmed ttie surface layers and obtained shrimp and
other motile forms as well as shallow infaunal species . The anchor
dredge dug much deeper and thus sampled infaunal forms more
efficiently .
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Three samples were taken with both SBT and anchor '• .dge F t-- :.l :h
station . The SBT was towed for three minutes except a' J whe-e five
minute tows were utilized . Tiie auciwc u1CdgC w:as LuwCd .ii LL_ •- .Luw
for two minutes .

When the sampler v1s brought on board, the catch was placed in
wooclen buckets to prevLnt contamination of specimens to be used for
chemical analysis . All animals not used for chemical studies were
preserved in 10% buffered formalin .

Habitat Delineation Study

The habitat delineation study was planned to delineate the
mesoscale (0 .1-1 .0 km) patterns of distribution of inega, :•:nthos,
macrobenthos, and demersal fishes within two topograph{~-a :ly complex
regions on the outer continental shelf . The areas chosen were
port :ons of cluster areas B and E which included the rcoetitively
sampled fixed stations in those areas . These areas were chosen
because results of the first year's sampling showed major and
consistent differences in the macrobenthos of the topographic features
represented by the fixed stations and because these two areas include
many of the prime lease tracts of OCS Sale 40 .

The goals of the habitat delineation study were to determine
whether one cculd extrapolate results based on limit%-d fixed stations,
to map or delineate the habitats and communities of macrobenthos and
megabenthos, to uncover the causes of the mesoscale distribution
patterns represented, and to relate the distribution of benthic
invertebrates to the distribution of fishes and their food habits .

Both regions were stratified based on an interpretation of
existing data on bathymetry and sediment distribution . n^tailed
charts contoured in meters developed by the U . S . Geolsdical Survey,
Woods Hole, were used . Sediment data from several a# :~.lon, sampled by
USGS were available for Area B, but sediment data for Aro1 E, except
for the fixed stations, were scant . Area B was divided into six a
rp iori ha,._Lat strata : the terrace atop Tiger Scarp, ridges below the
scarp, shallow flanks and flats, deep flanks and flats, a muddy flat
region, and swales . Area E was dividta into tive a rp iuri strata :
ridges, shallow flanks and flats, deep flanks and flats, swales, and
the shelf break . Non-replicated samples of macrobenthos and
megabenthos were collected at stations randomly positioned within each
stratum during the fall 1976 sampling period .

Locations of stat!.ons were determined by random selection of Y
and Z Loran C coordinates with a certain number of stations assigned
to each a priori stratum . At each station selected for sampling of
macrobenthos, one Smith-McIntyre grab sample was collected . Sediment
sampleQ were removed and the sample was preserved in 10% formalin .
Stations sampled for megabenthos coincided with those sampled for
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u . :b duri•,g fsll 1976 . Three stations in eac stratum wereAemersa l f a' -a '
sampled durin the nig«L by a single three-minute SBT haul . Samples
were processed P s usual for the fixed station sampling . The stations
sampled for megabenthos and macrobenthos did not always coincide .

Recolonization Study

The recolonization study was designed to experimentally determine
the response of outer shelf macrobenthos to catastrophic disturbance
snd the effer :s uf incorporation of crude oil in the sediments on the
recolonizatit,a process . The results would not only enhance the
capability tc ^- .,uict the nature and duration of impacts which may be
associated with oil and gas development, but would also provide
insight into rne role disturbances play in the natural community .

The experiment involved placement of boxes of sediment from whic'i
macroorganisms were artifically removed by freezing sediments
collected in situ on the seabed for varying lengths of time .
Sediments in some of the boxes were contaminated by mixing small
quantities of crude oil with the sediments (2 .0 mg/g dry wt .
sediment) . Other boxes of azoic sedimeiits were covered by screen to
exclude or include epibenthic predators in order to test the
hypothesis that cropping of infaunal prey by these predators had
important effects on the structure of the macrobenthic community .

The Rite chosen for the recolonization study, Station B5, was
located in the large depression in the center of Area B at a depth of
65 m . The site was selected because such depressions contaiaed
somewhat finer sediments with appreciable silt and clay content which
could retain oil . Furthermore, the amphipods which are important
constituents o : swale communities are known to be relativeli sPnsitive
to the effec.ts of petroleum hydrocarbons .

Boxes o` sediment were scheduled to be deployed and retripved on
3 staggered basis so that the time series of colonizatior ~-^- .
sucess?.un could be followed for the various experimental tr'eat .uents .

Some boxes were :noselv coverea with 10 mm mesn screen to exclude
large epihenthic predaLurs. One or two specimens of the most common
predatory asteroid at 65, Leptasterias tenera , were added just prior
to deployment ^F some of the screened boxes during June 1917 as
predator enclosure cxperiments .

Sediment samples were removed from each box for analysig of grain
size, organic carbon and nitrogen, tia-i metals, and hydrocarbons .
Boxes were then placed in a freezer truck and covered by dry ice . The
boxea were kept in the truck at least overnight and were checked for
complete freezing . Boxes containing frozen sediment were then placed
on ship for deployment .
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3n recovery, also accomplished with divers, the contents of t',, :
box were sampled by inserting a template partitioning the contents
with a 6 by 6 airay of equal quadrants each 8 by 8 cm square . Cerain
squares were used for collection of sediment samples for grain size
dPtermination, chemical analyses, foraminifera, bacteriological
chara;terization, and fluorescent particle distrihution . The contents
of the rest of the quadrants were spooned into jars labeled so that
the position of the vuadrants within the box was referenced . These
samples were preserved with 10X butfered furmalin . These samples were
sieved at the shore laboratory through a 0 .5 mm s ;eve for macrobenthos
asaessment .

Moinhonrhnn

Samples of ineiobenthos were taken as subsamples from a singlc
0 .1 m2 Smith-Mcintyre grab . Maximum penetration depth of the redc-:
potential discontinu±.ty (RPD) was measured and recorded . The
Smith-McIntyre grab sampled to a depth of 7-18 cm into the sediment,
but any grab that did not penetra .e at least 8 cm was not subsampled
for meiobenthos .

Subsampling methodology was designed in order to elucidate small
scale spatiel patterns in the distribution and abundance of melofaunal
taxa . Samples were taken with a series of 12 contiguous square corers
arranged in a three by four (3 x 4) array . Each core was 'L .5 x 2 .5 cm
or 6 .25 cm2 .

The 12 square corers were inserted into the sediment obtained
with the Sc^ith-Mclntyre grab to a depth of at least 8 cm and withdrawn
with as little disturbance as possible . Cores 1-11 were then rinsed
into separate, labeled containers with an isotonic solution of
magnesium chloride (MgC12) and allowed to relax for 15-20 minutes .
Each container was agitated and the supernatant decanted througlh .
0 .5 mm and a 0 .063 mm sieve . This was rt.peated 6-8 times and t .ien the
material on the 0 .063 ;aieve was washed into a jar of 10 % formalin .
Core 12 was frozen for later sediment analysis .

FnraminifPra

Two plastic coring cylinders, 2 cm in diameter, were inserted
into one grab at each benrhic station . After the cores of sediment
were withdrawn from the grab, the top 3 cm of sediment was cut off and
preserved in buffered formalin, shaken, and stored on deck in storage
boxes .
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Bacteria

Microlayer . Surfacc microlayer sam ;:'Les were obtained only under
favorable sea conditions . All samples were collected upwind of the
research vessel using a self-propelled inflata'ole rubber boat .
Replicate microlayer samples were obtained using a sterile screen
(Nitex monofilament nylon, 6 .5 mesh/cm) held in a stainless steel
frame to which a handle was attached . Samples were collected in
replicate by rapidly plunging the screen vertically through the water
surface and smeothly raising the screen into the air parallel to the
interface . After allr .:i«a water coating the frame to drain, the
screen sample was col-ected in a sterile, calibrated test tube using a
sterile funnel/support -'nnd configuration .

Surface (1 m), T :e!rmocline, and Bottom Water . Hydrocasts were
performed quarterly at ach of the stations using Niskin sterile bag
samplers . ? recautions were taken to prevent contamination by the
vessels' bilges . Seasonal thermoclines at stations with depths
greater than 50 m were located by CTD cast immediately prior to
sampling . Bottom water samples were collected at 2 m above the
sediment . Surface water temperatures were determined at the time of
sampling and reversing thermometers were used on bottom samplers to
corroborate proper sampler operation .

Hydrocast and microlayer samples were processed for enumeration
of heterotrophic and petroleum-degrading marine bacteria immediately
after collection .

Two replicates were removed from each water sample collected fer
determination of filterable ATP concentration . Replicates were
filtered through 0 .45 um membrane filters . ATP was extracted using
boiling T :is buffer . F,ilowing extractior samoles were frozen for
storage at -'+°C prior •.o laboratory assay . Three replicate aliquot4
were assayed per sa : ..ple using an ATP photometer (SAI Technology
Corporation) .

Sediments . Sediment samples were collected quarterly at cluster
stations using a Smith-Mclntyre grab . Additional sediment stations
(along transects G, H, 1, J, K, and L) were sampled only during the
summer and winter seasons . Undisturbed central areas of the grab were
sampled to obtain an uncontaminated sample using sterile "minicorers",
plastic syringes with th_ luer end removed . "Mini-corers" were pushed
into the sediment sample to a depth of about 5-6 cm yielding a sample
volume of aboot 10 ml . Four samples were obtained at each station,
two for determination of heterotrophic and petroleum-degrading
bacterial populations end two for the determir°• on of the ratio of
sediment dry to wet weisht . Sediment temperatures were also measured
at thib time by mercury thermometer and recorded .

Sediment samples fjr dry weight determinations were immediately
frozen for procesRing at a later date . "Mini-cores" for enumeration
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were then processed as follows . After weighing the "mini-corer" the
sediment sample was extruded into 90 ml of sterile sea water irn a
Waring blender and homogenized for one minute . One ml volumes of this
homogenate (1 :10 dilution of sediment v/v) were diluted by appropriate
powers of ten and used to inocslate media for enumeration of
hetero .*.rophic and petroleum-degrading marine bacteria .

t hologyHistop?

(jrganisms Chosen for Analysis . Twelve benthic marine
invertebrates were ci.osen for histopathological analysis from SBT,
anchor dredge, or ottec trawl catch :

Molluscs : Astarte undata , A. castanea , and Placo-
ep cten mabellanicus

Shrimp : Dichelopandalus leptocerus , Pontophilus
brevirostrls, and Cran on septemspinosa

Crabs : Cancer irroratus and C . borealis
Echinoderms : Echinarachnius 21rma, Asterias forbesi ,

A. vulgaris and Astropecten Emericanus .

Organs and Tissues Sam?led . For routine work, the smaller
crustacea, specifically the shrimp and small crabs, were fixed whole
without any attempt to dissect out discrete organ systems . The
echinoderms and small molluscs were dissected to yield only broad
anatomical units such as the arms or disk area in the echinoderm or
portions of gut, mantle, and foot in the smaller molluscs . The larger
crabs and the giant scallop, P . magellanicus, were dissected to
provtde portions of gill, digestive diverticula, stomach (crabs only),
s)nad, muscle, heart, mantle (scallops only), or kidney (scallops
only) . Fine dissections of other animals were occasionally performed
when it was desired to obtain material for plastic embedding .

Fixation . Samplss to be processed in the "routine" manner were
preserved in Dietrich's fluid . Although Dietrich's fixative was an
adequate histological fixative, it did not preserve the fine
structural elements of tissues and appeared to wash out glycogen from
tissues . In order to appreciate the finer morphological details,
selected portions of the animalb referred to above were preserved in
aqueous phobphate-buffered, acrolein-formaldehyde mixture (PAF) .
Small portions of tissue, generally less than 5 mn in diameter, were
placed in PAF, transported back to the laboratory and embedded in
glycol methacrylate for routine examination at the light microscope
level .

Community Str ucture and Food Habits of Fishes

Sampling :or demersal fishes consisted of 15-minute tows with a
45 ft . (13 .7 m) headrope, lined, semi-balloon trawl . Six stations,
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three day and three night, were randf,nly ."°^,ted in each a rp iori
habitat str :.tim for each cruise . Samples were collected seasonally on
four cruis,:s during 1976 and 1977 .

All fishes captured were identified, counted, measured, and
weighed . Each fish was dissected and its stomach excised if not
conspicuuusly empty . On large catches of some dominant species,
subsamples (at least 30 stomachs) were collected . Each stomach was
labeled, individually wrapped in cheesecloth and fixed in 10% seawater
formalin .

Historical Finfish Anal•, ;is

Two data sets were used in the historical finfish analysis : the
VIMS Chesapeake Bight data col!ect ..a during 1967 and 1968 and data
from the NMFS Groundfish Survey conducted from 1967 through 1976 .

Chesapeake Bight . Cruises were conducted by the Virginia
Institute of marine Science (ViMS) in the Chesapeake Bight during the
four seasons of 1967 acd the winter of 1968 aboard the 88 gross ton
side trawler Sea Breeze . The survey area, bounded by the 9 and 274 m
isobaths, was divided into grids (15' latitude x 12 .5' longitude) .
Attempts were made to sample each grid once during ;ach „_asor,al
cruise . At each station a model IV Atlantic Western :_awl 0 6 m head
rope, 24 m foot rope) was towed for one !•our . All fish captured were
identified, counted, and weighed by species . Very large catches were
subsampled of necessity . Most trawls were made during daylight hours,
except during winter when short day-length required some night
sampling in order to complete synoptic seasonal collections within a
reasonable time period . Water temperature and salinity were measured
at surface and bottom at each station .

NMFS . Groundfish Survey c uisos were conducted by che U . S .
National Marine Fisheries Service during the fall and spring from fall
1967 through spr .ng 1976, atnard either the RV Albatross IV or RV
Delaware I1 . In a.:i .tion a summer cruise .de made during 1969 .~The
survey area extended from the 15 fathom (27 m) contour offshore to 2UU
fathoms (365 m) . A stratified random sampling design was utilized,
based on depth and geographical zones . Catch data from strata 1-12
and 61-76 (Cape Hatteras to Cape Cod) were analyzed for the present
study . Sampling ir.tensity in each stratum wa4 allocated according to
the geographic area of each stratum (2-16 tows per stratum) . Most
cruises used a standard # 36 Yankee trawl (18 m headrope, 24 m
footrope) . The spring cruises from 1973-1976 used a modified
high-•opening #41 Yankee trawl ("24 m headrope, 3U m footrr ; . , . The
catches wer2 identified, counted, and weighed by species . A
bathythermograph cast was made at each station . For further details
of sample processing, see Grosslein (1969) .
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Trace Metals

Zooplankton. Subsamples collected from each bongo tow (202 um
and 505 um) at the water column stations were transferred into nitric
acid pre-washed glass jars and frozen at -4°C or lower until analyzed .

Neuston . A maximum of two species per water column station
sampled were stored in acid-washed jars and frozen at -4°C or lower .

Sediment . At each benthic station, six individual replicate
samples (at least 100 g) were obtained from the six separate grabs
using a non-contaminating plastic scoop or corer . These were then
stored in plastic bags at -4°C or lower until analyzed . Care was
taken not to subsample sediment in close proximity to the sides of the
metal sampler .

Epifauna and Infauna (Megabenthos) . Four species were collected
at each dredge and trawl station, atored in nitric acid pre-washed
glass jars, and frozen at -4°C or lower .

Particulate Matter . Surface and bottom water samples were
obtained using a non-contaminating 30 liter Niskin sampler at each ot
the 12 water column stations . After prefiltering with methanol to
open air-clogged pores, the sea water was vacuum-filtered from
polyethylene reservoirs througn pre-washed 0 .4 um, 47 mm Nuclepore
membranes contained in inline, Millipore filter holders . The
membranes were then ripsed with distilled and deionized water . Filter
holders were transferred to polyethylene bags containing desiccant,
sealed, and stored at -4°C or lower .

Hy dsoca ru~ns

Water Samples . Water samples were obtained using a specially
dtsigr.ed 4U liter sampling bottle capable of being opened and closed
a' dE-uth, and capable of collecting water at depths up to 700 meters .
Aft2r tetrieval the water was filtered and transferred to stainless
steel storage bottles . All valves and tubing were stainless steel,
and valves were teflon packed . Material collected on the filter pad
was classified as particulate, and material passing to the storage
bottles was considered dissolved . About 100 ml of CHC13 was
immediately added to each filled storage bottle to retard biological
activity while the bottles were returned to the laboratory for solvent
extraction . The filters were folded, wrapped in CiiC13 washed aluminum
foil, placed in CHCi3 washed bottles, and kept frozen until analyzed .

Surface Film Samples . A teflon disc sampler of 0 .166 m2 was used
to collect surface film for hydrocarbon analysis . Multiple samples
were taken at each station to provide approximately 0 .5 m2 of film .
Hydrocarbons on the dilc were carefully rlnbed off with CC14 and
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ccllected in a CHC13 cleansed glass bott- : . Bottl.Q- were closed with
a teflon lined cap and frozen for later :_alysi . . .

Zooplankton . Samples were taken using nylon plankton nets . Net
contents were removed in tha ship's laboratory, subsampled for
hydrocarbon analysis, and the subsample immediately placed in CHC13
cleansed glass bottiPs with teflon lined caps . Zooplankton samples
were kept frozen until analyzed .

Neuston . Neuston was taken in a sueface towed plankton net .
Handling precautions to avoid shipboard -o:~'amination were as for
zooplankton . The samples were placed on CHC13 washed sorting trays
and sorted to isolate sufficient individl+al -~ ;,ecies biomass (>5 .0g)
for hydrocarbon analysis . Species from __i tows at a station were
combined .

Sediment . Samplea for hydrocarbon ar.alysis were takea in a
stainless steel unlubricated Smith-Mclntyre grab . Approximately one
kilogram of sediment was removed from the central undisturbed portion
of each grab, using an ethanol washed stainless steel scoop . Sediment
was scooped to a depth of approximately 5 cm . Additional precauti.ons
taken to avoid contaminatior. from the ship included covering the grab
with a teflon shroud when not in use, and dispersing ot surface slicks
(when present) with a stream of clean water before deployment of the
grab . The scoop contents were placed directly in wide mouth glass
bottles with teflon lined caps, and the filled bottles quick frozen by
solid CJ2 and stored at -20°C in a fr?ezer to await analysis onshore .

Benthic Organisms . The organisms wnre collected in bottom trawls
and dredges and placed in wooden buckets for later sorting and
measurement in the laboratory . The organisms were placed in solvent
washed one quart wide Routh, glass bottles ,+ith teflon lined caps .
Several lndividuals of a species were o°Len placed in one bottle to
achieve enough biomass for analysis . "ie bottled samples were quick
frozen on solid C02 and stored at -20°C !c await analys!s onshore .

Laboratory Met hodology

General laboratory methods are presented below . Refer to
individual chapters (Volume II) for detailed methodologies .

Physical Ocea io~ raphy

Sample fr .1 '_~+sis .

I . S .31ir.ity . Du'ring the first sampling year (cruises
0!-04) :emperature and conductiviLy ratios (relative to
Copenhagen standard seaw.~er) of the water samples were measured
with a laboratory salinumeter (Beckman model R57-B) . During :he
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second sampling year (cruises 05-08) saliaity samples were
analyzed aboard ship with a GUILDLINE AUTOSAL .

II . Dissolved Oxygen . Water samples which had been field
processed for DO analysis were titrated with sodium thiosulfate
solution .

III . Micronutrients . Frozen field samples were thawed
overnight in a refrigerator and anlyzed oi. a T,,chnicon Auto
Analyzer .

IV . Particulate and Dissolved OLganic Carbon . Frozen
filters and water samples were allowed to thaw at room
temperature . The filters were air dried with a water aspirator .
Six 10 ml precombtisted glass ampules were usaO for each sample
giving triplicate analysis for each POC and DOC sample . A filter
(POC) or filtrate (DOC) was piaced in an amp-ale, and purged of
inorganic carbon constituents, and heated to oxidize the o,ryanic
carbon to C02 . C02 content of each ampule was then analyzed in
an ampule-breaking apparatus which allowed the C02 to be flushed
through in infrared analyzer (Model 524, Oceanography
international Carbon Analyzer) .

Computat ;on of Parameters from Values on CTD/DO Tapes . Reported
values of temperature, salinity, depth, DO, and at were computed from
measurements recorded at sea on audio tape from CTD/DO casts .

The audio tapes of the CTD casts were transcribed on 9-track tape
in the lab .,sing the same audio recorder and CTD deck terminal .

The tra•.e,cr* ; ed digital tapes were processed on the VIMS IBM
37U/115 compljt :r . All variables were ordered by 0 .5 meter depth slots
into which th_ samples (frames) were averaged with equal weight .

Anal v lis o_i XBT Data . XBT d .:ta was analyzed with an X-Y
digitizer whicr placed selected points from the XBT trace directly on
computer compatible magnetic tape .

Zooplankton/Neuston

Biomass Measurements . Collections preserved for taxonomic study
were also utilized for biomass estimates . The non-destructive
measurement of displacement volume was employed, after allowing a
minimum of one week after collection for stabilization of zooplankton
volume . The method described by Kramct (1972) was followed .

Sorting of Preserved Samples . !,arge and rarer taxa such as fish
larvae were sorted from whole °ollections . Collections .rere then
quantitatively split into ;ucc ssively smaller aliquots, for the
progressively smaller and more numerous taxa, using a VIMS splittpr
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(Burrell et al . 1974) . Where samples were laroa, one-half the
collection (from first split) was archived . t'i .:a w rr sorted in the
above manner into major categories such as c ..pepods, fish larvae,
decapod larvae, etc ., enumerated and preserved 'n separate vials or
small jars .

Sorted major taxa were then distributed among specialists for
identification and cv•jnts of species . Representatives of identitied
species were separated for inclusion in an archived reference
collect :on .

Da.ta Analysis . Three measures of diver .ity in zooplankton and
neusron communities were used (Pielou 1975) . the Shannon in.fex (N')
usir.g base-2 logs, evenness (J'), and the `la .- .ief species richness
index (S- ./loge N) . All diversity measures werp hased on total number
of species and individuals in each sample .

The principal method of community analysis used was a cluster
analysis, both normal and inverse, b . .sed on a matrix of Bray and
Curtis (1957) similarity coefficients . Data employed in these
anal.yses were first standardized to numbers of individuals per 10U m3
in the case of subsurface zooplankton (bongo tows) i;nd to numbers per
standard 20-minute tows for surface zooplankton (neuston) .

Seuiments

uranuiometrv . Since t'ie sediments encour.tt_ :cd in the bottom
sampling program varied in composition from predominantly sand and
gravel to predominantly silt and clay, no single size analysis
technique could cover the size range for all samples . Consequently a
combined analysis was performed using sieve separation, pipette
analysis, rapid sand analyzer, and coulter el :ctronic particle
counter .

A Model TA coulter counter with 140 um and 30 um apertures was
used for fine determination . The sand analyzer used wa ; modelled
after the design of Zeigler et al . (1960) .

Calculations of Size Param e ters . In order to construct the
cumulative frequency curve for a sample, the various subanalyses were
reccmbined in terms of the total sample weight . The total sample
weight was determined as the sum of the gra7e' plus sand plus the
weights of silt and clay whic.'i were determined by pipette analysis .
Tne recornbination in terms of total weight is necessary since both the
rapid sand analyzer and the Coulter Counter represent their results as
fractional percentages of the material introduced into the respectivc
devices . Once the cumulative freque ::cy distribution for the entire
sample was constructed, the needed percentile levels were read from
the curve and the desired graphic momPnt.s were calculated .
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Total Oreanic Carbon . Sediment samples were oven dried sieved
through a I mm ti .rve to remove shell and pehh :es, powdered on an
analytical mill, weighed, and placed in an cmpule . The ampule was
purg:d ef inorganic carbon constituents, sealed, and heated to oxidize
the organic carbon to carbon dioxide . The carbon dioxide of each
ampuie was flushed with a nitrogen stream and measured by an infrared
analyzer (`todel 524, Jceanography International Carbon Analyzer) .

Total•Nitrogen . Total nitrogen was estimated using the
persulfate digestion mtthod of D'Elia et al . (197 1, ) for samples from
the fall 19 7 5 cruise . Because of the unavailability of
contaminant-free persulfate, this method could not be employed for tne
remainder of the samples . Instead, a gas chromatographic technique
was employed and calibratcd by the persulfate digestion method .

Macrobenthos

Samples were first soaked for several hours in fresh water . fhe
"light" fractions were sorted into major taxa by examination with a
binocular dissecting microscope . The heavy fractions were processed
by placing a small amount of sediment in a metal pan, elutriating and
decanting repeatedly through 0 .5 mm Nitex screen . This material was
examined as with the "light' fraction, while the remaining sedime .nt
was spread out in a white enamel pan and examined for the stained
organisms with the naked eye . All organisms were s,)rted in major
taxonomic groups, at a minimum, Annelida, Mollusca, Crustacea,
i.chinodPrmata, and other taxa, and stored in 70X ethanol .

Wet weight biomass was determined for each major group in each
replicate grab sampl^ fn11owing removal of exterr.al fluid by blotting
on paper towels . fhe weights include skeletal material such as shells
and tests and in :or.•c cases tubes and protective encrustations not
easily removabl .: .

organisms 2*P ioentified and counted for each replicate grab
sample . Determir_ .:ticns were possible to srecies with most
individuals ; howev2r . only genus, family, or higher taxon
identificdtions were possible in some cases .

Megabenthos

Megabenthos samples were rinsed with fresh tl3tsr to remove excess
formalin and any remaining sediment . The samp'es were then spread in
pans, the animals removed from the debris . The major groups
(molluscs, echinoderms, and decapod Crustacea) and representatives of
some minor groups were identified and counted while being sorted .
Others were separated, placed in containers and stored or shioped to
an appropriate taxonomic authority . Wet weight biomass for each
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species was determined during the second yeat study »f*_e, ,,lotting,
excess liquid on paper towels .

Benthic Data Analysis

Data Processing . Abundance and biomass data for megabenthos and
macrobenthos were entered on specially desigr.ed coding torms using the
10-digit NODC ccde based on a scheme originally developed by Swartz et
al . (1972) .

Multivariate Analyses . Patterns of community simi'it .zy and
species distribution were determined using numerical cl .,ssification
(cluster analysis) and ccdination, as appropriate . Num--'c ..i
classification attempts to optimally group entities wheceas ordination
develops a spatial modc,l A the relationship among enti-+es (Clifford
and Stephenson 19?5 ; Pielou 1975) . Classification is usl,ally more
efficacious with large heterogeneous data sets wh2re it is n ;cessary
to simplify relationships . Ordination is useful when the range of
variation of entities is limited (more homogeneous data sets) and when
it is helpful to view the ecvironment as gradational rather than
discrete .

Species Diversity . Speci?s diversity was measured by the
commonly used index of Shannon (Pielou 1975), which expressed the
information content per individual . The index denotes the uncertainty
in predicting the specific identity of a randomly chosen individual
from a multispecies assemblage .

Meiofauna

Sorting . Laboratory processing was initiated by so,-,ing
meiofauna from cores 1-S from each station and season into major taxa .
The abundance of each major taxon was determined dui :ag sorting and
recorded by core for each station and season. Biomass vaiues tor each
major taxon and total btomass values for iach core were also computed .
Biomass values were r,ot direct :y meast,red but were estimates based on
empirical mass/individual values obtained from other studies . This
method was chosen because of the inherent difficulties of consistently
measuring the mass of oroanisms which might be as small as 0 .5 v g .

Taxonomic determination of dominant organisms was cr-ried out to
genus and, where possible, species level . These determ;nations were
accomplished by microscopic morphologic differentiation at high
magnification (up to 125Jx) using phase contrast optics . Nomenclature
of marine free-liviug nematodes has been summar :zed several times in
the last five years, but Lhe system of Gerlach and Riemann (1973) was
followed in this work . The recent summarization of Coull (1977) was
followed for harpacticoid copepods .
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Data Anaiysi s . Ueveral indices were computed from species
abundance data . A harpac ticoid/nematode ratio was computed as

H - R
N

where H is the abundance per core of harpacticoid copepods and N is
the abundance per core of nematodes .

Species diversity as reflected by the Shannon-Wiener information
function H' (bits/individual) was computed by sample for both
nrmatudes and harpacticoid copepods . Species evenness, J' (Pielou
1975), was also calculated by sample for nematodes and harpacticoid
copepods .

Multivariate analyses (cluster analysis and ordination) were used
to define between-station and between-cruise patterns in multi-species
assemblages . Analysis of seasonal pa ;;terns was accomplished primarily
by graphical comparisons .

The analysis of small scale spatial heterogeneity patterns was
appronchea in a number of ways . Patterns of raw data were mapped for
nematodes and harpacticoids among the nine core samples at each
station . These patterns were visually compared and assessed by
computing a coefficient of dispersion and determinin; the distribution
type of these taxa with respect to a Poisson model . Potential
biological interactions on the spatial scale of the replicate cores
was identified and tested by spatial autocorrelation (Jumars et al .
1977) . A technique was deri•:ed similar to Cliff and Ord (1972) to
compare the spatial autoco :relation of two taxa at the same time .

Product-moment correla :ion coefficients were computed be t.+een
total meiofaunal abundance . ahundance of selected taxa, biological
indic es (H/N, H', and J') a: : sedimentary, physical, and chemical
parameters .

F ..r~mi ni forn

Upon delivery to the laboratory, the samples were refrigerated
until sieved . In all cases, tht samples were sieved within two weeks
of del'very to the lab . Before sievi .ag, the samples were stained
overnight in rose Bengal . Sieving was done through a ne3t of two
sieves (one 0 .5 mm and one 0 .U63 mm), using flowing tap water .

UMMUN..... T` stained and sieved samples were then oven-dried at low heat
(28°C) and floated in a mixture of acetcne and bromoform . The floated
material was filtered, washed, dried, placed in labeled vials, and
catalogued for later study .

T-ie sample to be picked was spread as evenly as possible over a
1U0-square grid in a glass Petri dish, and moistened with jist enough



water to wet the specimens . Working with a binocular microsco, :: (50x
to 100x), all (up to 300) livu foraminifera were picked from t~
sample, and transferred into a cardboard micropaleontology slide that
had been covered with water-suluble glue, gum tragacantha . After the
living specimens were picked and mounted and the fractional volume of
picked sedimer.t was recorded, the empty tests were countta and
recorded .

Bacteria

Enumeration . Inocula from dilution blanks or concentrate-'.
seawater samples on membrane filters (lm and microlayer), sedimenrr,
or experimental degradation studies were enumerated for total
heterotrophic bacteria using a three tube MPN t :echnique in a
heterotrophic medium (HM) modified after ZoBeli's marine agar { ~)216) .
Petroleum-degrading bacteria were enumerated -using a three tube MPN
technique empioying a minimal salts enrichea sea water (ESWB) to which
was added following inoculation, approxir :ately 1X sterile unweathered
South Louisiana crude oil as the sole added carbon source .

HM enumeration tubes were incubated at 20-22°C for two weeks and
read at weekly intervals . ESWB tubes were incubated at the same
temperatui:e on a rotary shaker (140 rpm) for one month and read at
bi-weekly intervals . HM tubes were scored positve when turbid ; ESWB
tubes were scored positive when turbid, when the oil showed obvious
signs of degradation with associated cellular debris, or a combination
of both. The highest positive dilutions were retained for taxonomic
analysis . MPN values were calculated using standard tables for three
tube MPN distributions . Counts were expressed as bacterial units/ml
sea water or bacterial units/g dry sediment . Sediment counts were
corrected for dry weight, and a volume/weight conversion of the
original 10 ml sediment sample was made .

Isolation of Chitinoclastic Bacteria . Chitinoclastic aart~~ia
were icolated by spread plating appropriate dilutions of water samples
(im) and sediment homogenates on chitin containing bi-layer plate
medium .

Taxonomic Analysis of Bacterial Isolates . Isolates were obtained
from selected microlayer, surface and bottom water, and sediment
stations using the highest positive dilutions of HM and ESWB MPN
tubes . Three to five MPN tubes from dilutions were streaked on HM
agar plates, the numerically dominant isolates chosen, subcultured to
ensure purity, and placed on coded HM agar slants .

Iaolates for taxonomic analysis were freshly streaked on HM agar
plates to describe colony characteristics . Wet mounts of log phase H:~t
broth cultures (generally 24 hour cultures) were examined by phase
c)ntrast microscopy for motility, size, shape, and cell arrangement .
Gram staining was also performed .
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Biochemical tests relevant to the classification scheme of
Schewan (1963) were performed .

Petroleum Degrr.dation Experiments . Petroleum degradation
experiments were performed using samples of seawater and sediment as
inocula . Samples from surface water (1 m) stations, enumerated
quarterly, were used for inocula . Seawater collected at each station
was used to fill sterile 250 ml Erlenmeyer flasks with 100 ml inocula .
At the time of inoculation, water samples were also enumerated for
petroleum-degrading and heterotrophic marine bacteria . Replicate
flasks for each Station were treated as follows : one series was
immediately autoclaved providing sterile controls, a second series
received inorganic nutrient enrichment and a final series was neither
enriched nor autoclaved . All three series of replicate flasks then
received 100 ml of inembrane•sterilized South Louisiana crude oil . An
additional control in the form of an inoculated, non-enriched,
oil-free flask was included to compensate for surface growth effects .

Sediment inocula were provided from sediment homogenates used for
enumeration of heterotrophic and petroleum-degrading marine bacteria
at selected benthic stations . Ten ml volumes of the renpective
homogenates were added to a series of replicate 250 ml Erlenmeyer
flasks containing 100 ml of sterile seawater . Experimental treatment
of replicate flasks was the same as described for seawater inocula .
Flasks were incubated on a rotary shaker (120 rpm) at temperatures
chosen as representatives of each shelf season .

At selected intervals a flask from each series of treatments
(i .e . sterile control, nutrient enriched, and non-enriched) was
harvested . The oil-free control wes enumerated and replaced in the
incubator . Flasks were described as to the condition of the oil,
turbidity, and other manifestations jt b . :terial degradation .
Non-enriched, enriched, and oil-free ;iasks were enumerated after
swirling using a three tube MPN t-chr..que for heLerotrophs and
petroleum-degrading bacteria .

Residual crude oil was extracted f .om flasks and fractionated
into a saturated paraffin and an aromatic fraction using silica gel .
column chromatography . Gas chromatographic analysis of residual oil
fractions was performed using a Tracor 560 gas chromatograph equipped
with flame ionization detectors and a Grob capillary injector .

Chromatograms were evaluated for indications of degradation
reflected as loss of specific normal saturated paraffins (nC10 to
nC25 inclusi .ve) . Identification of n-paraffins was by comparison
with'retenticn times of authentic standards .

Continuous Dilution Degradation Experiments . A continuous
dilution system was designed to simulate weathering of oil in an
"open" system under ambient nutrient conditions . Sea•ater samples
(1m) collectec' at various stations were used to contir_ually dilute a

•
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seawater-oil system . Initially, replicate series of sterile, s olvent
washed 500 ml Erlenmeyer flasKs received each of three different
treatments :

Treatment
A. 50 ml sterile seawater and 0 .01 to 0 .1% sterile South

Louisiana crude oil

B. 50 ml seawater and 0 .01 to 0 .1% sterile South Louisiana
crude oil

C . 50 ml seawater

Flasks were incubated at selected seasonal temperatures . Dur :ng the
incubation period, flask contents were continually diluted using a
Desaga (Brinkmann) peristaltic pump from reservoirs containing either
seawater and 1X formalin or freshly collected seawater . At selected
harvest intervals four flasks consisting of one from treatment A, two
from treatment B, and one from treatment C were harvested fGr
processing . Populations of heterotrophic and petroleum-degrading
bacteria were enumerated from one treatment B flask and one trestment
C flask . ATP analysis (Strickland and Parsons 1972) was also
performed on these flaks . The two remaining flasks (one treatment A
and one treatment B) were "pickled" with 10 ml of methylene chloride
for analysis of residual petroleum as previously described .

Chitin-Petroleum Degradation Studies . Mixed culture inocula were
obtained from four (4) sampling locations during each seasonal cruise .
These inocula consisted of 3 dominant chitinoclastic bacterial
isolates and either 2 dominant petroleum-degrading isolates (fall) or
a natural, oetroleum-degrading mixed bacterial populatior. (winter,
spring, summer) . The four sampling locations consisted of the water
column,'inner shelf sediments (<50 m), outer sheli sediments (5U-100
m), and shelf break sediments (>100 m) . Mixed cultures were
maintained on a chitin-peptone-yeast extract seawater broth
(CPY-broth) .

Mixed culture inocula for chitin-petroleum degradation studies
were prepared from 18 hour CPY-broth cultures by centrifugaticn of
cells and re-suspension in seawater to an optical density ot U .1 (62 :)
nm) . Appropriate dilutions of washed suspensions were used to
inoculate 150 ml bottles containing 50 ml CPY-broth . Three series of
replicate bottles for each mixed culture were treated as follows : one
series received the mixed culture ir.oculum plus 50 ml sterile
Louisiana crude oil (chitin plus oil .), the second received thP mixed

'chitin minus oil), and the thirdculture inoculum but no petroleum (
received only 50 ml sterile Louisiana crude oil (sterile control) .
All bottles were sealed with gauze-cotton plugs to allow for aerobic
growth. Ini :ial levels of each inoculsm were enumerated for
petroleum-debrading, heterutrophic, and chitlnoclasttc marine bacteria
as described in previous section :, .
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Fo?J^•_ng inoculation all bottles were incubated in the dark on a
•. .,tary ~u :.,2r at ambient temperatures (20-22°C) . At selected
intervals one bottle from each of the three treatments (i .e ., chitin
plus oil, chitir minus oil, sterile control) for each of the four
inocula was r.anc.omly selected and inoculated bottles enumeratea for
the bacterial g-oups mentioned previously . Methylene chloride was
then added to each bottle to terminate bacterial ac : :•ritv .

Recovery of residual chitin and crude oil was achieved by
filtration of the spent medium onto tared Whatman #54 hardened filter
-,a,:,r pre-washed with methylene chloride . Residual chitin and
,,etroleum were removed from each bottle using rinses of methylene
^hl :ide and water . The filterable material was additionally used
wit :1 methylene chloride to remove adsorbed petroleum . Following
e ..Lraction of the filtrate with methylene chloride, the extract was
'ractionated using silica gel column chromatography and analyzed by
glass capillary gas chromatography as previously described . Residual
chitin was dried in the presence of desiccant, allowed to equilibrate
to room humidi4-y and weighed . Chitin weight losses were expressed as
a percentage of the unin3culated sterile controls .

Pure Culture Growth Experiments . Selected bacterial isolates
obtained from enumeration of heterotrophic or pertroleum-degrading
bacteria In microlayer, aurface water (1 m), bottom water and sediment
samples were utilized to examine the effects of an unweathered
petroleum and selected weathered products on growth in a dilute
nutrient broth, lsolates were naintainPd on MM agar and were passed
three times in a dilute basal medium (BGM) prior to growth
experiments .

Weathered crude oil and a water soluble frac!iorn thereof were
p-,~pared in the labocatory by addition of 20 m' of aAweatherPd South
Louisiana crude to one l :ter of aged seawater ~2b ppt) in a glass
carboy containing a teflon stirbar . The bott. :P was left unsealed in
ti:e dark and the contents slowly stirred to ivoid breakup of the oil
layer for 48 hours at 20 `C . After cessatior of stirring for 10
minutes a soluble fraction was collected by dr>in'ig the aqueous layer
beneath the quiescent oil followed by collection of the residual
weathered crude . Similarly, photo-oxidized crude oil and resulting
soluble fraction were prepared by cyoosure of an oil-seawater mixture
t,> sunlight for approximately 16-20 hours d ;:ring a 48 hour period of
amhient air temperatures (-1 .1 to 38°C) . On two occasions the crude
oil was weathered in the dark for 48 hours at ambient air temperatures
(21-32°C) to compare with oil simultaneously photo-oxidized at the
same temperatures . All experiments involving laboratory weathered oil
were performed on isolates from the fall cruise while experiments
em,.loying photo-oxidize.- oil occurred during the remaining three
seasons of the year .

Immediately prior to growth experiments, isolates were inocLlated
into BGM and incubated ap)roximately 18 hours at 20°C . Cells were
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harvested by centrifugation and resuspended in seawater (26 ppt) to .in
absorbance of 0 .1 (625 nm) . These suspensions were diluted 100x and

, 0.1 ml of the final suspension uFed to inoculate tubes containing 5 m :
BGM and unweathered South Louisiana crude oil (1% w/v) ; laboratory
weathered, photo-oxidized or dark weathered South Louisiana crude oil
(1% w/v) ; the soluble fraction of laboratory weathered South Louisiana

' crude oil (1X v/v), photo-oxidized or dark weathered South Lou!siaza
cru4e oil (i00X v/v) ; and no petroleum (control) . Additional
experiments were conducted to examine the effects of various
concentrations of photo-oxidized oil extracts in seawater .

One ml of 100x BGM was added to 100 ml membrane sterilized
soluble fraction in seawater at concentrations of 1, 10, 50% v/v and
"undiluted" 100% . A seawater control r:as provided . Cultures were
incubated at 20°C on a New Brunswick Tissue Culture Rollerdrum (10-11
rpm) . Growth wts measured turbidimetrically at 2-4 hoiti: intervals or
longer (for slow growers) during logarithmic growth . Measuremec;ts
were terminated when absorbance values decreased in all tubes or for
as long as 10 days . Replicate experiments were occasioaally performed
to check on the reproducibility of the results . Absorbance data were
plotted against time on semilog paper . Parameters routinely :zoted
were growth yield, growth rate, and "lag" time .

Histopathology

Preparation of Tissues for Sectioning . On arrival at the
laboratory, material preserved in Dietrich's fixative was trimmed and
thnn washed in tap water overnight or decalcified if tissues were
ei-ised with a calcified exoskeleton (all echinoderms and shrimp were
rc)u0r.ely decalcified) by placing them in several changes of 0 .1 N HC1
f.c :: 12-18 hours . Tissues were dehydrated and cleared on a"Technicon"
- orand Automatic Tissue Proc:eabor, employing Technicon's dehydration
and clearing agents, 5-29 and UC-970, and infiltrated with paraffin
under vacuum and embedded .

Tissues preserved in phosphate-buffered acrolein-formalin (PAF)
were dehydrated in pu-e methanol, infiltrated with a variant of
Ruddell's (1971) glycol methacrylate monomer mixture, and polymerized
under an incandescent lamp .

Sectioning .

I . Paraffin blocks . Material preserved in Dietrich's
fixative was sectioned at 5 um with a steel knife on a standard
rotary microtome .

II . Plastic blocks . Glycol methacrylate blocks were
sectioned on - , standard rotary microtome using steel knives
sharpened on L "Temtool" knife sharpener . Sections were cut at
2-4 um and stored in small boxes .
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S!• i_~in .

I . Paraffin sections . After paraffin sections had been
fixed to glass slides with the aid of Haupt's gelatin fixative
(without phenol) they were dried and stained on the "Technicon" .
Slides were stained with Harris' hematoxylin and eosin or
Astrablue, Mayer's hematoxylin, and eosin .

II . Glycol methacrylate sections . Glycol methacrylate
(GMA) sections were stained with a variety of histological stains
ard 'Istochemical substrates .

Pre~,a --.tion of Photomicrographs . Elements of five major
anato:r_ ::al units were photographed and included 1) the gills or
branch,e . system, 2) the excretory system, 3) the digestive system, 4)
the reprnductive system, and 5) the integumentary system .

A standard table model Zeiss microscope was employed and
pr)jected an image into a Leitz "Aristophot" bellows camera with 4x5

'back. Kodak plus-X panc M omatic (A.S .A . - :25) 4x5" professional film
was Lsed .

Fish Food Habi ts

Sorting . After proper fixation, stomachs were soaked in water
and transferred to either 40% isopropanol or 7UX ethanol . For
analysis, each stomach was cut open and its contents sorted by taxa
and counted . Fragments auch as crustacean parts, polychaete setae, or
fish bones were counted as one animal, unless abundai,ce could be
estimated by counting pairs of eyes or antennal scales (crustaceans),
otolithe (fishes), and other parts .

.oluc.e displacement of food items was measured ei .her by using a
gracuatr-! cylinder or a calibrated vial and buret . ;isplacement of
bmall apecies was estimated by measuring the volumP of several species
together and using a grid to estimate the percenr, of thi6 total volume
contributed by each species (Windell 1971 ; Sedberry and Musick 1978) .

Data Analysis . Since methods of food habits analysis are
variously biased the relative contribution of different food items to
the total diet aas determined using three methods : (1) the number of
stomachs in which a food item occurred was expressed as a percentage
of the total number of stomachs of a series containing food (percent

~ frequency of occurrence) ; (2) the number of individuals of each type
of food was expressed as a perLentage of the total number of food
items from all stomachs for a„4ries (percent numerical abundance,1,6,.anwma.,
(3) the volume displacement of food items was expressed as a
percentage of tne total volume of food from all stomachs examined of a
series (percent volume displacement) .
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From these three measurements an index of relative importance,
IRI (Pinkas et al . 1971), was calculated for each prey species and
higher taxon . The IRI was used in the present study to describe the
food habits of each species and to determine seasonal differences in
the relative importance of food items .

Selectivity of predators on the macrobenthos was determined using
Ivlev's (1961) index of electivity .

Overlap in diet among dominant predators was measured using
numerical classification techniques (cluster analysis) . Stomachs of
predators were treated as collections and were subjected to normal
cluster analysis on the basis of prey similarity, using
log-transformed log(x + 1) numerical abundance .

Historical Finfish Analysis

The catch data were analyzed separately for each of the seasonal
cruises . Assemblages of fishes were defined by computing a similarity
coefficient, D(j,k), among species and subsequently classifying
species into clusters or groups . Stations were clustered in the same
manner, and species and station (site) groups were compared by nodal
analysis . Species were eliminated from cluster analysis if they
occurred at less than five percent of the stations occupied during a
sampling period .

The faunal affinities of most species of fishes captured could be
determined by examining published records of their usual ranges of
occurrence . Most warm-temperate species had resident populations
south of Cape Hatteras in the "Carolinian" faunal province and had
their normal -iorrI-.ern range limit somewhere within the mid-Atlantic
Bight south o: Czpe Cod . Boreal species had permanent populations
north of C.p., God, and most had their southern range limit somewhere
within the mid-Atlantic Bight north of Cape Hatteras . A few boreal
species trn .,sc-nded Hatteras through bathymetric submergence . Certain
components of ths fauna tended to be residents on the inner shelf or
outcr shelf ar.d many species were resident on the shelf edge and upper
slope .

Trace Metals

Preparation of Sediment . Samples were thawed and sieved to
separate coarse shell fragments and pebbles . The six replicate grabs
from each station were blended thoroughly to form two sub-blends and
one superblend as follows : (A) sub-bleuu 1(Bi) obtained by blending
IUU g of sediment each from grab numbers 1,2, and 3 ; (B) sub-blend 2
(B2) obtained by blending 100 g of sediment each from grab numbers
4,5, and 6 ; and (C) superblend l .;B) obtained by blending 100 g of
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blends B1 and B2 , weienPC' portion ('L100 g) of each blend (or
unblended sample) as d_ : ' at 60°C to constant weight .

Sediment Leachate Preparation . A 15 .00+ .02 g portion of dried
sediment was shaken for two hours after addition of 5N HN03 . After
shaking, the tube was centrifuged and the supernatant gently decanted
into a volumetric flask . The remaining sediment was repeatedly mixed
with water, shaken, centrifuged, and decanted into the volumetric
flask. The leachate solution in the volumetric flask was spikel with
ti1000 ug of Indium, and transferred to a storage tube for AA and 'IXE
analysis .

Sediment Total Digest Preparation. Duiing the first yeer of this
study, total digr - preparation and AA analysis were done by USGS
(Bothner 1977) . ;, _ :.tg the second year (Cruises 05-08) dried sediment
blends were grouua a*. VIMS in a non-metallic grinder . Samples were
digested with he- after the addition of HC1, HN03, and HF . The
solution was then doped with ti25(1 ug In for PIXE and AA analysis .

Preparation of Total Digest Solutions from Benthic Macrofauna,
Neuston, and Zooplankr on . All macrofauna were rinsed in deionized
water prior to preparation for digestion . The wet weight of the
dissected or whole tissue sampla was then determined . The sample was
then dried to a constant weight and dry wiight determined . The sample
was digested in concentrated Hti03, ashed, and redissolved in
concentrated HN03 . A 30% solution of H202 (10 to 50 ml) was
continually added to the mixture dropwise until the solution was clear
yellow in color . The solution was again taken to near dryness, and
corcentrated HN(`3 added to redissolve the sample . The solution was
doped with Indium and decanted into plastic tubes for storage ia a
retrigerator for PIXE and AA analyses within 48 hours .

Analysis of :ne Dilute Acetic Acid L!achable Fraction . Thp
dried, weighed '+,.cle,.ores with the suspended particulate matt :r
deposited on t .iem --ire placed in acid ieached polypropylene B,!C :icer
funnels and leac :ed with 25% (v/v) acetic acid poured on top •i t'ie
filter and, after two hours, drawn through by suction . After addiiog
500 ul of HC1, the solutions ',,ere diluted to 10 ml and analyzed foi•
Cd, Cr, Cu, Fe, Ni, Pb, and Zn by flameless AA .

Analysis of Refractory Fraction . 1he filter, after the dilute
acetic acid leach wa .- placed in an acid leached all-teflon bomb . HC1
was added to the bLmb, the bomb sealed and heated in a water bath,
cooled, and HNU3 added . The bomb was then heated, cooled, and high
purity HF added prior to additional heating and cooling . The contents
of the bomb were transferred to a preweigaed polystyrene centrifuge
tube, doped with In, and .:nalyzed .

.
` 'ft%
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AA Analysis . All analyte solutions for eve•y sampl :. type were
prepared at the Virginia Associated Research Campus (VARC) and
appropriately split between VARC and VIMS for analysis . All flame

, analyses were performed at VIMS ; only flameless at VARC . Sediment
leaches were analyzed at VIMS for Cd, Cr, Cu, Fe, Ni, Pb, and Zn .
;otal sediment digests were also analyzed at VIMS for Cr, Cu, Fe, Ni,
and Zn, and at VARC for Cd, Ni, and Pb . Biota was analyzed for Cd,
Cu, Fe, and Zn at VIMS and Cr, Ni, and Pb at VARC . All particulate
matter analyses were performed at VARC . Splitting of thF a :Lalyses
between VARC and VIMS was done primarily to minimize d'sruption of
flameless operation at VARC as frequent changes from ilameless to
flame and back are very time consuminj because of he problems of
instrument alignment, different lilutio ..r and standards, etc .

Hydrocarbons

Analysis of Field Samples . Each type of sample was solvent
extracted by a method appropriate for its physical characteristics .
Water samples were extracted by a batch liquid-liquid process ;
sediment samples were saponified and extracted in reflux apparatus .
Benthic fauna and zooplankton samples were homogenized, saponified,
and extracted with solvent reflux . Surface film samples were
saponified and liquid-liquid extracted .

The processing of solvent extracts containing hydrocarbons was
common (excepting a few details) for all sample types . Extracts were
concentrated by evaporation at low temperature, dried, weighed, and
loaded onto liquid chromatography columns .

Liquid Chroma_ography . All sample analyses listed above arrive
at a common final step . Thn entire sample was loade : --+Po the ?iquid
chromatograph co'.umn ;f t1,e total extract weight of the sample was
less than 5 mg . 0tl^e :wt3e, the sample was diluted to an appopriate
volume ar,d then 1 iut, containing about 5 mg of the total extract
lipid, was loaded on the liquid chromatograph :olumn .

Columns were st ., dard 10 x 30U mm with coatse glass frit and were
packed with a hexane .,lurry of Bio-SilQo A silica gel (1U0-20U mesh)
activated at 235°C for 16 hours .

Gas Chromatography . A giass capillary system was used for gas
chromatography (GC) of all samples -ported here . Gas chromatographs
were Varian 27')0 's with direct data outputs to strip chart recorders
and a Hewlett-Packard 3352B laboratory data system .
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Conditions of CC were :

Injector : Splitless (G-ob and Grob 1972)
Injector temperature : 260°C
Detector temperature : 2E5°C
Column inside diameter : 0 .28 mm
Column Length : 20 m
Liquid phase : SE-52
Column flow : 5 mi/min He carrier gaF
Column temp . program : 50-:.4J°C at 6'C/min (then hold until
C32 detected) .

C :3ss capillary columns wrrp = .,ated in this laboratory by the
method of Grob et al . (1977) . he data system provided a tabulation
of retention times and -.orrest- uing peak areas for each gas
chromatogram . After retention •_,ues for hydrozarbons wcre identified,
s.zmple chroc,atograms were processea manually to identi :y compounds
using GC-MS information . This invol•7es human judgments in treatmet .t
of multiple and overlapping peaks . The chromatographic data aas then
entered into an IBM 370 FORTRAN program which calculate.- i•,dividual
hydrocarbon concentration, and concentration ratios .

Compound Identification by Gas Chromatography - Mass
Spectr ometa. A 21-+92-d mass spectrometer (DuPont) with a 21-094B
data system, in*erfac ?d to a model 2740 ( Varian) gas chromatograph

modified for wall c oated glass capillaries was used . After sample
injection and passage of the sclvent front, the mass spectrometer was
operated in a continuous scan mode, covering the mass range from m/e ~
30 to m/e > 550 ai. 1 sec/decade at a resolution R 1U3 . An
approximately 20 m long capillary coa :ed with 5E-52 liquid phas- and
an i .d . of 6 .32 mm provided the separation . The effluent of the '!C

column was tra n sferred via a U . Z mm i .d . pla t inum capillary, heate L'
to 25U°C, directly into the r.ass spectrometer source . In order to
prev ent evacuation of the ;,' . s s capillary, a HPnneberg-type interface
was E•mployed ( Henneherg et al .,75) . Electrons of 7 0eV in an clecror
impact source formed the fragments observed in the mass spectra .
Fragment masse s were calibrated with a perfluoroalkane mixture . All
data were first stcred on a magneti :c d isc and, aiter analysis,
transferred to magnetic tape .

For compound analysis, two different approaches vere used .
First, the mass spectrum of each peak in the reconstructed
chromatoKram was generated and printed out if the number of ions was
sufficient t^ generate an intelligible mass-spectrum . This was
followed by a pr!liminary identification of the compocnd . Second,
after the identity of a number of compounds in a partirvlar sample
type was known, a systematic -earch for missing isomeLn (or other
compounds that logically should be present) was performed . This was
done by using specific mass-searches and retention data . During the
second year the Cyphernet MSSS system was also used .
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Chemistry Quality Control

A i;eimber of procedures .rere utilized by both hydrocarbon anci
r.race metal chemists to reduce sample contamination to the lowest
possible levels and provide maximum precision and accuracy .

Trace Metals . All reagents used ir- the laboratory were of the
highest purity possible . Water was doubly deionized and triple
filtered . Nitric, hydrochloric, and acetic acids were doubly
distilled at sub-boiling temperatures in a•used silica still . All
reagents were checked for trace metal conteit prior to use in sample
analyses . At least 5% of all analyses were procedural blanks . All
glassware was nitric acid washed anC rinsed with deionized water .

Calibration of the AA spectrophutometer was performed using at
least three standard solutions with concentrations in the linear
absorption range . Readings were sequentiaily replicated at least 4
times during calibration, and at least one was remeasured in the
middle and at tFe end of each group of 11;-3U samples .

Precision and accuracy were checked by analyses of bovine livNc,
USGS rock standards, and master mix aqueous solutions .

Because of the possibility of sairple cor.taminat=un by paint chips
aboard ship, paint chip samples were collected from each vessel,
analyzed for trace metals and compared with results of other samples .

Hydrocarbor.s . Great care was taken aboard ship to prevent sample
contar.iinatiorn from diesel oil, winch grease, and hydraulic fluid .
Sedimen : samples were rollecced with an + :nlubricated grab which was
ethanol washed between grabs and covered wi'h a teflon shroud between

, stacions. Surface slicki, tii present, were dispensed prior to
sampling . Biological san.,tes were placed in wooden buckets until
sorted . A.11 samples were eventually placed In solvent washed glass
jars with teflon lined During each cruise samples of diesel
oil, engine lube oil, winch grease, and hydraulic fluid were taken,
and analyzed to assist in che identification of contamination if
detected in the sediWent biota, or other samples .

In the laboracory, freeze dryer blanks, solvent blanks,
extraction blanks, and deionized blanks were analyzed ; spikes were
also added to samples for determinaticn of procedural recovery
efficiency. Fach day, 2a qualitative ane quantitative standard was run
for both the hexane (aliphatic) and benzene (aromatic) fractions . The
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standard was used to establish 6 .> ; chr, J,Jgraphic response curves,
and to calibrate retention time . .

In additiu .: t^ 'he above procedures, actual quality control
sampics were analyzed by the University of New Orleans . These
consisted of separate samples of sediment, zuoplank'on and benthic
organisms, taken by the same methods and contemporaneously witn VI`1S
samples . Other sediment samples were collected, homog-~nized, and
spliL for intercalibration between VIMS and USGS Reston laboratories .

S'GSIFIC . .:.T STUDY FINDINGS

l'.oncepcual Framework

In evaluating the data ger, :ated during the two-year Middle
Atlantic Study it is convenienL to focus on ~he proper .'_es and
processes in the pelagic realm (Figure 4) and in the benthic realm
(Figure 5) . When combir:ed, these two study areas result in an
integrated picture of the OCS environc.ent (Figure 6) .

The Pelagic Realm

Studies in the water column itself have addressed physical
properties, dissolved constituents, zooplankton and suspended matter
(seston) . Measurements of hydregraphic properties (salinity,
temperature, dissolved oxygen), nutrients, and dissolved and
particulate carbon were made routinely, coincident with ber,chmark
sampling . These data are, of course, useful in interpretation of
biological and chemical benchmark data, but have also been used co
characterize water masses . CtAalscterization of water masses, coupled
with the meteorological obserqations made routinely during the
samplingt allows inference :. _u be made on maior physical processes,
such as currents and movement o, water mass boundaries, occurring in
the Middle Atlantic Bight . Ueiderstanding these dynamic f.hysical
procecses is critical to thorough interpretation of biological and
chemical properties in both pelagic and benthic realms .

Studies of the seston of the continental shelf are important in
that particulate suspe .-ided matter tray be an avenue of contamination of
tiie OCS environment . USGS studi•s in the Middle Atlantic sr-udy area
were designed to describe the distribution and concentration of seston
and to characterize its mineral composition . VI*iS investigations
focused on analyses of the trace aetals and hydrucarbcn associated
with the particles . Inve :;tigat+. .,,is of che liv :ng compotipnt of the
pelagic environment were on tw, levels, microbes and zuoplankton .
Microbiological studies aimed at measuring the natural population
levels of heterotrophic bacteria and, in comparison, those bacteria
which could utilize petroleum hydrocarbon as a food source . Because
bacterial populations respond t :, environmental change qiickly, the
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proportion of the bacterial community which can deg .a.e oi-. ,.:. .y serve
as a sensitive indication of petroleum contaminatir . . Zoop .Lankton are
important food chain organisms which may play an acti-e role in
determining the fate of particulate contaminants in the environment .
VIMS studies have been directed at describing zooplankton communities
and the levels of hydro .:a*bons and trace metals found in zooplankton .

A particularly Important segment of the pelagic ecosystem is the
neustonic layer, defined here as the upper 12 cm of the water column,
because many organisms undergo critical life history stages in this
habitat . Studies have focused on the zooplankters l.i :`_ng in the
neustonic layer (zooneuston) and the hydrocarbons .: :.d bacterial
populations of the surface film .

VIMS studies of the pelagic realm have concen , r,,ted on physical,
chemica'., and biological properties . This work is :,, .ly indirectly
oriented to stard determining the processes which affect these
properties . Inferences regardl :ig these dynamic processes have been
made on the basis of measurements of properties as a part of data
interpretation . For instance, diurnal sampling of zooneuston ha s
provided insight into the process of vertical migration . The
investigation on the rate of degradation of petroleum by indigcnous
bacteria is an example of a direct analysis of a dynamic process .

The Benthic Realiu

Geological, chemical, and biological studies focused more
intensively on the benthic realm . The rationale for this emphasis
includes the facts that 1) contamination may be of greater intensity
and of longer duration in the benthic environment than in the more
voluminous water mass which flows through tne shelf s .,viron:ient ; 2)
the biota is more stationary ; and 3) planning of c4l and gas
c+evelopment requires knowledge of °the structure . . id stability of the
bottom for construction purposes .

Geological studies by USGS have been directed to describing the
shallow geologic structure and seismic environment on the Middle
Atlantic shelf with the aim of identifying potentially hazardous
conditions . In addition, the USGS conducted studies on the physical
processes which are responsible for thP movement and di ;tribution of
bottom sediments on the outer ahelf . Model predictio, : of the wave
climate also assist in understanding benthic boundary layer processes
i-^1' :.uenced by surface waves which may cause sediment movement . The
grain size distribution, or texture, of bottom sediments has been
extensively investigated by both VIMS and USGS in support of chemical
and biological studies . Coordinated studies of the trace metal and
hydrocarbon composition of bottom sediments were also performed by
both organizations .
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Studies of b-nt_hic organisms encompassed a wide size range of
organisms, from larger animals living on the bottom and captured by
dredges and trawls to microbes in bottom sediments . The lev,- ls of
trace metal and hydrocarbon concentrations in the larger animals were
measured, and some species were the subjects of routine
histopathologic examination . The distribution of species and
communities of foraminifera, meiobenthos, macrobenthos, and demersal
fishes, was intensively studied . Heterotrophic bacterial populations
were enumerated as was the proportion of these populations which can
utilize petroleum hydrocarbons .

As in the case of studies of the pelagic realm, the processes
affecting ,_ distributions of chemical and biological properties were
not directlv measured, and our understanding of these processes must
rely on in:erences based on these descriptive studies . Research on
dynamic processes is generally difficult and should logically follow
definition of properties . However, an al'tempt was made during the
second year to measure the process of colonization after catastrophic
disturbanca .

Findings

The PelaQic Realm

Shelf Hydrogriphy . Physical oceanographic studies were designed
to support the biological and chemical studies by characterizing the
hydrographic environmelt in which those samples were taken . Results
from fall 1976 through summer 1977 are presented here .

During fall 1976, cooling and vertical mixing of the %ate~• column
was proceed,ng from inshore to offshore . A tongue of cc, id ~:eter
(11 .3°C) wis present at the surface apparently moving ir.to the study
region rom the north ( Figure 7) . A corresponding banu •i warm water
at the bo :tom appeared to be associated with a mid-level ih L ruston
from offshoie ( Figure 8) . The fall season was notewoiihy diiE to the
absence of the "cold pool", a feature present during fall, ).975 and
currently a subject of considerable interest .

The winter of 1976-1977 was much colder than the previous year
(Figure 9) . The temperature along the inshore part of the study area
was 4°C low.L in 1977 an i isotherms were vertically oriented (Figure
10) . Winter salinity va .ues during 1977 were sevetal parts per
thousand greater than those during 1976 . This may have been a result
of the differential runoff during the two years, or an indication of
substantial cross-shelf mixing dur±• _; 1977 as suggested by the small
density contrast throughout the region . The oxygen and nutrient
values reflect the temperature and salinity data with oxygen
decreasing and nutrients increasing seaward across the shelf .
Analysis of nutrient patterns indicate the presence of two exchange
events which preserve cross-shelf mass transport . These events

61



\G~

~ `S1100, a~ ~
t

i

[~ `` • vJ

i

,

3EO5
0E+

~
. ~,

,
.

0
\ f~,

N

-7

~ `y Z

. . ~ ~
J ' C...~

t

i
~

~

/ •.

,
.
~\ r

\ 1~ ~

.j

~

.•

/• \ ? \-r ~

.

~
~ 0 ~~.1.

Figure 7, Surface temperature (°C) distributions in the Middle
Atlantic Bight during the period 4-18 November 1976
(Cruise BLM')5B) .



0

'o0 1 ~ ~ I

i

J ` 2
\\ I / j • O ' ~O \27

L

;'r~
7

.Ijr-
~

\2•

\ fl ~~/~/~~ ~ 1

.

~ //̀ C V <(( ~ / \

~ ~ , Jl \ ` r \

. 1
h 1

1 l
~ ra~3~

s

/(r fJ \ `~\
l

12.5 13 .0 13.5

Figure 8 . Bo~tom temperature (°C) in the Middle Atlantic Bight
during the period 4-18 Novcmber 1976 (Cruise BLM05B) .

, 1



r

0° I 4w

( f /

. ~---C

i . ;Rp .106410 8a ,'~•l

0.5 ~

OD ~7
. r

11 ~ C.3
~ / O I

\~

I .( . . i

p / edJ
6 -O.SO01 1 irj 3.0

OS

~ ~ ,-
J ~ `

I ~(

~

~ $~1310
,

i

~ + 0 SA 7.0t

1'18ure 9 . Surface tecperature (°C) distribution in the Middle
Atlantic Biqht during the period 5-17 February 1977
(Cruise BLH06B) .

64



Ow @~

-o c,o o s
1

10 I .s : o : s ! o D.s 1D 4.5 so 515 s o as io is 6 .0 e .s

z
CI-J2

. %

SE E NOTE

•0

•S0

T 100
"' N OT E: Large, erratic horizontal differences from F3 thro ;igh !2 imply

that a strong frontal regivn is being advected through e
meaaure i nents . The contoured fieid would have little meaning
in this region . Temperatures range from 8 .6 dPgrees C to 11 .3
degrees C .

DISTANCE IN KILOY[T[0 S

N) ! 0 N) t0 M 40 So t0 70 Oo t0 100

~-
a 5 0 10 :o 30 . 0 eo

P'lTANC[ IN NAUTICAL YIL[•

Figure 10 .. 'emp :ratorE l"C) ccntours for section III (Figure 3-6)
during cru! :e RLM06B . Station locacions on the section
and .;esignati-Nns are indicated at the top of the
section . Deptns are in meters .

.150

-200



include intrusions throughout the water column south of Hudson Canyon
and near Baltimore Canyon balanced by an extrusion at Lindenkohl
Canyon .

The spring cruise in 1977 was conducted in late May and early
June, a period of uniformly calm, fair weather . A very strong
pycnocline was present below a mixed layer 10-12 meters deep . The
pycnocline had a characteristic summer transverse pattern . A marked
temperature minimum in the bottom water ("coid pool") was present with
values below 4oC resulting from the extremely cold winter (Figure 11) .
A Gulf Stream warm core ring was present seaward of the shelf/slope
front in the central study area and Gulf Stream water was preseut from
the surface to 100 m .

During summer 1977, the water column was strongly stratifiFd with
a well-mixed surface layer, a thin but strong pycnocline at 10 to 15
meters, and a well mixed bottom layer (Figure 12) . This was aimilar
to the first year pattern except that the pycnocline was decper during
the first year . This suggests that a summer hydrographic regime is
produced each year and is dynamically maintained by large lateral
displacements of water independently above and below the pycnocline .
The resulting temperature/salinity patterns are complex . The cold
pool persisted during summer . A region of low dissolved oxygen was
again xpparent at inshore stations (Figure 13), but values (<3 mg/1)
were nott as low as those recorded during the previous year .

Water Mass and Type Analysis . Based on an analysis of
temperature and salinity curves such as the agglomeration point
analysis presented in the first yeac report (Ruzecki et al ., 1977),
tt.e Middle Atiantic Bight can be divided into a number of water types
(Figure f4) . The most consistent part of the pattern is the high
sal .nity, deep water found eastward of the shelf, and termed slope
warer_ :he shelt !s covered most of the year by coastal water, but
-.~tlr winter coolinr; this wat•>r is termed winter coastal water . A

:si!,tent feature of winter coastal water is called the "cold pool" .
Tne .0. ::ture of coastal water and slope water near the shelf edge is
terrnec ; shelf-slope water . Occasionally, high salinity, high
tempecature v.ater is encounter(d which has its source in the Gulf
Stceam and occurs near the shelf edge during passage of warm core Guif
Stream eddies . Some lateral mixing appears to occur betweeu coastal
water and Gulf Stream water, and this region of the
temperature-salinity plane has been termed shelf-Gulf Stream water .

Si .b .tiurfa ce 'l.uopl ankto_n . The principal sep:+ratiun of samples
acro5ti the shelf from the two sampling years was not by seasot,, but by
location . rf,ree distinct communities were gen«rally present (Figure -
15), but were mosL apparent durinK S,tcuner and fall : 1) a coastal
como:unity, presumably associated with the Coastal Houndary Layer, 2) a
central-outer shelf community, and 3) a shelf-,Ake/slope community .

(TF.X't CnNT1yUES ON PAGE 72)
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The coastal community was continuoua throughout the Middle
Atlantic Bight andd was always distinct from shelf communities .
S p_cies composition altetnated semiannually with the copepods, Acartia
t insa and Labidocera aestiva , and the chaetognath, Sagitta tenuis
dominant during summer and fall, and the copepods, Centropages hamatus
and Temora longicornis , and the shrimp Crangon septemspinosa dominant
during winter and spring . Unlike the coastal community, the shelf
community differed strongly between the two sampling years, especially
during spring and summer . During the first year (1975-1976) and fall
ana winter of the second year, the dominant copepod on the shelf was
Centropa es typicus . However, during spring and even into summer of
1977, Calanus finmarchicus was the dominant copepod . This species and
other members of the typical northern (Gulf of Maine) community were
widespread across the shelf during spring, a direct result of the cold
winter on the southern extent of this community . During summer 1977
the shelf fa•ina was also quite different from the first year with an
increase in decapod and fish larvae, and the presence of a group of
warm-water species including the cladocerans, Evadne sEinifera and
Penilia avirustris , the copepods, Temora stylifera and Lestrigomus
ben alensis, and the chae~ognath, Sagitta enflata . The
shelf-edgt .slope communtty consisted of the copepods Pleuromamma spp .,
euphausiids, and the chaetognaths Eukrohnia hamata and Sagitta
hexaptera all present from fall through spring in both years . In
addition, during the same period of the second year, typically
subtropical species occurred including the annelid worm Tomopteris
planctonis , ostracods, the copepod Euchirella rostrata , the decapods
Sergestes arcticus , and Solenoc era sp ., and the chaetogr.ath, Sagitta
helenae . Thus only at the coastal stations was the species
composition predictable from year to year . Sbelf and slope
assemblages depended on temperature patterns, intrusions of offshore
water, or passage of anticycloric ;ulf Stream eddies .

Neuston . Neuston col?a_tl-,ns off New Tersey illustrated a
progressive ci-.ange from a~:' structured and predictable pattern in
coastal waters to a re ;ati .e•ly linpr.edictable faunal structure at the
shelf edge . A dtstinct c, :s-l community was present each season, but .
the species composition changed with season and the two years were
somewhat different except in winter . A distinct Coastal Boundary
Layer community was always present at Station C1 although species
compositi.on changed with season and the two years we :e somewhat
different except in winter . Annual differences are at least partially
attributable to the very cold winter of 1976 . Dominant species in the
winter included the copepods CPntrurages hamatus , Pseudocalanus sp .
and Temo ra longicornis , barnacie larvae, and sand lance ( Ammodytes
sp .) '.arvae . Spring 1977 fauna was similar to the winter fauna, but
tne s ;:ritig 1976 community was dominated by bivalve and crustacean
larvsc . Coastal neuston in the two summers differed mainly by the
presence in 1977 of large numbers of salps and the retention of
certain cold-winter species such as Temora lonqicornis . The 1976
summer community was dovinated by the cladc>cer .n Evadne ter estina_ ___ ,
chaetognaths, Sagitta spo ., and inshore fish and decapod crustacean
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larvae . Fall collections also differed between years, with 1975
characterized by the ctenophore, Beroe ovata, and the isopod, Ie.otea
metallica , and 1976 dominated by the copepod, Centropages furcatus ,
tlie mysid, Mysidopsis bigelowi , and the chaetognath, Sagitta enflata .
Despite these yearly differences, it should be stressed that overall
similarity was closer between samples from a given season (e .g . winter
1976 and winter 1977) than between different seasons of the same year
(Figure 16) .

Shelf and slope communities were not as structiired as the coastal
community and species assemblages depended on intrusions of off nore
water, or passage of Gulf Stream eddies . Common summer shelf
neustonts included the cladoceran, Penilia avirostris , the cope, : .s,
Labidocera aestiva and Pontella meadii , the iscpod, Idotea meta' ' 4c -:,
and the amphiFod, Lestrigonus ben¢alenses . Winter and spring ~
collections were dominated by the copepods, Centropages typicus .nd
Calanus finmarchicus . The slope cu®unity was dominated hy the common
offshore, warm-water copepods, Labidocera acutifrons , Pontella meadii ,
and Temora stylifera , the isopod, Idotea metallica , the chaetognaths,
Sagitta enflata and S . helenae , the pteropods, Atlanta spp „ Cavoiina
spp ., and Lima,:ina spp ., and various amphipods .

Althoughh annual c:ifferences did exist, two years of neuston
collections have confirmed the importance of the surface layer as a
nursery habitat for reproductive stages of Middle Atlantic Bight
decapod crustaceans and fishes . These were often numerically dominant
in spring and early summer . Any widespread degradation of the surface
laye, during this a mnual reproductive peak could have a serious effect
on survival and recr,jitrcent of many commercially and trophically
important species, including squids, Loligo and Illex; blue crab,
Callinectes sapidus ; roct. and Jonah crabs, Cancer spp . ; American
lobs'er, Homarus americanus ; deep sea re3 crab, Geryon _quinquedr:is ;
hakes, Urophycis spp . ; silver hake, Merluccius bilinearis ; b1,-- :ish,
Pomatomus saltatrix ; dolphin, Cory,hF aer.a hippurus ; mullet, MLgi 1
curema ; Atlantic mackerel, Scomber scombrus ; Atlantic bonito, Sarda
sarda ; butterfish, Peprilus triacanthus ; black sea bass, Centropristes
striata ; and yellowtail flounder, amanda ferru inea ; all of which are
neuston dependent for the development of young .

Dissolved and Particulate Hydrocarbons . Dissolved and
particu ;ate hydrocarbons were sampled simultaneously by passing wa .er
through a glass-fiber filter intc a storage bottle . Material
collected on the filter pad was classified as particulate ; material
passing to the bottle was considered dissolved . Dissolved aliphatic
hydrocarbon concentrations from fall 1976 through summer 1977 ranged
from 0 .004-114 I;g/1 ; dissolved aromatir hydrocarbon concentrations
ranged from U .U12-259 O g/1 . No seasonal trends were detected and no
systematic relationship between surface and bottom values occurred .
Ne .ther an onshore-offshore nor a north-south trend was observed .
Water mass type had no apparent correlation with dissolved hydrocarbon
content . The ratio of total dissolved hydrocarbon concentration to
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dissolved organic carbon concentration was highly vz,riable frorr
station to station and season to season, and thus the two parameters
were not closely related .

Particulate aliphatic hydrocarbon concent-ations from fall 1976
through summer 1977 ranged from 0 .001-1 .88 ug/1 ; particulate aromatic
hydrocarbon concentrations ranged from 0 .001-0 .02 l,g/1 .
Concentrations in spring and summer samples were generally higher than
fall and winter samples suggesting a seasonal trend . Trends between
surface-bottom, north-soutn, onshore-offshore, or hydrocarbon
concentration-water mass .type were not observed . As for dissolved
hydrocarbons, no correlation was pre ;,ent between particulate
hydrocarbon concentration and particulate organic carbon .

Zooplankton and Hydrocarbons . Zooplankton samples formed copiou ;
emulsions during extraction, and the presence of large amounts of
lipid material masked individual aromatic hydrocarbon compounds during
anaJysis . Aliphatic compounds, however, were identified .
Concentration of aliphatic hydrocarbons in zooplankton ranged from
2 .0-3218 ug/g, those of aromatic hydrocarbons ranged from 2 .2-650
ug/g, and those of total hydrocarbons from 2 .2-3387 ug/g . Zooplankton
from the closest inshor^ stations, C1 and LI, had consistently lower
aliphatic hydrocarbon concentrations than samples from further
offshore . The percentage of pristane was also consistently lower in
nearshore samples . Zooplankton species composition at stations Cl and
L1 was different from that at offshore stations and this may acc~unt
for the differences in hydrocarbon concentration . Concentrations of
aliphatic hydrocarbons were considerably higher in zooplankton from
the northern transects A-B and C-J collected during spring and summer
1977 (cruises 07 and 08) than from fall and winter samples (cruises 05
and 06) . Apparently this was due to the predominance of a typical
northern Calanus community which penetrated the Middle Atlantic Bight ._
in spring and remained abundant through summer . The Calanus
community, known to be richer in hydrocarbons (Lee and Hirota 1 9 73 ;
replaced the normally dominant Centropages community found from fall
1975 through winter 1"' 7 7 (cruises 01-06) .

Bacteria . Significant microlayer enrichment of heteratrophic or
petroleum-degrading bacteria was not observe' relative to subsurface
samples when considering all samples collecte~ during the two year
study period . !iowever, individual samples occasionally indicated
enrichment of petroleum-degrading bacteria in the microlayer .
Microlayer samples were dominatel by the genus Pseudomonas , with
Alcaligenes and Vibr io subdominant .

Viable counts of both heterottophic and petroleum-degrading
bacteria in surface (-lm), thermocline, and bottom water samples from
both sampling years generally decreased seaward across the shelf
(Figure 1') . Exceptions to this basic pattern occurred occasionally
over the two year period, usually at Station F2 . This station is
close to the highly mobilee frontal zone betweeii shelf and slope wLter
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and, depending on front location, may be in an area of upwelled
nutrient rich slope water . Cons :s tent correlations of barterial
cout,- s with inorganic nutrients were not found, however .

Statistical analyses indicated no significant differences in
heterotroph or petro!eum-degrading bacteria counts between surface and
bottom water, and no consistently significant relationship between
bacterial data and physical chemical parameters .

ATP conc^_ntrations in water samples generally decreased with
depth and distance from land . However, during tt,e severe winter of
1976-1977 surface ATP levels at some statiu ; -, , fell below currespondin, ,
L•ottom water values . ATP levels are an in .: ttiott , f h'olo~ . al
bioma:as, but not necessarily bacterial biur. . .,ss .

More than 90% of th2 isolates identii icd
were assigned to the penera Alc a1 ir;en!-s, Psec,domo n ; i ~,
and Vibrio . rhe generic composition was nut t . : fu.nced n~• acason .

Particul i te Tr +,• c• ?tetalti . General concentrations tor all me-li5
and their form in tt.e water - . ; :, ., .n arr listc : i ; T .ible 10 .
Concentrations of Ba and V jere luw ind t• .r se mc-t +ls wk re not weL'
quantifieJ above blank lev,_ 1s . .d, Ph, ,-:d Zn werf found mainly in
the leachable fraction, while c ;r and Fe ,ere refracturv (unl~ :~chablc) .

Sttrf +r,• .-+i bottor, ;e e icuk~te trace rtrtai concer•.tratl : ;ns
rall . , . ! r r+, ,ttel7 . c~•erai exrrt,ti(n%
rr ii. t+, h•td
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Table 10 Gencta : -,oncentrations and percent of metals in leach or
ref .a-)ry fraction of particulate mattar .

General Concentrations
Metal (t1g /1 sea water) Metal Form

Ba <0 .4 refractory anal ysis onlv
Cd <0 .01 >957 leachable
Cr <0 .1 >90% refractory
Cu <0 .6 >40% leacnable
Fe <90 >80% refractory
Ni <0 .1 >40% leachable
. <0 .4 refractory analysis only
Pb <0 .3 >80% leachable
Zn <1 .0 >70% leachable

':able 11 . 202 u zooplankeon metal concentrations, Station A2,
fall 1976 (n - 4)(ppm dry weiKht) .

Meta l Conc entr - • )n R:,nv e

B , ; <30
~ 2.q - 6 .1

0 .6 - 2 .2
9 - 11

t~n - ~Rn
.~



The Bonthic Realm

Bottom Sediments .

1 . Grd nulometrv . The continental shelf of the Middle
Atlantic Bight is topographically complex and is covered by sandy
palimpsest s•~diments which refl-ct both ancient sources and
contemporary redistributicn . Although the scale of spatial
variation in sedimentary parameters is essentially continuous,
the widespread system of ridges and swales with spacing or. the
order of one kilometer particularly afiects the distribution of
sediments . Bottom currenLs due to surface waves ar .j
meteorological forcing are important in resuspending sediment
over most of the shelf, which prevents the accumulation of the
scarce silt and clay .

Analysis of sediments from 52 stat .ons show the predominance
of medium and coarse sand over much of the shelf and muddy fiuer
sands in the shelf break region, grading into predominanLly silt
and clay sedimer:ts on the slope . Silt and clay were scarce at
shelf stations except in topographic depressions and at the shelf
break where this component makes up 5-lU% of sedirrents . The sand
component of the sediments tended to be finer in topographic
depressions, at the shelf break, and off the southern Delmarva
Peninsula .

Organic carben content was closely related to the
distribution of silt and clay . Thus, organic carbon
conccntratfons were very 1 ,--w (<1 mg/g) over most of the shelf,
but higher (1-2 rug/g) in topoy{raphic depressions and at the shelf
break Sti :l higher concentratio ;rs (to 10 mg/g) we :e found in
muddy slope stations . Nitrogen concentratiohs were variable, but
cor--l :,ted with organic carbon concentrationb . The lower
carh-:,r :nitr .>Ken ratios In clean r:rnd suggests that living
orK nir: :rs comprise much of the orqanic marerial in these
sedi^+ent ; .

Variability in grain size distribution and carbon content
both ,rmunK repiicate and seasonal samples waF, low at most
r.tattonF . Instances of anparently great seasonal variability
•.c•uld bc• explained in terms of variability in station location or
ertrc•me patchiness in the local distrib :rttun of sediments .

H .rhitat,r rc'cnynizvd on thc b :rsis of thp Jistributfon of
br•nthfc ciry, :rri ;s~~ in twr~ tr:•PnKraphit'ally rr)rnll••x outer shelf
r~•y,ions werr• :ri+n r lc• :arly dlntlny,ulshed by distribution of grain
s'r.c• and orv,:,nic carbon parameters . This rrmphaslzea the strony,
rcrlatlc)rrrihin amrirrK 4hc•1f tonUkrahhy and resulting hydraulic
regimes, sed/mc•n : grain •ize dlstribution, aedimo_nt chemistrv,
arrd btota .
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II . T r - ,e M= The ruetals analyzed were Ba, Cd, Cr, Cu,
Fe, Ni, Pb, V, and Zn . Generally, leachable concentrations
increased seaward across the shelf (Figure 18) and were greater
in topographic depressions, except for Ba, V, and Cd, which
occurred in concentrations too low to determine trends . Another
~xception was the anomalously high values at stations C4 and D4,
especially for Cr, Pb, and Zn . Total metal concentrations also
tended to increase seaward across the shelf, hut the trend was
not as apparent as tor leachable metals . Ba concentrations were
actually fairly uniform across the shelf . No seasonal
difference were observed in either leachable or total
concentrations . and values were similar over the two year study
period .

Signi~t.cant positive correlations were observed among most
leachable ,-tiis, total organic carbon, nitrogen, and the
silt-clay sed ment fraction (Figure 19) . Low correlations of .`a,
V, and Cd wicn sediment parameters is a result of the near
detection limct levels of these metals . The increase in metal

~ concentration seaward acr•:)ss the shelf is due to increased
silt/clay content of offshore sedir• :.enti .

III . ~ydroc arbons . Concentration~~ of both aliphatic and
aromatic hydrocarbuns in sedt ::rents averaged less than 1 ug/K
during the two year study pe,lod . Both aliphatic and aromatic
levels correlated strongly wttn the amount of si1L-clay ln the
sediments, thus, like trace metali, concentratfons tended to
incrc :c- .e seaw,crd 3crc>ss the shelf, and were also greater i-t
topoyraphic depressions due to the increase in fine sediments
(Table 12) . Sediment hydrocarbons c•>ntained characteiistic
n-paraffins, hiogenic olefirs, and polynuclear aromatics, .>ut
there was r) evidence of extensive )etroleum contaminatic>r c,f
sedimuntf •

Benthi c Fa .sna .

1 . Bact ert a . P(trolcuc, degrading and hetc•rotrophic rr•trine

aacteria wcrre con :;istentlv 1!..r)lated over the two year study
perlod . 'fean viable countri of both petroleun-dey,rading and
heterotrophic bacteria from inner shelf sediments were
significantly Areater than counts from mid or outer shelf or
Fhelf-break sediments, except during winter 1417 when very cold

w~rter nearrch :>re suppressed bactc•rial popul :ctlo-.w (rahie 13) .

{iowe•ver, withln rac•h rey,ion, viable countr; wrrr rem .rrk.ably
un .ititent ftem .,c• :rtic>n to seasc>n . iran cnuntti of pc troleum

dcry,radlnt; bacteria 1n ~c•diments we_- generally 1-4 orders of
magnitude smaller than viable counts of heterotrophs at the ~; .rruv
locatlon .

Maximum values of the ratio of letroleum-deQradinR to
heterotrc,phic bact.eria were always encc>untered in inner shelf
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Cr _ '

Za I
RO J

F•
E

Cu

TOC

N ~

cC -

Ni

Y

8a __

Cd

0.90 0.80 0.67 0.41 0.32

CORRELATION COEFFICIENTS

p .,;ure 19 . Cluster dia ;raw cf !each .lble metals showinf; c or :elation
coef :icients t a :1 atations acrc4s G:e shelf .
S-C - silt- . :iv ; . - •itro ,,en ; TOC = totul organic cancon .



Tah1e 12 . AVPraRe t o tal sediment hvdrocarhon concentrations in
cvale and ri ,fce st a t i (, ns .

~ Concentration ; ,g/g _
Area Swale Ridge

0 .289 0 .072
1 .953 0.036
0 .328 0 .034
0 .045 0.025
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Table 13. Geometric means of heterotrophic (HET) and petroleum-degrading (HC) bacterial cour.ts* by season
for inner shelf (depth < 50m), outer shelf (depth > 50^ < 100m), and shelf break (de)th > 100m)
sediment stations (1975-1977) .

Season
Bacterial Fa11 Winter Spring Summer

Area Type 1975 1976 1976 11977 1976 1977 1976 1977

Inner HC 3.4±0 .1 4.2±1 .1 2.8±0 .7 2 .0±1 .4 3.4t0.8 3.4±1 .5 2.4±1 .0 2 .7!1 .6
shelf

HET 5.610 .5 6. +'C . 8 5.1;0 . 7 5. 9±0. 6 `%;0. 8 6.1±0. 6 ` 610.9

HC/HET -2 .4±0 .8 -k .4t1 .(# -3 .1-+0 .1 -4 .1±1 .3 -3.7± .0 -3 . : ! 1 .2 -4 .2!0.9 -2 .9±1 .0

00r

Outer HC
shelf

RET

HC/HET

Shelf h„
brerk

HET

HC/HET

2 .0;0 .5 1 .7 ;1 .1

5.2±0 .4 5.8+-0.5

-3 .3;0 .3 -4 .1±1 .0

2 .3±0 .6 1 .7 ;1 .0

4.9+-0 .4 5.7±0.7

-2 .7±0 .3 -3.9±0 .5

* Log viable bacterial units g d . ; s= : :i.ment

2 .0±0 .6 1 .6±1 .1

5.4!0 .6 5.7!0 .1

-3 .4!0 .6 -4.5±0 .8

2 .1±0 .7 2 .2±0 .9

5.8±0 .6 5.2;0 .6

-3.1±0 .4 -3 .1;1 .0

1 .6±0.5 1 .5±0 .9

5 .6±0.4 5 .6±0.5

-4 .0±0 .4 -4 .2-+0.4

1 .8±0.7 1 .7±1 .0

5 .4-+0.5 6 .0±0.4

3 .7±0 .5 -4 .3;0.7

1 .7±1 .1 1 . _ + ] ~

5.8±0.5 5.5±u.-'

-4 .011 .0 -4 .1±1 .0

2 .3-+0.9 C .9±1 .2

5.2±0.5 5.3*0.6

-3.0±0.7 -4 .4±0 .9



sediments and values tended to decrease across the shelf . Values
of the ratio were dependent upon the number of viable petroleum
degrading bacteria .

Bacterial populations could not .be consistently correlated
with sediment properties such as % silt-clay, median grain size,
total organic carbon, or temperature . However, if only data from
ridge and swale stations were compared, significantly larger
populations were present in swales .

Greater than 90% of all identified isolates from sediments
were assigned to the genera Alcaligenes , Flavobarterium ,
Pseudomonas , and Vibrio . Generic composition was temporally and
spatially stable .

I? . Foraminifera . Density of foraminifera in the upper 3
cm of shelf sediments ranged from fewer than 10 per 20 cm3 to
over 5,500 per 20 cm3, with an average of approximate?y 200 per
20 cm3 . The average number of species per sample was about 20 .
Reophax atlantica was, by far, the most abundant and ubiquiious
species, and fluctuations of this species strongly influenced
fluctuatiins of the community as a whole .

Although many species were widely diutributed across the
shelf, the forami.niferal fauna can be roughly classified into
three bathymetric zones : 1) an inner and central shelf zone
characterized by Elphidium spp . ; 2) an outer shelf zone
characterized by Reophax spp ., Cibicides spp ., and Fursenkoina
spp . ; and 3) a shelf break zone characterized by a more rotaliid
fauna such as Gyroidina spp .

Significantly larger populations occurred in swales than on
ridges, principally due to greater numbers of R . atlantica . N1}th
density in swales is the reason for the significant correlationa
between number of living foraminifera and percent silt-clay and
total organic carbon .

Seasonality was not apparent in density or species
composition of foraminifera .

III . Meiofauna . The density of meiofauna (those organisms
passing through a 0 .5 mm sieve and retained on a 0 .063 mm sieve)
on the Middle Atlantic continental shelf ranged form 59 to 1123
organisms per 10 cm3 . Numerically nematodes dominated the
samples usually comprising 40-80% and o,:casionally up to 88% of
the individuals . Fifty-eight nematode taxa were recorded .
Harpacticoid copepods comprised between 5 and 30% of the
individuals in all collections, and 22 harpacticoid taxa were
recorded . Together these two taxa comprised 60-90% of all
indivi'uals recovered . The only other taxa which occurred in
significant numbers in the collections were juvenile ostracods
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and juvenile polychaetes, bdul•, oc which were not members of the
meiofauna,

Ridge and swale mesoscale (0 .1 - 1 .0 km) tooography had no
statistically significant effect on total meiofauna abundance and
no obvious seasonality was observed although at many stations
total meiofauna abundance was greatest during spring . Ridge and
swale topography did, however, have a significant effect on
fxunal composition. The organically richer, finer sediments in
swales and at the shelf break were dominated by deposit feeding
nematodes (Figure 20), ' , robust harpacticoid copepods, and also
by clearly epipelic harNacticoids (Figure 2i) . The coarser
sediment of ridge and tE ace stations were characterized by
epigrowth feeding nemato,4^^ imnivore-predator nematodes, and by
interstitial copepods . _'.lthough nematodes always outnumbered
harpacticoid copepods, rjepods were relatively more abundant at
ridge and terrace stations, while nematodes were overwhelmingly
dominant at swale and shelf-break stations . Harpacticoid copepod
abundance was positively cor-elated w'_th grain size, while
nematode abundance was negatively correlated with grain size .

All components of the meiofauna had highly contagious
distributions in 56 cm2 and 6 cm2 subsamples, but density
appeared uniform over larger areas within similar habitats .

IV . Macrubenthos and Megabenthos . The macrobenthos
(collected by grab and sieved through a 0 .5 mm mesh) of the study
area was dominated by small polychaetous annelids which usually
comprised 40 to 60 percent and occasionally up to 9U percent of
the individuals . Peracaridean crustaceans (primarily amphipods)
were also abundant generally comprising 10 to 30 percent of the
individuals . Molluscs a*.j echinoderms (echinoida and ophiuroids)
were also common. The -.=ga~,enthos (collected by dredge or trawl
with a 4 mm mesh bag) was dominated by decapod crustaceans (crabs
and shrimp), echinoderm . (asteroids and echinoids), and bivalve
molluscs .

The macrobenthos and megabenthos demonstrated similar
distribution patterns across the continental shelf and upper
continental slope . Faunal changes wpre gradual rather than
abrupt, but five faunal zor•s could be distinguished : inner
shelf (to 30 m), central . . .elf (30-50 m), outer shelf (50-100 m),
shelf break (100-200 m) and continental slope (> 200 m) (Figure
22) . Inner and central shelf assemblages were relatively
similar, and outer shelf assemblages contained both inshore and
offshore species overlapping in distribution, b-• .;helf break and
slope assemblages were more discrete .

Species diversity of both macrobenthos and megabenthos
generally increased with depth . Highest Shannon diversity and
numerical species richness of macrobenthos was found on the shelf
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brea'c and slope, and lowest was found on _he i ._ .~. - shelf .

Ma or faunal differer.ces occurred over small distances
within the broad sc .: :e patterns in relation to shelf topography
and its effect on sediment distribution . The most pervasive of
such top•)graphic habicats are those related to ridge and swale
topograpny . Swales generally have finer sediments containing
higher carbon content than ridges or flanks . The benthos of
swales is more abundant (Figure 23), has a greater biomass and
species richness, and is composed of more lsposit-feeding animals
than the benthos of ridg~s or flanks (F,1,ures 24 and 25) .
Results ) f the habitat delineation study cor'Irm the hypothesis
that benrhic communities are highly pree'_table if depth ar.d
se'iment characteristics are known . Th• .a, .ldge and swale
community composition based on stations sampled during the two
year study period can be extrapolated tt . other regions of the
shelf .

The results of two years of sampling the macrobenthos of the
Middle At.lantic Bight revealed little evidence of seasonality,
but rather that community composition and population density of
dominant species is generally persistent . Size or life history
stage varied with season, but the study was not designed to
investigate this in detail . Gonadal maturation of selected
invertebrates also varied seasonally .

The anoxic or hypoxic conditions that developed in bottom
waters over a broad area of the inner shelf enabled study of the
effects of catastrophic disturbance on the benthos . The oxygen
stress resulted in mass mortalities of many species, especially
crustaceans and echinoderms (Figure 26) ; hnwever, some species of
molluscs and annelids demonstrated no rPluction in population
density . Several opportunistic specie, tot previously abundant
proliferatecl following the perturbaticn, h-t 'their populations
gradually declined with time (Figure 27 ;, Species with a
planktonic dispersal phase retLrned quickly after elimination ( E .
parma , Figure 26), but many species without a planktonic
dispersal phase had not significar.tly recolonized one and
one-half years following their elimination (Figure 26) .

V . Demersal Fishes . Based on semiannu .:l (fall, spring)
NMFS cruises from 1967 through 1976, and seasonal VIMS cruises
during 1968 and 1976/1977 fishes of the Middle Atlantic Bight may
be placed in one of three categories based on their migratory
habits .

1 . Fishes that remain on the outer continental shelf
or upper slope throughout the year . This group, dominated by
silver hake, Merluccius bilinearis , squirrel hake, Urophycis
chuss ; and little skate, Ra a erinacea , would be chronically
exposed to any pollutant introduced on the shelf or upper slope .

(TEXT CONTINUES ON PAGE 96)
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Figure 23 . Distribi.tion of total density of macrobenthos by major
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represent the mid-ranges, and vertical lines represent
medians .
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Figure 24 . Top. Station B4 shelf on the terrace above Tiger Scarp off
central New Jersey, 40 m, on 6 August 1977 (0.6 m focal distance) . Very
dynamic sediments with medium-coarse sand and gravel . A small Cancer
irroratus , Asterias forbesi , and the shrimp Dichelopar. ,:alus leptoceras
can be seen in the upper right .
Bottom. Station B2, outer shelf ridge off central New Jersey, 62 m, on
6 August 1977 (0 .6 m focal distance) . Dynamic environment with medium
sand. Numerous sand dollars, Echinarachnius p3rma , partially covered
with sediment can be seen along with a single Asterias vulgaris_ (lower
left) and A . forbesi (upper center) .
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Figure 25 . Top. Station B5, outer shelf swale off central New Jersey,
65 m, on 6 August 1977 (0 .6 m focal distance) . Medium sand
bottom is covered by a dense mat of a-nphipod tubes, primarily
Erichthonius rubricornis , but also Un_Lio1a irrorata and Ampeliscaspp . Two Asterias vulgaris and one Cancer borealis can be seen .Bottom . Station B3, outer shelf swale off central New Jersey,
72 m, on 6 Aug~ :st 1977 (0 .6 m focal distance) . Sediments are
slightly muddy fine sand . Dense mats of tubes of the amphipods
Ampelisca agassizi and, to a lesser extent, Unciola irrorata ,
interspersed by mounds of reworked sediment around burrows, are
apparent and Asterias vulgaris and Astropecten americanus arevisible. -
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2 . Fishes that are boreal (northerly) in their faunal
affinity . Most species in this group, dominated by the
yellowtail flounder, timanda ferruginea , and the spiny dogfish,
Squalus acanthias , migrate north and offshore in summer and south
and inshcre in winter .

3 . Fishes that are warm-temperate (southerly) in their
taunal affinity . Most species in this group, dominated by the
butterfish Peprilus triacanthus , the sea robin, Prionotus
carolinus and the scup, Stenotomus chrysops , migrate north and
inshore in summer, and south and offshore in winter .

Temperature and depth are the most important factors
controlling distribution of fishes on the shelf . Ridge and swale
topography appears to have little influence on demersal fish
distributions .

Fish food habit analysis indicates that demersal fishes
prey heavily on benthic invertebrates, but not necessarily on the
most abundant speciea . The more vulnerable crustaceans,
especially amphipods, are consumed far out of proportion with
their abundance, while the more abundant, but deep burrowing
polychaete worms are only rarely consumed .

VI . Trace Met:is in Benthos . Temporal or spatial trends of
trace metal concentrations in benthic organisms were not
observed . Within species variability was high due to differing
size, age, and maturity, and evidence of sediment contamination
was found, especially in sand dollars, a detrital feeder .

Significant correlations were found among metals in Mollusca
(Fc-Zn-Cu), Arthopoda (Cr-Cd, Cu, Zn), Echinodermata (Fe-Zn and
Cr), and Pisces (Cr-Ni, Cd-Cu and Pb) .

V1I . Hydrocarbons in Benthos . Hydrocarbon levels in
benthic organisms were low, with no evidence of petroleum
contamination . Fish (hakes) contai^ed large amounts of pristane
relative to other hydrocarbons .

There was no correlation between either aliphatic or
aromatic hydrocarbons and trace metal concentration in benthic
fauna .

Histopathological Stadies . Twelve benthic invertebrate sp,_ :ies
were chosen for histopathological examination with emphasis on four
aspects of their biology : 1) the distribution and range of each
species ; 2) reproductive activity ; 3) normal histology of selected
organs ; and 4) the symbionts and/or lesions associated with the
animals .
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Many of t;ie benthic crustacea, especially the shrimp
:%iche'-r-ndalus l eptocerus and the crab Cancer irroratus , appeared to
be migratory . Young D . leptocerus were concentrated on the
c intinental shelf and older shrimp on the slope . Immature C .
Irroratus were widely oistributed on the shelf, but mature females
were concentrated in the shallow water of the i nner shelf . Mature
males occurred widely over the shelf during spring and sueimer, but
moved inshore during fall and winter .

Effects on reproductive biology may be among the more sensitive
methods of assessing impact since some physiological processes may be
interrupted even though mortality does not occur . Studies on the
gonadal cycle of the selected invertebrates revealed that most of the
nimals spawned or extruded gametes during a particular season,

•I -•"a lly spring or summer . Two exceptions, however, were the shrimp .
Crangon septemspinvsa , and the Astarte clams in which viable gametes
were present throughout the year .

Symbiotic organisms were found on or in all twelve species
examir.ed, and ranged from harmless commensais to potentially
destructive forms such as Hematodinium , the parasitic dinoflagellate
found in the haemal spaces of the Cancer crabs . Host symbiont
accommodation may also be a sensitive indicator of impact due to the
delicate balance among host, symbiont, and the environment .

tio correlations existed between trace metal or hydrocarbon
concentrations in organisms and the presence of symbionts or lesions .
One interesting trend, however, was the spring peak in zinc levels in
the starfish, Asterias vulgaris , observed during both years of study .
Since the synthesis and accumulation of gonadel products in this
organism also peaked in spring, it is suggested that a significznt
portion of the zinc may be associated with gon :dal ~)roducts .

Soecial Studies

Petroleum and Chitin Degiadation . Laborato :y experiments
demonst :ated consistent and significant increasec in viable counts of
heterotrophs and petroleum-degrading bacteria from both surface water
and sediments in response to crude oil addition . For surface water
inocula, however, significant n-paraffin degradation occurred anly in
fl-sks enriched with inorganic nutrients . Inshore surface waters and
: .:ale sediments consistently exhibited the greatest degradation
potential during all seasons compared with offshore waters or swales .
Swale inocula always exhibited significantly greater degradation than
ridge inocula (see Figure 28, ridge ; Figure 29, swale) . Degradation
was always more extens' _ in enriched flaeks .

Based on two years of study, bacterial degradation of n-•paraffins
was always greatEst during fall, with spring, summer, and winte ;
,:howing decreasing degradation capacity, respectively .
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Nei .her South Louisiana crude oil nor its degradation products
were toxic to chitinoclastic bacteria as measured by chitin
degradation .

Results of growing pure cultures of bacteria in the presence of
weathered and unweathered oil suggest that following an oil spill, the
species composition of bacterial populations may change in response to
the toxic effects of crude oil on susceptible bacteria, followed by
enrichment of petroleum-degrading bacteria or other resistant strains .

Wave Climatology . Baltimore Canyon Trough Wave Climate Model
Studies based on a second order depth grid with 0 .25 nautical mile
spacing show major areas of wave energy concentration in the
northwest, southwest, and shelf-edge portions of the lease block area .
The northwest region is affected by more wave directionP and periods
(for example, Figure 30 and 31) ; the other areas only ty east or
southeast waves with thirteen or fourteen second periods .

Results of sediment transport threshold studies indicate that
large areas of the shelf are subject to sediment transport . Sediments
finer than 1 .0 ~ are capable of being moved throughout the area for at
least one of the twelve wave conditions modeled (Figure 32) . The
threshold velocity for sand-size sediments between 1 .0m and -2 .0m is
exceeded at many locations in the lease block area (Figure 33) .

Synthesia

The :ollowing discussion will concentrate on synthesizing the
major trends in physical, geological, chemical and biological
parameters witf.in a uniform frame of reference . The discussion is
based on t,ro years of seasonal data (1975-1977) and is
non-quar . , itative in that trends are indicated in relative, rather than
absolute, scala r terms . However, most of these trends have been
demonst-.?te. : Li be significant in the relevant disciplinary chapters
of this rrport .

A cormonality of many of the trends observed is the pattern
across the continental shelf . Cross-shelf trends seem to be much more
distinct than latitudinal trends, which for most parameters in the
study area are of little or no consequence . Although the dominant
trends seem to be related to water depth or d :stance from shore, these
are often not of direct importance . Rather, many environmental
factors covary with depth, and it is these other factors, such as
seasonal temperature constancy, which are responsible for the observed
chemical or biological trends .
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Cross-Shelf Patterns in the Pelagic Tcalm

Figure 34 summarizes the cross shelf patterns of water column
parameters measured during the program . The waters of the M'ddle
Atlantic Bight are characterized by three hydrographic regimes, a
coastal boundary layer, the mid-shelf regime, and the slope regime .
The mid-shelf and slope regimes are clearly separated by a sudden
transition in temperature and salinity called the shelf-slope front .
The transition between the coastal bound-ir ;• layer and the mid-shelf
region is more subtle, frequently bP'n,, c .:xpressed in the biological
community structure before it is ap* .trent in the physical hydrography .
This set of indications implies lonP~h^-- . drift associated with the
coastal boundary layer . Its physica~ expression is sometimes a
salinity front to the south of fres`! water sources, primarily the
Connecticut, Hudson and Delaware rive s .

The three regimes are all affected by seasonal changes, and they
respond by having two structures, one for the warning season and one
for the cooling season . These seasons are separatei by two short
transition periods . The mid-shelf shows the clear . .is : seasonal cycle,
being vertically stratified in the sums.er, with warm water overlying
cold water . The warm water receive; the fresh input from the coastal
rivers, and so it is fresher than t1te colder water . This combination
of warm, fresh water over cold, salty water produces a strong
pyncnocline, which tends to inhibit turbulent exchange vertically and
separate the lower water from the upper water . The temperature in the
outer part of the lower layer remains low during the summer,
particularly at the outer part of the mid-shelf region . The resulting
pattern of isotherms forms a distinctive minimum attached to the
bottom which is often called the cold pool . During the winter, the
mid-shelf region is vertically mixed '~;• the frequent occurrence of
both high winds and cold temperatures . The resul .{ng hydrog :aphic
patterns are typically vertical 'iaes, with cold, fresh water near the
coast and warm, salty water offshorp . During lulls between storms,
ocean water frequently intrudes along the bottom in a fashion which is
similar to the pattern of estuarine circulation . These intrusiona
disappear as they are vertically mixed by the succeeding mixing event .

The coastal boundary layer appears during the winter as a
relativeiy homogeneous region of low salinity water, the salinity
being a minimum reached by the interplay between coastal runoff and
coastal mixing processes . During the summer, the expression of the
coastal boundary layer is an increase in the thickness of the
pyncnocline . This indication is frequently seen to have a nearly
exponential structure decreasing away from the coast in the marner of
a classical boundary layer . The characteristic length of t .tr
exponential function varies in our data between five and thirty
kilometers .

The slope water region showed only the formation of a su,mer
pycnocline above a depth of a5out 100 meters, which is the location of
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CROSS SHEL F PATTERNS IN THE PELAG IC REALM
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Figure 34 . Cross shelf pelagic trends observed di!ring fall 1975-summCr 1976,
BLM-sF .msored OCS studies in the Middle Atlantic .
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the upper slope water thermostad . The mixir .o across the shelf-slope
front changes from the bottom water intrusions of the winter, which
were observed to reach halfway across the shelf on occasion, to
calving during the summer, which is evident in the sections as a small
scale exchange of parcels of water at mid levels across the
shelf-slope front .

The abiotic environment, particularly the temperature, changes
substantially across the shelf as a result of this seasonal response
of the various regimes . The most stable (r .:stant) temperatures are
found in and below the upper slope water th~rmostad . The cold pool,
on the nuter part of the shelf, maintains cc :' -emperatures throughout
the summer . In fact, the warmest part of tne oqeason in this region is
immediately following the transition to the cooling season . The
temperatures are most variable both on a rep>> :.ar seasonal basis and
within weekly periods in the coastal boundary layer . The greatest
variability in dissolved oxygen seems to be in the inner part of the
mid-shelf region . Here, respiration rates are probably higher than in
the colder water farther offshore, but replenishment is blocked from
the sea by the cold pool structure and frow above by the still strong
pyncnocline . In the winter, the efficient vertical mixing raises
these levuIs of oxygen to near saturation values .

Seston concentrations in the water column were locally variable .
In particular, near bottom concentrations were affected by
resuspension of bottom sediments . However, seston concentrations in
surface waters shuwed a clear trend toward decreasing concentrations
offshore . On the outer shelf and in slope waters, seston was
primarily composed of phytoplankton (bioseston) whereas closer to
shore mineral particles (abioseston) were more important . Trace metal
concentration in both surface and near bottom seston generally
decreased seaward across the shelf ; however . during periods of storm-
induced sEdiment resuspension at outer sh«f stations, near bottom
trace metal concentrations increased . No cross shelf patterns were
observed for either dissolved or particulate hydrocarbon
concentrations .

Heterotrophic bacteria were more cincentrated in the coastal
boundary layer than elsewhere . The increased populations were
coincident with higher nutrient and dissolved orsanic carbon levels .
A secondary peak occasionally occurred in wate-3 over the shelf break,
in the vicinity of the ahelf-slope front . This may have been the
result of observed nutrient enrichment in the frontal zone . The
popu:ation density of hydrocarbon utilizing bacteria covaried with
that of the total heterotrophs ; however, hydrocarbon utilizing
bacteria comprised a greater proportion of the total population in
areas of high bacterial density than in low density areas . Thus, the
percentage of the total bacterial community which could utilize
petroleum hydrocarbons was also highest in the coastal boundary layer
and at the shelf break .
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Zooplarkton densities were hiohly variable, but generally
dec .eased in an offshore direction . The abundance of meroplankton
(planktonic larvae of benLhic or nektonic animals) showed an even
sharper attenuation away from the inner shelf . The high meroplankton
densities sometimes found in the coastal boundary layer included many
larvae of coastal and estuarine animals, and occasionally larvae of
some coastal species were found in neuston samples well out on the
shelf, indicating offshore transport of surface waters . While density
of zooplankton generally decreased offshore, the numbers of species in
ne subsurface zooplankton and neuston increased greatly . This was

due to the collection of more species of the diverse oceanic fauna in
r,' :ition to neritic forms on the outer shelf . Certain species of
T-- :~%.nkters were highly specific to the coastal boundary layer or
j.-eanic (slope) water . These scarcely overlapped in the shelf water
ss . Several species which were widespread across the shelf were

most abundant on the central shelf where the "indicators" were scarce .

There are two principal sources of the zooplankton fauna observed
in the Middle Atlantic Bight : offshore Gulf Stream and slope waters
and the shelf waters of Georges Bank and southern New England . The
offshore tropical and subtropical species are introduced to the shelf
environment by the southwestward passage of anticyclonic eddies from
the Gulf Stream, while the northern boreal zooplankton community is
transported in the generally southward drift of Middle Atlartic Bight
shelf waters . Observations in the past two years have led to the
hypothesis that, while there is a continuous year-round source of
these two very different communities, seasonal temperatures
alternately limit their ahelt distribution and aurvival . An
additional feature of shelf circulation appears close to the coast in
the form of a Coasta?. Boundary Layer that may cor.cen!_,7ate and funnel
Frecies southward where they a :e seasonally added o the fauna of
-uajor estuaries such as Delawave and ChesapeaLe Fays . Boreal fauna,
typified by Calanus finmarct.icus and Sagitta e~ agans , survives its
southward mixing along the shelt only in wintrr Pnn spring of normal
years ; its relative annual abundance may depend bo a. on the severity
of winter and on strength of flow in the Coastal Bour.dary Layer .
Subtropical species, limited to offshore waters, or to warm rings
during winter and spring, surv°ve mixing across the shelf in summer
and fall, several species having been found limited to shelf-edge and
slor:.- stations irn one season and to the Coastal Boundary Layer in the
foi.lowing season .

Cross-Shelf Patterns in the Benthic Realm

While hydrographic processes are the main abiotic factors
responsible for the patterns described for the pelagic realm,
substrate characteristics are of at least equal importance in
effecting cross-shelf patterns in the benthic realm (Figure 35) . :he
most important hydrographiz factor on the Middle Atlantic Shelf is
temperature . As described above, bottom temperatures were quite
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CROSS SHELF PATTERNS IN THE BENTHIC REALM
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varia' :'P over th- inner and central shelf ; however at depths greater
tLan c . 40 ottom temperature was notably constant throughout the
year . The "co?d pool" insulated the benthic bcjndary la,ver of the
outer shelf from spring and summer warming . In the shelf break zone
and on the continental slope, temperature was kept consta-t by the
stable slope water pycnocline .

The Middle Atlantic continental shelf is characterized by compiex
topography . Dominant features of this topography are ridges and
swales running somewhat obliquely to the shoreline and extending
nearly rn the shelf break (ca . 8U m) . These features and others, such
as te :races resulting from sea level stillstands and cross-shelf
valleys, were formed during the Holocene transgression of the
shorer e across the shelf and have since been modified by
conte-,. ..ty hydraulic processes (Milliman 1973) . The influence of
this -ompl.ex topography on the distribution of sediments and benthic
organ :,ms is pervasive . These relationships will be discussed below
in a separate oection . The description of cross-shelf patterns in
this section igrores patterns related to local topography .

Sediments on the `liddle Atlantic shelf are characteristically
very sandy . Little fine sediment currentty reaches the shelf, as it
is largely trapped in estuaries, however, most of that which does is
winnowed from bottom sediments by waves and currents and is eventually
deposited on the continental slope (Swift et al . 1972) . The hydraulic
grading of sediments on the shelf is such that sediments on the inner
shelf are medium ana coarse sands (although fine sands are found off
Virginia), and those at the outermost shelf and shelf break are
slightly muddy, fine sands . Shelf sands grade quickl ; to sediments
which are predominantly silt and clay in water deeper than 3UU-4UU m .
A factor influencing the distribution of sediments and a fF• :ting the
benthic communities occupying them is the frequency a.ad ^everity of
sedimer~~ movement by waves and current . This is obri .,u-1y related to
deptF .. Irzerpretation of bedforms evident in bottc .m -.notographs, as
well as informatiun resulting from L'SGS tripod deployments (see Volume
III, i'~GS Report), indicates that sediment nobilit, cn thE inner shelf
is very frequent but on the outer shelf sediment movcmen, is episodic,
generally resulting from r.•inter storms . On the continental slope,
surficial sediments are quite stable but may be rarely disturbed by

~~ down slumping or turbidity flows (see Volume TI1) .

Trace metals and hydrocarbons tend to associate with fine
sediment particles (clays and silts) because of the greater surface
area for adsorption, and thus the distribution of these chemical
const :tuents in sediments closely reflected the distribution of these
fine sediments rather than a po .ential source of origin . Higher
concentrations of both leachab :- trace metals and hydrocat :)ons were
found in muddier sediments at the shelf break and on the slope ;
however, there was limited evidence of increased trace metal and
hydrocarbon concentrations in sediments near-shore off New Jersey .
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There was no evidence that this increased concentration was 'h . resi .l•
of anthropogenic input .

The densities of both heterotrophic and petroleum degrading
bacteria were highest in near-shore sediments, but were also
relatively abundant at the shelf break . This suggests that bacteria
density is related to sediment silt-clay content which is greatest at
the shelf break, but is also related to proximity to shore wi,ere
sediment is medium coarse sand with essentially no silt-clay and
little organic carbon . Higher sediment temperatures and greater
concentrations of inorganic and orgar.ic nutrients were probatil,
responsible for elevated populations in near-shore areas .

Foraminifera were variable in abundance and greatly af`_ :ted by
local topography . Greatest densities were found on the outrr -4nelf
and at the shelf break, and lowest densities on the central shelf and
continental slope . Density and species diversity of total aeiobenthos
were uniform across the shelf ; however, the percentage of nematodes
increased across the shelf in response to an increase of silt and
clay . Macrobenthos was most abundant on the outer shelf and least
abundant on the continental slope . However, the species diversity and
richness of macrobenthos showed an obvious offshore increase . Shelf
break communities ger.erally had the most species per unit area, but
continental slope communities had more species for a given number of
individuals collected .

Demersal fish communities on the inner and ceotral shelf are
boreal (northerly) in Pffinity during winter and temperate (southerly)
in affinity during summer, with few resident species . (hn the outer
shelf the percentage of species resident throughout the year increases
and continental slope species are all permanent residents . The
distribution of the boreal community is strongly influenced b•, the
location of the cold pool .

Patterns Related to Local Topography

Local topography, notably the widespread presence of ridges and
swales, exerts an influence on the distribution of sediments, their
constituents and benthic biota which rivals that found across the
shelf . substantial changes in these properties can take place ovei a
distance of a few kilometers and a depth change of 1U m ur less .

Figure 36 sunmarizes patterns found for central and outer shelf
ridge and swale systems off New Jersey . Ridges were characterized by
coarser sediments, typically coarse-skewed medium sands . This graded
to fine-skewed medium sands or fine sandr in the swales . Concomittant
with the shift in sand size was an increase in the silt and clay
content . This was very low except on deeper flanks and swales where
it comprised up to 6% of the sediment . Inferences can be made
regarding important sedimentary processes responsible for the observed
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distribution of sediments based cn bottom photographs, benthic
community distribution, USGS se3iment mobility studies, the VIMS wave
climate model, and the literature . Sediment movement is more frequent
on ridges and exposed topographic highs . These sediments are more
likely to be moved by oscillatory currents caused by surface waves and
as a result commonly show symmetrical ripple marks . In topographic
depressions, sediment movement is 1.ess frequent, and bottom sediments
may be disturbed only during severe storms, where storm-generated
currents may course through swales, locally eroding the substrate .
Benthic organisms may play a role in sedimentary processes on the
flanks and swales, but their effects are insignificant compared to
those of physical processes on the exposed ridgas . On less exposed
bottoms, signs of bioturbation (the mixing of sediment by the
activities of organisms) Were commonly apparent in bottom photographs .
In swale environments, benthic organisms may even play a more active
role in sedimentation by removing fine material from the water and
binding it in the form of fecal pellets, tube structures, and
foraminifera tests (biodeposition) . Biodeposition and erosion of
underlying silt-clay deposits are probably the primary sources of fine
sediments in swales .

Trace metal, hydrocarbon, organic nitrogen, and organic carbon
concentrations are closely related to the silt and clay content of
sediments . Therefore, highest levels were found in swales and other
topographic depressions . This indicates that should contamination of
the shelf benthic environment result from oil and gas development,
such topographic depressions are the most likely sites of deposition .

Both the populations of total heterotrophic bacteria and the
proportion of those pcpulations which can utilize hydrocarbons as a
substrate increased from ridges to swales probably in response to
increased organic carbon conCent . The relative increase in
hydrocarbon utilicers :eflects the increase in hydrocarbons along Vsame gradient

.

For the benthic fauna, increases in density from ridge to swale
were characteristic for foraminifera and macrobenthos, but not for
meiobenthos . The increase in foraminiferal densities in swales was
largely attributable to great increases in one species, Reophax
atlantica . While total number of meiobenthos did not change, the
percentage of nematodes did increase and meiobenthic populations in
swales were overwhelmingly dominated by this group . The macrobenthos
of swales had greater species richness, greater biomass, and greater
density . Both meiobenthic and macrobenthic animals which feed on
bottom deposits were more prevalent in swales, where increased organic
carbon concentrations make this feeding mode advantageous .
Conversely, meiobenthic or macrobenthic animals which browse among
sand grairs in search of interstitial prey were only abundant in
coarser seiiments found on ridges and more exposed flanks . These
coarser sediments have larger intersticies than the finer, slightly
muddy sands of the s4rales .
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Ridge and swale topo- apty _t ared to have little effect on
distribution of the highl~• rL . zuile demersal fishes .

Biotic InLeractions

The biological components of the Middle Atlantic Outer
Continental Shelf investigated during this study ( bacteria,
zooplankton, meiobenthos, macrohenthos, fishes) interact in many ways .
Although many of the poten t' -4 1 caodes of interaction were not directly
studied, it is obvious tt t detrimental impact on any one component
will ultimately affect all o r'-_~ r components .

The nearly exclusiv , _.,urce of organic matter in the outer shelf
beyond the re,gion of direr. • coastal influence is protophyte
production . rJhile pri . >t y production by benthic protophyteo
undoubtedly occurs on o inner and central shelf, the basis of both
pelagic and benthic fo,„i webs is believed to be production by
phytoplankton . Herbiv~,rous zooplankton feed on phytoplankton, and in
turn are preyed upon by larger zooplar.kters . la rval fishes and
juveniles of some species feed exclusively on macrozooplankton and
even some adult fishes rely heavily on plankton for food (Figure 37) .
The benthic invertebrate communities are deposit-:°eeder dominated, and
it is unlikely that suspension feeding on near bottom living plankton
is q uantitatively important in the flux of carbon through the benthos .
R.ither, planktonic detritus probably serves as the primary input to
tne dominant surface deposit feeders and suspension feeders which
filter the rich surface flux . While microbial metabolic rates might
be expected to respond to seasonal particulate detritus inputs
following phytoplankton blooms, and meiobenthoa investigations suggest
that micrometazoans may ha- population increases in response to
seasonal enrichment, the Aacrobenthos shows no su+:h pattern . The
macrobenthos must eith r oe ..nable to respond because of life history
constraints ( long gene :a ti,^ time, etc .) or their populations may be
controlled by factors ot_ .:ar than food availability ( e .g . predation) .

The fishes and benchic invertebrates are also linked with the
plankton by being temporary inhabits of it during some stage of their
life cycles . Egg::E and/or larvae of most fishes on the shelf are
planktonic, and it appears that the majority of macrobenthos species
have planktonic larval dispe .sal or are temporarily pelagic as adults .

Predator-prey relationships within the benthic community,
especially between meiobenthic and macrobenthic components, are
speculative, but results of predator exclosure du :ing recolonization
experiments provide evidence that ov ter shelf co - ,..:unities are, in
part, predator controlled . Populatinns of several species were denser
in sediments screened from predators than in unscreened sediments
exposed for an equivalent time perio' .
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There is a diverse array of e- .oenthic Yredators on the outer
continental shelf including invertebrates such as crabs ( Cancer spp.),
caridean shrimps, gastropodti, and asteroids (starfishes) and demersal
fishes such as hakes, skates, scup, and various species of flounder .
While the tood habits of the 4nvertebrate predators remain unknown,
investigations of fish food habits have yielded much insight into the
predation pressures exerted by fishes on the macrobenthos . Fish
predation does not impact the benthos uniformily . Decapod and
peracaridean crustaceans are the most important food items of bottom
feeding fishes on the outer shelf, •+i„rpas the numerically dominant
polychaetes are not heavily consur=d . The disproportionate predation
on the peracaridean crustacean (pa~-r' :j .arly amphipod) component of
Lhe infauna is depicted in Figure ji which illustrates the basic
trophic structure of the higher ccn :umers on the shelf . Amphipods,
particularly corophids, are consum-% far out of proportion with their
numbers in the infauna, and it is this group which was favored by
protection during recolonization studies indicating that predation
does control population levels oi certain species .

Implications for Resource Managers

The two year benchmark sampling program in the Middle Atlantic
outer continental shelf region resulted in the general charactar-
ization of the biological, geological, chemical, and physical nature
of the environment . In many cases controlling factors responsibl2 for
the observed temporal and/or spatial .variation of parameters were
elucidated which allowed a greater c .egree of confidence in conclusions
drawn from the data . A discussion of those findings which are most
important to resource managers for either future studies, impact
assessment, or environmental protec .,.on is given below .

Physical Oceanography

The physical oceanographic studies were designed primarily to
provide supplementary dF.ta for ii.terpre-'tng biological results, and
thus were not exhaustive, synoptic analyses of physical processes .
Even wieh these limitations, however, measurements taken document the
hydrographic complexity of the region and the importance of a coastal
boundary layer, Guli stream eddies, 'rontal systems, upwelling,
mid-level intrusions, submarine canyons, and winter storms. However,
before questio:ts concerning transport and dispersion of pollutants can
be answered, a more intensive study is needed . Seasonal surface and
subsurface current patterns are not well documented for the -egion,
and interactions among the hydrographic features mentionea above and
their influence on transport and mixing need additional investigation .

Studies conducted to date have a:sc documented the relationship
between potential contaminants (hva :ccarbons and trace meta . .s) and
fine particles in the sediment . Hovevcr, the role of particulate
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matter, both naturally occurring and those released by OCS activities,
in the actual transport of contaminants is not well understood and may
ultin,ately be more important than hydrodynamics alone .

Zooplankton/Neuston

The surface layer is of critical importance to shelf decapod
crustaceans ( crabs and shrimp) and fishes because it serves as a
nurgery area for eggs and/or larvae of many .commercially,
recreationally, or ecologically important species (see list on page
73) . Any widespread degradation of the surface environment during
peak reproductive periods ( usually spring-summer, but also winter for
some species) could have a serious effect on survival and recruitment
of those species which depend on the surface layer for development of
early life history stages . Large oil spills like the one resulting
from the Argo Merchant grounding or the Ekofisk blowout could
conceivably devastate a large percentage of a species' annual
reproductive products ; however, the effects of floating oil on
individual species is still too sparse to permit a realistic
assessment of the economic impact of oil spills . The varying effects
of oil on eggs of two closely related fish species observed during the
Argo Merchant study (Grose and Mattson 1977) demonstrates that all
species may not be equally affected by oil, but obviously much more
research needs to be conducted on the effects of oil on fish eggs and
larvae .

Demersal Fis hes

listed in Table 16 . The fish fauna at lease sites on or adjacent to
one of the geographic boundary lines on Figure 38, will probably
include dominant species listed for both bathymetric zones adjacent to
the lines . Migraticn of fishes occurs mostly during spring
(April-June) and fall (October-November), and faunal composition at
any location will be more favorable from year to year during those
months than during summer (July-September) or winter (January-March) .

By div-'ding the Middle Atlantic continental shelf into 12 areas
based o•: latitude and depth (Figu_e 38), the fish assemblage at any
loLation during any season can be chat-acterizee . For any area on
Figvre :8, dcminant fishes by season are listed in Table 14 .
CommECcial cr recreational importance of these species and pertinent
biological characteristics are listed in Table 15 . Common names are

Ridge and Swale Topography

Major benthic faunal d'fferences occur over small distances in
relation to shelf topograph) and its effect on sediment distribution .
The most pervasive of such topographic habitats are those related to
ridge and swale topography . Swales have finer sediments containing
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Table 16 . Common names of fish species ci .-d in Tables 14 and 15 .

Species Common Names

Alosa aestivalis blueback h2 rring
Alosa pseudoharengus alewife
Aimnudytes dubius northern sandla n =e
Brevoortia tyrannus menhaden
Centropristis striata black seabass
Chloropthalmu s a as_~Gizi~ shortnose greeneye
Citharichthys arctis Gulf Stream flounder
C1uFaa harengus Atlantic herrink
Coeiorhinchus c carminatus longnose grenadier
Cynoscion regalis weakfish
Glyptocephalus cynoglossus witch flounder
Gadus morhua Aclantic cod
Helicolenus dactylupterus b .lackbel?y rosefish
Hippoglossina oblor.ga fourspot flounder

ophidium cervinumLep fawnp cusk-eel_
Limanda Ferruginea yellowtail flounder
Lophius americanus goosefish
Lycenchelys verrilli wolf eelpout
Macrozoarces americanus ocean pout
Maurolicus muelleri pearlsides
Merluccius albidus offshore hake
Merluccius bilinearis silver hak e
Micropogon undulatus Atlantic croaker
Mustelus canis smooth dogfish
Myoxocephalus octodecemsp{ . ,osu , longhorn sculpin
Myxlne glutinosa hagfish
Nezumia bairdi marlin .-spike
Ophicth.us cruentifer snake eel
Paralich•hy dentatus summer flounder
_Peprilus triacanthus butterfish
Peristedion miniat um armored searobin
Phycis chesteri longfin hake
Pcmatomus saltatrix bluefish
Prionotus carolinus northern searobin
Pseudopleuronectes americanus winter flounder
Raja eglantaria clearnose skate
Raja er inacea little skate
Scomber scombrus Atlantic mackerel
Sco hthalmus a uq osus window pane
Sq-us acanthias spiny dogfish
Stenotomus chrysops scup
Urophycis chuss red hake
Urophycis re ius spotted hake
Urophycis tenuis white hake
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higher carbon content than ridges or flanks . The benthos of s ..ales is
more abundant, has greater biomass and species richness and is
composed of more deposit feeding animals . Bacterial populations are
numerically larger in swales . Concentrations of trace metals and
hydrocarbons due to their association with fine particles are also
greatest in swales . This indicates that should cont.amination of the
benthic environment occur as a result of oil and gas development, uch
topographic depressions are the most likely sites of deposition .
Within each of two outer shelf areas containing many of the tracts
currently leased for oil and gas development, at least five
topographic habitats and associated faunal assemblages can be
recognized (Figures 39 and 40) . The lease tract overlay illust• :.tes
those tracts which contain swales and also shows that tracts a*- L• no
means homogeneo,is . Any one tract cften contains many differer .'.
habitats . Because of the relative richness of the benthic bic - and
the deposition of fine sediments along with introduced contaminants in
topographic depressions such as swales, these environments must be
regarded P •: relatively more valuable and susceptible shelf habitats .

Seasonality and Persistence of the Benthos

A major difficulty in establishing biological "baseline"
conditions is the determination of temporal patterns of variability
against which changes can be measured . Highly variable and dynamic
communities present a particular problem because it often becomes
impossible to determine if changes in community structure are the
result of man's activities or natural variations . The two years of
sampling on the Mtddle /.tlantic outer shelf have shown that the
benthic communities hav! seasonally persistent structure and density
and, furthermore, comm .nity persistence tends to increase with ,tepth .
If these comrwunities are truly persistent in the long term . `.,:n
confidence in impact detection will be high . Furthermore, ...his
persistence implies that baseline monitoring need not entail :Ytensive
multi-year sampling because after a few years the information gained
to cost ratio will decline drastically .

Of course, environmental impact assessment strategieE must take
into account the effects of ridge and swale topography on henthic
community structure . Relocation errors of the order of scvres of
meters can place the sampler in a different habitat than DrevioLsly
sampled and the faunal differences observea may be due to spatial
rather than temporal variation .

Recolonization Following Catastrophic Disturbance

The observations aade following the hypoxia incident on -he inner
shelf and during the recolonization experiment on the outer shelf (see
Significant Findings of Chapter 6) have some very important
implications both in predicting the severity of man's activities and
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in u_ :ecting these impacts in the environment . The results
demonstrate the inappropriateness of applying simple models based on
maturation time or longevity to assess time for community recovery
following cata:;truphe, such as those applied by the Offshore Oil Task
Group, Massachusetts Institute of Technology, and others in
environmental impact statements . When catastrophic disturbance
occurs, spe^ies other than those originally present may appear and
there may be a cciisiderable period of time before the original
occupants return . Species life histories vary ; complex biotic
interactions occur . Different scales and modes of disturbance may
produce different recolonization patterns .

It is impossible to definitely conclude that a certain period of
time is required for community "recovery" . The criterion of rec)very
is, of course, debatable . However, by any reasonable criteria, the
inner shelf communities had not recovered 18 months (February 1978)
after the hvpoxia, and the outer snel : communities in sediment boxes
had not "recovered" 43 weeks after defaunation .

More encouraging are the implications these results have
regarding detection of environmental impact . Disturbed communities
were clearly different from unaffected communities for a considerable
period of time after the disturbance . Such differences should be
statistically detectable by properly designed aurvey or monitoring,
especially on the biotically predictable outer continental shelf .
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GEOLOGI . . STUDIE S
EXECUTIVE SUMMARY R1,PORT

Harley J . Knebell

INTRODUCTION

Geologic studies of the Outer Continental Shelf off the Middle
Atlantic States (Baltimore Canyon Trough Area) have been carried out
for two years to assess conditions and hazards which might cause or
distribute oil spills and other potential pollutants associated with
petroleum exploration and development . These detailed investigations
were requested and funded by the Bureau of Lind Management to carry
out :ts responsibility under the Outer Continental Shelf (OCS) Lands
Act (67 Stat 462) of 1953 and the National Environmental Policy Act of
1969 . Because of the energy crisis, these studies had to be mounted
quickly so that a substantial body of data would be available for
input into decisions concerning environmental constraints on potential
lease tracts . Indeed, pertinect data were available prior to Lease
Sale #40 in the Middle At1ar.Lic in August 1976 . This was in part due
to the alacrity of BLM's Environmental Division management, and in
part due to the depth of USGS' experience in the area . For example,
geophysical data and bottom samples had been col'-~cted since 1962 as
part of the Geological Survey's role to "conduct geological and
geophysical exploration in the Outer Continental Shelf" (43 U .S .C .
1340) . At the a4vent of the energy crisis, the Atlantic-Gulf Coast
Branch focused in-aouse resources and environmental assessment efforts
on the Middle Atlantic OCS area . Thus, considerable information was
available to guide ttie needed detailed studies .

SCOPE

Prior to t` ;a i .iitiation of USGS studies, an assessment of
potential geologi z h ;:zards in the area was made . The hazards were, in
order of priority : ( 1) sediment mobility due to waves and currents,
slumps, earthquakes, or inherent characteristics of bottom materials ;
(2) currents and waves that night distribute pollutants widely along
the heavily populated coasts of New Jersey, Delaware, Maryland, and
Virgin:a ; and (3) faults that might cause earthquakes, or possibly
serve as conduits through which gas or oil might escape to the surface
during drilling or production operations .

I U . S . Geological Survey, Woods Hole, Massachusetts 02543
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To assess these tu%e pf,CenLial hazards, the USGS conducted the
following studies dur_' ..g the first year: (1) a study of bottom
sediment transport by mPans of epibenthic tripods that monitored (for
2-3 months) current speed and direction, tempe-ature, wave spectra,
turbidity, and bottom-sediment movement (vin bo' . :om photographs) ; (2)
a study of the surface and near-surface sediau ntacy characteristics by
means of manned submersible dives, vibracores, grab samples, and
detailed seismic-reflection surveys ; (3) a study of the effects of
meteorological forcing on the flow within the water column by means of
analyses of wind and wave data that had been collected by a BLM/NOAA
environmental buoy ; V ; a study of the natural particle (seston) flux
by means of suspended-matter samples and turbidity measurements from
the water column ; and ;`, ; a study of the distribution of faults and of
earthquake hazards by meana of a regional high-resolution
seismic-reflection survey along with a historical review of the
seismicity of the area_

The first year studies also involved the acquisition of baseline
information . Baseline studies included trace metal, hydrocarbon, and
textural analyses of samples that had been collected by the benchmark
contractor, the Virginia Institute of Marine Science (VIMS) .

The first year studies did not reveal geologic hazards of
sufficient magnitude to warrant the withdrawal of any lease tracts .
However, the att,:ndant report (U . S . Geological SurvEy 1977) did
recommend several areas for continued study . First, the report stated
that stresses due to waves and currents associated with major storms
may be enhanced by the mobility and the low bearing capacity of the
sea floor . Thus, further work was essential to document the rates o'
sediment movement and the engineering characteristics of the bottom
and subbottom . Second, suspended sediments were found to be widel .y
dispersed by waves and currents during major storms . As a result, tae
report recommended the collection of additional data on suspended
solids to resolve th2 natural paths and sinks of sediments and to
provide data to predicc the distribution of pollutants from any poi~ .t
source . Finally, the report recommended the continued monitoring of
the geochemical constituents of the sediments . This monitoring would
establish reliable baselines against which future pollution could be
accurately assessed .

In response to these recommendations, a Memorandum of
Understanding (AA550-MU7-31) between the BLM and USGS was issued for a
second year of studies of the Middle Atlantic OCS . The general
objectives of the research program were to : (1) measure the rate of
sediment mobility over the seabed and monitor resultant changes in
bottom morphology and texture ; (2) evaluate thP :otechnical
properties of bottom and subbottom sediments andJtheir potential
hazard to oil and gas development ; (3) determine the concentration,
distribution, and flux of suspended particulate matter in the water
column ; and (4) determine the nature and distribution of high
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molecular weight hydrocarbons in the near-surface sediments at
selected locations . These objectives, in addition to being important
in their own right, also were in support of the benchmark contractor
(VIM:) by helping to syuthesize and interpret the geological data as
it pertains to the physical, biological, or chemical processes on the
shelf .

RELATION TO THE BENCHMARK CUNTRACTOR

The Virginia Institute of Marine Science has been responsible
mainly for the acquisition of baseline information concerning the
geochemistry, biology, and physical oceanography of the area .

~ Baseline stations, which had been selected jointly by VIMS, BLM, and
U3GS prior to the first-year studies, were reoccupied and sampled on a
seasonal basis during the second year. Samples, which were collected
at these stations, have been analyzed at VIMS for various chemical and
biologic parameters . These long-term measurements provide estimates
of the natural variability of parameters which can be used to identify
and assess subsequent changes .

Some samples for analysis by the USGS also were collected on the
VIMS cruises . A representative from the USGS participated in each
seasonal cruise and collected a suite of samples for hydrocarbon
analysis at Reston, Virginia . Transmissometer traces and suspended
matter samples also were acquired on each cruise ; they then were sent
to the USGS at Woods Hole, Massachusetts, for analysis . A
representative of the USGS participated in the spring and summer
cruises to aid in the collection of the seston data .

GfOLOGIC SETTING

The lease areas of c?se M!.ddle Atlantic OCS lie atop an elongate
northeast-trending stru,,~.-1 nasin called the Baltimore Canyon
Trough . The Baltimore Caryoun TrougFh is sepaiated from the Georges
Bank Basin to the north by the Long Island Platform ; it extends
southwestward from New York to Chesapeake Bay and underlies much of
the Continental Shelf . Sediments within the Baltimore Canyon Trough
have accumulated (since the Triassic continental breakup) to an
aggregate thickness of almost 14 km (Schlee et al. 1976 ; Grow and
Schlee 1976 ; Grow et al . :978) . No physiographic expression of the
underlying basin is apparent on the smooth, gently-dipping (1 .5 m/km)
plain that forms the Continental Shelf . It is, thus, a normal
open-m3rine shelf .

The morphology of the Continental Shelf in the Baltimore Canyon
Trough area has been well studied (Veatch and Smith 1939 ; Uchupi 1968 ;
Emery and Uchupi 1972 ; Swift et al . 1972 ; St nley and Swift 1976) .
Typically, the bottom is covered by paired linear ridges and



depressions that are 2-18 km wide and 2-40 km long . The origin of
these bedforms has been attributed to barrier beach-lagoon couplex
formation during the Pleistocene lowered sea levels (Veatch and Smith
1939 ; Sanders 1962 ; Shepard 1963 ; McClenne n 1973) and to modern
storm-generated waves and currents (Moody 1964 ; Uchupi 1968) . The
ridge and trough topography in turn is superimposed on a framework of
higher-order morphological elements (such as shoals, shelf-transverse
valleys, and banks) that are of both constructional and erosional
origin (Swift et al . 1972) .

Previous textural studies bv Dor ;hue et al . (1966), Frank and
Friedman (1973), Hollister (197? ;, McClennen (1973), Knebel (1975),
Stubblefield et al . (1975) and Y.ncbel and Twichell (1978) have shown
that the surface sediment ., in thP Baltimore Canyon Trough area are
primarily medium sands (1-2m) that have been, or are still being,
reworked and sorted . However, large patches of fine sand do extend
across tne shelf off both northern and southern 17ew Jersey, over the
middle to outer shelf off Maryland, and along the entire shelf break .
Coarse sand and gravel occur in scattered (smaller) patches across the
shelff off New Jersey and Delaware . Although the grain size of the
sand generally is uniform, the local variability may be relatively
great ~,ie to detailed changes in the bathymetry .

The shallow subbottom stratigraphy in the area has been defined
by data from reconnaissance and detailed seismic-reflection surveys
and from long sediment cores . Early work by Knott and Hoskins (1968)
revealed several prominent subbottom reflectors interpreted to be
unconformities in the Tertiary and Pleistocene strata . Recent rotary
drilling in the area as part of the USGS AMCOR project has shown th3t
most of the sediments to a depth nf about 80 m are either of Holocene
or Pleistocene age (Hathaway er al . 197F,) . hnehel and Spiker (1977),
in a detailed studv of two r(-',civEiv-large subareas on'the outer shelf,
found two near-surface sedimentary units, a surficial sand unit and an
underlying muddy unit . The sand unit has a th!-kness that ranges from
1 to 20 m and is related closely to the bottom morphology ; it is of
Holocene age . The muddy unit, on the other hand, is texturally
diverse, has an unknown thickness, and is of late Pleistocene age .
Similarly, studies on the adjacent inner Continental Shelf have shown
that the surficial sand sheet varies in thickness, is of Holocene age,
and overlies a nearly horizontal surface of older Holocene or
Pleistocene strata that can be traced acoustically for relatively
great distances (Duane et al . 1972 ; Swift et al . 1973 ; Sheridan et al .
1974 ; Stahl et al . 1974) . McClennen (1973) and Twichel] et al . (1977)
have tcaced the buried ancestral channels of the Great Egg and
Delaware Rivers across the shelf near the central part ^` che area .

Shallow faulting apparently is sparse, and the seismic activity
is low within the Baltimore Canyon Trough area . A reconnaissance
seismic-reflection survey across the entire area failed to identify
any faults in the upper 50-80 m of the sediments (U . S . Geological
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survey 1977) . However, a more detailed sur-iey in the northeastern
part of the area did idantify several faults that displace Pleistocene
strata about 1 .5 m, only 7 m below the sea floor (Sheridan and Knebel
1976) . A few other small faults have been identified from
closely-spacea seismic lines that were run in the same area for the
USGS Conservation Divisior. . Concerning earthquakes, only five
epicenters have been located offshore near the area since 1900 ; all
are close to the shelf edge on the upper slope (U . S . Gealogical
Survey 1977) . The seismotectonic map of the eastern U . S . classifies
the inner coastal plain from New Jersey to Virginia at level 2 of
seismicity and the adjacent offshore area at level 1, the lowest
seismic activity level .

Slumping and slump deposits appear to be common at the shelf
break and on the upper Continental Slope in this area . Analyses of 24
high-resolution seismic-reflection profiles that were collected during
local and regional surveys show that small-scale slump deposits a-^
ubiquitous in the intercanyon areas of the Continental Slope (Knebel
and Carson 1978) . These deposits involve the upper 10 to 90 m of
sediments, extend downslope for 1 .8 to 7 .2 km, and may be either
relict or modern . Large-scale slumps also have been identified on the
upper Continental Slope northeast of Wilmington Canyon (McGregor and
Bennett 1977) and southwest of Baltimore Canyon (Embley and Jacobi
1yi7) .

Bottom flow and, thus, bottom sediment transport is temporally
variable in the Baltimor-- Canyon Trough area . Early studies involving
seabed drifters (BuLipus 1973) showed that the mean southerly bottom
flow generally was onshore to a watFr depth of 80 m, and offshore at
greater depths . Superimposed on this mean flow are tidal currents,
low-period fluctuating currents 3ssoc=ate : with meteorological
forcing, and other currents associaced with forcing from the deep
ccean (Beardsley and Butman 1973 ; ' :chr_.Ltz 1974 ; Boicourt and Hacker
1975 ; Scott and Csanady 1976) . Botram currents on the outer shelf
that were measured during three wir.ter storms exceeded 30 cm/sec and,
during one, reached 43 cm/sec (U . S . ~;eclogical Survey 1977) . The
major flow axes at these times were oriented NE-SW or generally
parallel to the shelf edge . In contrast, the bottom currents that
were measured during the swamer were low ; current speeds generally did
not exceed 20 cm/sec (U . S . Geological Survey 1977) .

Limited information is available on the distribution of suspended
matter within the water column over the area (Manheim et al . 1970 ;
Meade et al . 1970, 1975 ; U . S . Geological Survey 1977) . The
concentrationi: of suspended matter generally are less than 2 mg/1, •
with the highP- ; values nearshore and the lowest values offshore .
Surface and mid-depth samples tend to be similar, but near-bottom
concentrations tend to be higher over the middle and outer shelf .
Biogenic debris accounts for most of the suspended matl~er in the upper
part of the water column, whereas inorganic particles are relatively

134



abundant near the bottom. The well-devel jEi susme*, thermocline
inhibits the settling of some surface sus•,nded ~E_ ;ments and may
contribute to their widespread dispersal .

FIELD WORK

Fight cruises were conducted by the U . S . Geological Sur;+ey under
BLM funding to carry out the second--year investigations of the
geologic characteristics of the area (Table 17) . Other data were
collected aboard the DSRV NEKTON GAMMA an,' _',e R/V ATLANTIC TW1N .
These cruises were supported by funding f .om other sources .

The locations of the sampling stationa, geophysical tracklines,
and submersible dive sites for the second-year study are shown =n
Figure 41 . During the BLM-funded cruises navigational control for
all station locations and tracklines was provided by Loran-C . On the
R/TJ ATLANTIC TWIN (submersible) cruise, Loran A was used .

The equipment and devices that were used to collect the field
data were quite varied . Th, tripod components included : Sea Data
electronics and tape transporL . Bendix Savonius roto current meters ;
Paroscientific pressure sensors ; Sea Data thermistors ;
Montedoro-Whitnev transmissometer-nephelometers ; Benthos bottom
cameras ; AMF releases ; Oceanic Industries pressure cases ;
Electro-Oceanics penetrators and connectors ; and Miami Marine Research
anti-foulizg devices . Water samples for suspended mitter, particulate
organic carbon, organic nitrogen and chlorophyll were collected with
Niskin bottles that were mounted on a rosette sampler . Aliquots for
suspended matter were filtered through Mil]ipore® filters, whereas
aliquots for the other variables were filtered through glass fibre
filters . Temperature and salinity profiles for use in the
suspended-matter studies were obtained wiLh a Plessey CTD system and
conventional XBT's . An Oce3n Research :qulpi..ent, Inc . integrated
seabed survey system, which was composed of a 97 kH 7 side-scan sonar
and a variable frequency high-resolution subbottom p cfiler, was used
during the geophysical surveys . A Uniboom® system also was operated,
except when it was ineffective due to rough seas . A Smith-i•ScIntyre
grab was used to collect samples for hydrocarbon analyses on the VIMS
seasonal cruises . The vibracores were obtained with an Alpine system .

Table 18 summarizes the observations ana samples that were taken
In the Baltimore Canyon Trough area on USGS-related cruises .

LABORATORY ANALYSES AND PROCEDURES

Table 19 summarizes the v.inds and numbers of analyses that were
run on samples collected fr:,m the water column and from the bottom .
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Table 17 . Cruises conducted by USGS .

Cruise Identification Dates

R/V {v'HITEFOOT (10/76) 26 October - 31 October 76

RIV OCEANUS (017) 3 December - 10 December 76

i./V WHITEFOOT (77-01) 8 March - 17 April 77

R./V SUB SIG II (4/77) 19 April - 2 May 77

R/V OCEANUS (027) 8 June - 14 June 77

R/V OCEANUS (029) 6 July - 13 July 77

R/V ADVpNCL. II (9/7i) 7 September - 23 September 77

R/V ANNAi1D :.LF. (AN-1-77) 18 September - 25 September 77
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Table 18. Summary of observat'ons and s3mples taken in the Middle Atlantic on
USGS-related cruiser
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Tripods

Oata recovered from the tripod instruments include : bottom
photographs, current speed and dire^tion, light transmiss!.on,
pressure, and temperature . About 7 .̀0 photos are taken during a
deployment . The picture-taking rate is selected at 2 to 5 hours
depending on deployment length . The photos are processed in a flow
camera system and the "8 x 10" positive prints are reviewed for ripple
crest migration, number of organi3ms, turbidity, and other features .
For winter deployments, samples of current speed, pressure,
tempetature o . 1 light transmission are obtained every 7 .5 minutes .
For summer .2ployments, samples are obtaired every 3 .75 minutes in
order to reFolv- internal wave processes . Centered within the
sampling in_-rval are 12 samples of current speed, current direction,
and pressur< ..aiich are taken over a 4-sec sample period . These data
are recorded nn magnetic tape cassettes in the Sea Data Recording
System . Cassette data are copied onto a 9-track tape with a HP
computer and decoded witl, a Sigma 7 computer into physical variables
such as cm/sec, millibars, degrecs Celsius, and volts (for light
transmission) . For an initial look at data quality, the interval and
average quantities calculated from the burst are plotted . These data
are edited and stored on 9-track tape, ready for display analysis and
scientific computation .

Seston

The rinsed and frozen samples were air-dried and weighed in the
laboratory, and the total seston concentrations in the watFr were
calculated. The filt=rs then were split, and one half was used for
optical or scanning electronic microsccpic (10C to 800 X) study . Fot
some samples, *he aajor elements in some unidentified part :c:po were
analyzed wit::, backscattering X-ray fluorescence . Transmi . .!sor-dter
tapes were ~iay-d back in the Montedoro-Whitney deck real-,,i1, and the
extinctior: coc°ficients were calculated at the depths at khich the
suspended matter samples were taken .

Geophysics

The high-resolution seismic-reflection profiles and the side-scan
sonar records w,=re reduced by means of a flow camera system . The
photographic copies then were axamined for significant bottom ar«i
subbottom acoustic characteristics . After examination,..ttie
characteristics were 'epicted in profiles and on plan-view maps .

Hydrocarbons

Approximately 100-300 g of sediment were freeze-dried,
transferred to a pre-extracted paper S>xhlet thimble, and then
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Soxhlet-extracted for 100 hours with a toluene :methanol azeotrope .
Saponification was carried out by heating the sample with a 1 :1 :1
mixture of U .5 N KOH in a methanol :toluene :water mixture at 10U°C .
The saponification mixture then was partitioned with a saturated NaCl
solution and extracted at least three times with n-hexane for column
chromatography, gas chromatography and mass spec~rometry .

Geotechnical Pro~erties

The sediment in the vibracores were kept refrigerated at 2-4°c'
and the following tests were performed : bulk unit. weight ; water
content ; Atterberg limits-liquid limit ; Atterberg limits-plastic
limit ; specific gravity of solids, textural analysis ; one-dimensio~ .a
consolidation test ; three-dimensional consolidation test ; ar.d
consolidated undrained triaxial compression . The test methods
followed the recommendations of the American Socic .tv for Testing al.d
4aterials (ASTM), whenever these were available . This was the_case
for all but the three-dimensional consolidation tests and the R
triaxial compression tests . The three-dimensional consolidation tests
were done in conventional triaxial cells o .: specimens 7 .1 cm in
diameter and 8 cm high . The specimens were backpressure saturated
under 392 kPa and_then isotropically consolidated in eight loading
increments . The R tests were done on specimens 7 .1 cm in diameter and
16 cm high. The specimens were backpressure saturated under at least
392 kPa, and undrained tests were performed by using a rate of strain
of about 0 .04% per minute .

ROLES OF KEY PARTICIPANTS

The personnel who were responsible for the elements of work
during 1976-77 under MOU AA550-MU7-31 and who produced the writte*n
reports that make up the Final Report are listed below . StudieQ .,t
bottom currents and bottom sediment mobility were headed by Dr . B .
Butman, M . Noble, and Dr . D. W . Folger who, in turn, were assisted by
a group directed by D . Hosom of the Woods Hole Oceanographic
Institution (WHOI), by W . Hill of Sea Data Corporation, and by the
USGS technical staff . Seston studies were carried out by Dr . J . D.
Milliman of WHOI and his staff and by Dr . M . H . Bothner and C . M .
Parmenter of the USGS . Dr . M . H . Bothner and his staff processed the
Nephelometer/Transmissometer data . S . A. Wood and Dr . D . W . Folger
processed and synthesized the data gathered during the manned
submersible dives . D. C . Twichell conducted the seismic studies and
interpreted the data . Samples for hydrocarbon content were collected
aboard VIMS seasonal ruises and were processed and analyzed !~y Dr . R.
H . Piiller, Dr . D . M . SchTrL'J., H . Lerch, D. Ligon, D. Doyle, and C .
Gary at the USGS in Reston, VLrginia . Dr . D. A. Sangrey and Dr . 4 . J .
Knebel collected the vibracores and interpreted the geotechnical
propeLty measurements of the sediments . that were made by Geotecl:nical
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Engineers, Inc . Many ••[)er U`,GS professional and technical staff
members supported the _uist_ ' .at collected the physical
oceanographic, sedimentary, and geophysical data or assisted in the
preparation of the reporc . Dr . H . J . Knebel wrote the Introduction
and Executive Summary parts of the Final Report, put the Final Report
together, and served as Program Manager throughout the year .

SIGNIFICANT FINDINGS AND INTERPRETATIONS

This summary of nce orincipal results and conclusions is based on
the eight chapters in luded in the Final Report . Duplicates of
illustrations and tables a-e not reproduced here and no references are
included . Thus, for ' .,ustrative material and complete reference
lists, the chapters i . _ .:c Final Report must be consulted .

Bottom Currents and Bottom Sediment Mobility
(Chapter 2, Butman and Noble ; Chapter 8, Butman and Folger)

ihe bottom tripod systems that have been developed by the USGS
are designed to investigate processes that cause sediment mobility on
the OCS . A second-year field program was necessary to augment those
data on bottom currents and bottom sediment trinsport that had been
obtained during the first-year effort . In particular, the second-year
objectives were to : (1) investigate the seasonal variability of the
bottom currents, the bottom sediment motion, and the bottom sediment
transport at one representative (long-term) location; (2) investigate
further the importance of internal waves on bottom sediment movement
during the summer ; (3) investigate the importance of the deeper ocean
circulation and of the movements of the shelf-slope water front on
sediment transport procapses ; and (4) investigate the relationship o,'
the near-bottom tripoe observations to the general shalf circulatior .,
particularly to the -_ :io•,s coastal and oceanic water masses .

To meet these objectives, the following strategy was employed
One tripod was maintained continuously (at 60 m water depth) near th :
BLM-NOAA meteorological buoy (EB41) so that 1ing-term observations
could be correlated with measurements of wind bneed, wind direction,
atmospheric pressure, sea surface temperature and surface wave
observations . Shorter-term (2-4 months) measurements of the
cross-shelf and alongshel- variability of bottom sediment transport
processes were made by means of a second tripod system at some
distance away from the long-term station . Limited studies of the
near-bottom currents and the regional circulatton also were conducted
by means of conventional instruments where additional observations
were needed. Fi :ally, hydrographic observati . ._., were made on each
instrument deployment and recovery cruise in order to determine the
position of a particular tripod with respect to the various coastal
and oceanic water masses .
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Most cf the observations during the second year were made during
the relatively calm (spring and summer) months, althoiigh tripods were

~ deployed at two of the "short-term" stations during the winter . The
winter observations generally were consistent with studies made during
the winter of the previous year which showed that : (1) bottom

~ sediments frequently were resuspended by large surface waves and
storm-generated currents ; (2) the net bottom flow on the OCS generally
is toward the southwest ; and (3 ) small-scale bedforms rapidly formed
in response to the wind-driven flow during large storms . However,
anomalous mean northward currents (>30 cm/sec) were observed during
one storm having strong winds that blew toward the northeaet . This
event clearly showed the kind of variability that can be expected
during the winter season .

The bottom conditions during the spring and summer generally were
tranquil (current speeds <20 cm/sec), although a variety of
sedimentary processes were in operation nver the OCS . During the time
of summer stratification, internal wave packets were observed to move
across the area . The current speeds of individual waves within a
packet were typically 15 cm/sec or less with a period of 5 to 20
minutes . Although the magnitudes of these waves were individually not
large enough to resuspend bottom sediments, some resuspension was
observed when internal wave packets propagated through the area and
their currents were reinforced by tidal currents . Over the ,,uter
shelf, the ambient suspended-sediment concentrations in the water
column are partially determined by the position of the front between
the shelf and slope water masses . The slope water, which was observed
on the shelf for significant periods of time, contained lower
suspended-matter concentrations than the shelf water . Because little
r:ixing occurs across the interface, shelf sediments that might be
wi.ct.in the slope water may be transported off the shelf as the front
,reriodically moves eastwards . Finally, the data suggest that trawlers
also may resuspend the bottom sediment . This process is relatively
important only during periods of tranquil current conditions .

Seston (Suspended Matter) Distribution in the Water Column
(Chapter 3, Milliman, Bothner, and Parmenter)

The general purpose of this part of the second-year program was
to document and interpret the temporal and spatial distribution and
the composition oi suspended particulates over the Middle Atlantic
OCS . More specifically, the seston data could provide some insight
into problems such a : (1) the sources for the particulates ; (2) the
role that bottom resuspension plays in the particulate load in the
water column : (3) the influx of anthropogenic particles ; and (4) the
seasonal variability of the suspended sediment distribution and
processes .
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Samples to define Ole co : .:i .:tra•_ .,L.b and composition of the
suspended sediments were collr_ted througheut the year on six cruises
(Table 18) . Four of the cruises were those conducted seasonally by
VIMS ; the remaining two were completed by the USGS during December
1976 and April to May 1977 . Generally, the cruises were completed
within a week or ten days, thus giving a quasi-synoptic view of the
b;ston and hydrographic characteristics during the cruise period .

The annual variation in the seston regime over the Middle
Atlantic OCS can be ascertained, in general, from the year-round
collection of samp?.es . DurinF ti«- winter, suspended particulates in
the surface waters are low in :ombustibles (biogenic) percentages due
to relatively low productivity an .: are high in non-combustible
(lithogenic) material due to tne racuspension and upward transport of
bottom sediments . The seasonci impact of winter is less apparent on
the suspended sediments near t}, bottom ; in fact, the total and
non-combustible fractions were lower during February than during other
montha . In spring, the total suspended particulates and the
combustible fraction increased in both the surface and near-bottom
waters as a result of planktnn blooms . The non-combustible
particulates decreased accordingly, but they remained relatively
abundant near the bottom . In the well stratified summer waters, the
disparity between the contents of surface and near-bottom seston was
the greatest . Surface particulates were dominated by orgaaic
particles, whereas the near-bottom waters were dominated by
terrigenous particles . In the fall, the decrease in productivity and
the onset of mixing and rqsuspension by storms increased the
non-combustible component throughout the water column . Resuspension
of sediments greatly increased the total particulate concentrations in
the bottom waters relative to those during the summer .

In addition to the annual c ; .ae, several other trends concerning
the suspended sediments were `_ound during the second-year study .
First, .seston concentration_ atross the area were low, seldom
exceeding 1 mg/1 . Second, wit`. L . te exception of nearshore areas,
bottom waters on the outer shelf have the highest particulate
concentrations, undoubtedly due to the resuspension of bottom
sediments . Third, samples, which were obtained at a 20-hour station
near the shelf edge, show that internal tides or groups of internal
waves may resuspend sediments periodically . Fourth, the surface
waters off Delaware Bay contain reJatively high concentrations of
suspended particulates, suggestin!- that the influx of terrigenous
sediments from estuaries may cause significant local perturbations in
the suspended-sediment distribution . Finally, in contrast to the
first-year data, the samples that were collected during the second
year contained far fewer indications of anthropogenic o n ''utants .
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Submersible Observations
(Chapter 4, Wood and Folger)

~ Submersible dives were conducted on the OCS (water depths -
60-80 m) east and northeast of Delaware Bay during July 1976 . The
purposes of the dives were to assess the geologic, biologic, and

. hydrologic characteristics of the bottom and to observe the in situ
operation of two tripods .

During the dives, photographs of the bottom were taken with a
35mm camera and any direct observations were recorded on magnetic
tape . Poor weather limited the diving activities to only two of the
five days that had been allocated .

The observations and photographs during the dives revealed that :
(1) the bottom-water circulation during the summer generally is slow
(<10 cm/sec) ; (2) the bottom consisted of small hummocks and
depressions t-hat were covered by a brown flocky layer ; (3) fish .4nd
eel pouts interfered with the current-meter rotors and the sediment
traps on the tripods ; and (4) no appreciable deposition or scour had
occurred near one tripod mooring anchor that had been on the bottom
for almost a year .

Medium-Scale Bed Forms
(Chapter 5, Twichell)

Sevei. areas of the Middle Atlantic Continental Shelf were
survcyed for sand waves to define their distribution, magnitude, and
potential for sediment transport . Five of the svrvey areas were
selected en the basis of sand-wave-like forms that were crossed during
a gcopnysical survey of the entire shelf during the first-year study .

` Becausr sand waves had been found around the head of Wilmington
Cany,,n, brief surveys also were conducted around the heads of
Baltimore and Hudson Canyons .

The surveys revealed that, for this part of the shelf, genuine
sand waves exist only around the head of Wilmington Canyon . This
classification is based on their internal (acoustic) characteristics
as well as their ordered distribution, orientation, amplitude and
asymmetry . On the basis of their structure, these sand waves are
interpreted to be of relict origin, probably having developed during
the initial stages of the Holocene. Under the present hydraulic
regime of the Middle Atlantic shelf, no net migration of theae sand
waves could be discerned, yet their surface sediments presently are
being reworked and are systematically redistributed . The megaripples,
current lineations, and subbottom outcfops tnat were found in the sand
wave area probably were developed or are maintained during
storm-generated flow . Because of their static nature, the sand waves
around Wilmington Canyo) : are not a geologic hazard .
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Hydrocarbon Baseline ' z , dies
(Chapter 6, Miller, Schultz, Lerch, *_gon, e, and Gary)

Hydrocarbon analyses were completed on samples of bottom
sediments taken at selected stations across the Middle Atlantic
Continental Shelf . The objectives of this study were : (1) to
determine (qual.itatively and quantitatively) the hydrocarbons at

~ particular stations to allow comparisons to be made throughout the
biological seasons ; (2),to establish the statistical deviations that
may occur in the concentrations and types of hydrocarbons at a given
location; (3) to provide data points to de4i.- a "natural variability"
curve for the entire Middle Atiantic Shels, and (4) to document
baseline levels of hydrocarbons that could be ~~aed subsequently to
assess the impact of petroleum exploratior ~n the area .

The sample stations for this study we*.o those that were occupied
during the first-year effort . Six clustet stations were sampled
during each season, whereas 23 additional (isolated) stations were
sampled only during the summer and winter . At each station, a
composite-blend sample was collected by taking approximately 150-200 g
of sediment from each of six grabs .

From the second-year study, several general statements can be
made concerning the hydrocarbon geochemistry of the Middle Atlantic
shelf sediments . First, the concentration levels of the n-alkares in
the sediments is very low, being less than 1 .0 ug/g . Second, the
concentrations of the resolved aromatic hydrocarbons also are low,
being less than 1 .0 ug/g. Third, the resolved n-alkane fraction in
many samples contained an anomalous series of peaks in the n-C20 to
n-C21 range that may be due to an unsaturated, branched C25 with
cyclic structure . Fourth, seasonal changes were found for the
resolved n-alkane fractions, tne pristane/n-(~17 ratios, and the
pristane/phytaue ratios, but the concentr~ .:ionb of the resolved
aromatic hydrocarbons remained nearly - .icar._ throughout the year .
Fifth, hydrocarbons that can he - -N coal or other fossi'_
fuels were found in low concentrations at only a few stations .
Finally, t;c natural variability of the hydrocarboner in the area may
=••e affected by (a) bottom sediment transport, (b) chemical and
biological degradation, (c) the residence time of hydrocarbons in the
water column, (d) the interactions of humic and fulvic substarces with
hvdrocarbons, and (e) the input from anthropogenic sources .

Geotechnical En ineerin Studies
(Chapter 7, Sangrey and Knebel

Vibracores were taken within a representative transect acros_ ~ue
Middle Atlantic Continental Shelf in order to evaluate the engineering
characteristics of the near-surface sediments . These characteristics,
in turn, can be used to evaluate geologic hazards relative to facility
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siting on the shelf surface, to understand the geologic h'_story of the
sediments, and to provide a regional data base for engineers who are

~ contemplating projects in the area .

The engineering-properties data that were derived from this study
• are primarily for the clayey sediments that underlie the surficial

sand sheet of the Middle Atlantic shelf . Because of the vibracuring
method, all of the sandy sediments that were collected during this
sLudy were disturbed .

The majority of the clayey sediments that were tested were
heavily overconsolidated, with adequate shearing resistance and low
compressibility . Thus, they present no unusual hazard to facility
siting . There are, however, local deposits of weak and more
compressible sediments whose engineering properties may pose some
small stability problems in applications such as bearing-capacity
support for temporary or permanent structures . Consequently,
site-specific studies are appropriate for structures that r^ay be
vulnerable to this condition .

The majority of the clayey sediments also are dilative . Under
undrained cyclic loading, there should be no unusual hizard associated
with these sediments . In addition, only a modest strength reduction
under cyclic loading with drainage should be anticipatei .

SYNTHESIS OF SEDIh1ENT MOVEMENT

From the data ehat have been developed durir.g the first two
ycirs, we can make r-)me preliminar•• estiizi:res uf the processes, the
magnitude, and thp effects of ,:ediment movement on the Middle Atlantic
OCS . Concerning processes, large fall and winter storms as well as
hurricanes pr :17ide large surface waves and wind-driven currents that
can resuspend and transport the dominantly well-sorted, fine-to-coarse
sands t::at t'~is part of the shelf . The current directiot, aucing
storms may be oriented either to the northeast or southwest parallel
to the shelf a :ige ; the rather weak circular tidal currents are masked
by the storm-driven currents . The bDttom flow during storms rapidly
forms small-scale bedfcrms (such as ripples) and may scour the
sediments around objects on the sea floor . After a storm, the small

• bedforms rapidly disappear, apparently degraded by low-energy current
flow or bioturbation . During the spring and summer, on the other
hand, the bottom flow is rather tranquil ; current speeds generally are

. not much greater tt.an the t!!lckground ?cvels due to tidal flow .
However, several varied processes (acting either independently or in
coniunction with tidal currents) may cause limited resuspension and
transportation of sediments . These processes include : (1) internal
waves ; (2) movement of the frontt between the shelf and slope water
masses ; (3) bottom trawling ; anL (•i) biogenic activity .
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The magnitude of the near-bottom sedimeut t* nspo `-' .so varies
seasonally. Water particle displacements in a 3U-day period have been
estimated from the available current records at thiee tripod locations
(sEe Chapter 2) . During the spring and summer, these displacements
range from about 30 to 70 km, whereas during the fall and winter the
displacements range from 32 to 130 km. Moreover, during periods of
large winter storms, the short-term excursions of water particles may
be considerably greater than the displacements suggested by the 30-day `
mean . Estimates of storm-related excursions rdnge from 15 to 23 km
for a 5-day period or from 3 to 5 km per day .

From the estimates of the sediment transport ard the suspended
matter concentations, it is possible to make som .- preliminary
estimates of the flux of seston (at a particula- ."-.t..acion) in the
near-bottom waters . During the spring and summer . for example, the
total particulate concentrations in the bottom u .cers typically range
from 250 to 500 rg/1 . By putting these data together with the limits
of the residual flow, the calculations show that the particle flux may
range from 250 to 1,150 g/m2/day. During the fall and winter,
however, the flux variability is much greater . Using a range of 250
to 1,000 ug/1 for the total particulates in the bottom waters, the
flux may vary from 267 g/m2/day for relatively quiet periods to as
much as 5,000 g/m2/day during large storms . These estimates of seston
flux, however, assume that : (1) the suspended sedimer.ts act like
water particles during transportation ; (2) there has been no change in
the total particulates due to (organic) production or predation ; and
(3) there has been t.o change in concentrations due to either the
resuspension or the settling of sediments . The latter assumption must
be viewed critically because measurements of the seston levels were
not made during periods of storms .

The bottom-water mobility affects not only :ne distribution and
flux of the suspended sediments, but it also ~,rjlucs .s changes in the
bottom sediments as well . First, the continu..d r?suspension and
reworking of the bottom sediments prevents the iccumulation of
fine-grained particles over much of th2 outer shelf . This winnowing
away of the finer material causes changes not only :.n the sediment
texture (e .g ., better sorting), but it also controls, to a great
degree, the distributions of trace metals, hydrocarbons, and
anthropogenic pollutants . Second, the thickness of the sand sheet as
well as the maintenance or degradation of shelf bed forms depends, in
part, on the strength and variability of the bott(,m flow . The large ,
sand waves around Wilmington Canyon, for example, probably are oi
rt-lict origin, yet they are maintained, and their surface sediments
are being reworked, by the present current regime . Finally, the

,`-shifting and sorting of the surficial sands may cause changes in the ~
engineering properties of the sediments . BottoW scour is directly
related to the strength of the bottom flow, whereas the liquefaction
potential for sands is related to che grsin-size distribution and the
degree of sorting .
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SUMMARY

Tn summary, none of the hydrologic and geologic conditions that
c have been observed thus far on the Middle Atlantic OCS warrant the

withdrawal of lease tracts or preclude petroleum exploration or
development . However, the probability of structural failures will be

~ the greatest during major winter storms or hurricanes . During these
times, the current speeds, the sediment resuspension, and the bottom
scour are the greatest . In this area, continued in situ observations
of the currents and bottom conditior.s are esssential to : (1) define
the seasonal and yearly variations in sediment transport processes ;
(2) monitor changes during catastrophic events ; (3) investigate the
possibilities of resuspension by currents associated with the
shelf-slope water mass front ; and (4) assess the importance of
shelf-edge exchange mechanisms that may transport pollutants off the
shelf . Moreover, further data needs to be gathered on the kinds and
amounts of suspended matter in the water column in order to : (1)
document long-term changes in the particulate distribution ; (2) refine
the estimates of seston flux ; and (3) resolve the natural paths and
sinks of sediments . The rates and depths of bottom sediment mixing
also needs to be determined as an aid to predicti .ig the fates of .
spilled hydrocarbons, drilling fluids, and dril' cuttings . Finally,
additional data on the shallow subbottom struct-tre and stratigraphy
should be collected to : (1) determine potentia . geologic hazards on
the inner and middle shelf ; and (?.) identify and map areas of slumping
and potential slump hazards on th:! upper Continental Slope .
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