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1.0 - INTRODUCTION

1.1 Objegtives

The long-term goal of our work on the contiﬁental shelf and slope is
to understan& and to quantify the’processes.that govern the traﬁsport and
dispersal of energy-related pollutants introduced to.those waters-by man's
activities. To this end we have attempted to integrate the efforts of the
Lamont-Doherty Geochemistry, Physical Oceanography and Biological Oceano-
graphy groups since most of the processes under study involve aspecté
‘reléted to the particular concern and expertise of each of these disci-
plines. Each 6f these disciplines bfings to the program a da;a set to be
integrated‘with and to complgment the others, as well as an abiiity to
focus on one or more of the processes affecting the fate of pollutants
more effectivel? than the other disciplines. It 1is therefore useful to
briefly summarize the processes affecting the introduction and fate of
energy-related pollutants, and to indicate both those processes, to the
understanding and quantification of which we are making a contribution by -
ﬁne or more techniques, as well as those for which we at present have no
applicable technique‘in any of the disciplines.

Figuré 1.0-1 is‘a schematic cross section of the-Bight from the
Hudson River to the lower continental slope which we.have used in previous
reports but which still represents the processes we are trying to under-
sfand. In the lower left hand cormer 1s a plan view of the New York Bight
as defined by the shoreline and by the. 50 and 200m isobaths. A number of
production, removal, mixing and regeneration processés are schematically
portrayed primarily byAarrows and figures which ‘are numbered. In Table

1.0-1 are listed the processes represented and a brief identifi-
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Table 1.0-1

Process

Atmospheric infall of
dust and radionuclides

Input of radionuclides and

- nutrients from the Hudson

River and Barnegat Bay

Phytoplankton production
biomass

Grazing and fecal pellets

Transport of radionuclides
from surface watars on ’

sinking particulates

Vertical mixing across the
thermocline

Decomposition of sinking
dead phytoplankton and
resultant nutrient regenera-
tion (or ecyecling)

Isopycnal mixing through
the thermocline

ross front. exchange

Benthic layer exchaunge
(Slope water intrusions)

Near Bottom Vertical Mixing -

Mixing regime on slope pro—

ducing low Rn zone (possibi-
l1ity of rapid horizontal or
isopycnal mixing)

Fluxes of particles and
radionuclides to the
sediments

Horizontal mixing or eddy
diffusion cross shelf and

" long shelf

Observational. or "Analytical Techniques

“tion rate determination b

222

Literature

‘Work of Simpson, et al., EF Lamont;
" nutrient chemistry, &, B8, Y-counting

Fluorescence (chlorophyll a), C-14

techniques for productivity

Zooplankton tows and microscopic

-analyhsis; incubation experiments

23“Th, 228Th 210?0, 239’21&0Pu 1

the water column

n

222p,, oxygen and nutrient budgets

Bacteriological analysis; nutrient
chemistry including O, analysis;
microscopic examination of filtered

. particulate matter

Hydrography

Hydrography, 3, 18/1%

Hydrography, 34, 185/ 16
222p, .
222Rn, 228Ra, 3H, thermistor chain
measurements of AT

Sediment Traps on Slope; sedimenta-

2%9’24%

- integrated total Cs, Pu

activities in the sediment  column

Ra

‘ (Cont.)
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Table 1.0-1 (Cont.)

' EE; : Process - Observational or - Analytical Techniques
15 © particulate resuspeasion Suspendeg particulate measurements
and chemical regeneration 23bqy 2 Th, ZzaRa, Zlon,

: : 239 2ho -
S »“""Pu in water column; bacte-
riological analysis :
16 ' Sediﬁent mixing and . . 'iiZT%&SZIOPb, 1“0, 137Qs' .
accumulation ' o ’ Pu profiles in sediment

columas.

17 ~ Long shelf advection 185/16g, 3y
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~cation of the observafion;l and analyticai techniqueé'available to the
Lémonﬁ Geéchemical, Phyéigal and Biological gfoups which will aid.in 
understanding how pollutants ére dispersed'throughout and removed from tﬁe
 New York Bight in particular and the shelf in general;

Althougb the pfoject must necesséfily reflect some of the admin -
istrative and budgetary organization along classical disciplinary lines
(geochemiétry, physical-and biological oceanographj), conceptually the
sclentific approach to understaﬁding Ehe fa;e of energy-related pollutants
in continental shelf waters 1s organized according to processes. This is

-reflected in the division of this report (as well as the renewal propdsal)
into three scientific sections dealing with; 1) frocesses Associated with
Suspended Solids; 2) Processes Associlated with Sediments as Sinks for
Radionuclides and other Pollutants; and 3) Spreading of Water
Characteristics and Species in Solution. Within these sections there is a
mixture of geochemical, biological and physical aspects to almost every
subsection. Nor caﬁ one ignore cross—disciplinary aspects of the major'
sections with each other. Finally a short section on Field Work (none was
funded this year) emphasizes the interdisciplinary nature of our work in
that all groups participate in each cruise and make measurements on the
same casts and samples.

Although this is an Annual Report, since this is a review year we
h;ve emphasized the work of the past contract year, but also tried to
incorporate aS'summafy statements or background work that has been
reported previously. The primary output of our efforts is reflected in
the Appendix in which eleven papers (either published,in press or

submitted since the last report) are reproduced. These are just the start.



of an output that 1s increasing as data and samples acquired during the

begining years ofAthe project comes to frﬁitiion. Where papers have been
produced'whieh describe our wgrk on that process or data'sef, ‘thé |
discussion in the report is often abbreviated to some sorf of introduction
or backgrouqd followed by short statements of ghe important results with
references to .the appropriate appendix or appendices. For work that is
 still in progress of has not gotten to the point of a paper being written,

‘the report given here 1s more lengthy. The section following this oné(

gives in brief form some of the important results over the last year or so ‘

which specifically represent accomplishments related to DOE goéls.



1.2 Accompliéhment.of DOE Goals

The foiloWing statements an& conclusipns represent accomplisﬁ-
ments dufing the past yearAtoward our long-term goal of understandiﬁg by
what processes andvat what rates pollutants are dispersed and transported
through.and removed from the New York Bight. We believe these accomplish-—
ments are particularly pertinent to the mandate and goals of DOE in the
marine environment.

- During much of the year the waters of the continental shelf are
divided into two relatively well-mixed reservoirs which are separated
vertically ﬁy strong gradients in physical, chemical and biological
chargc;eristiés. The rate of a number of précesées affecting the fate of
pollutants within the ;eservoirs depend on the rate at which mixing occurs
between the two reservoirs. Frbm field data we have made estimates of
this important miking rate using three different approaches —— radioactive
tracer (222Rn), nutrient demand by phytoplankton and rate of oxygen pro—
duction by phytoplankton, andlvertical heat flux.

- Two processes control the rate of removal of reactiye pollutants
from the water column —— adsorption on resuspended sediment particles and
incorporation into living organisms and sinking of organic debris (dead

organisms, fecal matter). We have found that different parts of the shelf

1.2/1

and slope regime are characterized by varying rates and degrees of effec- '

tiveness of these processes. .For example, in the shelf the former process
is dominating.

- Measurements of plutonium on sediment cores and on suspended parti-
culate material suggest tﬁat this very toxic element may not be rem0ve&
ffom the system once it is accumulated in the sediments; but may be remo-

bilized into the water column as dissolvable Pu (V4+VI) or colloidal_
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particles. Evidence by coworkers at Lamont suggests that plutonium méy
even be transportedlback'into the Hudson Estuary from the shelf.
- The microcosms experiments and the interelement relationship in

oceanic pelagic clays prove that thorium isotopes are godd proxy for other

reactive elements with regard to their removal behaviors. The reactive

elements include tri-and tetra-valent cations (e.g., Fe, Ti, Ge, Zr, Hf,
Th, Y, rare earths, In, Cr, Pu, Am, etc.) and Pb and Hg, etc.

~ Measurements ofAradioactiQe tracers in sediment cores from a large
area of fine-grained sediment on the shelf (the "mud hole") indicates that
the area is a zone of neé accumulation of sediments and reactive pollu-
tants. However, the net accumulatién of reactivé pollufants is ﬁaiﬁly
controlléd by the mixing and resuspension of surface sediments by biotur-

bation. We also always observe a plume of resuspended sediment being

_carried away from this area, and it must also be an intermediate source of

reactive pollutants. Similar measufements on sediment cores from the
adjacent slope indicate that, although those sediments are a sink for
reactive pollutants, slumping of sediments distorts the record making
measurement of a steady-state rate of accumulation difficult.

~ During the summer the predominant exchange of shelf water with
relativelytpollutant-ffee open ocean (slope) water occurs on isopycnal
sgrfaces, though at rates counsiderably slower than previously estimated.
A sharp boundary between the two distinct water types persists throughout -
the summer. The cross-shelf exchange occurs primarily in two layers:
near the surface at 30 m depth (in the pycnocline) and on the shelf floor
(benthic layer). During the rest of the year ﬁross—shelf exchange is

driven by storms and warm core Gulf Stream rings. We have observed the
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exchange of héa; and‘sélt between shelf and slofe wgterg'as they flow
southwest aiong'the coast from the Hudsoﬁ Canyon Eo Cape Hatteras.4'From
there these waters presumably are entrained by the Gulf StreamAand ﬁix
into thé deep ocean asvthey flow to the‘nértheast. |

222p,, we have determined that a zone ,

~ From measurements of exéess
of near—bottom'waterAadjacent to thé continental slope and rise, in which
rapid ﬁixing apparently takes place, extends from tﬁe Hudson‘Canyon as far i
soutﬁ as Cape Hatteras. This zone is important because it represents a

potential locus of dispersion of pollutants from the continental boundary

out into the interior ocean.

- Oxygen isotope ratiés and salinity measurements indicate thafjthe
"pold poql" water (or the winter shelf water) on the Middle Atlantic Bight
shelf is an admixture of 3.7% locai meteoric water with pure Labrador Sea
water. The surfacé slope wateré fall:on a mixing line between Gulf Stream
water and the "cold pool” water. Oxygen isotope ratios and salinity
measurements offer the first conservative‘tracer-pair sultable for

detailed study of the water mass mixing in the ¢oastal environment.
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2.0 PROCESSES ASSOCIATED WITH SUSPENDED SOLIDS

A field within ocganography which has burgeoned greatly within the-
past &ecadé is that'which deals with the measurement of suspepded pafti;-
culate matter (SPM) in the oceans from any of a number of viewpoints. One
of the disciplines in which this increase has been most impoftént is
. ﬁarine geochemistry in which there has been a realization that a large

'-proportion of the chemicai gradients which exist in the oceén is
maintained by the flux of SPM. This is particuldrly true of the higﬁly
reactive elements and chemical species which are rapidly adsorbed onto or
incorporated within particles;"The q;estion.of the generation, pathways -
and fate éffthe many kinds of pafticulate matter is of primary concern to
our understanding what happens (and at what rate it happens) to energy
related pollutants in the mariqe environment adjacent to the continents.
The three subsections which follow treat the qdestion of particulate
matter from primarily (but not exclusively) the biological, geochemical

and physical viewpoints in that order.
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2.1 THE PRODUCTION AND FATE OF PHYTOPLANKTON BIOMASS

INTRODUCTION

Suspended particles play a major role in the transport of

heavy metals, radionuclides and chlorinated hydrocarbons w1thin
" and thiough the continental shelf. Since populations of phyto-
plankton and'zooplankton influence the production, distribution
and fate of particulate organic matter, research has been conducted
to dete*mine the extent to which these populations affect time- and
space—d=oendent distributions of radionuclldes and other contaminants
in the continental shelf ecosystem. The main mechanisms by which
~pPhytoplankton and zooplankton 1nfluence the distribution of parti-
culate matter is throuch growth Sinking, resuspension, fecal pellet
production and vertical migrations. |

. The following conclusions have been formulated from the_research
to date (Malone,.197d,'1977j Walsh et al., 1978; Malone and Chervin,
1979; Malone et al.,lsubmitted). (1) Phytoplankton productivity is
the major source'of organic matter on the shelf, and phytoplankton
biomass is a major component of total suspended solids; particularly
during phytoplankton blooms prior to the onset of thermal stratifi-
cation and in zones of high production associated with the plume of
the Hudson River and the shelf- break° (2) Prior to stratification,
during February to April, blooms of netplankton (>20u) occur. Since
zooplankton populations are small and grazing pressure is low, most
of the phytoplankton biomass remains unconsumed.and'eventually sinks
out of the water column into the sediments. (3) During the summer
when the seasonal thermocline is established phytoplankton biomass

is low and “composed largely of nanoplankton (<20u). ._Phytoplankton



productivity is closely'coupled with zooplankton grazing and con-

comittant nutrlent regeneratlon as well as nutrlent fluxes 1nto

the euphotic zone. Thus, most of the phytoplankton productlon enters

pelagic food chalns or SLnks from the water column as fecal material.
- Research during the last year was designed to extend our ob-

servations during the summer stratification regime into waters of

the outer continental shelf and slope from the Hudson Canyon to Cape

Hatteras. Our major objectives were to.compare the abundance, distri-

bution and productivity of plankton between shelf and shelf-break

waters and slope waters, to correlate phytoplankton levels and rate

of production with zooplankton abundance and‘terValuate spatial

and temporal yariations in rateo of fecal pellet production and

radionuclide content of fecal pellets.

2.1.1 PHYTOPLANKTON.'
METHODS

During the D 0.E. sponsored cruise on the R/V Conrad (C22-08)
from 11 June to 2 July 1979, stations were occupied from the Hudson
Canyon to Cape Hatteras along transects across the slope from approxi-
matélylthe 80 M contour to the base of the slope as weil as one trans-—
Sact across the shelf of'the New York Bight to a watef depth of 25 M-
(Fig. 2.1.1-1). Water was collected in conjunction with the physical"
oceanography and geoohemical sampling programs. Using methods. as
previously described (D.0.E. 1978 and 1979 Annual Reports) measure-
mants of chlorophyll a, particulate organic carbon and nitrogen,
dissolved inorganic nutrients (ammonia, nitrate,'phosphate and silicate‘
phytoplankton ennmeration and identification, and phytoplankton pro-

duction estimates were made. In addition, vertical profiles and sur-
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Figure

2.1.1-1.

Distribution of temperature (°C) and chlorophyll "

“a (ug 1-1) with depth (meters) along five tran-

sects across shelf-break area from Hudson Canyon
south to Cape Hatteras area, 11 June to 2 July,

1979; A. Transect I B. Transect II C. Transect III D.
Transect IV E. Transect V. *



-face mapping of in'vivo chlorophyll 2 fluorescence were obtained
using a submersible pump and the ship's seawater system. Priméry
production estimates were made using a simulated in 'situ incubator

and standard methods of 14C uptake.

RESULTS

Chlorophyll a doncéntrations wexe generally low (Fig. 2.1.1-1)
with surface values less than 0.1 ug 1™! in both shelf and. slope
waters. In slope waters maximum concentrations of 0.1 - 0.5 ug
chl & l—l;were found in the thermocline. At the shelf-break and
along the bne shelf transect maximum bonﬁentrétions were 1.2 and
5.5 ug l—l, respectively, aﬁd were associated-wiﬁh the top of a éold
pool of water (<6°C5. The chlorophyll maximum was dominated by net- ﬁ
plankton (>20u) onAthe shelf and at the shelf—break,'and by nano-
plankton (<20u) in slope wéters.

Nanoplankton were charaéterized by small naked flagellateé,

- whereas dinoflagellates and diatoms composed the netplankton fraction

(Table 2.1.1-1). Ceratium tripos was present in numbers up to 10,000 1’

in the chlorophyll maximum and in the cold pool of water oh the shelf

and at the shelf-break. Netplankton diatoms were dominated by

- Rhizosolenia stolterfothii (aumbers up to 25,000 l—l) on the shelf,

Leptocylindrus danicus in surface waters at the shelf-break and

Dactyliosolen mediterraneus in association with an epiphytic flagellate
in deep euphotic waters at the shelf-break and on the slope. Large

numbers of ciliates were obserﬁed,in‘the phytoplankton samples from

1

all stations sampled, reaching concentrations up to 11,000 1~ ° on the

shelf (Table 2.1.1-1).




Table 2.1.1-1. Abundance of major phytoplankton groups and ciliates for stations occupied from
Hudson Canyon to Cape Hatteras during the cruise of R/V Conrad (C22—08),
11 June to 2 July, 1979.
NETPLANKTON (>20u) NANOPLANKTON (<20u)  CILIATES ;
'Sta. Area Depth|{ Diatoms Dino- Other Flagellates Diatoms ‘Other '
flagellates Flagellates : ' ' ' ' R
3 3 3 3 = 3 %
: . M | #/1  totsf #/1 tot. | #/1  tot. | #/1 _tot. [ _#/1 tot. | #/1  tot.| #/1
271 Shelf 5 26,320 97.9 560 2.1 308,718 65.2| 35,897 7.6 | 129,231 27.3| - 9,240
© 13 7,375 28.1| 18,875 71.9 589,744 83.6 115,385 16.4] 11,625
22 9,660 23.5| 31,395 76.5 41,282 46.7| 23,590 26.7 23,590 26.7( = 460
28 6,390 59.7} 17,810 40.3 53,333 88.1 6,667 11.1 1,560
314 Shelf 0 30,030 97.8 660 2,2 92,928 100 N ¢
break 45 2,970 57.4 2,200 42.6 59,136 100 770
284 Slope 0 : 840 53.8 720 46.1 .| 107,690 97.2| . 3,080 2.8 1600
' - 45 16,120 95.4 650 3.8 130 0.8 42,900 48.1)] 39,600 44.4 6,600 7.4 520
310 Slope 0 2,672 64.7 |1,461 35,3 151,173 96.9 4,774 3.1 '-1,181
43 363 13.4 2,356 B6.6 178,225 94.1 11,139 5.9 3,772

S/T°¢



Major inorganic”nutrienté were low at all stations sampled
(Table 2.1.1~2). - Nitrate ‘and"phosphzte were ‘depleted “Trom surface

waters and reached concentrations of > 1 ug-at l-; only within oxr

- below the thermocline. However, at the shelf station nitrate was

virtuaily uhdetectable throughout the water column. Silicate con-
centrations were lowest in surface waters - 1 ug—af l.-l and increased
with depth, reaching concentrations of - é‘ug-at l;l on the shelf.
Ammonia measurements at the shelf station indicated a close cories—‘
pondence between the depth of the chlorophyll maximum and a dramatic
increase in ammonié at the.base of the thermocline (Fig; 2;1.1-2).

4 Primary §roduction.estimates wer; highest on the shelf, appréxi-
mately 1 g C m~2 day-l for both the hanoplankton and nefplankton |
fractions (Table 2.1.1-3). At the shelf-break and in slope Qaters
primary production was substantially lower in both fractions. Cal-
culations of production per unit biomass, however, indicated that

variations in production were more related to variations in biomass

rather than growth rate. Except for netplankton at the shelf-break,

‘production per unit biomass was génerally high everywhere ranging from

1

92-225 mg C (chl)™* day ! and 54-202 mg C (chl)~t

day_l for nano-
plankton and netplankton, respectively. At the shelf-break neﬁplankton
chlorophyll a was maximal at the bottom of the euphotic zone and pro-
duction per‘unit'biomass was reduced to 5 mg C (chl)-l day-l.

Thus, phytopiankton populations 'in the areas sampled wére turning
over rapidly. Doubling times on the order of less than a day were
calculated for all eﬁphotic areas (assuming a C:Chl = 47) except for
the netplankton at the shelf-break where the estimate of turnoVer

time was approximately 6.5 days.



“Table 2.1.1-2.

2 l//

'Concentratlon of major dlssolved 1norgan1c nutrlents

for statlons occupled from Hudson Canyon to Cape

Hatteras during the cruise of R/V Conrad (C22 08),

ll June to 2 July, 1979.

: Depthv‘ Phosphate Ammon

Date Sta. Area Nitrate Silicate
o o M “ug-at/l - ug-at/l “ug=at/l ug-at
6/15/79 269 Shelf 1 0.0 0.0 - 1.1 - 1.4
8 0.1 0.0 1.5 0,1
13 0.2 0.3 3.7 . 2.0
18 0.0 0.7 . 3.1 0.1
20 0.0 0.6 4.6 0.4
C .22 0.0 0.3 3.0 -
24 0.5 0.8 3.4 - 5.6
26 - 0.0 1.0 3.5 4.6
34 . 0.0 0.¢ 8.7 5.7
40 - 0.0 0.8 4.8 4.5
271 Shelf 0 0.0 0.0 1.2
-5 7.1 0.0 2.2
13 0.0 0.2 1.0
- 20 0.1 0.4 5.8
22 0.1 0.9 - 5.0
24 0.0 1.3 5.8
26 0.0 1.0 3.2
28 0.1 1.0 3.3
31 0.0 0.9 3.1
36 0.1 1.1 2.4
40 0.1 - 1.0 4.5
43 0.4 0.9 4.3
6/18/79 . 284 Slope 0 0.0 0.0 1.2
‘ 15 0.0 0.0, 2.2
25 0.0 0.0 2.6
35 0.0 . 0.0 3.9
41 0.1 0.5 2.2
. 55 9.4 1.1 4.6
6/22/79 307 Slope 0 0.0 0.0 1.9
o 17 0.0 0.0 1.7 -
32 0.0 0.0 1.7
38 0.0 0.0 2.4
48 0.3 0.9 5.9
55 11.5 1.3 3.4
6/24/79 314 Shelf 0 0.0 0.0 4.6
' break 14 3.1 0.0 1.1
' 30 0.1 0.3 0.5
45 3.2 - 1.9 3.2°
3.2 1.1 3.0

60
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vTabie 2.1.1-3. Primary producfién (?f),,chlorophyli é (chl a) and.
| | doub;ing time for nano- and netplankton sampled from.
" Hudson Canyon to Cape ﬁattéras during the crﬁise
ofiR/V Conrad (C22-08), 11 Juﬁe~to'2 July, 1979;

depth of euphotic zone determined from 1% light depth. -

. Sta. Area Euphotic  Fraction Chl § PP . PP/Chl a Doubling
Zone : ‘ -2 5 Time
M . mgm g - day~l - days
271 Shelf 33 nano 10.83 1.25 114;7. 0.6
' - net 16.82 1.02 . 6l.0 0.8
total 27.8 2.28 ‘
314 Shelf 46 nano 1.65  0.37 225.3° 0.4
: brezk - net 10.69 0.57 o 5.3 6.5
z | o . , ‘total  12.34 0.43 -
284 . Slope 51 nano . 8.36 0.78 92.8 0.6
. net 2.60 0.14 54.8 0.9
total 10.96 0.92
310 Slope 51 . _nano - 5.22 0.48 92.4 0.6
' : " net 0.22 0.44 201.8 0.4

total 5.44 0.53
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A preliminary assessment of the presence of phytoplankton in
sediments and the importance of their resuspension was made on sur-

face sedimenté of a box core collected from 80Q M at station 279 on

 the slope. A small»subéample of the sediment, much less than a gram,-

was inoculated into several tubes of culture media and placed in a

constant temperature (16°C) light incubator. Within one week a vefy

diverse- and densé'group of large'celled diatoms.were present.

tDitylum:brightwelli and several chain-forming Chaetoceros spp. were

spp.. and numerous pennate forms. Microscopic observations of the

‘sediment sample did not reveal obvious concentrations of any of

these diatoms suggesting that they grew at extremely fast rates .

‘during the first week in response to being introduced into caonditions

conducive for growth.

DISCUSSION

The low phytoplankton biomass observed in surface waters both on

the shelf and in slope waters from the Hudson Canyon to Cape Hatteras

is typical of summer conditions when strong water column stratifi-
cation eXists (Walsh et al., 1978). The association of chlorophyll
maxima with the bottom of the photic zone within‘the'pycnocline and
nutricline has previously been documented (D.O.E. 1979 Annual Report;
Walsh et al., 1978; Malone et al., submitted). The geherally motile.
nature of the phytoplankton at this time of year denotes a selection

for species which can in part control their position in the water

~column so as to attain conditions favorable for growth. The presence

of vertical isotherms at the shelf-break could. indicate mixing of



2.1/11

deep nutrient rlch water 1nto the phOth zone. The fact that

'nutrlent concentratlons and phytoplankton hiomass remained low in

surface waters at the shelf-break further 1mplles that steady state

'condltlons existed. A close coupling between.nutrient supply,
‘phytoplankton production and heterotrophic grazing is inferred.

"Since turnover rates of phytoplankton were generally fast and varia-

tions in primary productionlwere primarily related to variations in
phytoplankton biomass, thehimportance of environmental factors other
than those which direetly affect growth rate, i.e. grazing, sinking_
and resuspension of’seed populaticons, is signified.

The impdrtance of the coupling of heterotrophic grazing‘to
primarytproductivity and nutrient recyciing under conditions of
nutrient depletion in surface waters has recently been.emphasized by

several groups (Sheldon and Sutcliffe, 1978; McCarthy and Goldman,

'1979; Gieskes et al., 1979). Such studies have also indicated the

problems associated with such a close coupling between the autotrophic

and heterotrophic components and a possible underestimate of primary
production. .  Similarly, the results of this study appear to reflect
such a close coupling. The presence of large numbers of ciliates in
the phytoplankton samples and presumably also in the l4C incubation
bottles helps to explain two aspects of the results. Re;ease of
ammonia during ciliate grazing probably supplied part of the nitrogen
necessary to account for the high growth rates bbserved even in sur-
face waters depletedvof nitrate. 'At shelf station 271 both the highest
rates of.biomass specific production and the largest populations of
ciliates were observed in surface waters. Nitrate was depleted
throughout the water column and ammonia concentrations were low in

surface waters and increased only below the chlorophyll maximum., Pre-
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éumably, the ammonia generéted by ciliate grazing was quickly removed
from the water by the phytoplankton. Also, the netplankton pro-

duction measured was exceséively high (>700 ug C'(chl)'-l day;;) for

- the biomass levels present. The ciliates were most likely grazing

on the nanoplankton and yet were caught on the 20 u mesh net and
included in the estimate of netplankton productivity.

The presence of Ceratium tripos in the cold pool of water on

the shelf and atlfhe shelf-break is of .interest sincé this species

‘of dinoflagellate was associated with‘massive fish kills aleong the

New Jersey .coast during the summer of 197§ (Malone, 1978). The
modérate population.levels observed during the summer of 1979 are in
sharp contrast to ﬁhe bloom concentrations (>105 cellé l—l) which
occurred from April to July,H1976. However, these large populations
originated fromAsimilar'offshore areas and moved onshore only after
stratificaﬁionldevelcped,

Malone and Chervin (1979) have emphasized ﬁhe importance of re-
suspension of pelagic diatoms into'the photic zone by storm events
during the summer and during the winter and early spring when thermal
sgratlFlcatlon breaks down. The potential for production by the
resuspension of such phytoplankters has never been assessed. The
preliminary observations reported above indicate that large diatoms
can fespond quickiy to favorable growth conditions upon resuspension
from sediments and aphotic conditions. Many phytoplankters have been
found to survive for a long time, months to more ﬁhan a year, under
cold, dark condlulons in the laboratory (Antla and Cheng, 1970;
Umebayashl, 1972; Smayda and Mitchell-Innes, 1974), retalnlng an
ability to rapidiy photésynthesize upon‘re—entry into light conditions

(Anderson, 1975; French and Hargraves, 1980; Davis et é;., 1980).
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An assessment of phytoplankton populations in sediments and the
‘potential for growth upon resuspensien will be'addressed,further'
and more quantitatively using samples from box cores obtained during

the summer 1980 cruise.

] CONCLUSIONS | A
J Two main mechanisms by which phytoplankton can influence the
distribution and fate of pollutants and radionuclides within the New
York Blght and adjacent slope waters have emerged from the .studies
over thes last few years: (1) When the coupling between grazing and
pPrimarv production is close, as duriné the summer aﬁd under'strdngly
stratifi=d cenditions, pollutantsvand_radionuclides associated with
phytoplankters will be rapidly introduced into higher trophlc levels.
Removal cf pollutants from the water column into the sediments would
be_largely controlled by the'sinking of fecal pellets (see zoe*
Plankton section). (2) During winter, early spring and storm events
when the water column is well mixed, large phytoplankters, parti-
cularly diatoms, bloom and remaln largely ungrazed (Malone and
Cherv1n, 1979) Sinking of such populations into the sediments of
the shelf and slope would then be the main biological mechanism for

- removal of pollutaﬁts from the pelagic system; re-introduction would

be controlled by processes affecting sediment resuspension.



-selected stations from the Hudson Canyoﬁ to Cape Hatteras along'tran— o

,sects across the slope as well as. one transect along the shelf of

2.1.2 206PLANKTON -
METHODS

The zooplankton portion of tﬁis studf involved assessment of
macrozooplankton (>202 um) abundance at the shelf shelf-break'and

slope and collectlon of sufflclent macrozooplankton fecal pellets for

radionuclide analysis. Durlng C22-08 zooplankton was collected at

_the New York Bight (Fig. 2.1.1-1). Either oblique or discrete depth

tows were made at each station in conjunction with'phytoplankton

" collectioris. Obligue tows not exceeding 50 m were made with paired

1/2 m, 202 um mesh nets equipped’with inner and outer TSX flow meters.
Discrete depth samples were collected in the mixed layer and below
the chlorophyll maximum w1th messenger-actuated opening-closing 3/4 m,’
202 um mesh nets equipped w1th an inner TSK flow meter and a tlme-
depth recorder. Once on board, samples were split with a Folsom
plankton splitter.  One half was preservedlinA4% buffered formalin and
psed for taxonomic'analysis; The remaining half was frozen for dry
weight analysis. In the laboratory, zooplankton was identified to
major groups.and biomass determined by drying samples to constant
weight in a 60°C oven. |

“The system used to collect fecal pellets for radionuclide analysis

was modified from that described by LaRosa (1976). It con51sted of a

200 gal tank fitted with a liner (Fig. 2.1l. 2-1) The bottom of the

llner was constructed of - 202um nettlng in order to retain zooplankton

‘but still allow fecal pellets to-pass through. On statlon the tank was

filled with seawater filtered through 20 um.netting. Live animalso
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Figure‘ 2.1.2-1. Tank used for fecal pellet qoliections.
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were collected with 202 um nets and the tank stocked. Accdmulated7

fecal material was collected at 2-3 hr intervals. The total number
of fecal pellets collected was insufficient for radlonucllde .analysis
whlch requires 0.5 - l g dry weight fecal pellets (Li, pers. comm.).

The size of the mesh at the base of the liner and bacterial degrada-

gtlon accelerated by the hlgh June temperatures apparently 1nfluenced'

the size of the- collections. Although zooplankton was collected
with a 202 um net and presieved on 202 um or 333 um nettlng, the

202 um mesh at the base of the llner proved too large to retain many -

. of the copepods. Animals were able to squeeze through the netting

resulting in a loss of fecal pellets through coprophagy. Honjo and

Roman (1978) and Small et al. (1979) have observed that bacterial

degradation of fecal pellets can be quite rapid above 15°C. Tempera-
tures.in the tank ranged from 22°-24°C during the experiments. Al-

though collections Qere hade at 2-3 hr intervals, it was not possible
to collect large numbers oflintact fecal‘pellets. This suggests that

bacterial decomposition of fecal pellets at temperatures above 20°C

_may proceed at greater rates than presently 1ndlcated in the llterature.

e Lidamremamas e o —————

On the basis of these results, plans have been made to further modify

the collectlon system (see Proposal, Section 2.1).

RESULTS
A comparison of zooplankton abundance, primary production and
water column Th-234 at the shelf, shelf-break and slope indicates that

during the time sampled phytoplankton production and zooplankton

-grazing were closely coupled. The coupling was particularly evident

at the shelf-break where zooplankton grazing and subsequent fecal

pellet production‘and sinking appear to be a significant pathway for

- the removal of radionuclides from the water column.
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' Copepods were the dominant group at the'éhelf heif-break andv

- " slope composing >95% of total macrozooplankton at the shelf and shelf-
break and 45-82% on the slope where other groups as chaetognaths,
euphausiids and pelagic gastropods were more abundant (Table 2.1.2-1).
Estimates qf water column grazing preésuré axerted by copepods at the
shelf, shelf-break and upper 100 m of the slope were calculated using
grazing constants reported in the litérature for similar copepods
(Table 2.;.2—2). Grazing pressure was highest at the shelf-break
‘accounting for 61-275% of primary production. Close coupling between
phytoplankton production and grazing is in agreement With the idea

“that steady state conditions prevailed at the shelffbreak. - Zooplankton

. grazing kept phytcplankton biomass low in surface waters of'fhe ahelf-

break (Fig. 2.1.1-1) deapite high turnover rates of phytoplankton
(Table 2.1.1-3) and large inputs of nutrients .(see Phytoplankton
section). Grazing pressure was generally low at both the shelf and
slope where it accounted for only 1414% of primary éroduction. "This
is probably an underest1mate since it does not 1nclude grazing by
microzooplankton (64-202 um) which were abundant as c111ates on the
shelf and slope at this time and would have been consuming the nano-
plankﬁoﬁ fraction (Table 2.1.1-1).

Water column fécal-pellet productioa was estimated using water
column copepod abundance and a mean fecal pellet production rate of
2 pellets copepod-.l h:‘:_:L (Adler g& al., submitted; Honjo and Roman,
1978) (Table 2.1.2—3). Fecal pellet production was highest at’ the
shelf-break (330 x 104.'d—l), lowest on the slope (15-18 x lO4 d-l)
and intermediate between shelf-break and slope estimates on tha‘shelf

(91 x lO4 d—l).. Comparison of these estimates with Th~234 measure-
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Table 2.1;241. Abundance of dopepoas and other groups of macro-
| Zooplankton at representative .stations occupied
. at the shelf, shelf—breék and slope during
C22-08, 11 June - 2 July, 1979. (Ob = §b1ique

tow; Dd = discrete depth tow).

Sta. Area Type Depth - ' COPEPODS ' . OTHERS

of Tow of tow . 3 A 3 '
(M) /M "% Total $/M” % Total
270 Shelf ob 0-14 793 97.7 19 2.3
314 . Shelf - bd ) 10 1415 : 95.5 66 4.5
break . bd - - : 50 700 95.2 35 4.8
2727 Slope Ob .  0-45 51 82.3 11 = 17.7
307 Slcpe Ob 0-32 37 45.1 45 54,9
284 Slope Ob 0-10 30 71.4 12 28.6
' ' D4 o 20 -74 77.9 21 22.1
Dd . 65 18 66.7

9 33.3




.-

Table 2.1.2-2. Grazing pressure exerted by copepods at the shelf, shelf—break and.slope‘

estimated on the basis of water column abundance and biomass,

Sta.. - Area - Copepods Grazing? Grazing/PP " Macro- Cb GrazingC 'GrazingiPP
- : ' zooplankton : o - ‘
Biomass
' ' , mgC
- mg cap™l - _ . ' ‘mg mgc™! . : 3
_ M2 : da-1 : % S mg m'2"A -2 a-1 IS
270 Shelf 18855 104 5 - 130 52 21 1
’ ' 324 14 : ‘
314 Shelf 68750 378 88 1631 652 261 | 61
break ' 1184 , 275 ' : ’ ' -
| a ~ - | a o L
284 Slope 3040 17 2 * 106 ‘ 42 - 17 . o 2
S | 52 6 - | - «
- ’ d . . - X d ’ . ‘: N . R )
307 Slope 3700 20 4 100 40 - 16 . ' o3
- 64 12 S SR o -

8calculated using minimum and maximum assimilation rates reported by Chervin et al (submitted) for
copepods in the New York Bight during July. :

bZooplankton carbon, represented primarily by copepods, calculated as 40% of dry weight (Beers, 1966)
cCalculated using 40% as percentage of bodlly carbon 1ngested a -1 (Dagg and Grlll 1980).

: .dSlope abundance and blomass estimated for upper 100 m only.

6T/T7C



Table-2;1.2—3,~‘Measurements of Th-234 and water column fecal pellet

AREA

Shelf

Shelf
break

Slope.

aCalculated at a rate of 2 fecal pelletsvcope.pod'-l hr-l

production estimated from copepod abundance at the

shelf, shelf-break and slope.

Fecal Pgilet

. Production d .(104)a

91

330 .

15-18%"

bData supplied by Li.

cUpper 100 m only.

" 'Sta.

269
270

271
329

332

263
264
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| Th-234 -1b
dpm (100 Kg) ;

60.2
53.3
83.9
56.8

133.3
140.2
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mepts éuggests an inverse relatiéhship betweeﬁ fecél péllet pro-
duction and radionuclide concentration (Tabie 2.1.2-3). High pro-
 duction of fecal pelléts,at.the shelf-break where there is a close
coupling between grazing and phytoplankton production corresponds to
low Th-234 (11.8 dpm lOOkg—l) while low grazing and fecal pellet pro-
duction on the slope corresponds to high Th—2344(l33.3—l40;2 dpm 100kg—lX
This inversé ;elationship suggestslthat sinking fecal pellets may‘be
Lan important pathway:for the removal of radionuclides at the shelf-
break. On the shelf and slope where ciliates werelabundant and macro-
2ooplaakton grazing didgnot correlaté ?S well with phytoplankton pfg-.
duction as at the:shelf-bréak, radionuclidé-concentratién in the water
column.reﬁained high. Ciliates do not produce fecal pellets and. thus
~although phyﬁoplankton production and grazing are probably still well
coupled, radionuclide concentration is not affected because of the

lack of fecal pellet production.

CONCLUSIONS

The relationéhip between zooplankton, phytoplankton production,

' fecal péllet production and Th-234 suggests that during the summer,
.when there is a close coupling between phytoplankton production and
macfozooplankton grazing, copepod fecal pellets are an important

pathway for the iemoval of radionuclides. Fecal pellets of euphaﬁsiids
are known to concentrate radionuclides as well as heavy metals

. (Heyraud et al., 1976 ; Fowler, 1977; Higgo et al., 1977; Beasley et al.,
1978). The results ieported hére indicate this is also true of other

. macrozooplankton. A more quantitative assessment however is needed

and is planned for next year's research (see Proposal, Section 2.1).



2.1/22

The results also suggest that the nature of the heterotrophic commuf
hity, micro- vs. macrozooplankton, affects the water column “concen-
trations of radionuclides. This too will be assessed to a greater

extent next year;
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2.2. Natural and Man;Made'Radionpciides:in‘thé‘ﬁater Column

| With regard to undefétanding the removal behavior of 228Th from
the New York Bigﬁt water column during the different seasons, what faqtors
control the removal rate of 228, from'the-water column, and how the 228y,

results can be applied to other "particle-reactive” trace elements, we

have made enc0uraging progress during the last fiscal year (see Appendix 1.

to 7). Some of the highlights are:

1) During the periods ofAdensity stratification in the New York Bight
water column (i.e., spfing, summer and-fall seasons), the half removal
times of 2281y, from thelsurface waters by settling particles, fc, are
essentially the same for all threelséasons, i.e., t, = 20%10 days in the
surface shelf water and t, = 70%10 days in the surface slope water (Li
et al., 1979, and Appendix 1). The general trend of decreasing t. from
the surface slope water toward the shore is strongly correlated with the
general inc;easing trend of the suspended particle concentration toward
the shore. It is not correlated with the phytoplankton production and the
zooplankton grazing rates (Fig. 2.2-1 and Appendix 1). Because the gen—
eral shoreward. increase in suspended particle concentfations in the New

York Bight is due to sediment resuspension (Biscaye and Olsen, 1976), we

conclude, in coastal marine environments, that the scavenging of 228Th by -

the resuspended sediment particles is the dominant factor on determining
removal rates (Appendix 1 and 2). This is in contrast to the open ocean
where removal on zooplankton fecal pellets appears to be the dominant

scavenging mechanism (Li et al., 1980).

2

2) The removal behavior or the half removal time of 28Th can be

applied (to a first approximation) to the other "particle-reactive”

2.2/1 .



©2327Th (dpm/1001) 2287228,

Chlokrophyli-o
(eg/l)

Dead Suspended
Particles (pg/1)

H A. — v T T T ¥ T
10 CH77-0l A ',‘@ -
0.08f May 1977 - o o
0.0~ e e
: Y :
0.04 : o 0 -
0.023_ - _},_0_,,._.—3400 g
. O : : : :- % : ;
L_—off scale : _
0.10F 410,24 B
0.06 - o o -
0.04 = @ o" -
.02~ é ®e o0 o0 e 4 o
0 : . . [ © 000 e e %o
. s § L § | » ] [ | ]
op- . C o -
- 0O o -
B -
: o
. Q¥ O -
2 . o) |
L ,55 ) <)éi) _
: o
0 - + ,‘-90 o 900 | }
®
600 .
400} S 4
- °© = _
200 ® o<ﬂ*b’\\‘ ® -
= . O
0 L  — L i°S o h o
28 29 30 31 32 33 34 35 36
| S (°/o)

Fig. 2,2-1 The plots of salinity vs.,A)'228Th/228Ra activity ratio, B) 232Th. )
g suspended

~ concentration, C) chlorophyll-a concentration and D) non-livin

particles during the spring cruise (May 1977, CH77-01).



2.2/3

elemenfs'such as'Fe{ Ti, ée{ Zr; Hf,.Y,-rare éarths, In;'Cr, Am? Pﬁ, etc.,
- Vhicﬁ'are tri- and tetra-valent cations and usually‘fbrﬁ hydroxide

. complexes in~séawatef, ;nd t§ elements such as Sn; Pb and Hg (Appendix-3l f
and 6).

£ 239,240

3) The geochemical behavior o Pu in the New York Bight and

Narragansett Bay is fully discussed iﬁlAppen&ik 4, Accotding to Nelsoni
and_Lovett (1978), abﬁut 85Z ofizagazquu in the Irish Sea is pre;eht as
a relatively unreactive'anionid Pu (V+VI) species and only about 157 as
‘the ”particle—reaétive",.highly-hydrolized ?u (III+IV), which is confinu-
_oqsly'removédlto sediments at a.rate simiiar to 228 (Aﬁpendix 4). The

1 239,240

high.concentration of the tota Pu'iﬂ the pear-shore waters of

the New York Bight and Narrag#nsett Bay duri;g ﬁeriods of high sediment
" resuspension (Fig. 2.2-2 and Fig. 2.2-3) can be best explained by ghe
injéction of more—soluble,Aless—reactivé anionic Pu (V+VI) or aged-

- colloidal Pu (III+IV) species.from the bottom sediments to the overlying

239, 2'-40}?“l in

water column. The possible reduction-oxidation cycle of
the coastal marine énvironments needs to be sgﬁdied further.

We have been interested not only in the geochémical behavior of °
228Th, 22822 and 239,2“°Pu, etc., but also of other élements in the.
ocean. Appendices 5 to 7 sﬁmmarize our attempt to synthesize various per-
tinent geochemical data and to find out what factors govern the c&cling
and deposition of various elements in the ocean. The importént'conclusion
are:

41) The river input':ates of "biophile” elements (e.g., I, Ag, Au, Sb,
Hg, Cu; Zn, Cd, Pb and probably Se and Sn) are_mucﬁ higher than the depo-
sition rates in oceanlc sediments. -The most plausible explanation is that

these "biophile” elements are recycled from the surface ocean through the

atmosphere to the rivers (Appendix 5).
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2) The settling of fecal pellets and fecal aggregates is the most
important mechanism for transporting most of the elements (Mn, Co and Ni
are exceptions) from the surface to the deep oceans. Mn, Co and Ni are

probably incorporated directly into pelagic clay at the sediment-water

interface (Appendix 5).

3) Once elements are transported down to the deep ocean, a certain
fraction of each element is remineralized and dissolved back to the water

column and another fraction is incorporated into pelagic clays and Mn-

" nodules. The factor analysis (Fig. 2.2-4) and the enrichment pattern of

elements in Mn-nodules relative to pelagic clays (Fig. 2.2-5) show that

R}

both in oceanic pelagic ciays'and in Mn-nodules, elements such as K, Rb,
Cs, Be and Ga are mainly correlated &ith the aluminosilicate detritus
phase. ' The elements related‘to or incorporated into iron oxide phases are
aniou or oxyanions (e.g.,'f, S, Se, Te, As, B, Sn, 1, Br, F, U, Pb,ng, |
etc.j>and.hydroxide complexes of tri- and tetra-valent cations (e.g;, Ti,
Ge, Zr, Hf, Th;.Y, rare«eartps,.In,ACr,~etc.) in seawater. The elements:
incorporated into manganese oxide phases are mono- and di—valeot catioos
(e.g., T1, Mg, Ca,.Ba, Co, Ni, Cu, Zn, Bi,'Ag; Cd, etc.) and oxyanions
with high affinity to ﬁn such as Mo, W. and Sb in seawater. Mg, Ca and Ba
in pelagic clays are also related to other phases, such as aluminosili- .
cates, carponates‘and barite (Appendix 6).

4) The concentration of various elements in the ocean or in ﬁhe
averege rivers is mainly controlled by the adsorption equilibria.between
the solution and eolid phases - mainly iron oxides, manganese oxides and

aluminosilicate detritus phases'(Fig. 2.2-6. and Appendix 7).
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2.3 Concentrétiohs, Size-Frequency Distributions and Sediment
Trap Collections of SPM
In previous reports we have presented data on the distribution
of suspended particulate matter (SPM) on samples taken throughout the

water column. These ditributions have been interpreted ih a qualitative

‘way in near-surface samples in the context of measurements of chlorophyl a

as an Index of primary biological activity, and, in samples below the
pycnocline, in the context of the distribuﬁion of ;urface sediments énd of
excess radon cohcentrationsf In the relatively shallow waters of ﬁhe
shelf, the general relationéhips are that;( a) there is a generél

decrease in SPM concengrations throughout the water column as a function
of distance from shore and/or increasing water deﬁth, but that this first-
order decrease haé superimppsed on it a number of modifications related to
biological productivity and sediﬁent distributions; b)‘the positive rela-
ticnship betﬁeen'SPM and chlorophyl a as a measQ;e of biolégical product-
ivity in surface waters is, to a first approximation, true,.but patchiness
in space and timeAprimarily of productivity introduces very large scattef
into the correlation; <¢) local pockets of fine-grained surface sediments
(such as the Hudson Shelf Channel and the Mudhole) are sources of high
concentrationé,of SPM in the water column by sediment resuspension; d)

the plumes of near-bottom, high concentrations of SPM are related, to a

first approximation, to the plumes of excess radon which also have as

-their source the local pockets of fine-grained sediment in an otherwise

very sandy shelf.
We had hoped that as part of his thesis, Steve Carson would have had

time to do some ﬁodeling of the near—bottom shelf water SPM distributions

2.3/1
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toAyiéld‘ﬁodel parﬁiclé residence timeé‘uéihg ﬁhe radon, with its knoﬁnf'
“residence time” (half life), asvén analoéue. 1t is'now apparent that
>thi;.is an unréaiistic>hope in that Carson has more than enough to do in
completing his thesis on the radon alone (sée section 4.4). We hope'to;be:
_able to interest a graduate student in this problem, but aﬁ present have

no definite proépect.

2.3.1 SPM Coﬁcentrégions; RACACA Cruise

In the slope wateré befond the shelf bfeak most of our SPM concentra-
tions data are on near bottom samples and the most intgresting phenomenon
_wé have repérted.in past was the apparent minimum in SPM concentration |
(and staﬁ&ing crop) at approximateLy the deﬁth ég which we found tbe miﬁi—
mum in excess radon (the low radon zone discussed in sections 4.4.5 and
4,1.,3-I-1V). Admittedly we did not have a large number of data points on
which to base this, but what data we had on four different cruises at dif-
ferent seasons suggested a decrease in SPM near-bottom concentration from
the shelf break downAto approximately 1000m followed by an increase in
even deeper samples. 'We reportéd last year in preliminary fashion new
data based on the results of the RACACA cruise in which seQen transects
from the shelf break to 2500-3000m water depth were made from Hudon Canyon
to Hatteras. Thé_locations of the transects are shown in figure 2.3-1 and
the particle standigg crops in ug/cmz, integrated up to the top of each
sample profile which was generally about 100m above bottom, are shown in
figurgs 2.3-2 to -4. The values of the standing crop of SPM and of excess
'radon are plotted at thé water depth'of ;he bottom of the cast alongside a ' -
» profile of the coﬁtihenﬁal slope underlying the transect. It is obviqus

that there is no clear generalization one can make about these data in
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terms of a particle minimum with respect to. the radon or any other .
w . fuﬁctioq of depth.  There does, however, appear to be a general increase
in the standing crops in deep water (say, below 2,000m) going from north

(transect I near Hudson Canyon) to south (transect VI off Hatteras).

2.3.2 Size Frequency Distributions, RACACA Cruisev
Each of the water samples analyzed for SPM concenﬁraﬁion was also
analyzed fdr'size frequency distribution of SPM by Dr. Jean—élaude Brun-
Cottan of the University de Pierre et Marie Curie (Paris) and of the
Centre Nationale de.Recherche Scientifique laboratory at Gif sur Yvette,
France. Dr. Brun—-Cottan spent three months in our laboratory at Lamont
" last year under DOE support (travel and living expenses; not salary which
was péid'by CNRS) during which time he also participated in the RACACA
~cruise. He used~his‘own médifigd Coulter Counter in wﬁich the output of
the basic . Coulter Counter probe‘is_divided into more than 200 channels
(cf. the standard Coulter Counter's 16 channels) and stored on punched
tape for subsequent reduction by comppter. By the end of the cruise Dr.
Brun—Cottan had accumulated size frequency distribution data on more water
samples than on all the numerous previous cruises on which he had used his
equipment. He brought his data back to Paris where he has been working on
f | it under CNRS supﬁort.

Besides the éharacterization'of SPM in the oceans, the important rea-
son one wants size frequency distribution data is as a means of estima-
ting the settling rate and, hence, the flux, of particuiate matter through
the oceans. It is the fluxes pf particles which we want to know to quan-—

tify their obviously important role in the transport of pollutants in the



" marine ehvironment. 'MoSt:size frequeﬁcf data in‘the literature has been .
described ;n tefms‘of an:expongntial distribution, often.called a Jgngianl
distribution after Jﬁnge (1963) who described sﬁch a function in airborne
particulate matter. Recentiy the group led by Roger Chesselet at CFR/
CNRS/CEA (Gif sur Yvette) began to investigate the size frequency distri-
butions of "individual particle types by_means of‘scanning electron micro-
scopy combined with electron microprobe (SEM—EMP)-techniques. Based pri-
marily on sﬁudies of suspended aluminosilicate particleé from many places
in the world oceans, they concluded that the distributions are best de-

~scribed by a log normal distribution (which yields a straight line on log
‘vs. probability,papef), rathgf than an exponenfial distribution (which
yieidsAa straight line on log vs. log pape:) (Lamgert et al., in press).
One great advantage of this,observétion is that it greatly facilitates
flﬁk calculations because mean parameters can be used to.describe the
poﬁulation Qf particles. And from the flux calculgtions can be derived
mean settling velocities and residenée times which may bé compared with
other estimates such as those based on our own raaioisotope measurements
(section 2.2).

After returning to Paris with the RACACA data last year, Dr. Brun-
Cottan undertook their rédﬁction using the exponential model. As the
SEM-EMP data in their lab began to suggest the log-normal model as more
appropriate, he had to_fevise his computer programs and restart the reduc-
tion of our data. He has sent several examples of the first output on

; ‘ samples from'our RACACA ship statiom 265 and these are shown in Figure

2.3-5., It {s premature to comment in any detail on the few data in hand,
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marine envirbnment. Most size‘freéueﬁcy data‘in-the literature has been
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butions of individual particle types by means of scanning electron micro-
scopy combined with electron microprobe (SEM-EMP) techniques.' Based pri-

-marily on studies of suspended aluminosilicate particles from many places
in the world oceans, they concluded that the diétributions are best de-
scribed by a log normal distributi§n (which yields a straight line on log
vs. probability paper), rathef than an exppnential distribution (whichA
yields a straight linern log vs. log paper) (Lambert et al., in press).
One great advantage of this observation ié that. it greatly facilitates
flux calculations because mean parameters can be used to descriﬁe the

~ population of particles. And from the flux calculations can be derived
mean setcling vel&cities and residence times which may be compared with
other estimates such as those based on our own radioisotope measurements
(section 2.2).

After returning to Paris with the RACACA data last year, Dr. Brun-
Cottan undertook their reduction using the exponential model. As the
SEM-EMP data in their lab began to suggest the log-normal model as more
appropriate, he had to revise his computer programs and restart the reduc-
tion of our data. He has sent several examples of the first output on
samples from our RACACA éhip station 263 and these are shown in Figure

2.3-5. 1t is premature to comment in any detail on the few data in hand,
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cruis
mab.
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but several points can be made. First, the right-hand blot of each of the

two samples shows the data points plotted in. log-normal coordinates and

the line through the points is the best (least squares) log-normal fit.

~The curved line is the_log—nofmal curve in linear-log coordinates. In the

corner of the left-hand plot are the parameters derived from the data. Iﬁ,
is interesting that the'parameters for most other samples at this station
resemble those of B&ttle 2 (which was trippea 13m above bottom) and they
are all significéﬁtly different from those which describe Bottle 1 (7

mab) . If will be interesting to see the degree to which the size fre-

quency distributions within other profiles; stations and transects differ

'from each other. For example, is the apparent southward increase in deep . -

(greater than 2000m) water SPM standing crops matched by a regional change
in the size frequency distribution? These and other quéstions about the
SPM data will be explored when Dr. Brun-Cottan spends several weeks in our

laboratory this November.

2.3.3 Sediment .Trap Samﬁles; Low Radon Zome

Since it is the fluxes of SPM which are the crux of a quantitative
understanding of the rates of dispersal and removal of particle-associated
pollutants, we desire: a) independent methods of determining fluxes;
b) methods -which cover the entire range of particle sizes and hence
fluxes; and c¢) methods which provide time averaged flux measurements as
well as the instantaneous estimates provided by bottle samples. Sediment
traps would appear to provide these benefits, but, like all sampling
methods, there are inadequacies in trap samples. The first, and most

important, of these is whether or not sediment'traps accurately measure

the vertical flux of particulate matter in the marine environment. The




© 3.0 Processes-Assoéiated with Sediments As Siﬁks for Radionuqlides and
Other Pollutants ° |

Because many highly reactive pollutanté_are assoéiéted with
suspended particulate matter which will eventually'settle.to.the botﬁom,
what subsequently happensvto this material wust concern.ﬁs since arrival»
at the bottom does not ﬁecessarily mean simple burial and removal from thg
system. To what extent does sediment get resuspended from the bottom
versus getting mixed downward with older sediments by benthic faunal acti;
vitiesf What are the rates of the net sediment accumulation and sediment
mixing (bioturbation); and how do they véry with different geographic
1déations‘and sedimentation regimes? How do they affeét fhe accumulation
of ﬁoilutants? In seeking means to answer these questions, we have
successfully developed é two-layer sedimentatlion-mixing model to fit

and 239,240py profiles

simultaneously the observed 23L+Thex, Zlonex
in the New York Bight sediment cores. The model yields the net sedimen~
tation rate and the sediment-mixing coefficients in the top and bottom
layers. The details of our numérical model are given in Appendix 4. The
highlights of the modeling results are:

1) The fine-grained deposit on the southern New England shelf (nick-~
named "mud hole” or "mud patch") represents a modern sediment accumula;
tion, with a seaimentation rate of between 0.0l g/cmzyr and 0.14 g/cmzyr.
The sediment mixing coefficients range from 4 to 32 cmz/yr in the
surface mixed layer (5 to 10 cm thick) and from 0.3 to 2.5 cmz/yr in the

layer below (25 to 40 cm thick). These results are very similar to those.

in the Long Island Sound sediments (Benninger et al., 1979).

3.0/1



by benthic faunal activities (which adsorb

2. The continuous resuspension of sediment particies from the bottom

239, 240

Pu from the water
coiumﬁ) and sediment mixing by bioturba;ion (which'effectiVely mixesland
dilutes ;he polluted'surface sediments with less cpntaminated sediments
below) can explain the observed high sedimentary inventory and deep
penetration of 239’2"‘°Puvzl.n the coastal marine sediments (Fig. 3.0-1).
The net sedimeﬁt accumulation rate alone is too low to explain the-above
obsefvations.

- 3, Since the sandy shelf sediments outside the "mud hole” ;re also
important sinks fo:_ZIOPb (Bothner, personal communication), we expect
' £ 239,210 |

that appreciable amounts o

Pu and other particle-reactive
pollutants should have been deposited in the éandy sediments. We shall

emphasize the core analysis from the sandy areas.

- 3.0/2



Relatjve Concentration Units

Relative Concentration Units

3.0/3

1

Fig. 3.0-1 Sediment analyses for 234Thxs, 210Pbxs, 239,240py (all in dpm/g)

and proosity (cm3 water/cm3 wet sediments).

Best fits from the

numerical mixing and sedimentation model are shown for comparison.
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4.0 SPREADING OF WATER CHARACTERISTICS AND SPECIES IN
SOLUTION

4.1 'Hydrographic-and Physical Mixing Processes

4.1.1 INTRODUCTION

AIn‘lést year's report (August 1979) a comprehensive over-

view was given of the 1978-1979 data analysis being conducted

with the New YorkABight hydrographic data set. .The focus of .
the research deals with the seasonal evolution of thermohaline
stratification and water types of the shelf and slope region,
and the rolé of:shelf—slope exchange in this evolution. The
initial work 1s basically descriptive in nature, ﬁhoﬁgh simple.
“conceptuai" models are included. The résults of the work
. will provide a foundation for more quantitatiye mixing models
for.the_New'fork Bight. |

Sincg the August 1979 Report two components'of the study have
been completed:

1) Gordon, A.L. and F. Aikman III, (in press). The Middle
Atlantlc Bight Pycnocllne Sallnlty Max1mum len. and Oceanogr.
A slope to shelf water salt flux of almost SO% of that
needed to balance the annual river (fresh) water input to the Mid-
dle Atlantic Bight is computed, and conveyed via an intrusive sa-
linity maximum in- the upper portion of the seasonal pycnocline.

2) Malone, ¥., R. Houghton and A. Gordon, (submitted). Ver-
tical Exchange of Properties Under Stratified Conditions in the
New York Bight. Limn._ _and Oceanogr.

Estimates of an effective vertical eddy diffusion coef-
ficient, K,, through the summer thermocline are based on the flux
of heat from the cold pool, the diffusion of oxygen from the 05
maximun layer, and the flux of nutrients into the euphotic zone.

In addition, progress has been made in a number of other areas:

3)  Frontal structure and cross shelf mixing

Alongshore advection and structure, and intrusions de-
tached from their source make it difficult to apply a strictly two
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dimensional mixing model to the shelf/slope reginme, however.CoﬁF‘

sistent features such ‘as benthic intrusions, the front, the cold:

pool, and the pycnocline salinity maximum, and assumptions of along-

sho;i constancy make the application of a two dimensional model
viable. o :

4) The cold pool

The origin of this most distinctive and ubiguitous

feature is still a matter of controversy (see the section on oxygen

18), yet the hydrographic data, while limited in space and time,

indicates it is predominantly a locally formed remnant of the winter-

time, vgrtiqally well mixed, shelf bottom water.
5) Warm core eddies

We have observations of eddies interacting with slope
and shelf waters and discuss their role in the exchange of heat.

" and salt between shelf, slope and Sargasso Sea waters.

6) ‘The temperature-oXygen relationshié

The T/05 relationship is used to evaluaté oxygen uti-
lization in the cold pool and a supersaturated layer in the sum-

mer thermocline.

7) River runoff and pycnocline development

A hypothesis is presented in which river runoff is
thought to control the springtime haline stratification of the
shelf surface water, thus determining the intensity and depth of
the summer pycnocline over the shelf, and the degree to which the
cold pool is isblated from surface heating. A reversal of the
intermediate depth lateral density gradient, induced by the mis-
match of the shelf and slope pycnoclines, may force a fold in the
shelf/slope front and an intrusion of Slope water into the shelf

pycnocline(the pycnocline S—max).

8) RACACA cruise results

The seven transects of this June,1979 cruise provide a
c look at the outer shelf and slope water stratifi-
cation between the Hudson Canyon and Cape Hatteras, including

longshore variations of slope water thermohaline characteristics
and the benthic hydrographic structure over the slope in the low

radon zone.

quasi-synopti

The following is an update of the August 1979 Report using

exéerps from that report for background.
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4.1.2 THE DATA SET

Preliminary processing of ‘the CTD data is complete, and
listings and plots have  been distributedltb the Lamont DOE invest-
igatofs. Distribution of the CTD stations'in.the New»Ybrk Bight
from 1974~79 are shown in Fig. 4.1-1A. The completé track of the
11979 RACACA cruise is shown in Fig. 4.1-1b.

The CTD-0, hydrographic data has not yet been officially re-
leased. Thislwould be done when the data is run-through the full
data processing'system‘presently deing developéd for handling our
Antarctié data set. This systémAis essentially the same as the
one developed at Woods Hole Oceanographic Instiﬁution. It is likely
that it will be ready»for‘our New York Bight data later in 1980.

In any case, the large signals encountered in the New York Bight
permit the first level of data processing and display (the distri-
buted data reports) to meet nearly all our needs. The study of the
finest scale of vertical strucfare (less than 1 meter) would benefit
from the next level processing.

In addition to the DOE CTD data set we have been able to use
tﬂe SWIG (Slope Water Intrusions Galore) data set collected south
of Cape Cod in Spring and Summer 1979 on three separate cruises.
This NSF supported joint Physical/Biological study of the shelf/
slope frontal region and the small scale processes and structure
associated with this region can often serve to complement our DOE

work.
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The Historical NODC Hydrographic Serial Cast data for the

Middle Atlantic-Bight(is now in hand, up to.date and in such a

format that it is easily used. This data goes .back to the

1930's and supplemented with the USGS historical river outflow
data and the National Climate Center's historical meteorologic

data provides a solid background from which to view our sea-

sonal data.

4.1.3 DATA ANALYSIS

A. New York Bight Stfaﬁificatiqn

This section discusses the progress madé in the DOE sup-
portea.study.of New York Bight thermdhaline stratificatioh, The
overall structure of the approach is to describe tﬁe seasonal
evolution of thé temperature—salihity relation and define fhe
key processes responsible for this development. The extent
of the seasonal variation in the water column can be guickly seen

from comparison of the temperature, salinity, and
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density'profiles of‘May and Auguet‘l977 (Fig. 4.1-2) over the
Long Island outer shelf Since the characteristics are'discussed
below, as the seasonal development of the T-S relation is dev-
eloped, the water column structureels not described at this point.

B. Seasonal evolution of Stratification - T/S relation P

The“?/s relation of the CTD and STD data‘eleagkxughQEAEQQ_”M;

seasonal nature of the thermohaline stratification. The

e me o A mm t e e W = e ———

simpie "seven" shape of the winter T/S relation is preserved to

some extent in the warmer months as the cloud of T/S points
mlgrates to warmer temperatures, establishing the summer T/S

A schematlc of the large scale water mass dlstrlbutlon

pattern.
is given in Figure 4.1-3 as a guide.

InArecoénition of the strong seasonal signal, the T/S
relations will ne discussed inva monthly chronological order
rather than in the chronological order in whlch the data were

obtained. Since 1nterannual variations are large, care must be

ot e e cmes @ =

- . taken in not "overgeneralizing" the results. .Using the

historical data as'a guide, that problem can be minimized.

e w——— T B s et P P,

January 1976 (Wlnter Structure)

The January 1976 T/S relation (Fig. 4.1-4a) and historical
| January data (Fig. 4.1-4b) represents the winter situation,
} % though on the average the full extent oflthe winter is expected
in February. We note however that February 1976 was an anomal—
ously warm month, which induced early stratification, and which

may have been responsible for the anoxic condition developed

'v-
,
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Gordon et al. (1976) dlscussed the various slope changes observed
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“later in l976 in the New York Bight (Walsh et al., 1978).' There-

fore the January 1976 data may represent the max1mum winter extreme

. for 1976.

The T/S relationship below the salinity maximum (S-max)

e -

in the slope regime near 13°C and 35.6 °/oo defines the continental

slope modlflcatlon of the Islen 1936 North Atlantic Central Water
(NACW) as discussed by McLellan (1957) This modification shifts

the NACW curve towards lower salinity at‘nearly all isotherms.

—— e e ——— - —_ .-

in the NACW-slope T/S relation, as evident in the October 1974
VEMA data set; this discussion is equally valid for the other data
sets, since seasonal variability has an insignificant influence
belew the slope S—-max.

The position of the T/S-max point on the NACW-slope T/S

relation defines the deepest and densest water influenced directly

by the continental shelf water. It is noted that am anomalous

(relative to the NACW-slope T/S curve) condition occurs when volumes

of more concentrated NACW water are introduced to the slope region

by warm-core Gulf Stream rings in the slope region of the New York

Blght (dlscussed below) " The S-max marking the top of the

NACW-slope water will be called the maln S-max to dlfferentiate lt
from the sallnlty maximum layers observed in the shelf water.
Presumably, the main S- max is free to "slide" along the NACW—slope
T/S curve, depending on variability in. the density of the shelf

component, ©r in the processes which . mlx it.into_ the_ slope reglme,
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At depths above the main S max the January 1976 T/S points fall

§ — . —— —_—

along a:nearly stralght T/S llne, suggestlve of 51mple two-point
mixing. The observed T/S relation 1is colder at any isohaline

and/or saltier at any: 1sotherm than would be expected were the water
at the main S-max p051tlon to mix Wlth ‘the freezrng point river
water introduced at the western boundary. The ‘sense of the dlsplace-

ment is expected, since the local sea to air heat loss implies that

temperature 1is non-conservative in the active mixed layer (Fig.

/ -

4. l 5) The dlfference of the observed winter T/S curve from a

simple conservative slope water- riverine mixing llne cannot simply

be a product of the non-conservative salinity effect induced by excess

evaporatlon over prec1p1tatlon The salinity excess (difference
of observed salinity to ‘the salinity expected from the simple
two-~part slope—riverine mixing) at an isotherm is about. 3-6°/40«
which reqnires evaporation excess over precipitation of many
meters, far above any reasonable value. Bunker and Worthington
(1976) show an annual evaporation of 100 cm for the New York Bight,
which is close to the average annual. precipitation in New York
City [Climate of New York, from Climatography of the United States,
No.60-30, U.S. Dept. of Commerce], which should be representative
of the regional'precipitation. The average E-P 1s near zero.

The segment of the water column for each statlon above

the main S-max, Or seafloor in the case of the stations on the
continental shelf, 1is used to determine the heat def1c1ency

relative -to simple two-point (winter riverine water at 0°C,
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0°/00, and the main S—max 6/S point at 13°C,
mixing. ’ That’ 1s-thefcoldestf T/S.relation that would ’: A

develop if the sea- air heat exchange in the New York Bight were

zero.

The distribution (ﬁig.-4.l—6) indicates maximum heatb

Adef1c1ency over the middle and outer shelf of between 3 to 4x10%

cal/cm . The Hudson Channel and Canyon regions are particularly
high. The decreased def1c1t landward of the inner 3. 0x104 cal

isobleth is- due to the shallowness Qf the water column,

" decrease seaward of the outer 3}0x104 cal isopleth is most likely

air temperature dlfferences and

the result of attenuated mean sea-—

increased air mass humldlty due to air mass modlflcatlon by the

oceanic heat and water source.
The heat deficit can be explained by sea to air heat

lcss after the seasonal thermocline (this'includes summer heat of

the riverine water) 1s essentially removed. Inspection of the

historical data set indicates that this occurs by the end of

November. The heat deficit must be accomplished by sea—-air heat

loss in approx1mately two months. The daily average heat loss is

approx1mately 400 to 650 cal/cmz/day over the shelf, and 150- -250

cal/cmz/day over the slope.

the total heat loss 1in the Gulf of Maine during the 1974-75 winter

had a daily average of 200-500 cal/cmz/day.

The above determination is carried out in an effort to

conceptually address the question of gradient T°-S /oo ratio of

35.6°/00) conservativeA‘

whereas the

Hopkins and Garfield (1979) determined



q\°

40°

VALUES: i

"7 RHEAT LOSS| 107 cal/em

CONRAD 19-05

4701 JANUARY 1976 |
STO STATIONS

39°|————-

91/1°¥




4.1/17

_the basieA;ena—of-winter T/S curve of the shelf water and slope
.gurface water. Ocean to atmosphere heat £lux steepens the T/S
ratio or gradient. Naturally annual variations in the percentage
of riverine and saline NACW- slope water Dresent at’ the end of
winter would vary the T/S length (lfe. salinity range) of the shelf
and slope surface water in T/S space. |
A characteristic winter shelf water salinity of 33.5°/o€
represents a 93%'input of NACW-slope water in the shelf water
'volume with 7% of river water. A 10% increase in river water
content (caused by increased river input or increased river water
" residence time) would lower the average shelf water salinity by
0.27°/0>. Therefore, assuming the winter sea—-air heat flux bas no

annual variation, the winter shelf water T/S ratio would vary cdue

to differences in river water residence time.

—_— - R . . v ——— o ——

In summary: It is expected ttat the magnitude ef the
T/S gradient and the mean T/S characterlstlcs of the shelf water
of the end of winter shelf and slope surface water is due to a
combination of: a) Sea to Air Heat Flux - .colder winters would
induce a steeper T/S gradient;
b) River Water Residence Time - decreased. residence
volume of river water due to decreased river runoff or

1ncreased onshore flux of NACW-slope water would 1nduce

a steeper T/S gradient;

.-

c) T/S Position of.Main S-Max -.the saline end

- member T/S p01nt may vary.
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Sinée the mixed layéf composes a large bercentage 6f'the
water colﬁmn at shelf depths, partiéulérly in winter, both
temperature and salinity are extremely non-conservative over
the shelf and within the upper ;lope water abové the main S=max,
and it is expected that the mean T/S characteristics of these
waters as well as the position and slope of the T/S baseline
(mixing line) in T/S space will vary(according to variations in
éir temperature (sea to air heat flux), precipitation, and river
water outflow. Thé NODC historical hydrographic data, USGS
historical river outflow data, and NOAA'é National Climate
Center's historical metéorologic data have all beenvexamined
for the New fork Bight region and any relationships between
their variabilities. - |

The interannual variability in the end of winter (February-
March) shelf water characteristics are compared to the meteoro-
logical and river outflow data for the years in which we have
either suitable NODC data or our own observations. In figure
4.1.7 the temperature at the 33.5 ©/0o isohaline and the air
temperature énomaly recorded at JFK for the six months (August-
January) preceding the hydrographic observations are plotted
for the years 1956-79. Similarly, in figure 4.1.8 the salinity
at-£ﬁ;~;°c igétherm, the precipitation anomaly recorded at JFK for
the same preceding six month period, and the Hudson River outflow

anomaly for the 12 months preceding the salinity (hydrographic)

observations are plotted for the same period. 1In
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both diagrams a very stroné correlation (poéitive for temperature
and negative for salinity versus fresh water 1input) makes ob-
vious the sensitive relationshié between the end of winter,
usually vertically mixed, shelf water célﬁmn T/S propérties and
both the meteorological and continental river outflow factors.
Unfortunately, these correlations do not help distinguish which
processes (air—sea interaction or river water outflowY'are
dominant. It appears that the shelf water and slope surface

- water T/S variability is due to a combination of these two
factors, plus the péssibility of a third potentially iméortant
factor ndt easily iﬁcluded in this analysis. This is the
variability in the T/S character of the slope water or in slope
water intrusions which must mix with the fresh, riverine input
to form the shelf water. Such changes have been observed asso-
ciated with the passage of warm-core Gulf Stream rings in the
slope region of the New York Bight.

The historical data also allows comparison of the inter-
annual and seasonal position of the T/S baseline on T/S
diégrams. The characteristic 'seven'  shape to the T/S curve
is always apparent; even in summer when points over the shelf
migrate upward to warmef temperatures. The year to year vari-
gp%gnfnin any_égg;qn“;ppegx in the chaqge of p95itiqq or ;lopg
-0of the T/S mixing line (see line AB-insert of Figure 4.1.9f.
This bgseline, though always approximately linéér, is not the

result of simple two-point mixing between its two end members:
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(a) being'fresh, cool river input and (B) being warm, salty
 NACW-slope water. As noted earlier, points-falling on |
the T/S baseline are observed to be colder at any isohaline

and/or saltier at any isotherm than what conservative

mixing bétween its two end members would dictate. The

position and slope of the mixing line must be dependent on

the variability of its end members as well as local air-

sea interaction. The histofical data allows a qualitative

look.at this, with the exception that it doesn't provide

the resolution to comment on the variability of end member (B) .

We have selected three representative years from the NODC

historical data (Fig. 4.1.9) and, as described below, compared the

character of the seasonal T/S paseline in the New York Bight to

temperature and prec1p1tatlon data from JFK and to Hudson River

outflow data. Both the w1nter 1959 and 1969 T/S

[ . -~ e e et

baselines exhlblt a steep T/S gradlent and correspond to cool’

and dry autumns and winters. The river outflow for 1959 was

anomalously high, while for 1969 it was anomalously low, thus

possibly accounting for the fresher end mumber to the 1959

-pbaseline. The summer T/S baselines for these two years

diverge considerably. Spring and summer 1969 were unusually

warm and wet with excessive outflow, and this could explain

the high position of its baseline in T/S space. Spring and

summer 1959 were typically average and the transition in T/S

Space from winter to summer is less graphic. The winter-

o vt e 2 e
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- 1976 cufve appears to be the result of an unusually wet autumn
and winter with air temperatures slightly above normal, while
tbe spring énd summer conditions were normal.

Admittedly this is a very qualitatiQe comparison, but
it points to the correlation between the T/S gradient of
the baseline in the New York Bight ana its sensitivity to
local heating, precipitation and river water outflow. We
hope to quantify this relationship on a more exhaﬁstive

.examination of the historical data.

May 1977 - (Spring Structure)

Development of the seasonal pycnocline is well underway
by Méy (Fig. 4.1.10a, with Fig. 4.1.10b Showing the historical data
set for May), as T/S points of the shelf and slope surface waﬁer
are lifted off the winter T/S baseline. The slope and shelf
waters are séparated by an intense shelf‘break,frontal zone, which
now clearly shows up in T/S space. The coldest cold poél water
observed was 3°C, as low as any value found in the historical data
set, which may be expected from the severity of the 1976-77 winter.
The. temperature and saliniﬁy near the shelf floor is similar to
that of March 1977 [see Fig. 4.1-15, in which the 1977 seasonal
prbgression of the T/S baseline is exhibited], but suggestive of
warming (about 1°C) and/or freshening (about a 0.3 ©/oco salinity
decrease) .

The shelf T/S curves at temperatures above the winter

base are nearly isohaline, though often the warmest section at

- the sea surface shows a pronounced decreasing salinity as tempera-
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ture warms. - This is expected, since at these elevated temperatufes
the river input is ‘concentrated into a density region in which no
slope water exists, and hence there is a diminished availability

of highly saline water, assuming isopycnal processes are an

;ffective mode of exchange.
| The slope water above the main S-max shows many

inversions, as the lower salinity shelf water mixes with the
slope water. The pronounced concavity (area A on the T/S diagram,
Fig.4.l?10a)is~indu¢éd'by seaward mixing of the éold §001 water,
fed by thg laré; reservoii situatéd on the sea. floor at the miadle )
continentél shelf.  The rapid cooling and decreased salinity at
the surface is séaward spreading of the shelf surface water, -
'unopéosed by an isopycnal saline input.

The water layer below the T-min is called the benthic
layer over the shelf, and subsurface water over the slope (yhere
it" is underlain by the main S-max rather than the seafloor). This
layer is shown in the prededing section on thermohaline stratifi-

‘cation (Fig. 4.1-2). The benthic layer is composed of two parts:

a lower homogeneous mixed layer, and a layer of near-linear T/S

characteristics between the T-min and bottom mixed layer. The
T/S relation suggests that the linear T/S layer is composed of a

mixture of cold pool water and the main S-max waﬁer.
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July 1975 - (Summer Stratificationfh

The.July 1975 T/S relation'%figure: 4.1-11a) and historical
July data (figure 4.1-11b)show the fully developed seasonal strati-
flcatlon. The vertical thermal gradients are remarkably strong -
over the continental shelf, with a total temperature range of
18°C in the characterlstlc middle shelf depth of 50 meters.

The inner and middle shelf form the low salinity component

above the cold pool water. The slope surface water forms the high

.salinity component. The outer shelf and some middle shelf stations

region just above the main S-max, often accompanied by a T-min in

show a pronounced sallnlty maximum near the 24.3 to 24.7 6 -t level
(area B on figure 4 1-114). Over the outer shelf this S-max is
essentially slope surface water. Since it occurs in the upper
section of the seasonal pycnocllne, it is called the pycnocllne

S-max. It is obv1ously a layer dominated or at least 51gn1f1cantly

influenced by slope surface water.

The slope surface water above the main S-max is relatlvely .

saline, though markedly decreased surface salinity is observed,

presumably as the low density river influence spreads seaward

w1th1n the surface mlxed layer

i e - - — . -

Relatlvely low sallnlty is’ also observed in the slope

the density level 26.3 6-t. The low temperature and salinity

characteristics point to an origin within the remnant cold pool

and benthlc layer on the contlnental shelf The benthic layer over
the outer shelf in July 1975 falls in the 26.3 o-t level and hence

prov1des the most likely isopycnal source of the slope water S-min

/

———— e . - . C——— — - B -
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layer at the base of the slope pycnocliﬁe, rather than the mainx
body of cbld pool water. |
' In a uniform distribution of data an oceanic front is‘
‘ihdicated byva low deﬁsity of~T/S points (or low volume of water
in the frontal T/S>area). The low density of data points in the
area of Figure 4.l-lla'§ierced by the pycnocline S-max (area B),
marks the shelf-slope frontal zone. Hence the pycnocline S-max
~represents significant crosé—f;ontal exchange;,
In July 1975 a_vélume of very saline water was observed
over the slope (Fig. 4.1-1la). This is identified as a warm cbre

eddy and is discussed in section (E).

August 1977 - (Summer Structure)

The August 1977 cruise and historical T/S relationships
for August (Fig. 4.1-12 a,b) is similar to the July character-
istics. The inner and middle shelf water éboVe the seafloor T-
min forms the low salinity (31.5-33.5 ©/oo) component over an

“impressive temperature range (9° to 22°C). The slopé surface
water over the main S-max forms the saline (34.5-35.3 ©/o0)
component.

Between the two components are few data points, though
cross-over between components occurs over the outer shelf and at
some stations over the middle shelf. The outer and some middle
shelf wagers show the dominant slope water traits, marked by a

S-max near 20-22°C and 2;19—24.7 o-t lgyg%g_(area B on Fig.f4;l-12a),

e b Sy e —

. in the upper pycnocline, with dominant shelf water characteristics -
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at the pycnocliﬁe baée marking the.seaward extension of the T—ﬁin
winter remnant cold pool waters near 26.3-26.7 6-t levels.

The slope water has two T/S areas influenced by the
shelf water: the surface low salinity layer, and a low salinity
layer in the same 8-t levels marking the seaward T-min extension.

The inner shelf T/S relation of station 17 displays. _
some excursions into the T/S void between the shelf and slope water.
While this excursion (area marked C on fig.4.1112§) occurs at
16-18°C, its density is 23.9-24.7 6-t,which is identical to the
density range of the slope water dominated pycnocline S-max.

This is taken as evidence that shoreward isopycnal spreading of
slope waters characteristic in the upper pycnocline extends to the
inner shelf regions.

The August section does not show a well developed shelf-

slope frontal zone, however the near void of T/S points in the
region between areas C and B of the Fig. 4.1-12a is suggestive
of a frontal region. As in the July 1975 situation, the pycno-

cline S-max represents significant cross frontal exchange.

October 1974 (Fall Structure)-

The VEMA 32:01 data obtained in October 1974 is shown in
T/S space on figure 4.1-13a, with the historical data shown in
figure 4.1-13b. The October 1974 oceanography has been di;;ussed
by Gordon et al., 1974.

In October the surface mixed layer deepens as heat is

removed by £he atmosphere. The lower layers of the thermocline
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'remaih. Not‘ﬁnt;l‘lafé in November. is the summer_thermociine
removed. | |

The éubsurface S-min of the slope region mérking the sea-
ward extent of shéif watér into the slope pycnocline (area A of
Fig. 4.1-13a) remains, as does the outer shelf remnant of the
phchocline S-max (area B of.Fig. 4.1-13a). Low salinity surface
Qater is observed throughout the area as the accumulated riverv
water in the Summer upper mixed layer is mixed downward by the

‘autumnal convection.

C. Frontal Sgrpctuie, Cold Pool, and Cross Shelf Mixing;

In this sectién we describe studies of the(shelf/slope frontal
structure from which we derive models of cross-shelf exchange.. Be-
cause of the great temporal and spatial variability a large data
set is reguired to establish the representative features. Analysis
of the ever increasing cumulétive hydrographic data set is pro-
viding a clearer picture of the frontal structure as well as
_documenting significant variations from the mean. i

There are significant interannual variations of water proper-
t;es in which, for instance, the average salinity on the shelf can
vary by more than 0.5 °/,,. These variations undoubtedly reflect
interannual variations in factors such as river runoff, incidence
of warm core eddies on the shelf, or rate of vernal stratification
"over the shelf.

Schematic sketches of the mixed winter and stratified summer

frontal structure are shown in Fig. 4.1-14. The winter struc-

ture, vertically mixed over the shelf with a baroclinic front

at‘the shelf break, is well documented in the literature
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(e.g. Beardsly and Flagg, 1976). Forcingé by winds, Gulf Stream )

meanders and warm core fings resilt-in a highly convoluted
boundary. Analysis of satellite imaéeryﬁ(Halliwell & Moorers,
1979) give characteristic alongshore scales of 80 km and crdss
shelf scales less than 50 km.

| By c¢ontrast durihg the highly stratified summer conditions
the very weak surfaéé expression of the‘froﬁt precludes the
effective use of gatellite data to examine frontal stiucture.
_Since the mixed warm surface layer extends seawérd far beyond
the &helf break, and there is very littlevtemperature gradient
betwegn shelf and slope‘water,‘the structure shown.;n Fig.
4.1-14B is more apparent in the salinity field. There are four
distinct layers in ﬁhe frontal structure:

1. A surface mixed layer of fresh shelf water extending

seaward of the wintertime shelf-slope front position.

2. An intrusion of slope water along the upper portion

of -the pycnocline.

3. The cold pool - a remnant of winter cooled shelf

water. |

4., The benthic intrusion of slope water.

The pycnocline over the shelf is produced primarily by
the seasonal thermocline. The surface layer (1) made fresher
by the river runoff intensifies the stratification especially
over the mid and inner shelf. This inhibits vertical mixing
into the cqld pool. >It also may contribute. to the dynémic

structure that results in the slope intrusion (see section H).:




A significént fraction of the river runéff may péss through
this_layef directly‘to the slope without mixiné into the shelfAv
'water. |

An analysis of thé pycnocline slope water intrﬁsion (2)
is given by Gordon and Aikman, 1980, (see section'D). The
intrusion terminates over the mid shelf and can contribute up
to 50% of the cross. shelf salt flﬁx required to balanée the ‘
fresh water input. ' W

The cold pool (3) is the most. distinctive hydrographic -
feature ovef the shelf during the summer. The origin of this
water 1is sfill a matter of controversy. The intense strat-
ification and weak tidal current in the New York Bight inhibiﬁ
vertical mixing which would erode the cold pool duriné the
summer. Some years the cold pool remains distinct throughout
the suﬁmer into September. It is not ceftain whether during
this period the cold pool is being renewed from some northern
source such as the Gulf of Maine.

Upstream sources of cold water are limited. Stratifica-
tion is reduced by the vigorous tidal mixing over Nantucket
Sheals and Georges Bank. The’only path for cold water from the
Gulf of Maine is the Great South Channel which has a depth of
75 m.

Few data. sets are sufficiently detailed and synopﬁic to
assess‘the structure and seasonal evolution of the cold pool.
The best abailable is that of Colton et al. (1968), which covers
the Gulf of Maine and the nogthern New York Bight for the years

1965-66. Although the station grid is not sufficiently fine to
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rulé out advection of cold watgr from the Gulf of Maine via the
Great South Channel between the Nantucket Shoals énd Georges
Bank,ithis ié not likely since the coldest cold pool temperaturéé
are peréistently found inAthe New York Bight near the Hudson
Canyon.

The mean circulation in the New York Bight has. now been
evaluated from thellong term MESA moorings (Mayer et al., 1979) .
The near bottom circulation is weaker, 25-40 km/month to the
southwest, and éontains greater interannual v;riability than
originally suspected (Beardsley ét‘al., 1976) . At times the
boftom flow reverses direction to the northeast. TheséAresulﬁs

suggest that for the months of May to September when the cold

pool is such a distinct feature the bottom water near the

-Hudson Channel originated most likely during the previous'winter'

within the New York Bight. The Nantucket Shoals Flux
Experiﬁent by Beardsley, Butmaﬁ and Wright of WHOI, USGS and
NMFS respectively will provide a continuous current meter and
hydrographic record spanning at least one full year. This

should provide a better picture of the conditions upstream of -

- the New York Bight and the potential for renewing the cold pool.

in the apex of the New York Bight. This wbﬁld support the idea

We have almost always observed that the cold pool is coldest

that the cold pool is a remnant of locally cooled winter watgr{
However, there is longshore structure to the cold pool with

pockets of colder water with alongshore dimensions of 10's of
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kilometers. This structure makes interpré%étion of alongshore

gradients very difficult.
in 1977 there were four sets of data from which the
evolution of the cold ?ool water and of the linear T/S compon-

ent of the benthic layer can be defined (Fig. 4.1-~15; ?ig.

4.1-1 shows the station positions). The linear T/S line slowly

warms and its gradient becomes less steep (smaller T:S ratio).
At 33.5 ©/0co the total temperature increase amounts to over 6°C.
Warming is expected, since there is no source of cold water to

maintain the cold pool water, as local convection stops by

April and any possible connection with Gulf of Maine Intermediate

Water (which Hopkins and Garfield, 1979, suggest is the source
of the New York Bight cold pool water) is apparently cut off.
The outer boundary of the cold pool remains very sharp

throughout thé summer. The frontal surface is often less than

1 km witﬁ témperature gradients up .to 5°C. This surface

is highly convoluted in the horizontal plane with cross shelf
scales often coméarable to alongshelf scales. For instance,
during the 1978 BT cruise we observed a feature with a cross

and alongshelf scale of approximately 15 km ' (Fig. 4.1-18).

The Benthic intrusion (4) is also a persistent feature

which may be observed during the winter although it is more
pronounced during the summer wheﬂ it may penetrate more than
10 km onto the shelf. This benthic layer could be the result
of ﬁixing by internal tides which are generated at the shelf

break or lateral shear between the shelf and slope current
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regimes.: Warm cdre eddies over the sléée can be another
driving mechénism for .benthic layer intrusions {see sectiop E).
As the anticyclonic eddy passes along the slope the northeast-
ward flow at the shelf break would produce an onshore flow in
the benthic layer.

A fundamental objéctive of our work has been to understand
the cross front exchange between shelf and slope water. A
schematic of cross-shelf egchange processes is given in Fig.
4.1-16. The existence of alongshore advectibn, strucﬁure with’
scales of 5-20 km and intrusions that may be sheared and hence
detachedAfrom their source make it difficult to apply a étrictly
two dimensidnél model. However, assuming that the cross-frontal
exchange processes, the source water types and the air-sea
exchange are rbughly constant over the 400-500 km frontal
boundary of the New York Bight and that Ehe residence time within
the bight is 2-3 months, we can assume that these small scale
features average out and we can estimate mean cross-shelf fluxes
in a two dimensional model. |

For example, ﬁhe pycnocline slope water intrusion often
exhibits parcels of high salinity water in the fine structure
over the mid-shelf. These may be completely detached parcels
or connected to their slope éource in the along-éhelf dimension.
This is illustrated by a section of closely spaced CTD stations
across the frontal boundary (Fig. 4.1-17) during the BT cruise
in August 1978. We find a complex structufe with "detached®

parcels of shelf
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and ‘slope water. . These may have resulted from_the narrow

cross- shelf excursron of the frontal boundary shown in

Fig. 4.1-18. This demonstrates that lateral advection of

the frontal boundary is more rapid than the lateral mixing
across the boundary. Once the.advective intrusion is ‘detached
from its source by the complex current shears that characterize
the frontal region, the rate at which it is mixed away does not
affect the net cross-shelf flux.

The processes responsible for cross-shelf exchange of

.shelf and slope water vary with the season. During the winter

the shelf water is vertically mixed and the shelf-slope front
is baroclinic. Cross shelf exchanges are essentially across
isopycnals driven by surface winds and warm core eddies. With
summer stratification vertical mixing is inhibited and exchange
is predominantly along isopycnal surfaces. This is especially

true in layer (1) and (2) where shelf and slope water pro-

'.trude far across the plane of the front.

The T-S dlagrams can be.used to ldentlfy frontal strnctures

and mixing processes. A composite T-S diagram of all the CTD
profiles from the BT section (Fig. 4.1-17).is shown in

Fig. 4.1-19. The sharp boundaries between the distinct water
parcels produces the gaps and general organization in an other-
wise confusing pattern. The cold pool and near surface slope
water intrusion are dlstinct. There are two bands where vertical
mixing and lateral intrusions between shelf and slooe water .

predominate "in the lower surface of the pycnocline.
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The dominant exchange processes with the cold péoi'are
leéé obviouéﬂ Above<70'mﬁthe frontal boundary is-thermohaliﬁel
so there is isopycnal communication between the cold pbol and
slope water. The change in the position of the cold éool water
iﬁ T—S_spacé is used to evaluate the relative importance of the
various exchange modes with thé cold pool. 1In Fig. 4.1-20 a
schematic of the T-S correlation of a profile at the shglf
break is shown. The arrows show the evolution of the cold pool
due to (A) vertical mixing with the warm fresh surface water,

(B) vertical mixing.with the slope water intrusion, (C) iso-
pycnal mixing with slope water, (D) and (E) mixing with the
benthic layer.

Examples of the cold pool evolution are shown in Fig. 4.1—21
where we plot the position in T-S space of the minimum temper-
ature in the cold pool for four different years. Thg'seasonal
evolution is primarily along isopycnal surfaces. In the summer
of 1966 the §tratification weakened, increasing the vertical
mixing while in 1979 the entire T-S correlation curve shifted
vertically between March and May. Thus it appears that the
dominant mixing processes are (A) and (B) and their relative
importance changes seasonally and interannually.

Since the slope water intrusioﬁ (iayer (2) in Fig. 4.1-14).
extends to the mid-shelf, vertical mixing into the cold pool
via (A) or (B) should be different. Process (A) would mix

heat but not salt into the cold pool. The profiles from a
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series of stations across the shelf (Fig. 4.1-22; 23) when the

slope intrusion was fully developed do not show this effect.
Of course the lateral mixing within the cold pool could elim-
inate any subtle across-shelf differences.

Across most of the shelf the cold pool is laterally well
mixed with very weak horizontal gradients. The temperature
minimum, which occurs above the shelf floor because of thé
benthic intrusion, lies on an isopycnal surface. The trans-
ition to slope water characteristics occurs rapidly across a
narrow frontal boundary. If isopycnal mixing were vigorous we
might expect to find iﬁ T-S space the sefies of curves showﬁ

in Fig. 4.1-24 as one moves across the frontal boundary. This

is especially true since density surfaces enclose larger volumes

of water in the cold pool than they do on the slope water side of the

_front. The lateral mixing along the isopycnal surfaces should

extend tbe cold pool Qater influence offshore. Instead we con-
sisteﬁtly find the pattern where the locus of the cold pqol
T-min moves along the main mixing curve and not the isopycnal
passing through the inner shelf cold pool (see Fig. 4.1-23,
sta. 250 and Fig. 4.1-25, sta. 59-63). Mixing of denser water
from the ﬁenthic layer could account for this.

The eXisténce of parcels of slope water imbedded in the
cold pool on the isopycnal of the T-min is additional evidence
for the weakness of isopycnal mixing near the front. An

example of this is station 251 in Fig. 4.1-23 and 26. The
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T—min moves along the main mixing curve and not the iéopycnal
passing through the inner shelf cold pool (see Fig. 4.1-23,
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parcel of water may or may .not be attached to its slope water

‘Spurce, but the advection (or large scale turbulence) which drives

it onto the shelf dominates the small scale isopycnal turbulence:
that mixes it into the shelf water.

The frontal boundary‘remains remarkably sharp throughout
the summer. In August 1979 there was a 5°C gradient over

1 km (see Fig. 4.1-26). From Okubo's scaling (1971) this implies

a local iggg;gihaszugivigy'coefficient; KL,'Bf apprSQimatélQ
5 x lO3cm2/s, With this value of KL'approximately 40 days
are fequired4to spfead an infinitely sharp frontal boundary to
a width of 1 km. |
Between May and August 1979, the mean temperature of the
bold pool increased by 2°C. Assumipg that this is the result
of lateral isopycnal mixing through the frontal boundary yields
a Ki, of 4 x 10% cmz/s. 'This relatively low valué of.KL is con-
sistent with both the net flux of heat into the cold pool and
the sharpness of the frontal boundary. = = = o
It hay be inappropriate to model the mixing over the
shelf in the cold pool as a simple turbulent diffusive process.
Oceanic forcing strains the frontal boundary into a highly
convoluted surface. The resulting intrusions of shelf and
slope water can be sheared into detached parcels that subsequ-
ently mix away at a very slow rate. Thus we often find small
pockets of slope water imbedded in otherwise well mixed shelf
water. Because of the remnants of these slope water parcels,

_the gradients across the cold pool are not monotonic, as
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illustrated in fig.v4;i—26. There are poc#éts of colder water
as the cold pool warms throughout the summer. - |

The extreme case of this proceés is éalving of the cold
pool. " Such a process removes cold pool water from the shelf
without altefing the T-S properties of the rema;nihg water.
Thus it is more difficult to estimate the importance and per-
sistence of this process since direct observation is required.
Novcalving was observed during the RACACA cruise. There does
not exist eﬁough'hydrographic data over the shelf and slope
for all seasons tb.éstaﬁliéh the statistics of calving size
and frequency necesséry to estimate ﬁhe removal of shelf water
by this process.

Slope water intrusions onto the shelf occur via layer (2)
and (4) (in Fig. 4.1-14) or by large créss—shelf displaceménts
of the frontal boundary of laYer (3).' In the late summer the
structure of the cold pool as it is finally ‘breaking ﬁp should
help to distinguish the relative importance of these three

processes.

D. Pycnocline Salinity Maximum

A pronounced maximum in salinity (S;max),:;ssééi;téd with
the upper part of the seasonal pycnocline in the summer-autumn
seasons, 43 eonsistently obéerved over the outer shelf of the
Middle Atlantic Bight. This pycnocline S-max is very clear in
the KNORR,‘August 1977, section off Long Island (fig. 4.1-27),
and its T-S characteristics are almost ideﬁtical with those of -

the slope water regime (see letter (85 of the August 77 T-S
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diagram, Fig.A4?l—l2aﬁ. It is_induced by é nearly isopycnal
transfer of slbpe water fo the outer shelf, poésibleloﬁly in the
stratified seasons wheh isopycnals are continuous across the
shelf/sldpeAfront.

A conceptual model of the cross-shelf advective-mixing
pattern associated with the S-max (represeﬁted in Fig. 4.1-28)
is explained in detail in the reprint of the publication (Gordon
and Aikman, 1980) in the appendix. It is concluded that the .
slope'tb shelf salt flux requirgd to produce and maintain this
seasoﬁal intrusion may supply abéut one half of the salt re-
quired to balance the annual fivér input into the shelf water

'of~the Middle Atlantic Bight.

E. Warm Core Eddies

Warm core eddies, rings of Sargasso water encapsulated by
a Gulf Stream meander, are prominant features of the slope water
from Nova Scotia to Hatteras. There has been considerable re-
search on their role in cross-shelf exchange (Morgan and -
Bishop, 1977) and coastal dynamics and Rossby wave radiation-
(P. Smith, personal communication). A warm core eddy was
crossed during the 1979 RACACA cruise (see section I). We
describe here an eddy observed during the July 1975 CONRAD
cruise.

The eddy core was winter cooled and was distinguished by
being located to the right of Iselin's NACW line in a T-S

diagrém (see Fig. 4.1-29). The position of the eddy, denoted
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by the topography of the 15° isotherm shown in Fig. 4.1—30,
coincides with that shown on the NAVOCEANO Frontal Analy51s
maps and has -a dlameter of aporoximately 100 km centered near
station 384. A temperature section from the center to the
shelf (Fig. 4.1-3la)shows the deep mixed core of the eddy with
isotherms rising steeply up the slope. Temperature sections
derived from other cruises when eddies were not present show
roughly horizontal isotherms over the slope, with negligible
seesonal fluctuations below 150 m. Using this.average'thermal
structure we calculated the thermal anomalies shown in Fig.
4.1-32. The maximum anomaly of 8°C at 400 m depth is compar;
able to the anomaly structure of cyclonio rings (Hagan et al.,
1978). However, along the slope upward isotherm displacements
of 40-70 m produce temperature anomalies of -1 to =22°C.

These displacements which are greatest where the eddy inter-
sects the slope, are most likely upslope Ekman veering in a
bottom boundary layer and not just internal wave distortion.
It does, however, seem curious that this boundary effect ex-
tends 150 m or more above the shelf floor. A model of the
bottom boundary layer by Weatherly and Martin (1978) for an
interior flow of 0.15m s~1 shows a distinct bottom layer with
thickness of 9 m for a stratified water column with No=l.25 X
10_25—1, put a more ambiguous layer 50-70 m thick for an un-
stratified water column, i.e. No-4 X 10'35—1, but the interior

flow is larger. Saunders (1971) has measured currents
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.40 - .70'm.s’—l in a warm core eddy. If currents of this’
magnitude can penetrate the slope region then bottom boundary
layers greater than 100 m are possible. However, the temper-

ature profile over the slope,‘e.g. Sta. 433 (Fig. 4.1-30, does

not show a well mixed region at the bottom.

e - It is also possible that up slope disg%@cewegt_%sAsimplx

" the conversion of kinetic to potential energy. Eguating the
two and neglecting friction we have 1/2 pv2 = Apgh where v

is the water veloéity, h the vertical displacement, g the

gravitational acceleration and Ap the difference between the

densities of the intruding and'displaced water (Fig. 4.1-31Db).

Solving for h we have: = .. = _ .. .

|

‘ ‘ h = v?

T 2g Ap

| For Ap = .5xl0f3 and v = 50 cm/s we get h = 25 m. Thus

p
velocities that have been measured in a warm core ring could

lead to up slope intrusions comparable to our observations.

dur primary intsrest in tn

their role in heat an
the avparent upsicpe flow

‘shelf-slope break will drop when a warm cor

the slope. The S-max also moves upslope, distorting

the shelf-slope front. The salinity of

variable that it is impossible with our limited data set to

~ermine whether this results in a net flu=x

s
)]
of

nd salt =xchange onto the shelf. Because
the t=mperature on the floor‘at.the
e eddy is incident
the base

fhe shelf wazter is sO

of salt onto the

|

fest warm core edcies is to determine
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'F, Tzrperature-0Oxvcen Relation

During most of the DOE cruisess sampPles IQI OXygen con-

October 1974, Julv 1875, January 1976, Zucust 197
Figure 4.1~332,b,c.

Two points are now developed: (1) the migration ofAthe
T/02 portion of the shelf remnant winter water toward lower
oxygen during the stratified periocd; and (2) the occurrence of
a super-saturated layer_in the summer thermocline, strongest at

near 12°-16°C in July 1975 and above 16°C in Zugust 1977.
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(1) The oxygen of the bottom water on the micddle shelf

}=.

n January 1976 is at'tﬁe satu:ation level of about 7 ﬁi/l; In
Ju;y 1975 it is~near 7 mi/l,'S-ml/l iﬁ Auéust 1977, and in
Oc?ober 197¢ it is near 4 ml/l. Assuming the decrease in bottom
water oxygen begins with initiation of sfratificétion iﬁ late

March, an average oxyvgen decrease of 0.5 ml/l-month (Zpril 1 to

-Septermber 30) is suggested.

ol (.3 ~lASlcnonzth,

L . — - = - N _— e e a - = - < - =3
The crxvcan 0f the botiom wetzr ovar ihs inn2r shelf,

Eighar dacrze oI oxygen utilization on fhz innzr sneli is the
orozable czuse. Rgzin, vertical diffusion owygen indut to the

shelf Dot*ci: weiter indicetss that the actual oxygen urilize-
tion in the inner shelf bottom waisrs is gr=ater than 1 ml/l-month.

(2) The supersaturation in the summer thermocline

amounts to 115 to. 120% of full saturation. An example of oxygen
versus depth, displaying the thermocline 0O,-max, is given in
figure ¢.1-34. The Oz—max 1s beliesved induced by a chlorophyll -
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" maximum w;:nln the shallow shelf thsrmocline. - The high increase’ of

stability restricts the vertical outilux of dissolved oXvgen Dro-

duced by photcsynthesis. The stability of "the seasonal pycnocliné

chloropnyll meximum in the face of tidal induced. turbulence can.
be dztermined using the formula tion O0Ff Pingree et al., 1978.

4 .
CD' 3 i UO3

Y T

n

E = loglb

wrz¥s U. is the mean tidal current, h is the water Geonth and

~_ is the drag . coefficient (taken as 2.35%1073 by. Pingree et al).
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_density gradients, which in conjunction with the local K, provide

G. Estimates. of K,

‘Analysis of the physical and biblogical'data sets have been
combined to study the effective Qertical eddy coefficient, K,,
under stratlfled conditions during the summer. A preprint of
the paper (Malone, Houghton and Gordon,.l980), which has been

submitted for publication, is included in‘the-Appendix.
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Calcdlations.were based on the heat flux from the cold

pool - (assumed to be Veftical); the diffusion of oxygen from the

O, max layer (see previous section), and the flux of nutrients

into the euphotic zone to balance primary productivity.
Oxygen and nutrient data were taken from the stations shown

in Fig. 4.1-35. Historical data (Coltan et al., 1968) and

sections from the two 1977 cruises (Fig. 4.1-36) were used
for the heat flux.calculation. The resulting values of K,

(see tables 4.1-1 and 2)'plotted as a function of'the strati-

Ao,

literature are shown in Fig. 4.1-37. We find that roughly

fication E = and compared with other results from the -

kz « E1 which is expected for oceanic and coastal regimes.
It is remarkable that these independent’ caleulations give
comparable results. A calculation of Kz from.the excess
radon profile near the base of the pycnocline give similar
resﬁlts.

- The lafge scatter in the Kz vs E plot could be—the re-
sult of two effects: 1. differences in the turbulent
velocity shear and 2. inclination of deﬁsity surfaces such
that isopycnal mixing has a vertical component. It was shown
that given observed slopes in the density surfaces and
realistic values of the lateral diffusion coefficient process

(2) could make a significant contribution to K,.

Y

The agreement of K, value from the heat flux calculation

with that of the oxygen and nutrient calculation may be
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Date.‘:

7 Aug 77

8 Aug 77

11 Aug 77

22 aug 77

23 Aug 77

sta. Rzn 5
16 0.10
17 0.30
18 0.24
19 0.55 0.28

20 0.30
22 0.58
232 0.06°
24 . 0.05
25 0.05
26 0.15
27 0.08
41 _0.30
422 0.18
43 0.18
90 0.78
91 0.60
993 0.06

100 0.54 .

d8gtations at which-primary productivity was measured.

PN -
Omitted from correlation of Kzn on K,,.

on nitrate (K,,) and oxygen (K,.).
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. Estimates of coefficients of vertical eddy diffusion based

cm® 5”1
- Date Sta. - Kzn KZO
27 Aug 77 132 0.09%
133 0.08
135 0.43
136 0.40
28 Aug 77 137 0.12
150 0.36
151 0.12
152 0.11
153 0.062
14 Aug 78 3 0.75%  0.52
E 0.20 0.38
15 -Aug 78 9P  0.45% 1.01
16 Aug 78 10 0.94%2 <i.11
17 Aug 78 37 0.45%  0.59
.18 Aug 78 40 0.652 0.87
41 0.27 0.37

_Table 4.1-1



C4.1/83
Table 2. Estimates of coefficients of veftic,al:eddy' diffusion 3
' based on heat (Kzp), nitrate. (K,q) ‘and .oxygen (Kyo) i
K,q and K, are means caléulatéd from data in Table 1.
Year o th : A - Kzn o KZO
1965 . 0.02 - -
1966 . 0.25 - -
1977 -~ 0.18 0.26 ~0.24
1978 - © 0.57 - 0.64

" Table 4.1-2°
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ferfﬁitoﬁs for ih'éeetiOn C we noted ﬁhat the eola pool as
it warmed evolved primarily. along an lsopycnai implying
that heat fluxes laterally, not vertlcally However there
wefe exceptions to this suggesting that heat and salt ex-
change with the cold poel occurs by varioue processes whose

. relative importance change with the season and degree of

stratification.
H. w203 TANCE OF RIVER RUNQOIE I FYCNOCLINE DEVZLOZMENT
The summer Dyvcnocline ov hz shelf ig shallower and more
-~ - .-zz =mz= ihat oI ths slope rzgiIn The Luocust 1377 9-%
szzzzon (Figs "4.1-27) clearly  shows this. The consequences of
s=3iz sazscnal davaicoment ig a revarszl in the winter ceriod
~-css shelf-slooe laterzl density gradient in the midé ceptn

S

(an NSF fundad Physical Oceanogradhy-

Biology program for study of the shelf-slope front) section

(Fig. 4.1—38).Shows”that~in‘thev104503d'fehgétdeﬁgity'deereaSés

seaward, in conirast to the surface watar ané cdeever wacter

(o))

The principle thermoneline signature related to the

pycnocline change over the shelf is the presence of the cold

pool. The mass of cold water induces a thick layer of de-

-

creased vertical density gradient in the deep water on the

. 4.1/85
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shelf. ' This has the effect of fanning out the slope isopycnal

surfacéslas tﬁey érdsé over to the shélf region.

"A hypothesis is now presented whicﬁ may explain the strong
shallow’shelf‘pycnoéline. Tﬁe hypotheSis:wili be tested and
expanded as research continues. |

The difference between the shelfi and slope pvcnoclines

may be a response to different thermohaline histories of the
surfzce water. The developmenit of a seasonal pycnocline
fer=nds on ssE-a@ir exchange of buoyancy z2aé in =hs =ificiancy

cf fowmward mixing oI tha buoyant wa=z=er. i.Lg suriace . waters

oF <tz zha2if znd slzzs probasly hzve similzr 3ort wave rad-
:aﬁ;::al iztin oziTsrns end winfl ULEong. L LnE TEIOC ciilerence
Szz2is wiir Irssn wal2r rnput: wrmilsz P-I may ST 22 VEIDY
diffzrant, continsntal runoif input Ioss difler. Tne shels

coastal boundary.

oy
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would hinder downw
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tna river water may have important
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rapidly develooing thermocline and a very buovant mixed 1la
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The remnant winter water or cold pool below the pvcnoclin
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surface heating downward.

Tnez river influence gnn the sheli would nave & grsater
irzact on confininc the spring and surmer nha2ating to the
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= = e -
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esgual nzating and momentum budgets oif varied Iresh water in-
Sut. In this way the shelf warer column stiratiiicziion and

al

slope siratification can be ccmparec.

I+t is suspected that the early stratification of the
shéif water has two important effects: 1. Protects the deep
water from surface heating, thus allowing a large mass of

winter remnant water to be preserved through the swmumer. The

-
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ier and/or greater the river input, the earlier 1s the
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cold pool isolated and hence colder and thicker. 2. The.
- mismatch of thé shélf énd slope pycnocline indﬁcéé the rever-
" sal of-iﬁtermediate depth lateral density gradients.

The density gradient reversal may force a fold in the
shelf-slope front and a slope water intrﬁsion of slope water
into the shelf pycnocline (Posmgntier and Houghton, 1980),
which may be a significan£ salt input to the shelf to com-

pensate for river water (Gordon and Aikman, 1980). It

is interesting to point out that if the river water stratifi-
cation is responsible for the shallow intense shelf pycnocline,
then it may actually force onto the shelf saliﬁe slope water
which acts to compensate for the river water. An importanﬁ
question is: does the timing and aﬁount of river water input
inducé changes in the pycnocline salinity maximum feature?
Perhaps earlier and/or strongef haline stabilization leads to
a greater mismatch of shelf and slope pycnoclines and a more
intense pycnocline salinity—makimum. Thus the more river
water the greater the compensation by slope water transfer to

the shelf.

I. RACACA Cruise

INTRODUCTION - In June 1979 we took a series of seven

comblned CTD and XBT cross-shelf transects extendlng a¢ongshore

southward from a llne off Barnegat New Jersey to just south of
Cape Hatteras, and extending seaward from just inside. the foot

of the shelf-slope front (... .the 80 m iscbath). to at least
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2060 m on:tﬁe conﬁihental'slope_(ﬁig. 4.l—1b). The motivafioh
behind this field work was to look at the benthic density
struéture and processes on the continental slope that céuld be
reléted to the radon—deficient zone usually observed somewhere
between 200 and 2000 m along the slope, and to investigate the
long-shore variation in slope water thefmohaline characteris-
tics with the inﬁent that it would lead to information on

shelf-slope exchange.

OBSERVATIONS -

The éuaéi—synoptic naturé.of this éfﬁiéé.pf§§iaéd é ioo£
at the threeedimensional picture of the outer shelf and slope
water early summer stratification, inclﬁding the shelf/slope
front and the seaward extent of the cold pool. AFig. 4.1-39
shows the spacial structure of the cold pool as defined by the
8°C isotherm viewed from above, offshore and the socuth (the
dashed lines are bottom profiles). By transect VI this fea-
ture is no longer evident as. the Gulf Stream impinges right up

to the shelf break. Relative to the isobaths, the cold pool

extends out into much deeper water in transect V then elsewhere,

but keep in mind that the bottom slope is simply steeper there.

What is remarkable is that the cold pool, despite slight warming

to the south (~-1°C between sections I and V .), maintains an

almost constant density (o, = 26.2) from north to south. Enough

salt is somehow incorporated into it to balance the heating

effect.
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.I. Warm Core Eddy

A remnant (possibly winter cooled) waim core éddy was
traversed in section I (Figs. 4.1-40a,b,c). Any surface’
exéression of this feature was not apparent in the seasonally
warméd slope water nor in the routinely published EOFA charts
for this region at ﬁhis time. However, a stricter and more
careful interpretation of the enhanced satellite IR images
shows that Eddy 79-A most likely is the feature we §bserved
(J.L. Chamberlain - personal communication). It is impossible
from our data alone, to determine where iﬁ it's croﬁs séctiOn
we traversed the eddy (though most likely on-ité southern
extent), nor to est;mafe a diameter because of this, but we
do observe a temperature anomaiy of 3°C at 350 m as well as
isotherm displacements of from 50 m (15° isotherm) to 100 m
(14° isotherm). Our primary intérest in these eddies is with
their role as inducers of exchange of water across the shelf
break. Many have observed eddies such as this entraining shelf
water well out into slope regions as well as depositing some |
slépe water onto.the shelf. Most of these observations have
been sufface observations. In July of 1975 we encountered
another warm core eddy ihAapproximately the same area (CO 19-01
cruiée). In goth instances isopycnals were observed to slope‘
dramatically upward near the bottom as the shelf is approached
from offshore (see Fig. 4.1-31b). This apparent shelfward
'pumping' of deeper slope water could possibly be as paramount

(the equivélentvvolumetrically) as the more commonly observed
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offshore surface entrainment of shelf water associated with
such eddies. Estimates of~the'shoreward forcing of water_andi

slope water properties by this warm core eddy process are not

possible now.

IT. Calving-

We had expected to encounter detached pafcels of 'shelf
water in the slope region at this time of year (Wright; 1976),
but ﬁone were evident. Even in regions of prominentAbottoﬁ
relief, i.e. the Baltimore Canyon, when the calving procesé is
thought to be most active (Mooers, et al; 1979) ,calving waé
ndt observed. -Perhaps our sample spacing was not dense enéugh,
but this seems unlikely. If our data set.is not anomalous, then
it is pdssible that previous estimates of the amount of shelf
water being deposited inAslope regions through calving has been

overestimated (see Wright, 1976; Cresswell, 1967).

III. Longshore Variatioms

A variety of approaches will be used to look at alongshore
variations in the thermohaline properties of ﬁhe slope water and
thg outer shelf water.

One such approach was to look at the mean slope-to-shelf
temperature and‘salinity differences within 0.2 o dénéity
intervals, and how these mean differences vary from the north
to the south in the Middle Atlantic Bight (MAB). Ignoring
seasonal and interannual variations for the moment, the amount

of fresh water emptying into the MAB increases, proceeding south-




ward from thé-ﬁudsop River‘to Cape Hattefas,;with'the'Delaware'
and Chesapeake Bayé-contributing prdgressivély larger volumes |
of'river QaterA(GS% of fresh water flow into the MAB’occurg
éouth of 39°N). This, coupled with the mean southwesterly drift,
which would acf to transpor# river outflow to the south, leads
one to expect a greater concentration qf river water on the
shelf in the southern portions of the Bight. On the slope side
of the shelf-slope front one might look for the mean temperature
and salinity to inérease to the south where the Gulf Stream is
closer to the shelf. Coupling these two expectations; ornie couid
. expect the méan slope-shelf température and salinity differences
to increase to the south, guite the opposite of what is éeenl
(Fig. 4.1-41la ;nd b). Except for the very lightest surface*
water (o, > 25) and Section II above the density of the cold
pool (o, = 26.2), the mean slope-shelf temperature and salinity
differences diminish from south of Section I to just north of
Cape Hatteras. The greatést differences are found at a density
of 0. = 26.2, the -consistent alongshore_density of the cold

T

pool between Sections I to V.

Ketchum and Keen, 1955, find a decfease in the average
confent of river (fresh) water in the direction of the mean
alongshelf flow to the southwest, despite the addition of river
water along its course, and conclude that the cross-shelf
transport of fresh water must éxceed the alongshelf transport.
Wright and Parker, 1976, also examine the latitudinal, as well

as seasonal, volumetric changes within 1 0/00 salinity inter-

4.1/97
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yalé“tgéé>Fig: 4 bf ééeir paper) . While“£5é§.§£%é£§e béth a
uniform alongshore summertime increase in fresh water (S =
30-32 O/OO) contenﬁ and a corresponding decrease in'the more
saline (S> 35 0/60) shelf edge water, they find the interme-
diate salinity (32-34 0/00) water volume ihcreasing to the
south and the saitier (34-35 0/00) water volume decreasing to
the south. Both these sets of obsefvations aré consistent with
ours. |
Three possibilities seem capable of explaining the dimin-
ishing summertime slope-shelf thermohaline différences to the
south in the Middle Atlantic Bight.
1. 1If shelf and inner slope waters both exhibit a net
'longshore,flow to the southwest (Beardsley & Flagg,
1976, cannot confirm the 10 cm/sec. geostrophic shear
predicted to occurvacfoss the shelf-slope front on
the basis of the observed mean density field), then
these waters couid haye upwards of 180 days (net long-
shore flow of 4 km/day) in which to exchange properties

in their traverse from the Great South Channel to Cape

Hatteras (800 km) .

2. Entrainment of shelf water at the slope water-Gulf
Stream boundary HorthAof Cape Hatteras has been ob-
served on numerous occasions (Kupferman & Garfield,
1977; Fisher, 1972; Ford et al., 1952). Estimates of

the transport of shelf water by these freshened sur-
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face and subsurface bands indicatezthe§ céuld carry a
significant fraction of'thevshelwaater‘passing'through
the Middle Atlantic Bight. This process could con-
tribufe to our-obsefvations, both by diluting slope
water properties shoreward of the Gulf Stream north
of Cape Hatterés, and by serving as a vehicle for the'
discharge of-shelf water as the continental shelf
narrows to Cape Hatteras. [There's the likelihood that
we observed part of such a subsurface shelf water fil-
aﬁent at 100 m depth of Transect VIb(Fig. 4.1-1b) just
north of Cape Hatteras.]

3. 'Perhaps it is the simple result df more vigorous

mixing between shelf and slope waters to the south.

Given the diminishing slope-shelf water T/S differences
to the south, we thought it useful to look at the alongshore
variations in both the slope water and shelf water‘thermohaline
characteristics, to see at whose expéns;.(slope water or shelf
water) the difference was shrinkiﬁg. Figures 4.1-42a and b and
4.1-43a and b summarize this approach, wherein the mean temp-
eratures and salinities of each transect,'yighinfO;g o, density:
intervals, are normalized to transect I_for both the slope waters
and the waters of the outer shelf. Of course warm core eddy
79-A was present in trénsect I, and this does complicate the

picture, but it nevertheless is valid to compare the other tran-

sects to this one, and thus ‘to one another.
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The interpretation of these figures is réther étraight—'
forward for the alongshore Slope'water variations; but less
clear for.the more-comélex stratification over the outer shelf.
In discussing these figures, tﬁe temperﬁture and salinity
differences vary consisténtly in rélation to one another
(warmer corresponding to saltier and cooler cofresponding to
fresher), so only temperature differences will be referred to

for simplification.

1. Slope water alongshore vériations: (fig. 4.1-32a & b)

Sections II, III andIv'are about equally cooler than I
and exhibit little change over a short distance. 1In sectioﬂ v
i the apéarent effect of one or more of possibilities (1) —A(3)
above {(i.e. increasedAoutflow from Chesapeake Bay getting
across the shelf and mixing into the slope water coiumn) can .
be seen in the dramatic cooling throughout the slope water
; column. Section VI slope water is dominated by the Gulf Stream

right up to the shelf break. -

é. .QQtef Shéif Water alongshore variations: (Figs..4.i—33a & b)“'
At the very surface and with;n'the mixed layer (oT > 25),
II is warmer than I, most likely due to the dynamic effects..of
onshore forcing of slope water by eddy 79-A to the
north. III and IV are cooler to the south probably'due to
river outflow. Sectidn V is puzzling at the very surface be-

cause it is the warmest surface water north of VI, yet within



i.1/105

Oy UNITS)

(0.2

DENSITY

INTERVAL

£'G6er

1'G¢e

6b2 |
Lb2 |

G'be

gve

Ww

x/x
_ |

| 0—0 K-I
-1 "
6261 INNC T Hu m-_ ;
80-22 00 x—x I-1 NOILD3S
“Vovovy
] LV 473HS JHOHSONOV
| | | | | | | |
g2 X3 Gl ol G 0 G- 0l - G-

(00) XL - 1L = LV 4713HS

4,1-43Db-

Fig.



4.1/106 .

- DENSITY

INTERVAL (0.2 0} UNITS)

£'92
1'9¢
6'G2
L'G2
562
€62

I'G2
62
IR
G2

cb2

l l | l I |
—
- OO A-1 "
- v—vy Al-I "o
°o—o6 III-I. "
- l x—x II-I NOILDO3S
SV 4713HS JHYOHSONOY
\
6261 INAP
' 80-22 00 |
— vovovy - o
1 ) | I | I
ol QL | 0G" Gge’ 0 0G'-

%) *s - Is =5V 473HS




ey

4.1/107

the mike& layer it is expectedly the ooo1eat_water erf-the f
outer shelf. Within.the oynocline (o{ between 25 and 26)
sectlon II is significantly cooler than I, yet sectlons 11T, IV’
and V become warmer, but not in a consistent alongshore pro-
gression. The warming:is understandable in terms of isopycnal
exchange and the differences observed to the south, but section
II is puzziing. At the density of the cold pool (cT = 26.2)

the outer shelf gets steadily warmer (and saltier) to the south,

while maintaining that consistent density.

Addltronallyi_ye are. in the procees of examining any along-
shore variations that may exist in the deeper slope water below
the main salinity maximum, which represents the seasonal extent
of atmoephericlpenetration. This slope water is a mixture of

components of Scotian shelf and slope water, NACW, Labrador

Sea intermediate water, Mediterranean outflow water as well as

NADW components.

.IV. Low Radon ZoneA

One of the. primary motivations behind this cruise was to
examine the benthic hydrographic structure along the slope in
the regions of the radon deficient zone (see the Geochemistry
section on the low radon zone) with an eye towards evaluating
the processes responsible for this phenomencn. While it is
generally accepted that the lack of excess radon must result
from rapid mixing of the radon away from the boundary laYer,‘

there is no concensus as to how the excess radon is transferred

. out of the boundary layer to where larger scale lsopycnal
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eveﬁts'(ﬁixing) can také over. ,The’ﬁACACA'CfD data is beiﬁg
closely examined to.see: a: 1if any relatioﬁships exist be-
tween specific ‘features of the T/S structure (i.e. the salinity.
minimum of the Labrador Intermediate water near lOOO‘m) and thé
low radon zone; and b: what the details of the vertical and
horizontal density field look like and how they might relate to
several proposed processes.

One possible mechénism-involves the generation'of internal
tidal Qaves at certain locations along the-continental slope
where the bottom topography is thought to be more conducive to
efficient géneration through interaction with the surface tide
(see the 1978 report and proposal). It is thought ﬁhat en-
hanced mixing due to internal waves generated along the slope
at ?laqes where the bottom slope is critical could be related

to the radon minimum. A consideration of bottom profiles

between the Hudson Canyon ana Hatteraé suggested we might ex-
. pect the deeper parts of the radon minimum zone to be less
apparent to the south, however the fesults of the RACACA survey ‘
do not corroborate this (see the Geochemistry section on the
RACACA: results).

A second potential mechanism involves variations in the
vertical density gradient, possibly driven by internal waves
or tides, that could result in an effective pumping of water
in and out of the boundary layer. A time series of the ver-

tical temperature gradient above the radon minimum zone is



‘bottom boundary layer due to a

ensity field. For example, Fig. 4.1-44 pictures the dens@?x'

4.1/109

ot -, .
N .

essential to evaluating this time dependent mechanism, so we

must await the. recovery of our mooring in October 1980 (see

the section- 4.1.4 on ‘Fieldwork - 1980.

A third possible explanation being evaluated with the use
of the RACACA data is that zones of convergences and/or diver;
gences (1.e. upweiling or downwelling) may exist in the bottom
boundary layer due. to an Ekman-type veering'and thgt this could
account for zones of low radon. While our anélysis is still
embryonic, it is possible that a vertical shear of the geostr-
ophic.cufrent (2 thermal wind shear) éan be induced in the

horizontally non-homogeneous

field (o.) over the slope of transect II with the low radon
zone shown to be centered at about 1200 m, but being rather

vague in the up or down-slope extent of this zone (see the

¢ n————— L

Geochéﬁiétry section on the low radon zone) . Horizontal gfad-
ients in the density field as weli as tilting of the isopycnals
near the bottom, as suggested by this figuré, may be indicative
of this process, but we are still tentative for several reasons:
1) . inaccuracies in the dynamic method of computing relative
currents (the geostrophic shear) in shallow areas ahd over a
sloping béttom; 2) the dearth of current meter observations
near the bottom over the slope in areasAwhere we've observed

the radon deficiency; and 3) doubts és to whether we have the
data and resolution in the data to satisfactorily evaluate this

possibility.
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4.1.4 FIELD WORK - 1980

On July 30, 1980 we deplbYed a mooring containing a iOO , o é
meter thermistor‘string and a current meter in roughly the
same spot as iast year (ﬁear the 1000 m isobath just Southiof ;
the Hudson Canyon), to inyestigate the hypothesized pumping ' %
mechanism which may be responsible for the obserﬁea~radon :
minimum band over the céntinental slope. Thié pumping mechanism é
involves the effective forcing of water in and out of the bottom l
boundary layer along the'slope. Waterzqad be driven along iso-
pycnal layers by the differéntial motion of isopyénals;

‘associaﬁed with §ariations in the vertical density gradient,
and most likely driven by low frequency internal.waves or in- ' ?
ternal tides.

Our mooring's thermistor chain will produce a temperature
time series at 10 meter intervals from 100 to 200 m above the
bottom. This should be good for detecting variations in the
vertical density gradient, as a single valued T-S relation
exist in the slope Qater below the depth of éeasonal penetra-
tion of the atmospﬁere or shelf water influence (approximately
150 m and the 27 o% surface). Upon recovery, in late October,

1980, we plan a 25 hour CTD yo-yo time series (a diurnal tidal
cyclé) af the site of the mooring, to establish a relationship
between temperature and density, to calibrate the thermistors,
and to see how well the thermistor records compare to vertical

density gradient variations in other parts of the water column.
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.AboYe the thermistor éfring, at the top of thebmooriné,,we;
deployed a single Aanderaa RCM;4 curfent meter, which wiil give
us an idea of the mean (and variations about the mean) flow
above the bottom boundary léyer.

At thé time of last year's proposal it was reported that
our thermistor chain mooring, deployed for fifty days from
June 16th through August Sth, 1979, had been recovered and-that
the data was being proceéessed. .Unfortunately, the instrument
failed due to a 'manufactured’ haifline c;ack in the 'water
tight' mouthpiece, allowing water to short out the connecting
plug 5etween the Aanderaa thermistor string and the Aanderaa
TR-1 temperafufe pféfile recordef, and resﬁlted in no useful
data. BAanderaa. accepted éomplete responsibility (little com-

pensation for the lack of data) and has repaired the instrument.
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4.2 ~Oxygen»isotopes as Tracers of Water Mass Origins and Mixing on

the Cdntinehtal.Shelf

The oxygen isotopic composifion of precipitagion is priﬁarily
regulated by the temperature differenée between ghe'sburce region Jregion
of evaporation) and the region of precipitation. As a result the H21§0
molecule is progressively enriched in meteoric water with increasing
latifude. The broad latitudinal range of the Middle Atiaptic Bight, and
thelcoastal geometry, and the substantial local fresh water contribution
to the sﬁelf waters provide é unique opportunity to use this sensitive
water mass tracer.

During this past funding year we have completed the development and
testing of a high brecision,COZ equilibration system for 6xygen—18 |
analysis of seawater. - We are now calibrated to the internmational 0-18
standards and the sysfém ié:fully operational at a precision of
XX * 0.05 °/o0 §'%. wWe are nearing the end of the first stage of the
isotope program which is to define fhe isbtopic end members of the
system. This step pgrmits us to empirically determine which mixing

process can be resolved by this method.

4.2.1 Recent results
180/160 ratio measurements isotopically delineate five water
types or end members which define the Middle Atlantic Bighf system (figure
4.2-1). (1) Gulf Stream water at 36.302 %/o0 salinity and 1.69 %/00
§'8. (2) High‘latitude meteoric water at -21.97 9/oo §18.,
(3) Scotian Shelf meteoric water at ;14.50 %/00 6180. (4) Middle

Atlantic Bight meteoric water at -11.23 /oo 5180. (5) South Atlantic

Bight meteoric water at -3.92 %/00 8.
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The chpian Shelf transect ranges in séliﬁiﬁy from 30.73 %/00 to
' 35.765 o'/oo. Waters with sélihitiesAgreager than 32.70_°/ooAare_puré
'Labrador Sea waters (figure 4.2-1). Thése samples are from deep casts at
all 6 Scotian Shelf stations (Table 4.2-1). Station 6 is beyond the
continental shelf. These data define a binary mixing line with Gulf
Stream water at 36.302 ©/oo salinity and 1.69 %/00 '8 witnh
meteoric water at -21.97 °/oo §'%. The slope (d6180/d6) of this liné
is preciéely the same as the d6180/d relationship due to evaporationr
precipitation procesées in high latitude surface waters (Craig and Gordon,
1965). Our value for the meteoric component (-21.97 /oo 6180) agrees
with Tan and Strain's (1980) eétimated vélue of -21.8 * .80 %/oo 6180‘
for the Labrador Séa sbuth of Davis Strait, which is:an area free of sea
ice melt water.
| Surface water (less than 50m) samples at stations 1, 2 and 3 with

salinities less than 32.70 °/oo show mixing with local meteoric water
with a mean composition of -14.50 9/oo 6180.

Six samples from the Middle Atlantic Bight show binary mixing between
pure Labrador Séa water at sample 294 (34.137 ©/oo salinity; -0.26
9/00 6180; 19.8°C) on the outer continental shelf and meteoric water
with a 6180 composition of =11.23 ©/00. Sample 271(Bl) is acold pool"
water (32.889 °/oo salinity; 5.845°C) and its departure from the
Labrador Sea water mixing line results from an admixture of 3.66% local
meteoric water with pure Labrador Sea water with a salinity of 34.137
9/60 and a §'% composition of -0.26 o/60.

Two samples of slope water fall on a mixing ling between Gulf Stream

water and mid-Atlantic Bight water with an isotopic composition equal to
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f"coid'pool" water but 0-325 %/00 fresher than col& po§i water at
statién é?l(Bl).' | ' |

'Fﬁur Gulf Stream samples éﬁow good agreement. S;mples 347 and 332.
are definitely within the Gulf Stream and:fall directly on the mixing
line. Sample 345 {is adjacent to the Cape Hatteras shelf and 1is slightly
influenced by local meteoric water. Sample 346 is also near the Cape
Hatteras shelf but appears to be isotopically depleted by 0.1 %/oo.
This analysis needs to be triplicated.

The South Atlantic Bight mixing line 1is dashed on figure 4.2-1. fhe
mean mééeoric component for the South Atlantic Bight isfestimated at -3.92
%/00 based on H/D measurements for the Roanoke River (=24 °/o00),
bgeechee River (=21 °/00) and the Darien River (~19 °/o0) (friedman eﬁ‘
al., 1964). The relationship between &D and 8180 relative to SMOW obeys
"the equatioﬁ & = éélao + 10 (Craig 1961). The estimafed South Atlantic
Bight_mixing iine should be accurate because local runoff is the only

significant source of fresh water.

4.2.2 Discussion

Cold Pool

IN the Middle Atlantic Bight the transition zone between cold
shelf water and warmer, saltier slope water usually occurs. as a sharp
inclined front located near the shelf break in winter. Dufing summer
months these temperature and salinity gradients below the seasonal thermo-
cline are maintainﬁd although the front 1s not as sharply defined. This
“"cold pool” is a continuous and persistent feature'from Chesapeake to
Georges Bank. Ketchum and Crowin (1964) assumed tﬁat the cold pool formed

by winter mixing and'remained stationary during the summer months.



‘Mooring data indicate that'the cbld-pooi moves southward at velocities
equal to 6r'exceeding the mean southward current of thé.surrounding warmer
water (Beardsley et al., 1976). Beardsley et al., (1976) concluded that
the cold pool found near Hatteras in August must have formed by wintér
cooling near Cape Cod or possibly in the Gulf of Main. Citing Sutcliffe's
(1976) evidence  that fluctuations in the tranport of the St. Lawrence
system can be traced down the Séotian shelf and into the Gulf of Main,
Beardsley ét al., suggested a freshwater pathway from the St. Laﬁrence to
Cape Hafteras.

" Pure Labrador Sea water (sample #294) at 34.137 9/oo salinity with
a '8 composition ~-0.26 /oo is present at the outer continental |
shelf. Thislwater mixed with 3.667% local meteoric water at -11.23 9/o00
§'8 apparently produces cold pool water-(i.e., sample #271B1) Qith a
salinity.of 32.889 %/o0 and a §180 composition of -0.75 %/o0o (t =
5.845°C). |

Two samples of slope water (#325, #312) near the shelf/slope break
are approximately an even mixture of Gulf Stream water and “"cold pool”
water. In principal, slope water can probably be defined on an
18O—salinity plot by the‘3—component system: Gulf Stream, local meteoric,
and Labrador Sea meteoric water.

Once a first order isotopic description of Middle Atlantic Bight
circulation patterns and rates are completed on a seasonal scale, our
ability to predict circulation details or events from upstream isotopic
measurements may become a reality. Oxygen isotope ratios and salinity
measurements offer the first comnservative tracer—pair suitable for
detailed descriptive physical oceanography of the Middle Atlantic Bight

region. Full application of thils tracer can only be accomplished through a

4.2/4




Table 4.2-1. 'Oxygen isotope sample data.

CSS Dawson; Bedford Institute; J.M. Bewers, Oct. 1975

Scotian Shelf Samples
— — — 518, , 4
LDGO # Station # Sample # Depth(m) Lat./Long. (raw) SMOW Salinity
4918 1 751800 1 44°24 ,2'N -1.78 31.113
' 63°26.1'W '
4984 1 751801 25 44°24,2'N -1.67 31.590
' ‘ 63°26.1'W ‘
4920/4985 1 751802 80 44°24 ,2'N -1.20 32.713
63°26.1'W - _ .
4922 2 751810 20 44°15.6'N -2.00 30.736
63°18.6'W :
4986 2 751811 75 44°15.6'N -1.19 - 32,725
63°18.6'W ' ‘
4987 2 751812 100 44.15.6'N -0.86 33.209
63°18.6'W ' ‘
5057/5088 3 751826 118 43°53'N -0.03 34.542
62°52.8'W R
5058 3 751825 52 43°53'N -1.20 32.490
62°52.8'W ' ‘ .
5059 3 751828 216 43°53'N 0.29 ~.35.003 -
1 62°52.8'W ‘ B
5060 5 751853 90 43°11'N -0.52 33.775
- 62°7'W o S
5061/5089 6 751861 100 42°51'N 0.69 35.705
61°44'YW
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Table 4.2-1. Oxygen isotope sample data (continued)

Mid-Atlantic Bight/Gulf Stream June 1979
- Scotilan Shelf Samples :
LDGO # Station # Sample # Depth(m) Lat./Long. (raw) SMOW Salinity
4552 270 . 1 39°31.5'N . -1.43 30.296 .
' 73°56.9'W - ‘
4553 271B11 1 39°23.5'N -1.61 30.212
73°33.1'W '
4554 271B1 ' deep 39°23.5'N -0.75 ©32.889
73°33.1'W ’
4555 294 i 1 38°19.3'N -0.26 - 34.137
' 73°50.0'W o .
4540 301 1 37°40.5'N -0.52 33.238
: 74°22.6'W -
4539 312 . 1 36°37.6'N 0.30 34.792
‘ 74°11.6'W - -
4538 314 . 1 36°37.6'N . =-0.88 31.944
74°49.1'W '
4537 325 1 36°18.8'N 0.30 o - 34,578
74°02.8'W o e
4441/4536 329 1 35°24.7'N -1.02 30.835
75°08.6'W
4442 332 . 1 35°18.8'N 1.15 36.379
74°58.8'W '
4443 345 1 34°54.6'N 1.10 36.192
. 75°16.5'W
4444 346 1 34°52.0'N 1.01 36.335
75°23.4'W :
4445 347 _ 1 34°54.4'N 1.09 36.303
 75°15.5'W

9/2y
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4.3 Tritium as a Tracer of Water Mass Origins on the Contihentél Shelf

Very similar to 0-18 tracer, the tritium concentration of. river
wateré flbwing in;o the Atlantic Bight is also a fuhction of lafitude.
Therefore tritium is another useful trdcer for stgdying the prbcesses of
water mass mixing on the continental shelf.

The tritium data from the RACACA cruise (June 1979) are limited,
howeverlthe tritium concentfation vS. salinity plot (Fig. 4;3—1)shows
consistent results as compared to oxygen isotope data (Fig. 4.2-1) t.e.,
the "cold péol" water 1s a mixture of inne; shelf water, -Gulf Stream water
and high tritiﬁﬁ northern water (probably originated'from'the Labrador
Sea). In addition thé surface slope water 1s a mixture of the "cold pool”
water and the Gulf Stream water. Even though, the tritium analysis is
‘more time consuming than oxygen isotope, we hope to analyze some more

samples in conjunction with the oxygen isotope works.
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'4.4A Radon-222 as a Tr#cer of Water Motions aﬁd Mixing
4.4,1 ' Introduction |
Radon-222 (222Rn) is a radiocactive noble gas with a half-life of

3.8 days. 1It's properties of chemical inertness and a short rédioactive
half-life méke it suitable for studies of water motions that occur én time
scales of about one week. Although radon is produced thréughout the water
column by the decay of dissolved 226Ra; the major source_of 222%pn in
shallow water and in near-bottom water of the deep ocean is the sediments
at -the bottom in which the concentration of 2283 is much higher than.in
.the overlying water. As a result of the strong concentration gradient of
222 between the sediment and the overlying water, significant amouﬁts of
radon diffuse upward across the sediment water intefface. It 1s this
radon that entérs'the'water column from the sediments (knoﬁn as excess
radon, i.e.; invexéess of that produced within the water column) that is
useful in studies of both vertical and horizontal transport of dissolved
substances within the overlying water. |

Study of the vertical and horizontal distributions.of dissolved 222Rn
in the waters of the New York Bight and the adjacent slope has been an
important focus of the Lamont research effort supported by this contract.
Six.areal surveys of the radon distribution in the Bight covering all four
seasons have been conducted. On four of these cruises extensive sampling
of the near-bottom waters of the adjacent continental slope was also
performed. In addition to these surveyé another cruise focused on the
area referred to here as the "Mud Hole" (a large area of fiﬁe—grained
sediment south'of Rhode Island and Martha's Vineyard, figure 4.4-1) in

222

order to'examineAthe time variability of vertical profiles of Rn.
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On thelmost recent cruise, ;ﬁe wétérs of Eﬁe Eqntinental slope from the
New York Bight to Cape Hatteras (Fig. 4.l1.la) were sampled in order to
determine the extent and ppssible causeé of the low radon.zone‘observed in
all of our pr¢vious cruises on the slope (see section 4.4.5). All waﬁér'
column measurements of 222p) were éccompained by measurements of hydro-
graphic properties and the concentrations of suspended particles.
Sediment samples were also coilected on all cruises in.order to determine
the distribution of radon production in.sediments and to gain some under-
standing of the flux rate of radon out‘of'the sediments.

The results of this work are being incorporated in a Ph.S. thesis
currently being written by Steve Carson and in two papers one concerning
the shelf distribﬁtion and‘the ofher concerning the slope. Much of this
work has been discussed in previous annual reports. In this report we
will summarize all of our results as presented in ﬁhe above meﬁtidned

thesis and papers with emphasis on recent findings.

4.4.2 Source Function of Radon-222 from Sediments.

In order to understand the distribution of excess 222pn 1in the
waters of the shelf and slope one requires a knowledge of the distribution
of the sediment source function of radon. Thé bulk of our effort in this
direction has been to collect surface grabs and cores to be used in
measurements of the production of radon that enters the pore waters and
can diffuse from there into the overlying water. (Diffusible radon is
produced by radium that is om or near grain surfaces. Radon produced deep
within sediment grains.cannot diffuse out of the grain lattice before

decaying.)

4.4/3 44




4.4/5

. The other more recent part of our effort to define the source func-
tion has involved the collection of cores which are sampled on shipboard

at discrete intervals down the core in order to measure the distribution

of in situ pore-water radon. The samples are later measured in the lab

- for production of diffusible radon, i.e., the equilibrium pore-water radon

concentration with no radon loss, as well as other radioisotopes (see
Sec. 3.1).. The in situ radon concentration in the upper part of the core
should be less than the coﬁcentrétion of diffusible radon. due éo loss of
radon from the sediment to the overlying water. The difference between -
the two sets of measurements integrated down the core should give a
measure'of the total loss (flux) of radon from the sediment to the
overlying water.

4.4.2.1 Radon Source Functiqn on the Shelf.

The most important feature of the distribution of diffusible
radon production in the sediments of New York Bight area is that radon
producfion is strongly correlated with grain size in most parts of the
Bight. Much of the shelf sediment of the Bight has less than 3% < 63m
sediment and most of these sands show radon productions of .02 to .06
dpm/mgm (dry weight)(figures 4.4-1 and 2). The exception to this is found
to the southwest of the Hudson Shelf Channel and will be discussed later.

The sediments of both the Hudson Shelf Channel and the Mudhole, how-
e;er, contain high coﬁcentrations of < 63um sediments. When radon produc-

tion is plotted versus the percentage < 63 um sediments in these areas a

.strong linear correlation is found. This correlation can be easily ex-

plained from the fact that the grain surface area per unit weight in-
creases with increasing percentage of fine grained sediment and that clays
in the fine grained portion of the sediment have exchange sites to which

radium can be adsorbed.
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AéAcan be seen in figure 4.4-3 the sediments of the>Chénnei have a
correlation between production and grain size ghat is‘differenf frﬁm the
correlation in the Mudhole. The former correlation has a much sfeeper
slope. This indicates thaf the fine grained end member of the mixing
curve formed by sediments in tﬂe Channel has higher concentrations of
surface'radium,_i.e., higher radon production, than the fiﬂe graingd
sediments of the Mudhole (.48 dpm/gAvs. .26 dpm/g). The reasons for this
difference‘in the fine gfained end membérs aré currently under investiga-
tion. S;mples from ﬁhe two areas have been fractionated intd sizes <.2u;
2-63u and > 63u. Radon prbduction analyses of theselfractions are being
performed at fhe present time.

f.As‘mentioned aﬁove the one exception to the general relationshiﬁA
between radon produétion and percentage < 63um sediment is in an area of
‘sandy sediment (< 3% finer than 63 im) in a region southwest of the Hudson
Shelf Channél (referred to as the "anomalous sands") (figures. 4.4-1 and
2). Radon production in the sediments of this afea ranges from .06 to .31
dpm/g. The extent of the area is at least 40 km in the direction parallel
to the axis of the Channel (southeast) and ~ 35 Km in the direction
perpendicular to the Channel axis (Fig. 4.4-2).

Experiments designed to determine the source of the high radon
production in these sands are underway. So far results have shown that,
surprisingly, most of the radon is coming from the > 63im fraction of
these sediments. In order to narrow down the range of possible minerals
that may be contributing to the high production, two samples from the
“anomalous” sandy area, i.e., high-production sands, and one from a
"normal” sandy area, i.e., low-production sands, have been separated with

a Franz isostatic magnetic separator. In the process six fractions were
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'producedf 4 with vainhg degrees of operationally-defined magnetic

behavior; one that is operationally nqﬁ—magnetic and,éne that is too large
for the separator (> 1.19 mm). Thé fractioné are preseﬁtly-being

analyzed for radon production. Pfelipinary«resuslts froﬁ one of the
anoﬁalous sands indicates that about half»of the total pgoduction comes
from the > 1.19 mm fraction and about ome quarter of the total comes from
the two least-magnetic fractions. When final results from this and the

other samples are completed mineralogical analysis of important fractions

" will be carried out to identify the minerals responsible for this

anomalously high radon production.

4.4.2.2 Radon Source Function on the Slope
Analysis for radon production of sediments collected during the
RACACA cruise of June, 1979 was completed during this contract year. The

results of these analysis, which are from parts of the slope south of the

New York Bight, have been combined with analysis of samples collected from

the slope adjacent to the Bight to demonstrate that the radon production
is strongly correlated with the depth from which the samples is taken
(Fig. 4.4-4). This can be understood from the geochemical source of much
of the 226pa in deep sea sediments. The 23%y dissolved in ocean water
decays to 23071 which has a very short residence time compared to its half
iife and which is removed from the water by particles that settle to the
ocean floor. In the sediments 2307, decays to 226Ra which in turn pro-

222p;.  Sediment from deeper parts

duces a large portion of the diffusible
of the slope can be expected to show higher production rates than sedi-
ments from shallower parts because there is a thicker water column over-

lying the deeper sediments from which'230Th can be stripped. Thus there
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'-are higher ;ccumulations of 23%Th in the deepér ;eAiments than the
shallower sedimentsvand higher resultahtlsurface 226Ra concentrations
(Fig. 4.4-4). H | |

in order, however, for there to be a linear relationship between
radon pfoductidn and depth in such a prqcess'it would. be necessary for

230Th

sedimentation rate to be thevsame at all depths. Otherwise the
strippedbfrom the water column by particles raining down on the sediments
would be more diluted in areas of higher sedimentation rate. If, for
example, theAsedimentation rate decreased with depth the data of
Fig.'4.4—4 would fall on a curve that is concave upward, i.e., greater
dilution of less thorium at shallow depths and less dilution of more
thorium in the deep slope. fhe fact that the data fall on a straight line
may bé indicative of a constant sedimentation rate (at leagt'for the lowér
slope) if the hypothesis explaining the depth distribution of radon pro-
duction is correct. As discussed below, other factors beside just depth
are responsible for control of the radon production of sediments on the
upper slope.

Filgure 4.4-5 shows the relationship betﬁeen production of radon in
slope sediments to the percentage of fine grained sediments. The two
lines drawn in figure 4.4-5 are the correlations established from the
shelf sediments in the Channel (upper line) and the Mudhole (lower line).

VNéne of the slope éediment data shown in figure 4.4-5 were used in deter-
mining thé two liﬁes shéwn. It can be seen that sediments on -the slope -
with less than éOZ of the < 63im fraction fall within the envelope of the
two lines estaﬁlished for the shelf sediments. Most of the sediments con-
taining greater than 90% fines were collected from dep;hs greater than
700m. Many of these fall outside of the envelope eétablishea on the basis
of shelf gediments. This is probably due to the predominance of the depth

effect mentioﬁed earlier, such that'the deeper samples have higher
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concentrations of surface radium than would be expected on fhe basis of
grain size alone.: |

It is not at all clear ét this po;nt why the sediments collected from
less than 700m water depth should show a correlatiéh with depth;that is
consistent Vith the deepe; sediments while, at the same time, exhibiting a
grain size relationship that falls within the envelope determined from
shelf sediments. One extreme way in which this would be possible is if
the depth effect is somehow unimportant in the upper 700m of the slopeAand
1f the fine-grained sediments of that region are composed of a combination
of two end members. One end member would be simiiar to the fine grained
sediment; of the Hudson Shelf Channel thle the other would be similar to
fine grained sediments of the Mudhole. 1In such a c;se the radon produc-
tion of the upper slope sediments would be controlled by thé proportioans |
in which the two fine grained end members and the > 63 m fraction were N ,
mixed.

Such a situation could occur if the sedimentation rate of the upper
slope were significantly greater than that on the lower slope. A high
sedimentation rate on the upper slope would significantly dilute the thor-
ium added from the water column. As a result the surface radium of the
originally depdsited'sediment would overwhelm the contribution from the
thorium raining down from the overlying water.

If the above explanation were correct then the fact that the sedi-
‘ ments of the upper slope fall along the production versus depth line shown
in Fig. 4.4-4 would be compleltely fortuitous.’ The stations shallower
than about 700m depﬁh have been considered separately from those deeper
than 700m in order to compare how well the linear regression of each group
compares with the regression line determined from all the samples to-

gether. The linear regression between radon production and depth shown in
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l“Fig. 4.4—4.15 actuaily determined iargely by the deeper sediménts.'When
thé sediments deeper than 700& are‘considgred alope, the linear regression-
is given by: |

RP = 2.29x107" x D + .092 % = .792
where RP = radon production in dpm/g and D = depth in meters. ' This com
pares well to ghe regression for all the samples as shown in Fig. 4.4-4
of:

RP = 2.32x10~% x D + .088  r? = .865.

When the stations shallower than 700m depth are considered

separately, the regression gives:

RP = 3.73x10"% x D + .051 r® = .500
The correlatioﬁ-coefficien; for the shallower stations alone is much less
significant and the slope of the regression line is steeper than for
either alllthe stations together or for the. deeper stations taken sebar—
ately. This steeper slope would be indicative of a lower, rather than a
higher sedimentation rafe as posited earlier. The slope of this regres-
sion is not very significant, however, as indicated by the low correlation
coefficient. This low value for r? is the result of scatter produced by
the grain size‘effect.

These results do not indicate strongly whether or not the depth
effect is very important in the sediments of the upper slope. If it is
assumed, however, that sedimentation rate is constant down the slope and
therefore that the depéh effect is linear down the slope, then it can be
seen whether a relationship between grain size and radon production still
holds on the upper siope. This was done by calculating the contribution

to surface radium due to depth as determined by the linear regression fit

to all points and subtracting this depth-related concentration from the




total prdduction of each sample. These depth-corrected surface radium

values ére plotted versus < 63im sediment figure 4;4;6. As indicated in
the figurg the points can be gfouped according to grain size and depth
characteristics. The samples from <500m depth containing < 50% of < 63um
éediment all fall along a line that has fhe following.equation;
RP = 3.17x107 x % <63um + .0055 r? = .826
This would give an end-member, fine-grained vaiue for radoan production of
.32 dpm/g and an end member > 63u sediment value of ~ .005 dpm/g. This
compares with a regression fit to the uncérrected data shown in figure .
4.4=5 of:
RP = 2.84x107° x % < 63um + .049 r’ - .892

The latter gives a value of .33 dpm/g for the end-member radon production.
from the-< 63u fractiom and .05 dpm/g for production from the > 63um frac-
tioﬁ. If all stations with approximately less than 50% < 63um fractions
are considered it can be seen that most of the samples from ~ 500 - 700m
water depth fall much lower than the trend established from the stations’
shallower than 500m. If the relatiomship estébli;hed from the samples
from < 500m is invalid, then these could be explained by'"recent" movement
of coarse grained sediment down slope. Such movement would result in
over—correction for dépth causing the points to fall below the line
calculated for stations < 500m depth. Since samples with such low
pefcentages of < 63im sediment are generally found on the upper slope,
such an ﬁypothesis is not unreasounable.

The four samples from shallower than 500m with > 50% < 63u sediments
show a very different trend. They fall along a line given by;

RP = 4.76x103 x Z < 63u - .216 r2 = .980.

4.4/15
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Thus e radon pfoduction of zero 1s indicated et 452 <‘63u sediments. if
-~ this group is exteneed to encompass stations of the same grain size
characteristics down to 700m depth (an addition of t&o»more stations
16T and 3) the line becomes:

RP = 5.08x107% x % < 63um - .243 £ = .93
giving zero radon prqduction‘at 467% < 63u and a production of .26
dpm/100gm for 100% < 63u sediment. It is not clear whether these two
< 700m points should be considered part of this group or part of the group
discussed in the previous paragraph.

Such results could be explained by a large influx of <63im sediment
that contains very litfle surface radium to theee'sites. This would have
the multiple effects of 1) increasing the % of < 63y relative to other
stations at eimilar depths; 2) lowering the radon production of the fine
grained end meﬁber and 3) diluting the thorium from the overlying water
column. The third effect weould result in an error in depth correction
used in producing figure 4.4-6. All three effects would offset the values
of radon production toward lower values at a given sediment grain-size
composition. This is consistent with figure 4.4.-6. It is hard to
conceive, however, hew a higher influx of low-radium sediments to a few
stations would result in such a good correlation for those stations.

Most of the points in figure 4.4.-6 fall below the line produced from
the Mudhole sediments which is the lower of the two shelf lines. Thus if
the depth effect is important throughout the slope, then the fact that
many points from stations shallower than 800m fall within the envelope of
the two shelf sediment lines when uncorreceed for depth (figure 4.4-5)
could be fertituous. 1f, howevef, the slope sedimente from < 50% fines

can be considered together, then the end-member, fine grained producfion
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.of .334dpm/g falls between the eﬁd‘members on thé shelf (in the Chaﬁnel
and in the Mudhole). | |

As can be seen ffom figure 4.4-6 the samples from deeper than 700m
‘show considerable scatﬁer in radon production values aftér correction for
depth. This may be tﬁe result of varyingvsedimentafion rates at different
stations.

One final comparison bétween the sediments of the upper slope aﬁd
those of the lower slope thaf can be made 1s that of the relative values
of the radon production of the initial, or "continental” < 63zum fraction,
(L.e., the fine fraction) without the effect of depth-related thorium.- As
discussed above, the value for the upper slope appears to lie between .26
and .48 dpm/g with a value of .33 dpm/g most likely. If thé regression
fof sediments deeper than 700m is extrapolated to zéro water depth (Figﬁ
4.4-4), then a value of .09 dpm/g for these mostly fine grained sediments
is indicated. If the samples deeper than 700m are normalizéd to 100% of
< 63ym sediments, then a linear regression indicates é value of about .l4
dpm/g at zero Qater depth. In-either case the fine grained éediments of
the lower slope appear to have a lower initial surface radium content than
those of the upper slope.

It 1is clear from the above discussion that many questions about the
detalls of slope sediment radon production remain to be resolved and many -
hypotheses can be tested. Some things that can be done with the samples
on hand include determination of organic content, performing leaching
experiments and comparison of sedimentation rates calculated from the
regression line and water column 234y contént with the rates determined
from cores already collected. Other questions concerning the differences
between the upper slope and lower slope could be resolved by coring that

is proposed for the cdming contract year:. Such questions include the
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relétive sedimén;ation rates,'tﬁe‘possibiliﬁiés of slumpiﬁg of céarée-
grained sediments down slope and thé possible influx of low?rédium content
fine grained material on parts of the upper slope.

Although many questions remain unresolved, the established relation—
ship between radon production in slope sediments and depth is impoftant in

itself to the interpretation of the low radon zone as discussed in section

'

4.4.5 of this report. It also places constraints on the origins of slope
sediments of general interest to the problem of the ultimate or penulti-

mate repository of pollutants{

4.4.3 Horizontal Distribution of Dissolved 222Rn on the Shelf.

The distribution of dissolved 222

Rn has been measured on the
shélf on 6 cruises covering the four seasons.  In all cruises the same
general pattern of distribution has been dbserved. As discussed in
previous reports the distribution 6f excess radon is strongly related to
the distribution of sediment production. High water column concentrations
are aésociated with high productionAareas such as the Mudhole, the Hudson
Shelf Channel and the anomalous sandy area to the southwest of the
Channel. The pattern is then'distorted by advection which produces
tongues of high radon water over areas of low production.

>Stations41n the Mudhole were occupied on only two cruises and not
much detail is known about the radon distribution in that area. One
crulse was in January 1976 during relatively weli-mixed conditions with a
slight benthic pycnocline (see section 4.4.4 for detailed discussion of
vertical distributions). One line of stations was occupied eastward
through the Mudhole. The stations in the Mudhole had standing crops

higher than stations occupied over low production areas in the same cruise

(Fig. 4.4=7).
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The second cruise to sample the Mudhole area focused exclusively on
that area and occurred in August of 1978. It was designed, in part, to
test the time variability of radon profiles. Again significantly higher
standing crops were found in the Mudhole area on this cruise in comparison
to lower production areas samples on previous summer cruises. Unfortun-
ately, a great deal of variability in radon distribution and in hydro-
graphic properties was observed. The Mudhole is in a slightly deeper
part of the shelf and appears to be subject to intrusions of water from
the slope and other parts of the shelf. Thus any attempts to model
horizontal or vertical distributions in the area are not useful during
such hydrographically-complicated conditions.

Another area that appears to be somewhat variable and thus difficult
to interpret quantitatively is found off the eastern part of Long Island
between the Mudhole and the Hudson Shelf Channel. A transect of stations
extending southeastward from eastern Long Island has been occupied on
three cruises: January, 1976; May, 1977 and July, 1975. 1In all cases
complex intertonging of high—and low-radon waters was indicated both by
the radon and by the hydrography (see figures 4.4-7 to 9 for radon distri-
butions). High radon waters probably come from the Mudhole or areas to
the north that have not been extensively sampled such as along Long Island
or in Rhode Island Sound. Stations occupied to the northeast of the tran-
sect in January 1976 showed high standing crops. A tongue of high radon
water appears to be coming from the northeast in July, 1975 (Fig. 4.4-8).

Seasonal trends along this transect show considerable variability.
High radon tongues appear to be persistent features but variable in
location, i.e., they are always encountered but not in the same place and

intensity. Without detailed hydrographic and radon surveys to the east
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'ana mére‘defailed'coverage of radon production to the northeast-it is
1 imposéiblé to make ;ny quantitative statements about the radon distribu-
tion in‘the area. Both radon and h&drography seem to indicate that the
flow éff eastern Long Island is not uniform but rather appears jét-liké,
with narfow bands of water travelling at different speeds and perhaps from
Adifferent source areas.

The most seasonally-uniform area that has been observed is in the
area of the Hudson Shelf Cﬁannel. Whereas much of the shelf in the Mud-
hole area-and to the south of Long Island is deeper than 55m, the area
near the Channel has a broader expanse of waters shallower than SSm. It
is in this area that features appear to be more constant and tﬁus canAbe
adequately modelled. Also, detailed coverage of béth water column radon
and sediment prbduction has been carried out on five cruises: two in the
winter and early spring and three in the presence of a thermocline.:

The main features of the horizontal distribution of excess radon near
the Channel are high concentration and standing crdps in the Channel it—v
self and in a tongue of water generally extending to the southwest with
lower standing crops in surrounding waters (Figs. 4.4-7 to -10). The
interpretation of this distribution has gone through considerable evolu-
tion as our knowledge of the area has increased and as new approaches have
been tried. Briefly, it was first thought that the main source of excess
radon was the sediments of the Channel and that the tongue of high radoﬁ
extending to the southwest had its source in the Channel from which it was
advected. Further detailed sampling demonstrated the existence of the
"anomalous” sandy area (see section 4.4.2) which is clearly an important
local radon source. Examination of croés sections of radoq concentrafions

and hydrography through the Channel indicate that the radon produced by
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Channel sediments is largely trapped in the Channel Current meter data

v indicating that flows in the Channel are mostly up and down the axis (Han,'

pefsonal communication and in a paper submitted to Limnology and

' . g Oceanography)‘support this conclusion. Thus-it appears that, except under
conditions of extreme vertical mixing throughout the wataa column, the
Channel sediments are probably not an important source of excess radon to
waters adjacent to the Channel. The strong source in the region appears
to be the anomalous sandy area and recent modelling has proceeded under

that assumption.

4.4.3.1 Modelling of Horizontal Distributions
Previous modelling of the hori;ontal distributiotn of excess

radon had been done with a simple three dimensional model developed by
Nevil ﬁilford of the University of Queensland, Australia. The model in-
volved three dimensional diffusion into anistropic semi-infinite nedium
with a given vertical diffusion coefficient and a different (higher) hori-
zontal diffusion coefficient. The source function was a gri& of point
sources spaced at ~ 5 km intervals, the strengths of which were based on
the distribution of grain size and the relationship of production to grain
size in most of the Bight and on direct measurements in the anomalous
sandy area. The amount of radon that would diffuse from each grid point
in a given radius about station locations to points at various depths
‘about the station point was calculated. These results were summed verti-
cally to produce standing crops. Since a map of production was used for
the source function (rather than real fluxes) under the assumption that

flux is proportional to production, the model calculations were normalized

to the data by summing both the measured standing crops and the model
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calculation; for the whole area and determining the‘rationof thé'twé sums .

Modei calculationé were run only for theISummer cruises wﬁen thelpre;l
sence of a thermocline assured trapping of all the excess radon. During
the winter 'and early spfiﬁg cfuises excess radon was observed all the way
to the surface, indicating probable loss to the atmosphere.

ﬁodel results had previously been displayéd and éompated by calculat-
ing the ratio of the model standing crop to the measured standing crop and
plotting a map of these ratios. The optimum horizontal diffusion coeffic-
fent was selected on the basis of which one of those used in the calcula-
tion gave the most number of stations for which model results and measured
standing crops matched to within 20%. This ﬁechniquelhas proved confusing
and inadequate. A more'éuantitative technique of selecting a diffusion
coefficient by doing a least squares bit between the model results and
measured standing crops showed little correlation indicating that a simple
diffusion modeL is inadequate for the area.

It has recently proved useful ‘to examine standing crop data and com-
pare model results by plotting them one dimensionally along axils perpen—
dicular to or parallel to the Channel axis rather than by using maps.This
simpler approach has shown many important features that will be illus-
trated with the data from éruise CH77-15 (September; 1977; Fig. 4.4-10).
This cruise was the most detailed in the area and is thus best fo;
modelling purposes.

By first plotting all of the data omn an axis perpendicular to the
Channel axis it could be seen that the data could be classifed in three
geographically distinct groups (Fig. 4,4-11 and -12). The first group
lies shoreward of a line that runs perpendicular to the Channel through
the most shoreward extent of the anomalous sands. The second group lies

seaward of that line and shoreward of about the 55m isobath. The third
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éroup lies seaﬁard of aoOut the 55m isooath.

The first group shows high standing.crops in the Channel and low
: standing crops on either side.. This.is to oe expected from tne distribn-
tion of production which is also hlgh in ‘the Channel and low to either
side. The high water column concentrations are largely traoped within the
Channel as discussed previoue}y.

The second group shows high concentrations over the anomalous area
and to the southwest. Concentrations are lower over the Channel and very
low to the northeast. This pattern is indicative of advection to the
southwest over tne anomalous sands.

The third group shows reletively constant standing crops of low to
moderate magnitude.

The only group'of data tnat can be meaningfully mocelled is the

second group since it is the only one that shows the influence of a stong

source without bathymetric trapping. It is clear from the distribution of -

standing crops in this group that advection is very important‘and that the
simple diffusion model would be inadequate to describe the data.

Before examining the results of an advection-diffusion model for the
second group of statiomns it is useful to compare the distribution of
standing crops between the different groups along axes parallel to the
Channel axis. It can be seen in figure 4.4-13 that the highest concentra-
tions southwest of the Channel are confined to the group 2 region both
over the anomalous sands and to the southwest. This indicates relatively
low cross shelf eddy diffusion and low cross;shelf advection. Comparison
of the diffusion model calculations on the same axls show that the cross

shelf diffusion coefficient is certainly no higher than 10° cmz/sec and

* probably is of the order of 10° cmz/sec or less within the limits of the
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data. (Because of the size of the source region and the spaciﬁg of
stations the radon method is not sensitive to diffusion coefficients less
than 10° cmz/sec.) Thus it is clear that the standlng'crops in group 2
can be adequatel& modelled with a one dimensional advection diffusion
model with advection to the southwest.

This was done'by using a standard one-dimensional advection-—

diffusion-decay model expressed in the equation:

where C is concentration, Ky is horizontal eddy diffﬁsion coefficient, U
is hérizontal velocity and A is the decay coefficient of radon. Since mno
time-dependent data are available we must assume steady state. Under
sfeady state conditions the solution to this equation about é point source

is:

C = Co exp [Ux/3Ky (1 * / 1 + 4XKyg/U?)]

where C, is the concentration at the point source. The exponent with
the positive sign refers to values of x < 0 (upstream of the point source)
and the negative sign to x > O (downstream). (Solution from O'Connor

"Estuarine Analysis” in textbook Mathematical Modelling of Natural Systems

from a course given at Manhattan College.) The value of C, can only be
determined with knowledge of the input of radon from sediments. Since the
input is only.known on a relative scale a normalization procedure was used

as discussed below.
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The model ﬁas applied by calculaﬁing the distribution of excess radon

about point sources spaced at'S'km intervals and then summing over the -
whole region. The relative strengths of the point sources were éhosen

as a schemafic fepresentation of‘the distribution of radon production‘in
ghe group 2 area. Point sources northeast of the Channel axis were setlat
4 or 5 dpm/g. Point sources at 5, 10, 15, 20 aqd 25 km southwest of the
Channel were considered the strongest sources of the anomalous region and
given values of 20 dpm/g. The points in the Channel axis and at 30 lm
sodthwest of the axis were considered transitional and.given values of 10
dpm/g greater than 30 km to the souﬁhwest'were set at 3 to 4 dpm/g.

Aftef calculating the distributions about all the point sources and
summing, the modei resu}ts were normalized by setting ﬁhe'standing crop.of
the furthest upstream station to a value of .4 dpm/cm2 and using ﬁhe ratio
of the model upstream value to .4 dpm/cm2 to convert ;ll other model
values to standing crops. It was found f:om.examidétion of the group 2
plots of standing crop vs. distance from Channel tﬁat the station
northeast of the Channel (upstream) had standing crops generaily near to
b dpm/cmz.

The most detailed coverage of the group 2 area was performed on the
cruise CH77-15 in September, 1977. The shape of the radon distribution
ground the anomalous area can be matched with a current velocity of about
20 cm/sec. Tﬁe magnitu&es of the standing crops are not fit by the model
if a direct proporﬁionality between the flux of radon from the sedimgnts
and the production of the radon in the sediments is assumed. The obéerved
standing crops are approached by the model calculations only if the ratio
of flux toAproduction in the anomalous sands is three times that in the

normal sands Fig. 4.4-4. This could be the case if the anomalous sands
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- were the site of higher'biological activity than the normal sands. Such

activity could enhance fluxeé by increased éedimeﬁt @ixing and pumping of
pore waters. |

The data from May, 1979 and July, 1975 are much_spafser with only one
or two stations above the anomalous sands, one or two upstream and one

downstream in both cruises. The May data.are indicative of a current of

~about 10 cm/sec and a "flux:production" ratio that 1s the same in anoma-

lous sands as in the normal sands. Thé July data suggest a current of 20
cm/sec and a flux:production ratio about 2 to 2 1/2 times greater in the
anomalous sands than in the normal sands. The appafent seasonal progres-—
slion of flux:productionlratios is consistent with an explanatién of
biological activity enhancing fluxes in the anomalous sénds,Asince such
activity would likely increase from spring to summer to early fall.
Currents for the three cruises were calculated from wind velocities
at Kennedy Airport on the basis of a correlation determined by Greg Han of
AOML (personal communication). The calculated six day average currents in
the bottom waters near the anomalous sands were dominated by the south-
westward component, but sﬁowed magnitudes that were 1/3 to 2/3 of those
suggested byAthe advection-diffusion model. Also the September, 1977

cruise was the one on which drogues were launched in order to determine

~current velocities on the cruise. Although the drogues failed shortly

after launching due to manufacturer defects, some worked for up to two
days and the apparent southwestward component of the mean current over
those brief periods was 5 to 15 cm/sec in contrast to the 20 cm/sec

suggested by the radon data.



A poséible explap#tion'fof these discrepanéiés would be the existenée :
'Qf high production sediments to the southwest of the known anomalous
sandé.' We have not observed such ‘sediments But our coverage in that area
" has not been very dense. 4However, grab samplés from stations at which

hiéﬁ radon standing cropé were observed showed low production.
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4.4.'4.'-“ Vertical Distribution of 222y

‘ A Aé discussea in previous annual repofts the vertical distribﬁ-
ﬁioﬁ of 222RnAis largely controlled by hydrographic properties of the
water column. 'Under relatively well-mixed conditions excess radon is
mixed all the way to the surface. Under stratified conditiouns the pycno—
" cline acts as a barrier to vertical mixing and excess radon is trapped
below. In this_section the géneral characteristics of the vertical dis- .?
tribution for each season will first be described followed by a discussion
. of the vertical modelling that has'been applied to some data sets.

4.4.4.1 Seasonal description of Vertical Thermocline
Winter - January, 1976.
The ve£tical profiles of 222py from the cruise RC19-05, which

took place in Januar&, 1976, can be broken into four groups according to
the vertical distribuéions of fadon, temperature, salinity and den-
sity. These groups‘also tend to fall into four distinct geographic
regions. In the waters of the New York Bight itself (as distinguished
from waters gast of Long Island) most of'the staﬁions occupied sho;eward
of the 55m isobath showed well-mixed conditioms for all properties (T, S, o .
oy and 222Rn). In some cases the radon concentrations were randomly
variable vertically. This would suggést that o?er short time scales (of
the order of a few hours)'thé water'column may not be well mixed and thus
could show vertical patchiness in préperties that have short time con-
stants for growth or decay. Over a longer time scale that would be
reflected in:the distriﬁution of conservative ﬁroperties, however, the
water column is well mixed as indicated'by the vertical constancy of T, S
and o, even where radon is variable. The radon variability could be the

result of parcels of water a few meters thick that were well mixed within
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'themselves.buF did not mix rapi&iy with adjacent parcels (e.g., 1ndividuéi
eddy celié) that spenf time neéf the surface (where radon would be lost)
- or near the bottom (where radon would be gained) before being moved by a
large séale mixing pfocess downward or upward into the middle of the wafer
column. If this were the case such parcels would have to maintaiﬁ their
integrity at“the surface or the bottom for about three to six hours in
order to achieve the observed variability in the vertical radon
distribution.

The second group of stations includeé a few in waters shallower than -
“the 55m and many deeper fhan 55m in the New York Bight. These show
gradual increases in temperature and salinity with depth. The radon con—~
centrations a£ these stations also show slight increaseé with depth as
would be expected if vertical mixing were inhibited by water column
stratification. |

The third group was found above the Mudhole and also include stations
to the northwest of the Mudhole and a few stations in the New York Bight
waters deeper than 55m. In this group the temperature and salinity were
well mixed or showed gradual increases with depth down to about 10 meters
above bottom (MAB). At about 10 meters abové-bpttom there were draﬁatic
increases in temperature, salinity and density with a fairly well mixed
layer below. The radon profiles also shwed will mixed distributions down
to about 10 MAB at which point there was also an abrupt increase in radon
concentration (usually obgerved only in the bottommost sample).

The final group includes oniy two stations east of the mudhole where
the temperature and salinity decrease neai the bottom but where the
density is vertically constant. At one station the radon was constani and

at the other the radon increased with depth.
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4Spring - Late March 1977

iThe'cruise~K77;02 (March—-April 1, 1977) QCCurféd-during a period of .
'appafenplﬁransiﬁiqn from well-mixed winter cohditioné to.the stratifica-
tion of.tﬁe summe?. The vertical radon distribution did not always béar
an obvious relationship to the vertical distribution of hyd%ographic pro-
perties. About 1/3 of tﬁe stations showed variatioms in fédon that could
reasonably cérrespénd with vertical demsity changes (i.e., well mixed
radon where density:is constant, decreases in radon witﬁ distance above A
bottom where stratificatiqn was observed). About:l/6 bf the stations
showed radon distributions~that were not inconsistent with hydfography,
but, because ofithe sparseﬁess of the data, it cannot absolﬁtely be said
that the ﬁwo seté of data‘agree. The remainder of the stationsl(abouﬁA
1/2) showed radon distributions that were clearly incounsistent with the
observed hydrography (i.e., constant radon through stratified regioms or
strong gradients of radon in well mixed waters). This cruise obviously
took place during a véry complicated traﬁsitional period dgring which
steady state could not be assumed. Time variability at some stations that

were reoccupied during this cruise was very great.

Late Spring - Summer - Early Fall (Stratified conditions) May 1977, July
1975, September 1977, October 1974.

On all four of the cruises CH77-01 (May 1977), RC19-01 (July 1975),
CH77-15 (September 1977) and V32-01 (October 1974) stratified conditions
were obsserved. The vertical radon distribution in the Bight waters'was
consistently found to c0rrespoﬁd to the hydrographic properties. Radon in
the bottom mixed layer wés relatively well mixed or showed smooth in=-

creases toward the bottom. It was not unusual to find maxima or minima -
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within the bottom mixed layer indicating some batchineéé in mixing.over
short timé scales as discussed in regard to'the Veli mixed Qertical

- stations. In this case patchiness in vertical radon distribution wduld .
result from parcels of water maintaining their integrity near the bottom
for a few hours during which ﬁime they would gain radoﬁ before being mixed
vupward as a unit or from l&nger term isolation of parcels from mixing with
ad jacent parcels during which timé some excéss radon could decay. In
areas of strong enough horizontal gradients intrusions of high br low
radon water from adjacent regions could also cause patchiness.

Abrupt decreases in ;adon concentrations above the bottom ﬁixed layer
were usually associated with stratification: either the bottom of the
ﬁhermocline or (at some of the deeper statious) weéker stratification
below the thermocline. Since the thermocline deepeﬁed from late spring
through early fall and since the standing crops generally inéreased during
the same period, the gradients in radon concentration at the top of the

bottom mixed layer increased through the stratified period.

‘4.4.4.2 Modelling of Vertical Distributions
-Winter
The only modelling that has been done on the winter data has

been on the stations of the New York Bight shallower than 55m that‘showed
vertically constant properties. For these stations a comnstant vertical
eddy diffusion coefficient and steady state conditions can reasoﬁably be
assumed. The model solved for a vertical distribution of radon controlled
solely by vertical diffusion and decay. The bottoﬁ boundary condition was
a designated concentration as estimated from the profile being modelled.

The upper boundary condition was loss of radon to the atmosphere based on
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a stagnant film’modél for gas exchange whgre the controlling parameters
that had to belinput were thé ratio of moleculér diffusion‘of radﬁn to
film thickness and.the atmospheric concentration of radon. The film
thickness was calculated for different assumed concentrations §f atmo-
sphéric radon by assuming that the amount of radon lost to'the étmosphére
from a given station corresponded to the difference between thg standing
crop at that statian in May 1977 (when theré was no loss to the
atmosphere) and the étanding crop in January 1976.

The calculated vertical diffusion coefficients for the well mixed
stations place a lower limit of 100 cm?/sec on the vertical diffusion co-
efficien; of tﬁe Bight waters shallower than 55m. Since'the‘relatively
constant radon profiles could be matched within the error of the data by .
an infinite vertical diffusion coefficiént, only a lower limit can be
reasonably calculated.

Spring

Obviously the data collected on K77-02 (late March 1977) cannét be
modelled because the assumption of steady state is inappropriate and there
is no time variability data. It does seem, however, that a study of the
radon at a feﬁ stations over the period éf thermocline formétion could
provide useful insights into the changes in the turbulent structure during
that transitional period. The fact that the vertical distribution of
radon does not match well with the hydrography at half the stations may be
indicative of complexities in turbulence that cannot be observed with

temperature and salinity.
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Late Spring - Summer - Early Fall

Modelling of data collected under stratified conditions was discussed
in detail in 1ast year's report._ Briefly, because most profiles showed
similar characteristics of a bottom mixed layer overlain by an abrupt
decrease in radon, the data from each station was normalized to the
average bottom layer concentration and all of the stations were grouped
together. A two layer model with 'a different constant vertical eddy
diffusion coefficient in each layer was applied to the data. Since the
lower layer often showed variability as discussud in the previous section
it‘was not possible to assign a good value for the vertical diffusion
coefficient to that layer. 1In May,'1977 the data from all stations that
showed the same characteristic shape fell within the range of 0.05 to 0.5
cm?/sec for the vertical diffusion coefficient of the upper layer. If
only the stations at which the top of_the mixed layer corresponded with
thelbottom of the thermoclinewere considered, the range was narrowed to
0.05 to 0.3 cmz/sec. The July 1975 upper layer data fell within the range
0.05 to 0.5 cm®/sec. Thus the vertical diffusion coefficient at the base
of the thermocline lies in the range 0.05 to 0.5 cmz/sec. This range
would be an upper limit for the most stratified part of the thermocline
because the abrupt radon decrease occurs at the bottom of the thermocline
and because data from profiles in which the radon decrease ocCurs at
weaker stratification below the thermocline also falls within the range

0.05 - 0.5 cm%/sec.
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4.4.5 ~fhe Low Radon ione
Work invblving'the characterization and description*of the low
radon zone that ﬁas oécurred during this contract year has included more
detailed description of the source function (see section 4.4.2), the

measurement of 226

Ra in samples collected on the RACACA cruise and the use
of these data in further defining the low radon zone.

The "low radon zone” ié the name we have given to a region of the
continental slope extending from the shelf-slope break to about 2000m
depth in which excess radon concentrations and standing crops have been
found to be much lower than those expected from the radon production of
the underlying sediments - indeed, lower than observed anywhere else in.
the world oceans, deep or shallow. The zone is generally centered at
about 1000m depth where concentrations of excess radon are as low as O
dpm/1004. Concentrations and standing crops increase both upslope and
downslope from ;hefe. This zone has been observed on the slope adjacent
to the New York Bight on four cruises in different seasons, and has also
" been observed at individual stations on the slope south of the Mudhole and
south of Nova Scotia. Last year on the RACACA cruise in June radoﬁ
measurements were made along seven cross—shelf transects éxtending from
the southern extent of the New York Bight to just south of Cape Hatteras
(Fig. 4.4-14). As discussed in last year's report the low radon zone was
found to extend along the whole Mid-Atlantic Slope and is obviously an
important féature of the mixiﬁg characteristics of slope and iﬁterior
water. '

The radium analyses have been completed on 15 samples and is underway
on another 20 (nearly coﬁplete for most of those). Preliminary results
had indicated that the radium was fairly constant at about 9.7 dpm/1002
down to about 1100m depth and increased with depth below that to about 12
dpm/100% at 2800m depth. While this still appears to be approximately
true for the two transects from which radium was first measured (Transects
I and V), recent results from other transects indicate that the radium
distribution is more complex. While some idea of the distribution can be
determined from the data, it will be necessary to measure many more
samplés to get a complete pictufe, An accurate knowledge of the radium

concentrations 1s necessary to the calculation of radon standing crops.
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* The depth distribﬁtion of dissolve
transects I aﬁd V'were'used‘to corréct the RACACA standing crops that had
been preyiously calculated on the.ﬁasis of an assumed dissolved 226g,
value of 10 dpm/lOOi at all stations. The depth distribution of radon
productidn in the sediments discussed in section 4.4.2b (Fig. 4.4=4) Qas
then incorporatgd by calculatihg the ratio between the standing crop and
the calculated sediment production for each statioﬁ. The values of
standing crop, caléulated.produétion, and ratio of standing crop to
production is shown for each station of transects I and II in figures
4.4415”and‘4.4-16, respectively.  Transect locations are shown in figure
4.4-14. The'efrprs on the standing crop:production ratios are based on

assumed errors of *0.05 dpm/gm on the production values and #0.1 dpm/cm2

on the standing crop values.

Under the assumption that the depth distribution of radoun production

in sediments reflects the depth distribution of the flux of radon out of
the sediments, it can be seen that_combining production results with
standing crops gives'a somewhat different picture of the low-radon zone
than that seen from examining the standing crops alome. Relatively high

ratios (>1) are generélly observed on the upper 400-500m of the slope.

Ratios > are not seen at greatérldepths anywhere along the slope. If the

flux of radon out of the sediments is considered proportional to the
radon production in sediments at all depths, then the low radon zone
clearly extends from at least 400m depth to depths greater than. our

deepest stations at 2500-2900m.
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'Althéughla ptopo?tioqality betWeén radon pfoductiohih ﬁhe éediment
and flux out of fhe sedimenﬁ'is the only assumpt;on for which we ﬁave
enoughvdéta at present, several factors may well cause deviation from this
proportionality. Two ob?ious possibilities are the nature ofAthe sedi-'
ment, i1.e., grain size and lance porosity, and the nature and intensity of
bilological activity. As indicated in section 4.4.2b, the upper slope has
- a higher pefcenﬁage of éoarse grained sediments than the middle and lower
slope. Thirty four camera stations were taken on the RACACA cruise with a
view to discerniqg éomeﬁhing of the qature and intensity of biological
aétivity as well asldirect indications of current acﬁivity in the surface

sediméﬁt. Dr. Barbara Hecker, a benthic biologist in the L-DGO Marine
Biolﬁgy Group, has made:a preliminary investigation of our bottom photos.
As expected, she.finds wide variation in the suite of benthos and in their
apparent intensity of working the sediments as a function of depth on the
slope. From what one can see in photographs, howevér, it is not obvious
that one might appeél to one or another group of benthos to account for
variability in radon flux, asidelfrom a generally greater intensity of
biological activity toward the uppef slope.
| One>must therefore consider that the upper slope standing crop:pro-
duction ratios are not the limiting ratios, but that they are higher
because of higher flux to production ratios. In that case the ratios of
.7-.9 observed at the deepest st#tions may be limiting. Comparison with
ratios from other areas of the North Atlantic has not proved helpful since
they seem top vary considerably with location. Studies of radon distribu-~
tions in cores already collected and those proposed for next year shoulﬁ
help in determining whether or not flux:production ratios are different on

the upper .and lower slope.
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In eitﬁer éase, it céﬁ be seen that the ;o&est raﬁibsvare observed af
theAsame depthé as thé'lowest standing crbps; Thus the "strongest"-parf
of the low radon zone is formed over the same depth ?ange with bothAways
of examining'the'déta. " The low radon'zoné appears more variable and
complex when considering standing crop:production ratios than when
examining standing crops alone.l The error on the ratios are substantial,
however, so it is uﬁcertain how significant the variability is. The
importance of this new calculation has not yet been fully assessed and
will be dependent on ﬁhe new dissolved 22%Ra measurements that are being
and will be performed. »Nonetheless, the low-radon zone is still found to
be a siénificant featﬁrern the slope. An understanding of the causes of
this feature is essential to an understanding of transport of dissolved '

" (and possibly suspended material inland away from the slope waters. A
discussion of possible mechanisms that could be the cause of the low-radon

zone is presented in section 4,1.3-1-IV (pp. 4.1/107-109).

4.4.6 - Summary of Utility of Radon in Continental Shelf-Slope Studies
The primary use of radon as a tracer in the shallow waters of

the continental shelf 1is as a todl for understanding vertical mixing
processes. Under the relatively steady state well-mixed conditioms of the
winter radon distributions can be used to quantify mixing in whole water
éolumn. Dufing summer ‘stratified conditions radon can be used to place
limits thermocline mixing rates. These vertical mixing parameters frém
both extreme seasons are necessary to the understanding of vertical-
distributions of other substances and as inputs to more complicated hydro-

dynamic models.
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Although-ﬁof poésiblé from the data at'hand, it apﬁears that

) méésﬁrements of of vertical distributions of radon dﬁring transition
periods between well-mixed and stratifed coddifioné could aid in
understanding the evolution of vertical turbulentAstructure and the
developmeht of the thermocline. A time series of data at a few stations
during this period in an area of known source strength distribution would
be necessary.

In éases in which detailed knowledge of radon production and standing
crops are avallable some quantification of horizontal diffusion and
advection is possible. More understanding of actual fluxes and more
comparison with other techniques of current measurement are necessary in
order to completely assess the usefulneés of radon in this connection.
Since the radon method is not sensitive to horizontal diffusion
coefficients less than 10° cmz/sec and sincé it reflects only average
currents ovef a few days, the radon method dqes not seem to be an
important addition to techniques for quantifying horizontal currents and
mixing. Radon can, however, be useful as a tracer in complicated areas in
which tongues of water from different source areas interleave provided
sufficiently detailed knowledge of sources and signficant hydrographic
backup are available.

On the continental slope the analysis of radon has provided an indi-
cator of a potentially important phenomenon that, so far, has not been
observed through any other tracers or conventional hydrographic tech-
nique. The low-radon zone is a region.in which mixing characteristics
appear to be unique, though the.processes involved are not yet under-
stood. It is clearly a reglon which needs further study in order to un-
derstand the apbarent mixing of slope water (with its shelf-derived burden
of dissolved and suspended pollutants) with water of the interior ocean.

As a result of attempts to determine the distribution of radon
sources some interesting features of the radium distribution in sediments
have been observed which.help place constraints on the origins of the

sediments.



5.0 Field Work
A reduction in the budget proposed for this year's support precluded

a major cruise, but we have mounted two field effofts we thought

sufficiently important at this time. The first is a mooring in the low-

radon zone of.the continental slope and the second is an effort to obtain
box core samples of sediment from the shelf and upper slope where we now

lack any samples.

The mooring 1s primarily a repeat of the one attempted last summer in,

which a thermistor chain and sediment tréps were deployed for about seven
weeks onlthe continental.slope in the zone of radon deficiency. Thé
objecti?e was to measure vertical differential displacement of isotherms
as an indication of a possible tidal pumping mechanism for mixing the
radon tracer away from‘the.boundary and into the interior slope water (see
séctién 4.1.3, 1. RACACA cruise, IV Low Radon Zoﬁe). This éffort failed
due to a manufacturer'é defect in the thermistor chain. On 29 July 1980
we redeployed the repaired thermistor chain at essentially the same
location (38°58.82'N 072°31.52'W) in 1235M water along with an Aan&eraa
current meter and 18 sediment traps. ,iwo of the traps are the same 12
inch diameter traps used on last years mooring (the results of which are
reported in section 2.3). In addition 16 miniature traps (3 in. diémeter)
were deployed in an experiment to test the effectiveness of several of the
poisons used in sediment trap work. This experiment is being done in
conjunction with Dr. Hugh Ducklow who has joined the LDGO Marine Biology
group since last year and who will be participating the coming year's

work.

5.0/1.
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'Deépite the now-widesbread use of sediment traps to obtain samples
(and to presumably to measure fluxes) of suspended particulate matter, the
question of whéther or not to ﬁoison.traps in order fo prevent bacterial
decomposition of organic matter, and, if poisoned, which pdison to use,
has not been addressed in a coherent manner. We have taken advanﬁage of
the arrival of Hugh Ducklow and the deployment of the thermistor chain/
current meter mooring to compare the effects of three poisons (mercuric
chloride, formalin and sodium azide) against the use of no poison. The
two 12 inch traps were poisoned as were those deployed and recovered last
year with sodium azide. ‘

The mooring was deployed from RV CAPE HENLOPEN on 29 July 1980 and we

are tentatively scheduled for several days of CAPE HENLOPEN time in early
November to recover the mooring. In addition-to deploying the mooring, we
‘tried our Soutar—type box corer now mounted in a frame and obtained two
éores in six attempts. ,Dr; Jeanne Stepien took a number of zooplankton
tows and hydrocasts were made to calibrate water temperature at the
begihning of the thermistor chain record. On the recovery cruise in
November maximum use of the ship time will be made to obtainbadditional
hydrocasts, box cores; and zooplankton samples.

The second field effort this year is a piggy-back collaboration
effort with Dr. G. Rowe of Brookhaven National Laboratory. The DOE~
supported BNL group has a cruise in the New York Bight on R/V KNORR at
this writing. They have provided us with one berth to allow a technician
to participate in the box corimg that Rowe plans on this leg. Our
technician will be sampling box cores from a number of shelf/slope
locations for radon flux (by the radon deficiency method) and to obtain

samples for anthropogenic and natural radionuclide analysis.



