Chemistry
John W. Farrington

Chemical oceanographers and marine geochemists study the sources of chemicals in
the oceans, the processes by which these chemicals move through marine ecosystems, the reactions that alter the chemicals and the rates of these processes and re·actions, and the chemicals' ultimate fates. Analytical chemistry has had a strong
influence on chemical oceanography throughout its history, and this influence continues tOday-new analytical methods are rapidly adopted or adapted for answering
questions about the dynamics of the marine environment, including those of Georges
Bank.
The first chemistry done on Georges Bank was devoted to salinity and dissolvedoxygen determinations in support of physical-oceanographic studies (chapter 10) and
chlorophyll and nutrient determinations in support of biologic ones (chapters 21 and
22). More recently, information on the geochemistry of buried ancient sediments has
come from wells drilled during the course of exploration for petroleum (chapters 5
and 50).
The focus of the chapters in this book concerned chiefly with chemistry-chapters 15-19-is on geochemic and biogeochemic cycles. Their primary interest is the
contemporary Georges Bank environment, but some of the measurements reported
characterize and date events in the Pleistocene epoch.
Modern geochemic data for Georges Bank proper mainly relate to concerns
about chemical contamination by known or potential pollutants from the heavily populated nearby northeastern United States and from activities related to petroleum development. Because of the latter, there exists a comparatively large data base for
trace metals, possible contaminants originating in drilling fluids, and for hydrocarbons,
principal components of petroleum, although chemical data in general for Georges
Bank are relatively few. (For the possible biologic effects of drilling fluids and petroleum hydrocarbons, see chapters 52 and 53.)
Contaminants reaching Georges Bank from the northeastern United States come
via currents from river mouths or other points of accidental or deliberate discharge or .
via fallout from the atmosphere. Understanding the movement of these contaminants,
the places in which they accumulate, and the rates at which these things take place
has important implications for the public health. Furthermore, because many of these
contaminants have only recently been introduced and are not uniformly distributed,
they are useful to oceanographers as tracers for elucidating the movement of water
and the complicated exchanges that take place among water, atmosphere, sediment,
and plants and animals.
A good example is provided by the radionuclides originating in the nuclear-fuel
cycle and in weapons testing. Their marine geochemistry has been studied in waters
adjacent to Georges Bank-the Gulf of Maine and New York Bight-and has given
information not only on the extent of contamination of the region (small) but also on
the movement of these elements in the Georges Bank ecosystem and, thus, on general processes operating there. Specifically, measurements of plutonium and cesium
137 as well as of naturally occurring radionuclides in the uranium decay series and
carbon 14 led to the important discovery that the Mud Patch, an area of fine-grained
sediment on the continental shelf south of southeastern New England, is a place
where such sediments, winnowed from Georges Bank and Nantucket Shoals, are
now being redeposited. The radionuclide data fit very well with the sediment dynamics observed and deduced by sedimentologists and physical oceanographers (see
chapters 4 and 13). These and subsequent studies show that the Mud Patch is an
important sink in the Georges Bank area for chemical contaminants, many of which
attach themselves readily to fine particles of sediment, but to coarse particles little.

Not only have concentrations of fallout radionuclides been found in the Mud Patch,
but also concentrations of certain heavy metals (such as lead, thought to have originated in the burning of gasoline in the northeastern United States), hydrocarbons,
and polychlorinated biphenyls (PCBs). These contaminants have been adsorbed from
the water by the settling fine sediment or by the sediment at the seafloor, which is
being stirred continually by the burrowing of worms and other benthic animals. Profiles of fallout radionuclides in the Mud Patch have shown that newly deposited contaminants can be mixed in this way at least 20 em below the seafloor. Other places
in the Georges Bank region where fine-grained sediments are accumulating-the
deep basins of the Gulf of Maine and the heads of submarine canyons-are also accumulating these chemical contaminants, although these places have not been so
well studied as the Mud Patch.
Because radionuclides as a class have a.great variety of decay rates, they are
useful for measuring the rates of a great variety of oceanic processes. Radioisotopes
such as polonium 210 (half-life 138 days) and lead 210 (half-life 22.3 years) have
given important information as analogs of pollutant reactions in the water column,
and carbon 14 (half-life 5,730 years) has been used to study the glacial and postglacial geology of the bank, including rates and dates of withdrawal of the glacier and
sea-level rise.
Radionuclides from weapons testing and the production of nuclear energy are
not the only artificial chemicals to be found in the ocean in the Georges Bank region.
Many synthetic chemicals-some surely dangerous, some probably harmless-have
the potential for getting there by air or sea; a few have been found and studied there.
Whether their presence is desirable or not, many can be used by oceanographers as
inadvertent tracers for studying ocean processes. The man-made gas Freon (trichlorofluoromethane) has a thoroughly documented history of release to the environment
and great potential for tracing currents containing discharged pollutants as well as for
reconstructing the history of a water-parcel 's contact with the atmosphere. The synthetic chlorinated organic compound DDT (dichlorodiphenyltrichloroethane), an insecticide whose use in the United States is now banned, and the mixture of such
compounds called PCBs (polychlorinated biphenyls), industrial chemicals no longer
manufactured in the United States, have been studied in some parts of the Georges
Bank ecosystem because they are so poisonous. Traces of both occur in commonly
eaten fish species from the Georges Bank region, but apparently in concentrations
considered acceptable from the standpoint of public health.
A few other synthetic organic chemicals (in addition to Freon, DDT, and PCBs)
have been found in the waters of the Georges Bank region, and others probably
would be were they looked for. The number of these synthetic compounds is certain
to be small, however, compared with the huge number of natural organic chemicals
to be found there in water and sediment and in microbes, plants, and animals.
Among the most interesting of these and of active concern are the hydrocarbons,
themselves a large group, found in all living things and in that highly transformed
product of living things-petroleum (see chapters 19 and 50). Although derived from
living things, certain petroleum hydrocarbons, when in sufficient concentration, are
toxic to living things-thus the recent concern that the exploitation of petroleum resources on Georges Bank may be damaging to the fishery there.
Hydrocarbons almost always occur as highly complex mixtures difficult to analyze, but to some extent the source or sources of the hydrocarbons in a sample of
water, sediment, or living tissue can be identified. Thus petroleum hydrocarbons of
recent addition have been found in parts of the ecosystem in the Georges Bank re-
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gion. Measurements made on Georges Bank and Nantucket Shoals following the
wreck of the Argo Merchant and the loss of its cargo of oil in December 1976
showed elevated petroleum-hydrocarbon concentrations in the water for 8 months following the spill. Traces of petroleum hydrocarbons have been found in Georges Bank
sediments and in fish caught there. The source of these may be the bits of floating
''tar'' that are so common in much of the North Atlantic and that come mainly from
the oily discharges of tankers.
The only petroleum hydrocarbons linked to the 1981 drilling of exploratory wells
on Georges Bank that were found by the Georges Bank Monitoring Program were
detected at one station in the immediate vicinity of a drill rig. Another part of the
same monitoring program studied the dispersion of heavy metals due to the discharge of drilling fluids and made similar observations. Only the barium concentration
in sediments was found to increase significantly, and only at stations within a few
hundred meters of the drilling rigs. The maximum concentration measured was not
considered hazardous to bottom-living animals.

Chemistry Introduction

Dissolved Gases
Mary I. Scranton and Jean K. Whelan

A wide variety of low-molecular-weight organic and volatile inorganic compounds can be present in seawater and
underlying sediments; they are classified as dissolved
gases. The behavior of each is controlled by a combination of physical, biologic, and chemical factors, and their
distribution can be used to understand a range of phenomena. For example, the oceanic chlorofluoromethanes
can be used to understand ocean circulation; and methane (CH4 ) and other low-molecular-weight hydrocarbons,
the activity of certain highly specialized bacteria. Unfortunately, comparatively few data for dissolved gases are
available for the Gulf of Maine and Georges Bank.
Factors Influencing Gas Concentrations
Among the important physical processes that control gas
concentrations in the water are exchange across the air/
sea interface and advective and diffusive transport and
mixing within the water. Perturbations in concentrations
in surface waters also can come from atmospheric-pressure changes and partial or total dissolution of bubbles
injected below the surface (Kester, 1975; Craig and
Weiss, 1971).
Dissolved-gas concentrations are frequently referred to
the "atmospheric equilibrium" concentration of the gasthe concentration that the gas would have in seawater at
the observed temperature and salinity if the water were at
solubility equilibrium with the atmosphere. This state is
considered to represent a system unperturbed by in situ
processes. Thus supersaturated water shows evidence of
net addition of gas, while undersaturated water suggests
net removal, and comparisons of observations to equilibrium values can suggest important local sources and sinks.
Once it has been determined that a parcel of water in
the ocean's mixed layer is supersaturated or undersaturated with respect to the atmosphere, it is possible to estimate the rate of transfer of a gas across the sea surface.
Then, using some model that assumes a steady state and
having sufficient data on the flux across the boundary,
estimates can be made of the rates of the pro<;esses that
are maintaining the super- or undersaturation (Scranton
and Brewer, 1977). Such calculations can be of interest
on Georges Bank, which is entirely within the mixed
layer during parts of the year. There the distribution of
gases used by organisms can be strongly influenced by
air/sea exchange.

atmosphere) of the water parcel can be obtained by comparing the expected concentration with the measured
value.
Oxygen also can be used as a conservative tracer of
water masses in a restricted area such as Georges Bank,
where, below the mixed layer, oxygen changes due to
biologic activity probably will be small compared with
the differences in concentration among advecting and diffusing water parcels of various ages and origins.
Freon
Trichlorofluoromethane (Freon-11, F-11, or Freon), unlike oxygen, is completely man-made and has a welldocumented history of release (McCarthy, Bower, and
Jesson, 1977). Thus it can be a valuable tracer. Because
this gas is relatively soluble in seawater (Liss and Slater,
197 4 ), is unreactive (Johnson, Dorland, and Dorland,
1973; Hammer, personal communication), and has a
rapidly growing atmospheric concentration (McCarthy,,
Bower, and Jesson, 1977), the presence of Freon in a
water parcel indicates that that water has been in contact
with the atmosphere within the past few years. Although
most of the water masses in the Georges Bank area are
expected to be fairly "young" because of their proximity
to the surface, Freon measurements can provide information on the mixing of continental-shelf waters, the introduction of Scotian Shelf water to the Gulf of Maine, and
the potential introduction of polluted waters to the
deeper layers of the gulf.

Data from four stations in the Gulf of Maine, three in
the Northeast Channel, and one in deeper water (figure
15.1) indicate both a regional supersaturation of Freon
and an important subsurface source that produces a
plume of Freon throughout the Gulf of Maine (Hammer
et al., 1978). Data from five of these stations are plotted
in figure 15.2. Hammer and coworkers (1978) concluded
from the solubility data of Hahne (1977) that Freon concentrations throughout the Gulf of Maine were about
7 5% higher than would have been predicted assuming
air/water equilibrium. However, since the atmospheric
values used were not obtained during the cruise, but were
derived from samples collected in St. John's, Newfoundland, by Rasmussen (in Hammer et al., 1978), it is possible that the supersaturations calculated were in fact the
result of calibration differences and regional variations in
atmospheric content. Also, more recent solubility data
(Hammer, personal communication) suggest that the surface waters were probably considerably closer to saturation than was initially supposed.
Whether an important regional supersaturation is present or not, the existence of a subsurface maximum is
well established (figure 15.2). Hammer et al. (1978) were
unable to assign a specific location to the source, but a
number of municipalities have subsurface outfalls. Among
the largest is the one at Deer Island off Boston, which
discharges at a depth of about 11 m.
At depths greater than 200m seaward of the Northeast Channel and below about 100 m on the Scotian

Figure 15.1
Station locations in the Georges
Bank region.
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Oxygen
Oxygen is the most thoroughly studied gas in the Georges
Bank area. Physical oceanographers have used it extensively as a water-mass tracer (chapter 10) because if a
water parcel is at solubility equilibrium with the atmosphere when it sinks from the surface, an expected oxygen concentration for that parcel can be calculated from
its temperature and salinity by the solubility equations.
Since the oxygen removal that accompanies the decomposition of organic matter proceeds with time, an approximation of the "age" (time since contact with the
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Shelf, Freon concentrations are low ( < 1 pmole/L: 1
pmole = 1 picomole = 1 x 10- 12 mole; L stands for liter) compared with the Gulf of Maine, suggesting that
these regions contain a significant or even dominant fraction of "old" water.
Carbon Dioxide
No data for the concentration of carbon dioxide (C02 )
gas are available for the Georges Bank/Gulf of Maine
area. Data have been collected for alkalinity and pH
throughout the region in conjunction with measurements
of 14C02 uptake (chapter 21). However, the methods
used are not sufficiently accurate for the calculation of
the partial pressure of C02 in the water column (Strickland and Parsons, 1972). In principle, if alkalinity and pH
were measured by a titration method such as that used in
GEOSECS, the Geochemical Ocean Sections Studies (Takahashi and Bainbridge, 1981; Takahashi, Williams, and
Bos, 1981), they could be used to calculate C02
concentration.
Volatile Hydrocarbon Gases
In the Water Column
Low-molecular-weight hydrocarbons, compounds ranging
in size from C 1 to C8 (that is, having from one to eight
carbon atoms in their molecules), have both fossil and recent biologic sources. A few data are available for the
Gulf of Maine-some for these gases in sediments and
some for methane (CH4 ) in the water column. If oil and
gas development proceeds on Georges Bank, the amount
of hydrocarbons in the water and sediments from fossil
sources might increase. Because hydrocarbons introduced
to the water can be widely dispersed, it is of interest to
know their distribution prior to petroleum development.
Methane data collected in January 1975 and September
1977 (figure 15.3; also Scranton, 1977, and unpublished
data of MIS) show a pattern of concentration variation
that is somewhat different from that seen in the open
ocean. The latter shows slight supersaturation within the
mixed layer, a maximum within the very top of the thermocline, and a gradual decrease to strongly undersaturated waters at greater depths (Brooks and Sackett, 1973;
Lamontagne et al., 1973; Scranton and Brewer, 1977).
Such distributions have been interpreted as indicating
methane production in the mixed layer, probably within
reducing microenvironments (Brooks and Sackett, 1973;
Scranton and Brewer, 1977), and consumption at depth
(Scranton and Brewer, 1978).
During the winter of 1975, the surface waters (0-90
m) of the Murray and Wilkinson basins were well mixed,
judging from density (Spencer, 1975). Therefore one
would expect that the mixed layer would then show a
methane concentration either in equilibrium with the atmosphere or slightly supersaturated due to bubble injection or a similar physical mechanism. However, the
observed surface-water value, about 3.8 nmole/L (1
nmole = 1 nanomole = 1 x 10- 9 mole), would require

an atmospheric value much too high for equilibriumabout 2.2 or 2.3 parts per million by volume (ppmv).
Such a value is much higher than is normally found in
the atmosphere except over heavily polluted cities, such
as Los Angeles (see, for example, Singh et al., 1977).
Since it is very unlikely that atmospheric methane concentrations were this high over the Gulf of Maine, it
seems that surface water in the Murray and Wilkinson
basins in January 1975 was about 45-50% supersaturated
relative to atmospheric equilibrium (Scranton, 1977; figure 15.3). The excess methane may have resulted in part
from physical processes, such as bubble injection, because
biologic activity is low at this time of year. However, it is
unlikely that a supersaturation of more than 15 or 20%
could be maintained in this way (Scranton, 1977). If biologic processes and physical phenomena, such as bubble
injection, are not responsible for the excess, some additional process, such as upward mixing of methane-rich
deep water into the surface layer, must be hypothesized.
In contrast with January, surface water (0-30 m) in September 1977 was quite close to being in equilibrium with
air containing 1.57 ppmv methane, a value that would
yield a surface concentration of 2.15 nmole/L (figure
15.3). 1
Methane levels at middepth (90-17 5 m) in the Mu~ray
and Wilkinson basins were even higher than at the surface during January 1975, with a maximum observed at
140 m (Scranton, 1977; figure 15.3). The maximum was
coincident with the core of a warm-water layer lying at
the bottom of the surface mixed layer that has been identified by Spencer (1975) as residual summer water. In
September 1977 the methane distribution was quite different from the one for January 1975, with a broad maximum at 50 m. Methane concentrations for the depth
range 30-140 m in September were almost identical to
those seen for the same depths during January 1975, perhaps indicating that supersaturations that occur in winter
are preserved below the thermocline in summer.
In the bottom waters of the Murray and Wilkinson
basins, winter methane concentrations observed in 1975
were high, as were concentrations from middepths, suggesting a direct input of methane to the deep waters of
the basin. The most probable source of the excess observed is surficial sediments within or upcurrent from the
basin. Water-column methane and oxygen contents were
inversely correlated in winter (Scranton, 1977), suggesting
that oxygen depletion was accompanied by methane production. Water at the bottom of the Murray and Wilkinson basins had had a relatively constant temperature for
several years prior to the 1975 observations, and it has
been suggested that the renewal time of this water is in
excess of 1 year (Spencer, 1975). Thus any methane supplied to the water from the sediments may have been accumulating for some time. However, the few
measurements of methane in pore water from Gulf of
Maine sediments show no ·evidence of significant methane concentration (Whelan, unpublished; also see later),
although there is a report of "gassy" sediments in the
Franklin Basin (Hathaway et al., 1976).
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Figure 15.2
Freon concentration (picomoles) in
the Georges Bank region. [Hammer
et al. ( 1978)]
Figure 15.3
Methane data from the Gulf of
Maine: solid black line, composite
profile, winter 1975; dashed black
line, equilibrium methane concen·
tration, winter 1975; dashed blue
line, equilibrium methane concentration, summer 1977; solid red
line, station 4, 1977; solid blue line,
station 6, 1977; solid green line,
station 7, 1977.
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Deep water sampled in 1977 had quite a different
methane distribution from that sampled in 1975 . Low
concentrations were found over the depth range that had
had high values in 1975, and concentrations in both the
Murray and Wilkinson and the Franklin basins were close
to equilibrium at depths below 140 m (figure 15.3). Since
the 197 6-1977 winter was a severe one, after which bottom-water temperatures were much lower, it can be assumed that the "excess" methane that had accumulated
by 197 5 was flushed out during bottom-water
replacement.
In Sediment
In addition to methane dissolved in open water and in
the pore water of sediments, other volatile organic compounds (hydrocarbons ranging in size from C 1 to C8 and
nonpolar functionalized compounds such as are described
in standard chemistry texts) can be sorbed in small concentrations to the solid phase in both recent and ancient
sediments (Kartsev et al., 1959; Jasper, Whelan, and
Hunt, 1984; Whelan, 1984). Analysis of these compounds can provide information about sediment history.
In recent sediments (from subbottom depths less than 3
m), the distribution of these compounds is influenced by
the depositional environment, past or present animal inhabitants, and oil seeps or spills.
Surface sediments that have been exposed only to biologic and low-temperature (< 20 ° C) chemical processes
are characterized by the presence of a limited number
(2-20) of hydrocarbons and functionalized organic compounds, such as ethers, alkenes, aldehydes, and ketones.
These compounds are found in concentrations of nanograms to micrograms (1 nanogram = 1 ng = 1 X 10- 12
gram; 1 microgram = 1~J.g = 1 X 10-9 gram) per gram
of dry sediment. In contrast, sediments undergoing active
petroleum generation or those that have been exposed to
oil seeps or spills contain more-up to 60 different compounds: alkanes ranging in size from C 2 to C8 , cycloalkanes, and aromatic hydrocarbons. Total hydrocarbon
concentration in such sediments is at least 100-1,000
times higher than in ones not exposed to petroleum.
Gravity cores from the Gulf of Maine and from the
area of deposition of fine-grained sediments known as the
"Mud Patch" (figure 15.1) have been analyzed for volatile organic compounds ranging in size from C 1 to C7 .2
They give a reasonable picture of background levels in
the Georges Bank region prior to petroleum development
(tables 15.1 and 15.2 and figure 15.4). Alkenes were the
compounds present in greatest concentration (10-100
times greater than for other compounds), and concentrations generally decreased with depth (table 15.1 and figure 15.4). Lesser concentrations of alkanes ranging in size
from cz to c7, predominantly isoalkanes, were also present, as is usual for oxic sediments. Compounds typical of
anoxic sediments-methane, benzene, toluene, the furans, and sulfur-containing compounds- were present only
in trace amounts or were undetectable. The sample from
deepest water-4,195 m-showed very little of any compound being sought.

Table 15.1
Volatile organic compounds ranging in size from C, to C7 in Gulf of Maine sediments
Nanograms of compound per gram of dry-weight sediment•
Station
Water depth (m)
Core length (em)

2
282
0-28

3
260
0-30

4
238
0-30

8
360
0-10

5
265
0-30

c,

0

0

2
(0)
0.9
(0)
2
(0.1)
6.8
(0.4)
2.8
(0)
5
(2)

4.5
(0.2)
1
(0.06)
1.7
(0.2)
1.9
(0.2)
0.2
(0)

1
(0)
0.9
(0)
2
(0)

2
(0.3)
46
(30)
0

0
(0.1)
4
(3)

0
(2)
0

5
(0)

c2

0

0

C,

1
(0.5)
9
(4)
1.0

0.5
(0)
0.8
(3)
0
0
(1.3)

Furans

1
(1.5)
0.6
(0)
1
(36)
0

Sulfur compounds

0

Benzene and toluene

0

0
(0.2)

Alkane typesb
Organic carbon

B,n,C

B,C

2.0

2.0

c.
Cs

c.
c7
Alkenes

0
(0.4)
17
(0.6)
0
(0.1)
0

0
(0.2)

4
(0)
1
(0)
4
(0.4)
2
(0.1)
2
(0.2)
0

7
225
0-14

14
200
0-26

13
87 1
0-22

1,000
0-14

10
4,195
0-14

2

0

0

0

0

1
(0.6)
1.9
(0.4)
8
(0.3)
1.4
(0)
4.3
(0.1 )
2.7
(0.1)
153
(4)
0

0

0

0

0.2
(0)
0.5
(1)
0.2
(0)
1
(0.4)
0.4
(0)

0.04
(0.1)
0.2
(0)
0.3
(0)
1.6
(0)

0

11

(O)
0.4
(0)
0.8
(0.2)
3
(2)
0.5
(0.1)
3
(0.3)
. 3
(0)
60
(30)
7
(0.2)

1
(0)
12
(0)
1
(0)

1.3

(73)
0.9
(0)
0

0

0
(7)
0

B,n

B,n

B,n

B,n

C,G

B,n

B,n

1.6

0.9

1.6

0.9
(0.6)

2.2

0.8

0.8
(0.6)

0

0

4.8
(0)

0

0
(0.5)
0.5
(0)

0.2
(0)

0.3
(0)
0.01
(1)
0
0
1
(2)
0
0
(5)
0

0.7
(0.5)

a. The upper number in each case is from top of core (0-1 em deep); the number in parentheses is from 2-cm section from near bottom of core.
b. B = branched; n = normal; C = cycloalkanes; G = gemdimethyl.

Table 15.2
Hydrocarbons ranging in size from C, to C4 in the Mud Patch•
Sub bottom
depth (em)
0-3
3- 6
6- 9
9-12
12-15
15-18

Average
Coefficient
of variation

CH4 (methane)

c2(ethane)

C3 (propane)

iC4 H10 (isobutane)

nC4 H 10 (normal butane)

121 ±39
119±34
120±35
89 ± 20
103 ±1 2
99±44
108±13

5.2±0.42
4.9±1.4
4.7 ±1.2
3.3±0.45
3.8±0.36
4.1±1.4
4.3± 0.72

2.6 ± 0.17
2.5±0.50
2.2 ± 0.58
1.8 ± 0.38
1.9±0.50
2.2±0.57
2.2± 0.32

0.45±0.08
0.44 ± 0.07
0.47±0.05
0.36 ± 0.05
0.3 6 ±0.25
0.46±0.20
0.42 ± 0.05

0.74 ± 0.05
0.63±0.24
0.54±0.12
0.48±0.09
0.28 ± 0.03
0.69± 0.20
0.56±0.18

12

17

14.5

11.9

32

(%)

a. Nanograms of compound per gram of dry-weight sediment.
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Figure 15.4
Low-molecular-weight volatile organic compounds ranging in size
from C, to Cn from the Gulf of
Maine. For sample locations, see
figure 15. 1. Key: open bars, upper
centimeter of sediment; filled bars,
a 2-cm section from near the bottom of each core (subbottom
depths 10-30 em); A, aromatic hydrocarbons; F, furans; S, sulfur
compounds; 0, organic compounds
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Table 15.3
Levels of hydrocarbons ranging in size from C1to C7 in certain oxic marine sediments
Organic
c,
Number of samples carbon
c.
cl
cz
(ng/ g)
(ng/ g)
(ng/ g)
(ng/ g)
(%)
(number of sites)
Location
Gulf of Maine •
Mud Patch•
Arabian Seah
Gulf of Omanb
Persian Gulfb
California Bight•
New York Bight•

20 (10)
18 (1)
6 (3)
11 (13)
25 (9)
6 (1)
6 (2)

0.5-2.0
0.3-2
0.7-5
0.6-6
2-7

0-4,5
89-121
1-ll
3-25
2-144
3-4
5-3,200

0-1
3.3-5.2
0.05-3
0.1-0.8
0.01-0.8
0.2-0.3
0.8-25

0-2
1.8-2.6
0.03-3
0.1-0.5
0.01-1
0.3
1-13

0-9
0.64-1.2
0.05
0.01-0.3
0.01-0.13
0
2-11

C,
(ng/g)

c.

c7

0-2.8

0-5

0-3

0.01
0
0-0.5
0
2-30

0.03-3.5
0.15-0.45
0.1-2
0.2
0-26

0.02-0.09
0.04- 3
0.02-1.5
0-0.4
0-20

(ng/ g)

(ng/ g)

a. Whelan, unpublished data.
b. Ross and Stoffers, 1978; Hunt and Whelan, 1979.
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Deeper Sediments

Methane levels associated with the solid phase of Gulf
of Maine sediments are low in comparison with levels
found in other oxic surface sediments examined to date
(table 15.3). This is true for deeper samples as well as for
surface sediments in the Gulf of Maine (table 15.1 and
figure 15.4), so it does not appear that methane is being
produced at depth. Levels in sediments from the Mud
Patch are generally about 100 times higher than in the
Gulf of Maine (table 15.2). The low levels seen in the
Gulf of Maine indicate that the sediments examined cannot be contributing much methane to the high water-column values described earlier. However, it is possible that
there are undiscovered, localized areas of sediment high
in methane, such as the one in the Mud Patch, that are
such sources.
Small amounts of straight-chain alkanes ranging in size
from C2 to C7 were common in all of the Gulf of Maine
and Georges Bank sediments. In particular, n-hexane appeared in most Gulf of Maine and Mud Patch samples
(Whelan, unpublished). All of the n-alkanes appear sporadically in both oxic and anoxic surface sediments and
appear to have biologic or low-temperature chemical
sources (Hunt and Whelan, 1979; Whelan, Hunt, and
Berman, 1980; Whelan and Hunt, 1983). Presumed burrows of benthic animals were noted in the light-brown,
predominantly oxic sediment of a core from the Mud
Patch. It may be that the near uniformity with depth of
the occurrence of hydrocarbons ranging in size from C 1
to c4 (table 15.2)3 is due in part to mixing by animals of
the pore waters in sediment depths up to 18 em. This
uniformity is striking and contrasts with the subsurface
maxima often observed in anoxic sediments (Whelan,
Hunt, and Berman, 1980; Whelan and Hunt, 1983;
Whelan, 1984).
In addition to the compounds listed in table 15.2,
GCMS (gas chromatography/mass spectrometry) analyses
showed n-hexane, 4 methyl furans, C5 ketones, carbon disulfide, and dimethylsulfide at ng/ g levels. The dimethyl. sulfide appeared to be confined to the surface sediment.
The limited number of volatile hydrocarbons present in
Gulf of Maine sediments, their low levels, and the presence of certain alkenes all suggest an in situ biologic/ lowtemperature chemical origin for the gases, as has been

found in certain other surface sediments (for example, the
Arabian Sea, the Gulf of Oman, and the Peru continental
margin; see Hunt and Whelan, 1979; Whelan and Hunt,
1983; Whelan, 1984). Sediments having been exposed
to a petroleum seep or spill would show a larger diversity of hydrocarbons and much higher levels of total
hydrocarbons.
Another possible source of the compounds iri table
15.1 is terrigenous material. The compounds could be
transported by aeolian and fluvial processes to the
Georges Bank/Gulf of Maine region from the nearby
coast. The general absence of benzene and toluene in
sediments argues against this possibility because both
compounds are common in combustion products certain
to be present onshore and nearshore in heavily populated,
industrialized coastal regions.
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Reviewed by William]. Jenkins and Theodore C. Loder
Notes
1. All discussions about relative saturations aSsume an atmospheric methane
content of 1.47 pans per million by
volume (ppmv) in January 197 5 and
1.57 ppmv in September 1977. These
numbers are derived from the work of
Rasmussen and Khalil (1981) on the
trend of atmospheric methane concentration with time based on data taken
in Oregon. Because they may not be
entirely appropriate for the Gulf of
Maine, saturation anomalies up ro
15 - 2 0 % may have been caused by
their use. In addition, no intercalibration between Rasmussen and Khalil

(1981) and Scranton (1977) was performed, and some error may have resulted from this. In spite of these
uncertainties, the major features of the
distributions are as described.
2. The analyses were carried out by a
head-space procedure utilizing gas
chromatography (GC) and GC/ mass
spectrometry (GCMS) (Whelan, 1984).
T he Gulf of Maine samples include
stations 2 -4 from the Wilkinson Basin,
station 8 from the Georges Basin, station 5, which lies slightly further north .
in the Jordan Basin, and several sta-
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tions across the shelf (14, 13, 11, and
1 0) forming a transect from shallow to
deep water (figure 15.1). The sediments
can generally be described as oxic-interstitial water sulfide was either absent
or very low even in the deepest sections of the cores (Henrichs, 1980). In
addition, cores from stations 3 and 4
showed evidence of burrowing to at
least 10 em.
· 3. The samples came from fairly short.
(1-2 em) horizontal sections of ari undisturbed box core that previously had
been sliced vertically several times.
Each value in the table is the average
of three different samples from the
same depth interval of a core.
4. Hydrocarbons with six carbon atoms other than n-hexane may have
been present in the Mud Patch samples, bur could not be measured because of an analytical problem.
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Trace Metals
Michael H. Bothner, Thomas R. Gilbert, and
Donald C. Bankston

has been made using data from the first three wells completed on Georges Bank (chapter 56). The tabulated values are somewhat greater than the amount actually
discharged because a part of the used drilling mud (approximately 30% for the Mobil well on block 312: E. P.
Danenberger, personal communication) is pumped into
the hole before it is plugged and abandoned. Additional
mud may be lost to porous formations.
Atmospheric fluxes of metals to Georges Bank are difficult to calculate because no direct measurements have
been made there. We have tabulated estimates for Nantucket Island, the New York Bight, and a coastal marsh
in Connecticut (table 16.1). These data have been converted into (annual) metric tons/100 km 2 • Note that 100
km 2 is about the area of a circle 12 km in diameter and
that 12 km approximates the excursion of water on one
tidal cycle on the southern flank of Georges Bank. In certain other areas, a circle 2 km in diameter typically contains the measurable chemical signal in water-column
particulates and bottom sediments resulting from drilling
discharges (Ayers et al., 1980a,b). The atmospheric fluxes
estimated for sites on the northeast coast of the United
States (table 16.1) probably represent upper limits for

ers (table 16.2) is multiplied by the flow of fresh water to
the Gulf of Maine (9.5 x 10 13 L/year; Meade and
Emery, 1971), the total annual flux of dissolved metals
delivered to estuaries can be estimated (table 16.1), but
the amount delivered to the bank is unknown.
Evidence from the distribution and composition of suspended matter over Georges Bank (Bothner, Parmenter,
and Milliman, 1981) and over the continental shelf south
of New England (Meade et al., 1975) suggests that particles originating in rivers are not important vehicles for
bringing metals to Georges Bank.
The quantities of metals delivered annually to Georges
Bank from various sources can be compared with the
standing stock of metals in the seawater contained in 100
km2 of the bank having a water depth of 80 m and, thus,
a volume of 8 X 10 12 L (table 16.1). The concentrations
used to calculate the inventories are in table 16.2. In
comparing the inventory with the flux, consider that the
water on Georges Bank is moving at all times. The mean
flow to the west on the southern part of the bank where
drilling has occurred is approximately 9 em/sec at middepth (Butman et al., 1982b) and accounts for the renewal of the water within a 12-km circle in less than 1.5

Monitoring Program, which began in July 1981, was de-

Georges Bank because of the bank's greater distance

days.

signed specifically to determine the fate and effects of
waste discharges from exploratory drilling operations
(chapters 19, 28, 54, and 55). This program established
baseline levels of trace metals and organic contaminants
just before drilling began and will continue to evaluate
changes in contaminant level on a seasonal basis.

from industrial areas.
Duce et al. (1976) presented three models for the atmospheric flux at Bermuda. These give estimates within
about one order of magnitude of each other. This large
uncertainty exists because of variability in ,wind direction
and rainfall as well as errors associated with sampling,
analysis, and modeling. We have tabulated the results of
one of their models, giving the median estimates (table
16.1). These results may represent a lower limit for the
estimated fluxes to Georges Bank because Bermuda is
more remote from continental sources.
About 1,250 fishing vessels from Massachusetts,
Maine, and Rhode Island make an average of 22 trips per
year to Georges Bank, consuming about 90 X 10 6 gallons of fuel (Susan Peterson, personal communication).
We have assumed that two-thirds of this fuel is consumed on the bank and that all the metals contained in
this fraction are directly deposited there. By using an average concentration of metals in fuel oils (Valkovic,
1978; National Bureau of Standards, unpublished data),
we have estimated the annual metal contribution from
this source for the entire bank and for 100 km 2 •
The fraction of the metals carried by New England rivers that actually reaches Georges Bank is difficult to estimate. Metals in both the dissolved and particulate phases
can undergo ion exchange, sorption, desorption, flocculation, and sedimentation when introduced into salt water
(Edmond et al., 1978; Sholkovitz, 1978; Olsen, Cutshall,
and Larsen, 1982). These reactions markedly affect the
mobility of the metals. Furthermore, coastal currents
keep much of the river water away from Georges Bank,
as suggested by the surface salinity distribution in spring
(Colton et al., 1968; see also chapter 10).
If the concentration of metals dissolved in river water
as determined from measurements of selected world riv-

Discharges from a point source may make repeated
contributions to a given parcel of water recirculating in
the clockwise Georges Bank gyre (Butman et al., 1982b),
and atmospheric sources may contribute at all times. The
high annual atmospheric flux of lead (Ph) and zinc (Zn)
compared with total inventories of these metals (table
16.1) may partly explain the concentration gradients of
particulate Ph in surface waters discussed in the next
section.
Barium (Ba) is the most abundant element added by
drilling operations. The amount lost by an average well
exceeds the annual atmospheric flux of Ba to 100 km2 in
the New York Bight (table 16.1) by about 3 orders of
magnitude and represents approximately 10% of the Ba
carried annually by rivers to the Gulf of Maine. The
chromium (Cr) and Zn contributed by an average well are
lower by factors of 2 and 10, respectively, than the estimated annual atmospheric flux to 100 km2 in the northeastern United States, although considerably higher (30
and 5 times, respectively) than the atmospheric flux to
Bermuda. The contributions of Cr and Zn by a well are,
respectively, about 25 and 1,000 times lower than the
annual riverine inputs to the Gulf of Maine. Limited data
show that metal additions from the drilling of a typical
well greatly outweigh those contributed to 100 km 2 of
the bank from the fuel consumed by the fishing fleet.
However, the estimated contribution of copper (Cu), iron
(Fe), and Ph by the fleet to the whole of the bank exceeds the contribution of those metals from a typical
drilling site (table 16.1).
The addition of metals that accompanies discharged
drilling muds is not likely to affect seawater concentrations significantly except in the discharge plume. More
than 90% of the suspended solids descend rapidly to the
ocean floor (Ayers et al., 1980b). The soluble, colloidal,

Trace metals, many of which are toxic, have been studied
in various components of the Georges Bank ecosystem.
Their distribution provides a partial measure of the system's health, and the response of the system to a new exposure of trace metals can yield important information
about physical, chemical, and biologic processes operating on the continental shelf off New England. One new
exposure has originated with the exploration for petroleum. Questions have been raised concerning the effects
of drilling effluents, some of which contain trace metals
(chapter 52). A point of departure for addressing these
questions is the evaluation of predrilling trace-metal dis. tributions in organisms, sediments, and water.
A number of research programs already have contributed to these ends, including the WHOIIUSGS Eastern
Continental Margin project (Hathaway, 1971), the
Northeast Monitoring Program (NEMP) of the National
Marine Fisheries Service, and the Atlantic Margin Coring
Project of the USGS (Manheim and Commeau, 1981). A
baseline program was conducted on Georges Bank in
1977 by the Energy Resources Company, Inc., Cambridge, Massachusetts (ERCO, 1978), under contract to
the Bureau of Land Management. The Georges Bank

Sources, Fluxes, and Standing Stocks
Trace metals within the Georges Bank system originate at
a variety of natural and man-made sources. Until recently
the metals affecting Georges Bank mainly came there
from the continents via the atmosphere or by currents
carrying dilute contributions from rivers and coastal
waters. No dumping of barged wastes has been recorded,
so local additions probably have been restricted to wastes
from fishing vessels and other surface traffic. At present,
potentially the largest local source of trace metals is the
drilling mud released during exploratory drilling for
petroleum.
A comparison of the magnitudes of trace-metal additions to Georges Bank from these sources is interesting,
but necessarily crude. Data for Georges Bank are relatively few, and those from comparable areas show much
variability over time in the rates at which natural processes deliver trace metals. There are, however, relatively
precise estimates of trace-metal contributions to Georges
Bank from exploratory-drilling operations; the production
of these data was stipulated in the drilling permits issued
by the Environental Protection Agency.
The average discharge of metals from an exploratory
well on Georges Bank (table 16.1) has been calculated
from the chemical composition and amount used of the
three most important components of drilling mud-barite, bentonite, and chrome lignosulfonate. The calculation
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Table 16.1
Estimated fluxes of metals to Georges Bank from various sources and an inventory

Ph

Zn

<0.015

0.73

23

20

1,420

9.5

0.006

6.0b
8.5
7.0±4.0
0.1

8.1
7.6
12.0±3.0
0.15

0.06
1.6 X to-•

4.8
1.2

7.5
1.9

2.8
7.3

0.04
1.1 X t0-4

2.0

39

Source/inventory

Ba

Cd

Cr

Cu

Fe

Ni

Metal use in drilling fluids by average
exploratory well (metric tons/well)

413

<0.009

0.63

0.004

2.0

River flux of metals to Gulf of Maine
estuaries (metric tons/yr)

3,648

1

16

103

18,500

0.28b
0.008b

0.12

1.2<

0.072b

0.004

0.021

8.0±2.0
0.25

4 X 10-4
1.1 X t0- 6

0.01
2.7 X t0-5

0.2

1.2

Atmosphere (metric tons/100 km2 /yr)
New York Bight"
Nantucket, MAd
Branford, CT•
Bermuda1

37
1.1

uc

Metals in fuel consumed by fishing fleet
Metric tons/yr
Metric tons/100 km2
Inventory of metals (metric tons) in
8 X 10 12 L of seawater (100 km2 X 80 m)

95

X

to-z

X

10-2

2.7

X

to- 2

0.20

1.2

a. Duce, Wallace, and Ray (1976).
b. Estimated on basis of Fe/Ba in crust.
c. Estimated using Cr/Zn ratio in Bermuda.
d. Lazarus, Lorange, and Lodge (1970).
e. McCaffrey (1977).
f. Duce eta!. (1976).

Table 16.2
Concentrations of trace metals in rivers and seawater
Ba
Concentration (~mole/kg)
dissolved in rivers

Cd

Cr

Cu

280•

3.0c

In unfiltered coastal seawater

Fe

Ni

3,500d

4b

0.16-30

3-6

3-6

Nantucket Shoalsi

0.20

4.0

5.7

Georges Bank, 40°39' N, 68°00' Wk

0.164

2.63

4.12

Gulf Stream, 39°39' N, 65°55' Wk

<0.012

1.39

2.15

Sargasso Seai

0.002

1.2

2.3

<0.03

1.20-1.77

1.85-2.12

a. Li and Chan (1979).
b. Grant et a!. (1981).
c. Cranston and Murray (1980).
d. Boyle, Edmond, and Sholkovitz (1977).
e. Fukai (1980).
f. Bowen (1979).

g. Chow and Patterson (1966).
h. ERCO (1978); Landing and Bruland (1981).
i. E. A. Boyle, unpublished data.
j. Bruland and Franks (1983).
k. Boyle, Huested, and Jones (1981).

Zn

SOh

Gulf of Maine to Nantucket Shoals
(10 stations);

Sargasso Sea (8 stations)k

Ph

2.4

0.6

and fine-particulate substances drift and mix with surface
:waters. This usually dilutes soluble trace metals to concentrations approaching background levels within several
kilometers of the point of discharge (Trocine, Trefty, and
Mayer, 1981). The west-setting current on the southern
flank of Georges Bank produces an advective exchange of
water within the 100-km2 area in about 1.5 days, and
diffusion and tidal flow further shorten the period of exchange. During the 3-7 months required to complete an
exploratory well, these processes greatly increase the volume of seawater into which the drilling fluids are
discharged.
Trace Metals in the Water
The concentration of metals in unfiltered surface water
from Georges Bank is considerably higher than in water
from the Gulf Stream or the Sargasso Sea (table 16.2).
The higher levels on Georges Bank may be due to the
combined effects of higher particulate loads and the
proximity of the bank to continental sources.
The study by ERCO (1978) provided information on
the concentration of several metals in suspended particulates. Concentrations of particulate Pb in near-surface
waters were highest in summer in vertically stratified
areas (figure 16.1). On the well-mixed crest of the bank,
near-surface concentrations were lower. The highest concentrations of particulate Pb were found in the southern
Gulf of Maine and on Nantucket Shoals; concentrations
decreased as distance from shore increased. These observations are consistent with the hypothesis that Pb is introduced to Georges Bank primarily on the southwesterly
winds of summer from such sources in the densely populated northeastern United States as automobile exhaust.
The concentrlitions of particulate Cd, Cr, Cu, Ni, and
Zn also decrease with distance from shore, but the gradients for these metals are not so steep as for Pb. The
intrusion of nutrient-rich Slope Water onto Georges Bank
produces local increases in particulate Cd, Cr, Cu, Ni,
and Zn (ERCO, 1978). This does not appear to be due
to the infusion of particulate metals, but to increased
biologic activity, which increases the number of surfaces
capable of scavenging dissolved metals.
The metals in this water-column inventory are undoubtedly involved in complex biologic cycles, including
uptake by primary producers and rapid transport to deep
water or the bottom after incorporation into the feces of
animals at higher trophic levels. This process has been elegantly documented in the Sargasso Sea, where the variation in metal fluxes has been linked with seasonal
changes in primary production (Deuser, Ross, and Anderson, 1981). Metals sinking with particles ·can be resolubilized either in the water or at the water/sedimeiu interface
in conjunction with the decomposition of the organic
fraction of the particles. Resolubilization of particulate
metals associated with manganese oxide phases also can
take place in anoxic sediments; this condition is not generally found in the sandy sediments of Georges Bank, but
has been observed in the fine sediments of the Mud
Patch south of Martha's Vineyard (Rendigs, Bothner, and

179

/6~

Jo·
(b)

(a)

50
!
I I I
1:4,000.000

70"

(c)

Micrograms per Liter (1-'Q/L)

> 1,000

I

I

100km
I
400

66•

(d)

Figure 16.1
Seasonal distribution of total particulate lead (1-'g/L) in near-surface
water samples: (a) winter, (b)
spring, (c) summer, (d) fall. [ERCO,
(1978)]
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Poppe, 1981) and in the top section of a core from a
water depth of 17 3 m north of the bank (Hathaway et
al., 1976).
The dramatic resuspension of sediment on Georges
Bank by large storms has been documented with light
transmissometers and current meters (Butman and Folger,
1979; see also the vignette "The Effect of Winter Storms
on the Bottom" by Butman). Winter storms conspicuously increase the concentration of inorganic material in
suspension, while summer storms increase the concentration of organic materiaL The latter increase has been attributed to the stimulation of primary productivity in
response to the transport of nutrients to the photic zone
by wind-induced mixing (Bothner, Parmenter, and Milliman, 1981). Storms that resuspend bottom sediment can
change metal concentrations in the water and provide reactive surfaces that strip dissolved metals from solution
and carry them to the bottom (Li, Feely, and Santschi,
1979).
Trace Metals in Sediment
Surface Sediments
Manheim (1971) reported the concentration of the trace
metals Ba, Cu, Mn, Ni, strontium (Sr), titanium (Ti), and
Zn in about 10 surface sediment samples from the
Georges Bank region. In the Bureau of Land Management study conducted by Energy Resources Company,
Inc. (ERCO, 1978), samples were collected season by season at 41 stations in 1977. Surficial sediment from each
station was analyzed using an acetic acid leach. Analysis
of the total sediment was carried out on 25% of the samples after total dissolution or by neutron activation.
In general, the metals appear to be strongly bound to
sediment surfaces or incorporated into the mineral structure because < 1% of the Ba and Cr and only 1-10% of
the Cu, Fe, Ni, vanadium (V), and Zn are removed by
the acetic acid leach. The Cd and Pb removed varied
from 1 to 50%.
The average concentration of metals in Georges Bank
surficial sediment analyzed by total-dissolution methods is
low compared with average crustal abundances and typical of uncontaminated coarse-grained sediments (table
16.3). Amounts of metals, organic carbon (C), and finegrained sediment are plotted against distance from the
land in figure 16.2. Data from stations on the same part
of the bank were averaged. Data from Boston Harbor are
included so that comparisons can be made with an area
known to be contaminated by industrial and domestic
wastes (Fitzgerald, 1980). With the exception of Ni and
Fe, the concentrations of metals in Boston Harbor sediments are higher than those in fine sediments around
Georges Bank and much higher than the coarse sediments
on top of the bank. The parallel changes in variables in
the figure show the high correlation among metals, percentage of fine sediment, and percentage of organic
carbon. The established relation between high corycentrations of trace metals in fine-grained sediments with high
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Table 16.3
Averages and ranges of trace-metal concentration (ppm) in Georges Bank sediments and in average crustal materials (median values in
italics)
Trace metal
Ba
Cd
Cr
Cu
Fe1
Ni
Pb

v
Zn

Vibracores 0-6 m
(10 samples•)

<100
<100-140
<0.1
<0.1
9.5
3-18
<2
<2
3.0
1.1-8.6
<2
<2-4
4.5
2-9
7
2-22
4.5
<2-12

a. Bothner et a!. (1979).
b. Manheim and Commeau (1981).

Drill cores 0-300 m
(20 samplesh)

2
73
30
2.4
28
23

Surficial sediment 0-6 em
{42 samples')

Average earth's
crustd

Average
sandstone'

<110
< 70-410
0.042
0.013-0.16
9
1.9-20.7
4.6
0.08-15
0.8
0.1- 2.8
5.3
<0.9-43
4.4
1-8

425

10

0.2

O.ol

100

35

55

1

5.6

1.0

75

2

12.5

7

135

16

70

16

72
35

11.8
2-86

c. ERCO (1978) data from second cruise.
d. Krauskopf (1967).

levels of organic matter is clearly observed, although the
covariation of metals can also be dependent on iron manganese oxides, which were not measured in this study.
Subbottom Sediments
Samples for chemical and textural studies have been
taken by coring and drilling at a number of stations on
Georges Bank and near it, particularly just to the west in
the area south of Martha's Vineyard called the Mud
Patch (figure 16.3).
Sediment texture has a strong influence on trace-metal
distributions. Sediment to a depth of about 6 m on
Georges Bank is mostly sand, but in the samples from
west of the bank, silt makes up a very important fraction
(figure 16.4). Gravel is common on the bank, accounting
for as much as 35% of the sediment in some core horizons, but was absent from the three westernmost stations
studied. The vibracores show some textural variability
with depth, but in general, subsurface texture is similar to
the surface texture reported by Schlee (1973). The most
pronounced textural variability with depth was observed
in core 4506, west of the Great South Channel. This 6-m
core was collected at the estimated position of the ice
front at maximum glacial advance (Pratt and Schlee,
1969; see also the vignette "Georges Cape, Georges Island, Georges Bank" by Emery) and contained poorly
sorted glacial till throughout.
Samples from two cores were completely dissolved to
determine total concentrations of Ba, Cd, Cr, Cu, Fe, Pb,
Ni, V, and Zn. A larger suite of samples was analyzed for
Cr, Cu, and Zn.1 M etal concentration is strongly correlated with sediment texture. As is common, the highest

e. Turekian and Wedepohl (1961).
f. Concentration in percent.

concentrations of metals are in the finest sediment (Bothner et al., 1979). The averages and ranges of element
concentrations in these generally sandy sediments are
lower than average crustal abundances, comparing more
closely with the concentrations in average sandstone (table 16.3).
A wide range of chemical analyses was performed on
15 samples recovered from sediment depths as great as
300 m during the Atlantic Margin Coring Project (Commeau and Manheim, 1981; Manheim and Commeau,
1981) {table 16.3). The deep samples, collected by rotary
drilling, have a much higher silt-plus-clay content than
the shallow samples and metal concentrations closer to
average crustal values.
Hydraulically damped gravity cores, collected with
minimum disturbance, allow us to compare surficial sediments affected by human activity with deeper, unaffected
ones. In approximately .40% of the cores examined, Zn
and Cr concentrations in the uppermost centimeter were
significantly greater than deeper in the core, but these differences were less than a factor of two. These enrichments in the surficial sediment were often accompanied
by higher concentrations of fine-grained sediment and
are, therefore, within the natural variability of metal concentrations on the bank.
Clear evidence of the addition of metals to continentalshelf sediments by man was seen in the Mud Patch {stations 4712 and 4714, figure 16.3). Concentrations of Pb
are at background levels-15-20 parts per million
(ppm)- at a sediment depth of 40 em but increase to
about 29 ppm at the surface (figure 16.5). The increase
in Pb is not directly correlated with small changes in tex-

ture or organic carbon. The surface sediments have a
lower clay content than the deeper ones, and although·
the organic-carbon content is higher in the surficial sediments, the Pb/ C ratio is also higher.
In the absence of evidence for the postdepositional
mobility of Pb (Bruland et al., 1974), these data strongly
suggest that the flux of Pb to these sediments has increased with time2 and that this area of fine-grained sediments rich in organic matter also may be a sink for other
pollutants carried with such sediments and subsequently
deposited with them. Profiles and inventories of stable
Pb, 210Pb, and nuclides derived from nuclear weapons (H.
D. Livingston, unpublished data, 1980; see also chapter
18) in the Mud Patch support this suggestion, although
scavenging either by locally resuspended sediment or at
the water/sediment interface (Bacon, Spencer, and
Brewer, 1976) can be another important mechanism for
incorporating metals and artificial radionuclides into these
fine-grained sediments.
Net rates of sediment accumulation in the Mud Patch
of about 20 cm/ 1,000 years have been estimated on the
basis of 14C profiles (Bothner et al., 1981), and a maximum of 25 cm/1,000 years has been estimated on the
basis of 239•240Pu mixing profiles (Santschi et al., 1980).
The mixing of industrial Pb to sediment depths of 25-30
em by benthic animals agrees with the 210Pb distribution
and with the estimates of mixing depth from 14C data
(Bothner et al., 1981; see also chapter 17).
The geographic position of the Mud Patch, downcurrent from Georges Bank, and the metal-accumulating processes active there make it a potential sink for heavy
metals and other pollutants discharged from drill rigs on
the bank. Other potential sinks include the deep parts of
the Gulf of Maine, the continental slope, and the heads
of submarine canyons along the southern flank of
Georges-all characterized by relatively fine surficial sediment and by slower currents relative to the adjacent shallow bank. The rates of pollutant transport to the bottom
in these potential depositional areas can be increased by
scavenging by resuspended fine-grained sediment. The resuspension flux is considerably higher at the heads of
submarine canyons than it is on the adjacent continental
shelf and slope, according to preliminary results with sediment traps (Butman et al., 1982a).
Trace Metals in Benthic Animals
The Ocean Pulse study of the National Marine Fisheries
Service's Northeast Fisheries Center (Pearce, 1980) has
produced trace-metal data for sediments and epibenthos
at nine sites on Georges Bank (Cooper and Pecci, unpublished data). Significant correlations of metal concentrations in animals and sediments do not exist, probably
because of the migratory habits of the species analyzed.
One notable feature of these data is the higher concentration of Cd in the viscera of sea scallops (Placopecten magellanicus) found on Georges Bank than found in other
organisms from the same area. A similar enrichment of
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Cd in the viscera of scallops, much of which is probably
associated with the kidney, also has been observed in
coastal Maine (Gilbert et al., 1985).
Severalspecies of large benthic animals from Georges
Bank were analyzed for Cd, Cr, Cu, Fe, Ni, Pb, and Zn
during seasonal cruises in 1977 (ERCO, 1978). The highest concentrations of several elements were found in organisms from northern and western parts of the bank and
from Nantucket Shoals. For example, the adductor muscle of ocean quahogs (Arctica islandica) collected at three
locations in those parts contained 1.24 ± 0.04, 1.59 ±
0.05, and 0.99 ± 0.03 ppm of Cu, whereas quahogs collected from the center of the bank contained 0.43 ±
0.07 ppm (ERCO, 1978). A similar trend was found for
Ni and Pb. Samples collected nearshore and at the northwestern margin of the bank contained 22.8 ± 0.4 and
54.1 ± 3.9 ppm of Ni, respectively, whereas organisms
from two sites near the center of the bank contained
3.60 ± 0.7 and 6.5 ± 0.2 ppm. Adductor muscles collected at two sites along the the northwestern slope contained 0.64 ± 0.01 and 0.56 ± 0.01 ppm of Pb,
whereas samples from the center of the bank contained
0.08 ± 0.1 and 0.15 ± 0.01 ppm.
On a seasonal basis, trace-metal concentrations in macrobenthos from the bank were greatest during the summer. This may reflect the increased biologic scavenging of
metals from the water column because of increased primary productivity. The maximum for carnivorous species
sometimes was found in fall, perhaps related to a delay in
the food-chain metal supply.

Distance from Shore (km)

Trace Metals in Zooplankton
The biogeochemic processes on Georges Bank controlling
the distribution of metals in their dissolved and p<;trticulate forms and in plants and animals are influenced by
seasonal changes in productivity and hydrography. Generally, the zooplankton on Georges Bank contains smaller
concentrations of Cd, Cu, and Zn and higher concentrations of Cr, Fe, and Ni than does the zooplankton on the
perimeter of the bank (ERCO, 1978). Of the six elements
mentioned, Fe and Zn are the most abundant, having
concentrations greater than 100 ppm in many samples.
On the crest of the bank, Cd, Cu, and Zn concentrations
were greater in the zooplankton taken in 505-~m-mesh
nets than in that caught in 202-~m-mesh nets. Larger species may concentrate these metals more, or the smaller,
more frequently molting species may lose metals in their
shed exoskeletons more rapidly. Generally, the concentrations of trace metals in zooplankton populations are
higher in the late summer and fall and lower in winter.
The decreases in winter may be related to the breakdown
of seasonal stratification, increased dispersion, and lower
concentrations of phytoplankton. Average concentrations
of Cd, Cr, Cu, Fe, Ni, Pb, and Zn in zooplankton collected over four seasons from the central part of Georges
Bank are about equal to or somewhat higher than the
values reported for certain other regions (table 16.4). The
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Georges Bank data are very variable, with the standard
deviations about the same order of magnitude as the
means.
Trace-Metal Studies in the Georges Bank Monitoring
Program
The trace-metal studies in the Georges Bank Monitoring
Program were designed to determine where drilling mud
accumulated and in what concentrations. This work was
closely coordinated with the biologic part of the program
in order to ascertain the effects of exploratory drilling for
petroleum on bottom-dwelling animals. Stations were
chosen on a regional scale (figure 28.1) for assessing
chemical and biologic changes in areas of erosion and
deposition. To document the local effects of drilling-mud
discharge, a detailed survey was conducted at 29 stations
around the Mobil Oil Company well in block 312 (figure
28.2), while a smaller survey was done near the Shell Oil
Company well in block 410 (stations 16-18). Sampling
commenced in July 1981 before drilling began and continued on a seasonal basis through May 1984.
The trace-metal analyses of bulk (undifferentiated) sediment during the first year of the program show that Ba
was the only metal that increased detectably as a result of
exploratory drilling (Bothner et al., 1982). The greatest
increase between predrilling and postdrilling levels was
observed at station 16, located within 200 m of the drill
rig, on block 410 (figure 16.6). Here Ba increased from
30 ppm before drilling began to 107 ppm after drilling
had ended. In block 312 at stations within 500 m of the
drill rig, Ba concentrations in the bulk sediment increased
by a factor of 1.8-from a predrilling concentration of
37 ppm to a postdrilling one of 66 ppm. Smaller increases were measured out to a distance of 6 km, but
none beyond. The significance of these increases is better
understood when considered together with the fact that
Ba concentrations in excess of 100 ppm were measured
in predrilling samples at many locations on the bank. No
changes in the concentration of other metals often discharged during drilling operations (Al, Cd, Cr, Cu, Fe,
Hg, Mn, Ni, Pb, V, or Zn) were observed in the bulk
sediment during the first year of the monitoring program.
In some samples of bulk sediment the fraction finer
than 60 ,urn was separated from the remainder by a nylon
screen. In this fine fraction of postdrilling samples in
block 410, Ba was 36 times higher than in predrilling
samples (Bothner et al., 1982). The concentrations of Al,
Cr, Cu, and Hg in the fine fraction increased by 2 to 3
times, but the highest concentrations observed were near
or below the concentrations found in average material
from the earth's crust. Increases of these four metals
were found in the fine fraction only on block 410 (figure
16.7). Analysis of the fine fraction on block 312 showed
that Ba had increased by a factor of 22, but increases in
other metals were not observed (Bothner et al., 1982).

Trace Metals

Table 16.4
Comparison of metal concentrations (ppm) in zooplankton from Georges Bank and certain other regions•
Location

Reference

Cd

Cr

Cu

Fe

Ni

Pb

Zn

Georges Bankh

ERCO (1978)

2.8 (±1.7)

3.6 (±4.4)

8.4 (±8.9)

296 (±327)

8.9 (±15.4)

7.0 (±8.8)

220 (±105)

Georgia/North
Carolina Shelf

Windom and
Betzer (1979)

2.8

0.8

7.2

92

2.6

0.94

Eastern Pacific

Martin and
Knauer (1973)

2.3

0.1

11.5

100

8.4

2.1

180

Western Gulf
of Mexico

Horowitz and
Presley (1977)

2.9

5.6

13.4

725

4.6

8.0

103

37

a. After Windom and Betzer (1979).
b. Data from stations 18, 32, 37, and 39 (figure 16.3) . .
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Figure 16.6
Concentration of barium ( 0) and of
chromium ( x) in bulk sediment
near the Shell exploratory well on
block 41 0: left, station 18, 2,000 m
west of drill rig; middle, station 16,
at drill rig (within 200 m); right, station 17, 2,000 m east of drill rig.
Drilling was begun after the first
sampling in July 1981 and ended
before the last in May 1982. The
error bars represent one standard
deviation (length proportional to
error) among three individual
samples.
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Thus the first year of the Georges Bank Monitoring
Program shows that only very small trace-metal perturbations were imposed on the bottom animals of Georges
Bank by exploratory drilling. The preliminary analyses of
samples for petroleum hydrocarbons (Payne et al., 1982)
and of bottom-dwelling animals (summarized in chapters
19 and 28, respectively) similarly show minor effects on
the benthic environment due to exploratory drilling.
Reviewed by]. M. Bewers. Frank T. Manheim, and
John B. Pearce

Notes
1. Details of methods are presented in
Bothner et al. (1979).
2. The present source of stable Pb in
these sediments may well be the lead
alkyls in gasoline, the burning of which
began in 1924 and increased dramatically after 1940.
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Natural Radionuclides
Michael H. Bothner and Michael P. Bacon

Distributions of the naturally occurring radioactive nuclides in the sea are of interest because of the information they can yield about the rates of a variety of
processes there-ocean mixing, exchange of gases at the
sea surface, biologic fixation and release of chemical species in the water column, adsorption and desorption reactions at solid surfaces, sedimentation, and bioturbation.
That these distributions offer such a wealth of information is due to the variety of chemical properties and radioactive half-lives found within this group of tracers.
(Recent reviews of radioactivity in the sea are given by
Burton, 1975, Turekian and Cochran, 1978, and Cochran, 1982.)
Few of the potential uses of natural radionuclides for
scientific study have been exploited in the Georges Bank
region. The studies that have been carried out can be divided into two groups. The first deals with the distribution and rates of removal of reactive chemical substances
in the water column. The second concerns processes related to the Late Wisconsinan glacial advance, the subsequent sea-level transgression over Georges Bank, modern
sedimentation rates, and rates of sediment mixing.
Water-Column Studies
An important feature of the distribution of radioactive
substances in the water column is the existence of radioactive disequilibrium-unequal parent and daughter activities-within the natural-decay series. In a system that is
closed for a sufficient time to the migration of uranium
(or thorium) and its decay products, a state of secular
equilibrium is approached in which the activities of all
members of the decay chain are equal. In the oceanic
water column, however, departures from this condition
occur because of the transport of decay products into
and out of the system, and the extent of disequilibrium
often provides a measure of the input and output rates.
In the Georges Bank region the radioactive disequilibria
that have been studied are 210 Pbf2 26 Ra, 210 Pof2 10Pb, and
228
Th/2 28 Ra (Pb = lead, Ra = radium, Po = polonium,
Th = thorium).
Lead 210 and Polonium 210
Because of their chemical properties and radioactive halflives, 210 Pb and 210 Po are valuable geochemic tracers for
studying the fate of reactive elements in the ocean and
are often regarded as useful analogs for predicting the
fate of heavy metals and other pollutants. The two nuclides belong to the 238 U (U = uranium) decay series, the
relevant segment of which is shown in figure 17 .1a. (Applications of 210 Pb and 210 Po in deep-sea studies have
been reviewed by Bacon, Spencer, and Brewer, 1980.)
Although there have been no measurements made over
Georges Bank itself, an extensive set of 210 Pb and 210 Po
measurements was made by D. W. Spencer and coworkers in the Gulf of Maine between 1975 and 1980 (Spencer, 1976, 1980, 1981; Spencer, Bacon, and Brewer,
19 81 b). The results of those investigations, which we
summarize here, should be broadly applicable to the re-

gion. (Studies in other areas of continental shelf have
been reported by Krishnaswami, Somayajulu, and Chung,
1975, Benninger, 1976, 1978, Schell, 1977, Santschi, Li,
and Bell, 1979, Bacon et al., 1980, Spencer, Bacon, and
Brewer, 1980, and Li et al., 1981.)
There are two primary modes of 210 Pb supply to the
ocean-(1) deposition on the sea surface from the atmosphere, where 210 Pb originates from decay of 222 Rn
(Rn = radon), a radioactive gas that emanates from the
continents, and (2) production throughout the water column following radioactive decay of 226 Ra dissolved in
seawater. Fluvial inputs are believed to be unimportant
because of rapid scavenging of 210 Pb by riverine sediment
particles and efficient trapping of the sediment in estuaries (Rama, Koide, and Goldberg, 1961; Benninger,
Lewis, and Turekian, 1975; Meade et al., 1975; Benninger, 1976; Lewis, 1977). In the shallow waters of the
continental shelf, the production of 210 Pb within the
water column is small compared with the deposition
from the atmosphere. The annual rate of 210 Pb deposition
in the Georges Bank area can be estimated at about 1.0
disintegrations per minute per square centimeter (dpm/
cm 2 ), based on records at New Haven, Connecticut, and
other locations on the east coast of the United States
(Benninger, Lewis, and Turekian, 1975; McCaffrey,
1977; Nozaki et al., 1978).
Spencer (1980) measured the distribution of dissolved
(that which passed 0.45-ttm pore-size Millipore filters)
210
Pb in September 1977 along an east/west transect just
north of Georges Bank (figure 17 .2a). Concentrations of
226
Ra were not determined, but its distribution in nearsurface waters is well known from other work. Broecker,
Goddard, and Sarmiento (197 6) found the average concentration in Atlantic open-ocean surface wafer to be 7.5
dpm/100 L; Li et al. (1977) found 9-10 dpm/100 Lin
slope and shelf waters of the New York Bight. With
these values for comparison, one can see that an excess
of 210 Pb (210 Pb > 226 Ra) exists at the seaward (eastern)
end of the transect in figure 17 .2a. The excess is maintained because of input of 210 Pb from the atmosphere and
a relatively long residence time for 210 Pb in open-ocean
surface waters (about 2 years: Bacon, Spencer, and
Brewer, 1980). Over the shelf, on the other hand, a
strong deficiency of 210 Pb exists (figure 17 .2a), indicating
that removal of 210 Pb is much faster there than it is offshore (residence time < 1 month). The faster removal
may be due to the greater biologic activity or to greater
fluxes of particles on the shelf.
Bacon, Spencer, and Brewer (1976) and Spencer, Bacon, and Brewer (1981a) suggested a third mechanism
that would lead to rapid uptake of 210 Pb and other reactive elements at ocean boundaries. Reducing conditions,
which characterize many shelf and slope sediments, lead
to upward migration of reduced Mn (manganese) and Fe
(iron) followed by oxidation and precipitation. Oxides of
Mn and Fe newly formed near the water/sediment interface would act as efficient scavengers for 210 Pb and a variety of other heavy metals. The relative importance of
this and the other mechanisms for removing reactive sub-

Figure 17.1
Segments of (a) the uranium 238
decay series showing production of
210
Pb and 210 Po by radioactive de·
cay of radium 226 and its daugh·
ters and (b) the thorium 232 decay
series showing production of radium 228 and thorium 228 by radioactive decay. The vertical arrows
indicate alpha decay, the oblique
arrows beta decay.
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stances from the water column in continental-shelf regions is yet to be determined.
Polonium 210 is supplied to the ocean mainly by decay
of the radioactive precursors 210Pb and 210Bi
(Bi = bismuth) within the water column. Deposition of
210
Po from the atmosphere is of relatively minor importance. Ocean-surface waters ordinarily show a 210 Po deficiency (210PoJ210Pb activity ratio < 1.0) due to biologic
transport of 210Po out of the surface layer (Bacon, Spencer, and Brewer, 1980). In some areas a corresponding
excess (210Pof210Pb activity ratio > 1.0), maintained by
release of 210Po from sinking particles, is found just below the base of the mixed layer (Bacon, Spencer, and
Brewer, 1976). A striking feature of the 210 Po distribution
in the Gulf of Maine is its pronounced excess in all but
the very surface waters (figure 17.2b). The mechanism by
which the 210Po excess is maintained is not fully understood. It may involve a flux out of sediment of the 210Po
that was transported from offshore and stripped from the
water column over the shelf. Similar excesses of 210Po
have been reported from other areas of the continental
shelf (Schell, 1977; Bacon et al., 1980b; Spencer, Bacon,
and Brewer, 1980; Li et al., 1981).
Interpretation of chemical distributions on the continental shelf is often complicated by large temporal variations. This complexity can be seen at a station that was
repeatedly occupied by Spencer (1981) in the Gulf of
Maine (figure 17 .3). Some of the features shown are easily understood. For example, the high 210Pb values (figure
17 .3a) penetrating the intermediate depth of the basin
during March/April 1979 are related to convective overturn that was demonstrated by the salinity, temperature,
and oxygen observations; they are accompanied by low
2 10
Pof210Pb ratios (figure 17 .3b). The high concentrations
of 210Pb that build up at the surface during the summer
can be accounted for by atmospheric input and the development of a stable thermocline.
More difficult to explain, however, are the apparent
rapid depletion of 210 Pb from water at intermediate depth
in early spring of 1979, following the convective overturn, and the reappearance of high 21 0 Pb concentrations
in August 1979. Possibly some of the variations result
from lateral inhomogeneities within the Gulf of Maine
coupled with the effects of circulation.
Radium 228 and Thorium 228
These two nuclides belong to the 232Th decay series, the
relevant portion of which is shown in figure 17.1 b. Both
have important geochemic applications-2 28 Ra as a tracer
for estimating horizontal exchange rates (Kaufman et al.,
1973) and 228Th, like 210Pb and 210Po, as an analog of reactive pollutants (Broecker, Kaufman, and Trier, 1973).
However, the only data available for the Georges Bank
region are the few measurements reported by Feely et al.
(1980). They reported a surface sample from Georges
Bank having a 228 Ra concentration of 6.6 dpm/ 100 L,
significantly higher than the values that they found in the
Slope Water south of Nova Scotia (2.7-4.7 dpm/ 100 L).

They attributed the difference to the fact that 228 Ra is
supplied to the ocean mainly by diffusion out of nearshore sediments and undergoes radioactive decay as it is
transported seaward.
Feely et al. (1980) also found a significant difference in
228
Thf228 Ra. Values measured in the Slope Water were in
the range 0.089-0.16, indicating a residence time forTh
of 3-4 months. The sample from Georges Bank had a
lower value-0.028-indicating a residence time for Th
of about 1 month. This trend of faster removal over the
bank is similar to the one discussed above for 210Pb for
the Gulf of Maine, and similar reasons can be invoked to
account for it-reactive elements are in general stripped
from the water column more efficiently over the shelf
than they are farther offshore. The best-documented ex~
ample is given by 228 Th in the New York Bight area (Li,
Feely, and Santschi, 1979; Li et al., 1981). The principle
almost certainly applies tq Georges Bank, where high
concentrations of suspended matter and frequent resuspensions of the latter are well known (Butman and Folger, 1979; Bothner, Parmenter, and Milliman, 1981;
Parmenter, Bothner, and Butman, 1983). However, particle-reactive elements stripped from the water on Georges
Bank do not accumulate in sediments there, but are
transported to quieter depositional sites on the periphery
of the bank (chapter 16).
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Sediment Studies
Carbon 14
The use of the natural radioisotope 14C (C = carbon) has
contributed to the understanding of the glacial and postglacial history of Georges Bank and has helped to define
rates of modern geologic processes. The late glacial history of Georges Bank (beginning with the last major glacial advance) has been determined mainly from the
geologic record on land, but with key pieces of information obtained in marine studies. 14C ages of glacial till recovered with vibracores from the eastern and western
sides ofthe Great South Channel (cores 4506D and
4510A, figure 17.4) provide the only dates for till offshore (Bothner and Spiker, 1980). The ages, determined
from total organic carbon, ranged from about 20,000 to
35,000 years B.P. (before present; table 17.1 ). These results support the common assumption that the glacial features on Georges Bank are a result of the Late
Wisconsinan glacial advance rather than some earlier one.
These features include the morainelike deposits south of
Martha's Vineyard (Knott and Hoskins, 1968), the morphology of the Northeast Channel, which resembles a
glaciated valley (Torphy and Zeigler, 1957), and the
abundant gravel on top of the bank (Schlee, 1973). The
Late Wisconsinan age of these features had been previously assumed because multiple ice advances and sea-level
transgressions would have obliterated evidence of earlier
glaciations.
Bothner and Spiker (1980) discuss several possible
sources of error associated with the use of total organic
carbon for dating glacial marine sediments. As the errors
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Figure 17.2
Distribution curves of (a) the activity (dpm/100 L) of dissolved 210Pb
and (b) the 210Po/ 210Pb activity ratio
in the Gulf of Maine in September
1977. "Dissolved" refers to material that passed through a 0.45-JLm
Millipore filter. Stations are located
in figure 15.1. [Spencer (1980)]
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Temporal sections of (a) the total
210
Pb activity (dpm/100 L) and (b)
210
Po/210Pb activity ratio in Wilkinson Basin, the Gulf of Maine.
[Spencer ( 1981)]
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The collection sites of the sediment samples for which 14C ages
are given in tables 17.1 and 17.2
are shown. The heavy line extending across the figure is the estimated southern limit of the Late
Wisconsinan ice sheet (see the vignette "Georges Cape, Georges Island, Georges Bank" by Emery). At
the left of the figure in the Mud
Patch, 210Pb inventories at certain
sites are given (dpm/cm'; red numbers) and the silt + clay percentage of the sediment is contoured.
[Bothner et al. ( 1981 ), Santschi et
al. (1980)]
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Sample
(position;
water depth)

Depth below
seafloor
(em)

C age
(years B.P.)

Material
dated

4506D (core)
(40° 54.0' N,
69°17.8' W;
49 m)

120-150
195-225
413-438
555-583

19,500±450b
30,000±700b
26,900±700b
34,500±1,100h

4510A (core)
(40°55.3' N
68°44.5' W;
Om)

449-479

24,290±500b

occ
oc
oc
oc
oc

W-3953

4512C (core)
(40°38.9' N,
67°31.7' W;
87 m)

52-55
211-256

3,330±200
11,390±300

Shells
Shells

W-3916
W-3921

4515A (core)
(40°57.9' N,
66°47.4' W;
88 m)

0-30
70
165-197

5,700±250
9,310±300
10,220±300

Shells
Shell
Shells

W-3912
W-3926
W-3913

4518A (core)
(41 °23.7' N,
66°53.9' W;
69 m)

25-55

4,660±250

Shells

W-3915

4521A (core)
(41 °32.6' N,
67°40.3' W;
31m)

373-413

2,230±200

Shells

W-3917

14

a. Bothner et a!. (1979) and Bothner and Spiker (1980);
Laboratory, U.S. Geological Survey, Reston, Virginia.
b. Age corrected for content of coal and graphite.
c. Total organic carbon.
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C ages of subsurface sediment recovered from Georges Bank•
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are most probably due to relict carbon, the dates so obtained are regarded as "no older than" limits for the time
of deposition.
14
C measurements on shallow-water oyster shells and
other material dredged on the continental shelf have been
used to estimate the rate of sea-level rise since the last
major glacial advance (Emery and Garrison, 1967; Milliman and Emery, 1968; see also the vignette "Georges
Cape, Georges Island, Georges Bank" by Emery). The
presence on the surface of the bottom of items that predate or closely postdate the last transgression of the sea
indicates that the bank has not, in general, accumulated
sediment since the sea most recently reclaimed it. Other
shell material within the upper 3 m of sediment on the
southern flank of Georges Bank has been dated at between 3,000 and 11,000 years B.P. (table 17.1). Although these dates carry a "no older than" qualifier
because of the possibility of relict material, they are consistent with the concept of deposition during the flooding
by the sea that followed the last major glacial advance.
14
C dating of total organic matter has been of value in
estimating the rates of accumulation in the area of finegrained sediment south of Martha's Vineyard known as
the Mud Patch (Bothner et al., 1981). The sediments ac-'
cumulating in the Mud Patch are thought to have been
winnowed from those covering Georges Bank and Nantucket Shoals (Twichell, McClennen, and Butman, 1981;
see also chapters 4 and 13). Resuspended by storm or
strong tidal currents at the source, the sediments are supposed to move southwest with the mean current until
they reach the Mud Patch, where a sudden and drastic
reduction of tidal current velocity occurs (5 em/ sec on
the Mud Patch, 50 em/sec on the banks) (Butman et al.
1982). Deeper water at the Mud Patch inhibits resuspension there.
Some caution is appropriate in interpreting 14C data in
fine-grained sediments of shallow-water environments because of the possibility of deep mixing by burrowing organisms. No deep-burrowing organisms have been
observed in box cores from the Mud Patch, however U.
F. Grassle, personal communication), and the assumption
is made that no significant mixing occurs below 30-40
cm. 1
The 14C ages determined in cores from the Mud Patch
increase systematically with depth. The increase in cores
4507 and 4508 (figure 17 .5a) from the eastern edge of
the Mud Patch is almost linear and suggests that rates of
accumulation have been constant at 40 and 53 cm/1,000
years, respectively. In the center of the Mud Patch (cores
4711 and 4722, figures 17.5b and 17.4), where the sediments are finer, the rates of accumulation seem to have
decreased with time from about 196 cm/1,000 years in
the deepest section recovered to an average of 21 em/
1,000 years in the section immediately below the 30-cm
mixed upper layer. Interval accumulation rates corrected
for compaction are given in table 17 .2.
A 14 C age of 8,630 ± 100 years was measured in the
fine sediment just above the basal sands in core 4711
(figure 17 .5b ), suggesting that the sea flooded this area of
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Figure 17.5
" C age of organic carbon at different sediment depths in the Mud
Patch: (a) at the eastern end; (b) in
the area of finest sediment. In (a)
the crosses and solid regression
line are for core 4507, the horizontal ticks and dashed regression
line for core 4508; in (b) the
crosses and solid regression line
are for core 4711 , the horizontal
ticks and dashed regression line
for core 4722. The vertical bars indicate the sampling interval; see
table 17.2 for estimates of error.

10

Annual
mass
accumulation
rate
(mg/ cm2)

Sample
(position;
water depth)

Depth below
seafloor
(em)

C age
(years B.P .)

Interval
accumulation
rate
(cm/ 1,000 years)

4507D (core)
(40 ° 11.3' N,
69°47.2' W;
91 m)

0-40
93-123
150-180
220-250
323-353

1980±80
4,050±90
5,180±60
6,720±90
10,070±90

42 (38)b
50
45
33

74
66
49

W-3932
W-4037
W-4062
W-3906
W-3902

4508D (core)
(40° 22.0' N,
70°03.6' W;
82 m)

0-30
113-143
271-293
419-440

1,820±80
3,940±80
7,500±100
9,400±120

53 (46)b
43
78

77 (67)b
62
113

W-3893
W-3975
W-3973
W-3987

4527C (core)
(40°52.2' N,
70°33.1' W;
55 m)

54-84
90-110
173-198
198-229
549-574

3,020±250
10,880±300b
40,000b
17,070±300
27,900 ± 800

3.9

7

18.3
32.6

28
48

4711 (core)
(40°30.0' N,
71 °00.0' W;
81 m)

0-6'
18-21'
70-90
200-230
317-337

2,020±80
2,340±60
5,470±70
7,630±110
8,630±100

Bioturbation zone
19 (16)b
62
120

4722 (core)
(40 ° 27.7' N,
70°33.0' W;
79 m)

0- 12'
16-21'
69-93
300-320
568-588

2,170±80
2,250±90
4,200 ±70
6,540±90
8,010±90

Bioturbation zone
32 (26)b
110
196

4650 (grab)
(40 ° 29.6' N,
70 ° 13.6' W;
65 m)

0-1

1,280±70

W-4468

4651 (grab)
(40 °27.7' N,
70 ° 33.0' W;
79 m)

0-1

1,300±70

W-4469

5

0

(b)

Table 17.2
14
C ages of sediment (total organic carbon) from continental shelf south of Martha's Vineyard'

14

67 (61)b

Radiocarbon
Laboratory
number

W-4034
W-3927
W-3920
W-4038
W-3947

. 17 (14)b
54
104

W-4417
W-4422
W-4088
W-4092
W-4089

31 (25)b
98
192

W-4412
W-4420
W-4085
W-4091
W-4087

a. Bothner et al. (1979) and Bothner et al. (1981b); 14 C determinations were made by the Radiocarbon Laboratory, U.S. Geological Survey, Reston,
Virginia.
b. Calculated from the borrom of the mixed zone, 30 em, rather than from the middle of the dated interval.
c. Shell dates; 40,000-year date is unreliable for accumulation calculations.
d. Samples from pilot core.
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the continental shelf no later than this date. The decrease
in the rate of accumulation with time in the western part
of the Mud Patch, where sediment is finest (figure 17 .4),
could be related to the gradual reduction of fine sediment at the supposed sources on Georges Bank and
Nantucket Shoals, where there has been a continual winnowing of fine sediments from the glacial outwash and
till ever since the sea first flooded those places. At the
eastern edge of the Mud Patch, in sediment having more
than 65% fine sand and coarser material, the accumulation rate has remained constant (figure 17 .5a) and may
reflect the large supply of fine sand that is exposed in the
surface sediment to the northeast.
Core 4527 on the northern edge of the Mud Patch
(figure 17.4) shows a lower sedimentation rate than others taken within this deposit. This may be due to a
stronger current there or to the lesser water depth and so
less favorable depositional environment.
Lead 210
The concept that the Mud Patch is a modern feature is
also supported by the large amount of 210Pb in the sediment there. If the combined annual flux of 210Pb from
the atmosphere (::::::1.0 dpm/cm1 : Turekian, Nozaki, and
Benninger, 1977) and from the water column (::::::0.05
dpm/cm 2 : Benninger, 1978) reached the bottom and
achieved a steady-state concentration in the sediment, the
total annual inventory of excess 2 10Pb would be about 32
dpm/cm1 • However, inventories of excess 210Pb in the
Mud Patch are about twice as high as expected from the
combined atmospheric and water column flux (figure
17.4). In contrast, at one location on Georges Bank
where erosion of fine sediments is expected, the inventory of excess 210Pb is zero (Bothner et al., 1981).
It was discussed earlier that 210Pb from Georges Bank
scavenged by resuspended bottom sediment or by biogenic particulates may be transported to the Mud Patch
by the westerly current and that an additional source of
210
Pb may be offshore waters, which have increased concentrations of dissolved 210 Pb and may supply 21 0 Pb to
nearshore areas, where removal processes are more active.
Such processes include uptake of dissolved 2 10Pb at the
water/sediment interface (Bacon, Spencer, and Brewer,
1976). This uptake may be mediated by adsorption onto
manganese and iron oxide phases and augmented by bioturbation, which replenishes the surface of the sediment
with material containing less 210Pb (Santschi et al., 1980).
Irrigation of sediments by the overlying water through the
activity of animals can also contribute to the direct uptake of dissolved 210Pb by sediments. Dissolved 210Pb can
also be removed from the water column by recycled particles in a nepheloid layer. 2 Such a layer is present over
the Mud Patch at all seasons (Bothner, Parmenter, and
Milliman, 1981).
The high deposition rate of 210Pb suggests that the
Mud Patch is a sink for other particle-reactive components, including materials discharged during petroleum
exploration (chapters 4 and 13). In recognition of this,
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two sampling stations on the Mud Patch are occupied
seasonally by the Georges Bank Monitoring Program, in
order to evaluate biologic and chemical changes in the
bottom as a result of exploratory drilling.
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Notes
1. Biologic mixing has been modeled
with 228Th, 210Pb, and 239•240Pu
(Pu = plutonium) profiles, and rhese
models suggest rares of mixing rwo ro
five rimes faster in the interval 0-7.5
em than in rhc layer from 7.5 to 47.5
em (Santschi et al., 1980). Using rhe
14
C age of surficial sediment (0- 1 em)
and the average 14C age of the mixed
layer, Bothner et al. (1981) argue that
the age of the mixed layer is consistent
with the assumption rhar no mixing occurs below 30 em.

2. A nepheloid layer is a "cloudy"
layer due to a high concentration of
suspended mineral or organic particles.
Such layers are 1 to 10 or 20 m thick
and are usually nexr ro the bortom, although midwarer layers are known.
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Artificial Radionuclides

18
The testing of .atomic weapons and the production of nuclear energy have introduced artificial radionuclides into
the sea, where, like the naturally occurring radionuclides,
they can be used as tracers for studying a variety of
ocean processes. Of the many artificial nuclides, 55 Fe
(half-life 2.7 years), the Pu isotopes 239 Pu (half-life
24,400 years) and 240 Pu (half-life 6,600 years) produced
by neutron capture by uranium, and the fission products
137
Cs (half-life 30 years) and 90Sr (half-life 29 years) have
received the most intensive study. 1 These range in chemical behavior from the soluble (90Sr) to the particle reactive (5 5 Fe and Pu) and enter the coastal ocean by three
principal pathways: direct fallout, rivers and groundwater,
and advection from the open ocean. Direct input from
fallout has followed the temporal pattern of atomicweapons testing, which peaked in 1962-1964.
There are essentially no artificial radionuclide data
from the water column or sediments of Georges Bank
itself, but recent studies in the Gulf of Maine, on the
Nova Scotian shelf and slope, in the waters off Cape
Cod, and in the New York Bight have given results that
are largely applicable to the bank.

J. Kirk Cochran and Hugh D. Livingston
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Strontium, Cesium, and Plutonium Isotopes in the Water
Column
Depth profiles in the Gulf of Maine and on the West
Hatteras Abyssal Plain (figure 18.2) are too few to permit
detailed comparisons, but a few generalizations are
possible.
In Gulf of Maine samples, 137 Cs and 90Sr vary from 20
to 30 disintegrations per minute (dpm)/100 kg, with a ratio of about 1 (figure 18.2a). This is in contrast with the
fallout ratio of 1.5 (Harley et al., 1965) commonly observed in open-ocean samples (Bowen et al., 1974). The
latter authors also observed 137Cs/ 90Sr ratios of about 1
in nearshore waters and offered explanations for such
low values. These include the preferential removal of
137
Cs at a higher rate than the input rate and the influence of groundwater and runoff from land, which contain relatively more 90Sr.
Concentrations of 239 •240 Pu, 137Cs, and 90Sr in the Gulf
of Maine vary irregularly with depth (figure 18.2).
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Pu shows the greatest change, doubling with depth
at station 2122. Because the samples were unfiltered, the
change may result from an increase in the concentration
of suspended particles (and associated 239 •240 Pu) near the
bottom. Other possibilities are shoreward advection near
the bottom and release from sediment. Furthermore, the
increase at depth could be enhanced by the more rapid
removal of Pu near the surface.
Although the open-ocean stations of the West Hatteras
Abyssal Plain were occupied 5 years after those in the
Gulf of Maine, surface concentrations of 239 •240 Pu and
137
Cs are similar despite the decreasing input of fallout
radionuclides to the ocean surface (figure 18.2b). The
scavenging of particle-reactive nuclides proceeds at an appreciably slower rate in open-ocean surface water than it
does in nearshore surface water (Broecker, Kaufman, and
Trier, 1973), and our observations of relatively high Pu
and 137Cs concentrations in offshore surface water support the arguments made by several workers (Santschi et
al., 1980; Beasley, Carpenter, and Jennings, 1982; Sholkovitz, 1983) that advection of Pu and 137 Cs from offshore can be an important mechanism in addition to
direct fallout for delivering these nuclides to the coastal
ocean, where they are removed to the sediments.
Pu and 137Cs on the West Hatteras Plain show significant variation with depth; 137Cs decreases from a surface
or near-surface maximum to almost zero at 2,000 m.
239 240
•
Pu increases from low values at the surface to a
maximum near 700 m, decreases to a minimum at 4,000
m, and then increases somewhat near the bottom. These
patterns are similar in their general features to those ob-
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Stations
The data presented in this chapter come from the stations
shown in figure 18.1. Sediment samples were taken by
sphincter corer (Burke, 1968) or Ocean Instruments box
corer between 1974 and 1977. Water was collected with
a 50-L sampler in the Gulf of Maine in 1975 and on the
West Hatteras Abyssal Plain in 1980 and 1981. The analytical techniques for 239 •240 Pu and 137Cs in sediment are
described by Livingston and Bowen (1979) and for 90Sr,
137
Cs, and 239 •240 Pu in seawater by Bowen et al. (1980).
Not shown in figure 18.1 are the New York Bight sampling stations of Santschi et al. (1980), which lie southsouthwest of Long Island between 71° and 74° W.

Figure 18.1
Locations of stations at which
water or sediment samples were
taken for artificial-radionuclide
analyses. Stations K69·17 (water
depth 165m) and K69-16 (water
depth 3,302 m) are just east of the
eastern boundary of the map.
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40'

served by Bowen et al. (1980) in the Pacific Ocean. The
greater penetration of the water column by Pu than by
137
Cs is consistent with the former's greater particle interaction and transport for Pu on sinking particles.
The other set of water-column data pertaining to the
reactivity and mass balance of Pu in the nearshore environment and having relevance to Georges Bank is that of
Santschi et al. (1980) for the New York Bight. These authors observed a shoreward decrease in Pu that was correlated with a decrease in the 228 Thf2 28 Ra (Th = thorium,
Ra = radium) activity ratio. 228 Th is a naturally occurring,
particle-reactive radionuclide that is stripped from the
water column more rapidly in inshore than in offshore
waters (chapter 17). Santschi et al. (1980) concluded that
Pu similarly has a shorter residence time nearshore. At
the most shoreward stations, Pu concentrations were
higher than expected from either the 228 Thf2 28 Ra activity
ratio or the general increase in suspended particles. Santschi and colleagues concluded that "an unreactive Pu species ... may be injected into the water column from the
nearshore sediments." These authors constructed a material balance for Pu in the Middle Atlantic Bight that
showed that 20-50% of the input was by advection from
the Slope Water. The feasibility of this inshore transport
of offshore Pu is supported by the Gulf of Maine/Hatteras Plain data discussed and is probably an important
mechanism for bringing these artificial radionuclides onto
Georges Bank.
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Figure 18.2
Water-column profiles of artificial
radionuclides in (a) the Gulf of
Maine and (b) over the West Hatteras Abyssal Plain.
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In the sediment, we are able to compare the distributions
of 137Cs, 239 •240Pu, and 55 Fe. 55 Fe is particle reactive and,
as an isotope of iron, strongly linked to the biogeochemistry of this element. In marine sediments Fe is reduced
from 3 to + 2 as organic matter is oxidized. Thus the
distribution of 55 Fe in marine sediments is a function
both of particle mixing by animals living in the bottom
(bioturbation) and the geochemistry of iron in the sediment column. Bioturbation affects the distribution of Pu
and Cs in the sediment as well. The additional effect of
diagenetic reactions on Pu and Cs has been suggested
(Livingston and Bowen, 1979), but in general, their distributions have not been linked to the sediment geochemistry. Direct examination of the behavior of Pu and Cs in
the pore water of the reducing marine sediments of Buzzards Bay, Massachusetts, suggests that Cs is relatively
more mobile than Pu (Sholkovitz, Cochran, and Carey,
1983).
Sediment data are presented here in two ways-as histograms of integrated activity for the sediment column
(figure 18.3) and as a series of profiles of the sediment
column from shelf to abyssal plain (figu.re 18.4). The integrated activities of 239•240Pu, 137Cs, and 55 Fe in the sediment column have been normalized to the fallout
delivery in the northern hemisphere. On the global scale
fallout has varied with latitude, but in the Georges Bank
area the values are constant to within about 10%. (The
values for 42 ° N are 120 millicuries (mCi) 137Cs/km2 and
2 mCi 239 •240Pu/ km 2 .) Thus the pattern of fallout-normalized inventories also represents that of the absolute
inventories.
Figure 18.3 shows several trends. Relative to delivery
from fallout, Pu and 137Cs inventories in sediment increase toward the shelf. The 239 •240Pu inventory increases
from about 10% of fallout in slope sediment to as much
as 85% in shallow water, while the 137Cs inventory only
increases from 1-2% to 4-5%. 55 Fe inventories in all
cores are variable and greater than 70% of delivery, in
keeping with the very high particle reactivity of this nuclide. The highest inventories for Pu and Cs are observed
in the Mud Patch, south of Martha's Vineyard (station
K61-1; see figure 18.3). This area is one of net accumulation of fine-grained sediment (chapters 4 and 13) and also
of stable lead (chapter 16), the particle-reactive nuclide
210
Pb (chapter 17; Ph = lead), and certain hydrocarbon
gases (chapter 15).
These data demonstrate the relation between the particle reactivity of a nuclide and the nuclide's removal to
the sediment. A relatively small fraction of the 137Cs delivered is removed to the sediments of the shelf and upper slope, whereas Pu and 55 Fe, which are considerably
more particle reactive, accumulate very rapidly there. The
key to this process appears to lie in the resuspension of
the sediments, which, while suspended, scavenge nuclides
from the water column, carrying them to the bottom
upon redeposition.
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Sediments and scavenged materials can be further concentrated when resuspension and redeposition occur in
different places. A place of such redeposition and the
consequent concentration is the Mud Patch, mentioned
earlier. The distribution of artificial radionuclides in a
core from the Mud Patch is shown in figure 18.5 and in
table 18.1. 239•240Pu, 137Cs, and 55 Fe all decrease relatively
smoothly to about 20 em, at which depth all show a distinct maximum. Such subsurface maxima in particle-associated radionuclides have been linked elsewhere to
discrete inputs of radionuclides in the burrows of animals
(Benninger et al., 1979), and this mechanism may be in
effect in the Mud Patch. Measurable amounts of artificial
radionuclides are present to depths of at least 32 em, and
given the slow rates of sediment accumulation here
(about 0.2 em/year; see chapter 17), the radionuclide
profiles would appear to be dominated by particle
mixing.
228
Th and 210Pb data for the area (chapter 17) suggest
more than one particle-mixing rate, with the upper 7.5
em mixed more rapidly than deeper sediments. Both
239 240
•
Pu and 137Cs profiles (figure 18.5) are consistent
with this hypothesis, but 55 Fe shows a constant decrease
from near the surface of the sediment down. This pattern
is consistent with the diagenetic remobilization of Fe on a
time scale that is short compared with the rate of particle
mixing by bioturbation.
Profiles of 239•240Pu, 55 Fe, and 137 Cs in cores from across
the continental shelf and slope show a decrease in sediment inventory as water deepens (figure 18.4; see also
figure 18.3). More important, the profiles show how the
depth distributions have developed during the 15 years
since the main introduction of these nuclides. Sediment
accumulation was virtually negligible at all stations during
the 15 years; the distributions result mainly from bioturbation, although some diagenetic remobilization may
have taken place. The latter process may have affected
the 55 Fe profiles in some of the cores. For example, core
BC-13-18B shows subsurface maxima in 239•240Pu and
137
Cs at 4-6 em, while the 55 Fe maximum occurs at
Table 18.1
Artificial-radionuclide distributions in sediment core from the
Mud Patch•
Disintegrations per minute/ kilogram
(dpm/ kg)
Depth
H 20
239,24opu
55
B?Cs
(%)
(em)
Fe
1-2
3-4
6-7
8-10
12-14
16-18
20-22
24-26
30- 32

52.9
51.0
41.8
41.3
38.3
37.8
35.8
30.3
36.5

112±3
107 ± 3
86.7 ±2.8
65.3±2.4
24.4±1.1
3.7 ±0.3
18.9 ± 0.7
7.8±0.3
9.1 ± 0.3

200±4
197±4
158±3
147 ±3
87±1
31±1
48±2
32±1
30 ± 1

1,519±46
1,277±43
1,105±55
797±55
420±60
154±70
456 ±58
278±63
298 ± 48

a. Core K61-1, 40°24' N, 70°30' W, 75-m water depth (see figure
18.1).
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Figure 18.3
Integrated activity of artificial
radionuclides in the sediment column normalized to their fallout delivery. Station depths are given (in
meters); station locations are given
in figure 18. 1 (All designates AtIantis II; K designates Knorr).
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Figure 18.4
Sediment profiles of radionuclides
across the Gulf of Maine: 239·24•Pu
(red), 137Cs (blue), and 55 Fe (yellow).
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The distribution of artificial radionuclides in a sediment core from
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3.5-4 em. Similarly, the subsurface maximum for 55 Fe is
much sharper than that for Pu in core BC-11-20.
In the shallow stations, 137Cs and Pu appear to have
different distributions with depth; for instance, compare
Pu and 137Cs in cores T-12 and T-27. This separation is
common in coastal sediments (Livingston and Bowen,
1979), and Sholkovitz, Cochran, and Carey (1983) have
shown that 137 Cs is more mobile than 239 •240 Pu in sediments of Buzzards Bay, Massachusetts, implying that the
cesium interacts less strongly with sediment particles than
does the plutonium. The concentration of 137 Cs deep in
the sediment column can also be increased by irrigation
due to burrowing by animals. This process would be less
effective in transporting 239 •240 Pu because of the relatively
low concentrations of Pu in the near-bottom water.
The 239 •240 Pu data indicate a gradient in the depth and
rate of sediment bioturbation from shelf to abyssal plain
(figure 18.4). Mixing occurs to a sediment depth of at
least 20 em in a water depth of 200 m, to about 10-12
em in about 900 m of water, and to 7-8 em in water
deeper than 2,500 m. Pu concentrations decrease more
rapidly with sediment depth in deeper water, indicating a
slower rate of mixing.
Summary
The sediments of the continental shelf and slope off the
northeastern United States contain significant fractions of
the amounts of 55 Fe, 239 •240 Pu, and 137 Cs that were delivered to the sea surface subsequent to atmospheric nuclear-weapons tests. Relative to the amount of fallout,
the nuclides are concentrated in the sediments in the order just given (5 5 Fe most concentrated, 137Cs least). Deep
water offshore acts as a quasi-continuous source and allows the nuclides to be continuously added to the coastal
sediments. Certain areas of fine-grained sediment, notably

" Fe

the Mud Patch south of Martha's Vineyard, are areas of
especial accumulation of artificial radionuclides (as well
as natural radionuclides and other materials closely associated with the sediment particles). The association of
particle-reactive artifical radionuclides and fine-grained
sediment implies that the sandy sediments of Georges
Bank, which are continuously winnowed by strong tidal
currents, are characterized by low activities and inventories of such nuclides.
The distribution of artificial radionuclides in sediments
after deposition depends to a large extent on the rate and
nature of particle mixing by the benthic fauna. The rate
and depth of such mixing decrease from continental shelf
to deep sea.
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Note
1. Fe ~ iron, Pu ~ plutonium,
Cs = cesium, and Sr = strontium.
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Natural and Pollutant Organic
Compounds
John W. Farrington and Paul D. Boehm

Organic chemicals contain carbon, hydrogen, and various
other elements-most commonly oxygen, nitrogen, and
sulfur. Many organic chemicals are synthesized by living
things, and many are synthesized by the chemical industry-plastics, pharmaceuticals, pesticides, and otherssome in large amounts. (On organic chemistry see, for example, Roberts and Caserio, 1965; textbooks that include discussions of organic compounds in the marine
environment are Simoneit, 1978; Tissot and Welte, 1978;
Hunt, 1979; Duursma and Dawson, 1981.)
Naturally occurring organic compounds are integral
parts of the biogeochemic cycles of Georges Bank. However, most studies of organic compounds on the bank
have been indirect, concerned with the nutrients released
or oxygen consumed by the decomposition of bulk organic matter (chapter 22).
The structural composition of organic compounds in
both sediments and seawater is poorly known; total
structural compositions of compounds in samples have
seldom been determined because of their great complexity. On Georges Bank even the general classes of organic
matter for a sample are not completely known. The dynamic nature of the bank and the low carbon content of
the sands making up much of its surface have made the
bank an uninviting place for examining fundamental
questions in the chemistry of naturally occurring organic
compounds, although certain nearby places-Buzzards
Bay, Narragansett Bay, and the Gulf of Maine-are
among the world's most intensively investigated coastal
areas. Concern that oil and gas development as well as
chemical pollution from the heavily populated and industrialized northeastern United States might damage the rich
fishery on Georges Bank has stimulated the measurement
of known or potentially polluting organic compounds on
the bank and research into the processes controlling their
distribution. (Organic compounds considered to be dissolved gases are treated in chapter 15.)
Sources of Naturally Occurring Organic Compounds
One objective of organic geochemic research in the ocean
has been to determine the sources of the organic matter
found there. How much is derived from the primary production of phytoplankton, of benthic algae, of land
plants? How much comes from animals and microorganisms? Two approaches are commonly used-measuring
the ratio of the stable isotopes of carbon and testing for
the presence of certain molecules that are found in
amounts or combinations indicative of specific sources . .
As a result of cosmic processes, elemental carbon (C) is
a mixture of atoms, most of which have an atomic mass
of 12 (1 2 C), while a few have an atomic mass of 13 (13 C).
Carbon dioxide (C0 2) in the atmosphere has a specific ratio of 13 C to 12C molecules that differs from the ratios of
these molecules in fresh water and seawater. Processes of
C02 uptake by land, sea, and freshwater plants reflect
these differences, which can be detected in living or dead
tissue. A sample is generally described by its depletion (D.)
of 13 C with respect to a standard according to the follow-

ing expression (for details see, for example, Degens,
1969, and Smith, 1975):
D,13C(ppt)

=(~~~:~~sample
standard

-

1)

X

1,000

(1)

(ppt = parts per thousand).
Organic matter from land plants usually has a .::l 13 C of
-20 to -30 ppt, while organic matter from marine
plants usually has a D. 13C of -10 to -23 ppt. The 13 C is
depleted relative to the standard in both cases, but to a
greater extent in the matter derived from land plants.
These differences have been used to study the sources of
plant matter in coastal and continental-shelf sediments
and show that terrestrial plant matter makes a substantial
contribution only to estuarine and very nearshore sediments in the contemporary environment (Degens, 1969;
Smith, 1975; Hedges and Parker, 1976).
The use of specific molecules depends upon the biosynthesis of compounds that are unique to specific organisms or groups of organisms. This provides molecules
whose sources are known and that can be traced through
the environment. Certain saturated hydrocarbons-n-alkanes (n stands for normal) and branched alkanes-provide an example. Land plants predominantly synthesize nalkanes with 25, 27, 29, 31, and 33 carbon atoms. In
contrast, marine algae preferentially synthesize ones with
15, 17, 19, and 21 carbon atoms (Farrington and Meyers, 1975).
Sources of Pollutant Organic Compounds
There are numerous sources of pollutant organic compounds in the Georges Bank area. Ships routinely discharge bilge and ballast water containing petroleum
compounds and other chemicals used on vessels. Accidental releases of pollutants-mainly petroleum-such as
the Argo Merchant oil spill (Grose and Mattson, 1977)
sometimes occur. More important are chemicals originating in the northeastern United States. These may be released to the atmosphere as either particles or gases by
combustion or evaporation, blown to the bank, and
mixed into the water. Soluble and particulate organic
compounds, originating in sewage and industrial effluents,
in river discharge, and from the ocean disposal of dredge
spoil and sewage sludge, can be carried to the bank by
currents. Exploratory drilling for petroleum has added
some pollutants, and more may be added if exploration
continues and petroleum production results (chapters 52
and 53; the environmental chemistry of the pollutant organic compounds relevant to Georges Bank may be found
in NAS, 1975, 1979; Goldberg, 1976; NOAA, 1979;
WHO, 1979; UNESCO, 1982).
Processes That Affect the Movement of Organic
Compounds within the Georges Bank Ecosystem
A simplified biogeochemic cycle applicable to organic
compounds is given in figure 19.1. Some organic com-

pounds, such as sugars and amino acids, are appreciably
soluble in seawater, while others, such as fatty acids, sterols, and hydrocarbons, are much less so. The less-soluble
compounds have a tendency to adsorb onto the surface
of particles. Compounds with appreciable vapor pressures
also can be exchanged with the atmosphere across the
sea surface (chapter 15). Plants and animals can take up
compounds either through the ingestion of food or across
exposed membranes, such as the gills of fishes (Lee,
1977; NAS, 1979; Stegeman, 1981). This last process is
particularly important when considering compounds of
environmental concern, such as polynuclear aromatic hydrocarbons (PAHs) from petroleum and polychlorinated
biphenyls (PCBs).
Most naturally occurring organic compounds, such as
proteins, carbohydrates, and fatty acids, are easily metabolized by higher organisms or decomposed by microorganisms. However, some, such as lignin, which comprises
the main structure of woody plants, are more resistant to
decomposition, Among the hydrocarbons, n-alkanes,
branched alkanes, and aromatic hydrocarbons are degraded by microorganisms at rates that vary depending on
the compound and such factors as temperature, the availability of nutrients, and the microbial community present.
Aromatic hydrocarbons can be metabolized by a variety of fishes, crustaceans, and polychaete worms via the
mixed-function oxidase of the cytochrome P-450 system
and similar enzyme systems (Lee, 1977; Malins, 1977;
Neff, 1979; Stegeman, 1981). Most of these animals can
also metabolize a few of the other environmental contaminants, such as selected PCBs. Naturally occurring organic compounds are much more easily metabolized or
decomposed than pollutant organic compounds (Alexander, 1981; NAS, 1979). The net concentration of a
pollutant (and other organic compounds as well) is the
result of its input less _any degradation that has taken
place. Thus the concentration of a compound in an organism is not a reliable measure of total exposure. Furthermore, the measurement of an organic compound in
sediment by chemical extraction does not necessarily determine the amount that is available for uptake by marine
organisms (Farrington et al., 1983).
The Distribution of Organic Compounds in the Georges
Bank Region
Lipids (among them fatty acids, sterols, and isoprenoid alcohols; see Gunstone, 1967), amino acids and proteins,
carbohydrates, carotenoid pigments, hydrocarbons, and
organochlorines are the main groups of organic compounds that have been studied in the Georges Bank region. Except for organochlorines and petroleum
hydrocarbons, all of these compounds are important in
life processes, and several give us clues to the sources of
organic matter in sediments and the processes that have
formed fossil fuels in ancient sediments (Simoneit, 1978;
Tissot and Welte, 1978; Hunt, 1979).
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Figure 19.1
The biogeochemic cycles of pollutant organic compounds in marine
ecosystems (NOAA, 1979). The
diagram is simplified; cycles of naturally occurring organic compounds
are similar.
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Lipids: Fatty Acids and Sterols
Fatty acids are ubiquitous in living organisms and serve a
variety of physiologic functions, including transport
across membranes and energy storage (Kuksis, 1978).
Generally they are found in marine organisms in esterified
forms; that is, they are chemically bonded to other molecules to form fats and oils, including triglycerides, wax
esters, and steryl esters. To some extent the individual
fatty acids found are indicative of the sources of the
organic material containing them. Most early studies
measured only total fatty acids (Wakeham, 1982). Investigations of fatty acids in Narragansett Bay and Buzzards
Bay, reported by Blumer and Cooper (1967), Cooper and
Blumer (1968), Farrington (1971), Meyers (1972), Farrington and Quinn (1973), Meyers and Quinn (1973),
Schultz and Quinn (1973), Schultz (1974), Farrington,
Henrichs, and Anderson (1977), and Van Vleet (1978),
have relevance to Georges Bank. These studies can be
summarized as follows: Polyenoic fatty acids (fatty acids
with several unsaturated carbon bonds) are found in the
phytoplankton, zooplankton, and nonliving particulate
matter suspended in the water column. They are often
the most abundant type of fatty acid in the phytoplankton and zooplankton. Other types of fatty acids are more
abundant in surface sediments. Fatty acids known in certain species of bacteria are found on particulate matter in
the water column, but are even more abundant in the
sediment. Fatty acids that are specific to land plants are
most common in estuarine and nearshore sediments and
are less important in deeper water. The mixture of fatty
acids in sediments reflects a variety of sources-plankton,
bacteria, salt-marsh grass, benthic plants and animals, and
land plants. The concentration of polyenoic fatty acids
and most monounsaturated fatty acids in sediments de-

creases rapidly with depth. Fatty acids in subbottom sediments deposited 50-100 years ago come in part from
living microorganisms and in part from residues of organic matter from bacteria, algae, and land plants laid
down with the sediment.
Fatty-acid composition and concentration in the upper
few centimeters of sediment in Narragansett Bay showed
little variation over the period of a year (Farrington and
Quinn, 1973). Differences between stations were due
mainly to the effect of sewage at some stations. The ratio
of fatty acids to organic carbon was fairly constant for
surface sediments. About half of the fatty acids in sediments are converted to other compounds, including carbon dioxide, during or shortly after their sedimentation.
About one-quarter of the remainder, which is not easily
extracted by organic solvents, is tightly bound and probably becomes incorporated with macromolecular humic
and fulvic materials and is buried in the sediment (Farrington et al., 1977).
Van Vleet (1978) studied fatty acids in a 1-rn core
from Wilkinson Basin in the Gulf of Maine. Fatty acids
in the surface sediment appeared to be associated with
plant and animal remains. Deeper in the core there was a
pool of fatty acids not associated with plant and animal
remains; apparently some of this had been incorporated
into macromolecular organic geopolymers similar to
humic and fulvic materials or was attached to clay minerals. This distribution was not apparent in the Narragansett Bay and Rhode Island Sound cores studied by Van
Vleet (1978).
Van Vleet (1978) also studied the distribution of the isoprenoid alcohol phytol-the major long-chain alcohol
present in most of the sediments examined to datealong with the less important 14-, 16-, and 18-carbon
chain-length saturated alcohols and dihydrophytol. Phytol
appears to be derived principally from chlorophyll early
in the decomposition of organic matter, although other
sources are possible. Phytol is more stable in estuarine
and marine sediments than the monounsaturated fatty
acids (Van Vleet, 1978).
Much of what applies to fatty acids is also true of sterols (steroidal alcohols). Sterols are widely distributed and
are distinctive constituents of oceanic and terrestrial
plants and animals. They are important regulators of
gr~wth, respiration, and reproduction (Lee, Farrington,
and Gagosian, 1979). Once deposited in sediments, sterols undergo a series of biologically and geochemically
mediated alterations that can be useful in reconstructing
sediment history, including petroleum genesis and
migration.
Gagosian (197 5) studied the distribution of sterols (dissolved and particulate forms combined) in the water column at 18 stations in the western North Atlantic,
including one station on Georges Bank and two on the
continental slope adjacent to the bank. The concentrations of total sterols- predominantly free sterol, not
steryl esters-ranged from 380 to 1,280 ng/ L in surface
waters. Ten sterols were identified, of which cholesterol
was the most abundant. The number of sterols found

was small relative to the total number known to exist in
plants, animals, and bacteria. Several mechanisms for degrading and rearranging the sterols must be at work in
surface waters, for residence times appear to be short.
High sterol concentrations seemed to be correlated with
higher primary production, but systematic differences between late-summer and winter concentrations were not
apparent. Several phytoplankton sterols (such as 22-dehydrocholesterol and brassicasterol) appear to be produced
and consumed in the euphotic zone, whereas others, especially cholesterol, a zooplankton sterol, are abundant
throughout the 5,000-m water column. Gagosian and Nigrelli (1979) found a correlation between free sterols,
particulate organic carbon, particulate organic nitrogen,
and chlorophyll a in the upper 300 m of the water column on a transect just to the south of Georges Bank.
Lee, Farrington, and Gagosian (1979) studied sterols in
the upper 40 em of sediment from Buzzards Bay, Cape
Cod Bay, and the continental slope southeast of Georges
Bank. Leenheer and Meyers (1 983) investigated sterols,
alcohols, fatty acids, and hydrocarbons in Gulf of Maine
surface sediments. Both studies found a complex assemblage of sterols, part of which was easy to extract and
part of which was strongly bound to the sediment. The
sterols that Gagosian (197 5) and Gagosian and Nigrelli
(1979) had found in the water column were also found in
the sediment, but cholesterol was not as predominant as
it had been in deep water. The sediment sterols had originated in the phytoplankton, zooplankton, and land
plants. Sediment type, the mixing of the sediment by animals, and the original source of the sterol all influenced
the sterol composition. Studies in Buzzards Bay (Repeta
and Gagosian, 1982) suggest that these same factors plus
complex transformation reactions are important to the
biogeochemistry of carotenoids, another class of organic
compounds.
Carbohydrates and Amino Acids
Wangersky (1959) studied the annual cycle of carbohydrates in Long Island Sound. None were detected during
the spring diatom bloom. However, up to 1.5 ,ug/ L were
found toward the end of the July dinoflagellate bloom.
Later, Walsh (1965) studied dissolved carbohydrates in
the water off Cape Cod, observing that seasonal and
diurnal fluctuations in phytoplankton had a marked influence on carbohydrate concentration. Pustel'nikov and Urbanovich (1975) report 12 X 10- 9 g carbohydrates/ L for
the area just to the south of Georges Bank. In Narragansett Bay and Rhode Island Sound dissolved carbohydrates
account for 6-18% of the total dissolved organic carbon
(Burney and Sieburth, 1977).
Sieburth et al. (1976) studied carbohydrate concentration in the surface microlayer at four stations along the
outer continental shelf between Block Island and the
Grand Banks. Dissolved organic carbon, carbohydrates,
and adenosine triphosphate were 1.6- 3.1 times higher in
the upper 150 ,urn than in subsurface waters. Carbohydrates accounted for 28% of the mean concentration of
organic matter. The authors postulated that the carbohy-

197

drates were of planktonic origin, excreted at the surface
by vertically migrating organisms.
Pocklington (1971) and Lee and Bada (1977) studied
amino acids in deep water off Georges Bank and in the
Sargasso Sea. Generally these studies concluded that the
plankton was the major source of amino acids found in
the water. Rapid remineralization of amino acids by bacteria resulted in concentrations low in the nariomolar
range. Henrichs (1980) reported concentrations of dissolved amino acids of 76 X 10-9 molar (M) in bottom
water at one station in Buzzards Bay. Glycine, serine, aspartic acid, and glutamic acid were the only ones
detected.
Mopper and Degens (1972), Henrichs (1980), and
Henrichs and Farrington (1979, 1980) studied amino
acids in sediments in Buzzards Bay, the Gulf of Maine,
southwestern Georges Bank, and the continental slope off
Georges Bank. Amino-acid composition was generally
similar to that found for plankton, with occasional differences suggesting the influence of benthic animals (Henrichs, 1980). Total hydrolyzable amino acids-both free
amino acids and amino acids released from proteinsranged from 1 X 10- 6 to 10 X 10- 6 mole/g dry sediment on the continental slope to (10-80) X 10- 6 mole/ g
for the Gulf of Maine and Buzzards Bay. In some samples total hydrolyzable amino acids decreased by a factor
of two with increasing depth in the sediment over the
range 0-50 em. Total hydrolyzable amino acids accounted for 2-20% of the organic carbon and 4-30% of
the total nitrogen in the sediments analyzed.
Henrichs (1980) and Henrichs and Farrington (1979,
1980) studied dissolved free amino acids and dissolved
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Figure 19.2
Profiles of vitamin B, in the Gulf
of Maine. [After Swift ( 1981 )]
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organic carbon (DOC) in bottom water and in interstitial
water of the sediment in Buzzards Bay and the Gulf of
Maine and on the northern flank of Georges Bank. Concentrations of dissolved amino acids were 10-100 times
higher and DOC concentrations 5-10 times higher in interstitial waters than in bottom waters. The composition
of amino acids in interstitial water was dramatically different from the composition of amino acids in the sediment, indicating a considerable influence by microbes on
the composition in interstitial water during the early
stages of the decomposition of organic matter.
Vitamin B12
Vitamin B12, a chemical· important to the growth of at
least some phytoplankton species, has been studied in the
Gulf of Maine (Swift, 1981); some stations were close to
the northwestern part of Georges Bank. Gulf of Maine
concentrations were about equal to open-ocean ones and
lower than those that had been reported for Long Island
Sound. The change of concentration with season resembled that previously reported for the Sargasso Sea. Swift's
data suggest that the spring phytoplankton bloom in the
Gulf of Maine is a vitamin-consuming phenomenon-indeed, that a sufficient quantity of the compound may
trigger the bloom. Vitamin B12 appears to have a chemical and biologic behavior like that of ordinary plant nutrients, such as phosphate and nitrate. Concentrations are
low at the surface and high in the deep water of the Gulf
of Maine at the beginning of winter. Strong vertical mixing during winter returns the vitamin to the euphotic
zone, where the phytoplankton uses it once again (figure
19.2). The intimate connection between vitamin B12 and
phytoplankton growth indicates that this compound is
very important, demanding further study on Georges
Bank and elsewhere.
Volatile Organic Compounds
The volatile organic compounds in seawater are operationally defined as low-molecular-weight compounds that
are not gases (chapter 15), but that have sufficient vapor
pressures in seawater to let them be easily stripped by a
bubbling gas (Grob and Zurcher, 1976; Schwarzenbach et
al., 1978; MacKinnon, 1979). There have been no measurements of volatile organic compounds on Georges
Bank, but Schwarzenbach et al. (1978), Gschwend
(1979), Gschwend et al. (1982), Mantoura et al. (1982),
Wakeham, Davis, and Goodwin (1982), and Wakeham,
Goodwin, and Davis (1983) have identified between 25
and 50 of them (depending on sample location) from various sources in water samples taken in Narragansett Bay,
Buzzards Bay, and Vineyard Sound. The concentration of
naturally occurring compounds such as dimethyldisulfide,
aldehydes (including n-heptanal, n-octanal, n-nonanal,
and n-decanal), pollutant petroleum compounds (among
them toluene, ethylbenzene, several alkylbenzenes, and
naphthalene), and synthetic organic compounds (including
tetrachloroethylene, trichloroethylene, and chlorobenzenes) have been measured. Concentrations of these compounds in nearshore waters were (1 -100) X 10- 9 g/ kg at
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the mouths of Narragansett Bay and Vineyard Sound.
Similar or lower concentrations might prevail on Georges
Bank.
MacKinnon (1979) has measured the total of volatile
organic compounds in the water column along a transect
east of Georges Bank. The total volatile organic carbon
was from 1.7 to 6.9% of the total organic carbon (TOC)
in water samples containing between 0.6 and 15 mg
TOC/ L. As with the individual molecular components, it
seems reasonable to assume that these general observations would pertain to Georges Bank.
Experiments in mesocosms1 and field observations
show clearly that there are variations in the concentration
of naturally occurring chemicals with time that are related to seasonality in biologic activity (Schwarzenbach et
al., 1978; Gschwend, 1979; Gschwend et al., 1982;
Mantoura et al., 1982; Wakeham, Davis, and Goodwin,
1982; Wakeham, Davis, and Karas, 1983; Wakeham,
Goodwin, and Davis, 1983). Mesocosm experiments also
have shown that the primary fate of volatile petroleum
hydrocarbons is transfer to the atmosphere in colder
months and biodegradation in warmer months (Wakeham, Davis, and Goodwin, 1982; Wakeham, Davis, and
Karas, 1983). Chlorinated compounds, such as tetrachloroethylene, are not appreciably affected by biodegradation; their fate is primarily governed by air/ sea exchange
(Wakeham, Davis, and Goodwin, 1982; Wakeham, Davis,
and Karas, 1983; Wakeham, Goodwin, and Davis, 1983).
There is no reason to suspect that the dominant processes
acting on volatile compounds in the Georges Bank region
would differ significantly from those just described.
Macromolecular Organic Matter, Such as Humic and
Fulvic Acids
The bulk of dissolved organic matter in seawater is essentially uncharacterized, as previously mentioned. A significant portion of the dissolved organic matter may consist
of large, complex organic molecules made up of combinations of biopolymers and the products of chemical reactions similar to the nondescript conglomeration in soil
humus. Steurmer and Harvey (1974, 1977), Kerr and
Quinn (1975), Steurmer (1975), and Steurmer and Payne
(1976) have isolated and partially characterized portions
of this macromolecular material from Vineyard Sound
and Rhode Island Sound. The concentration of humic
substances ranged from 180 to 360 ,ug/ L and accounted
for between 4 and 50% of the total organic carbon.
Steurmer and Harvey (1974), Steurmer and Payne (1976),
and Kerr and Quinn (1981) showed that there is a distinct difference between most soil humic material and the
humic-fulvic material in seawater. The latter has a less aromatic, more aliphatic character. The mechanisms of formation of these macromolecules in seawater are not
known, but several hypotheses have been advanced
(Steurmer, 1975; Kerr and Quinn, 1981; Harvey et al.,
1983), and it is clear that macromolecular organic matter
can have a significant influence on the chemistry of other
substances in both seawater and sediment (Duursma and
Dawson, 1981).
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Higher-Molecular-Weight Hydrocarbons
The composition, amount, source, transport, and fate of
higher-molecular-weight hydrocarbons in the Georges
Bank system have been studied in sediments and benthic
plants and animals (Windsor and Hites, 1978; Boehm
and Barak, 1979; Laflamme and Hites, 1979; Boehm and
Hirtzer, 1982; Boehm and Farrington, 1984; also Boehm,
unpublished data), on particles and in their dissolved
forms in the water column including the surface microlayer (Boehm, 1978, 1980; also Boehm, unpublished
data), in zooplankton (Boehm, 1978), and in demersal
and pelagic fishes (Boehm and Barak, 1979; Boehm and
Hirtzer, 1982). Biosynthesis, by-products of combustion,
and petroleum discharges all contribute hydrocarbons to
Georges Bank. Since petroleum contains thousands of
compounds in complex mixtures, severe analytical problems are posed in assigning sources for many of these hydrocarbons. (For a discussion of these problems see
Farrington, 1980, and Boehm, 1982.)
Unfortunately, there is as yet no reliable way of relating either total petroleum hydrocarbon burden in the tissues of plants and animals to adverse effects in the
species containing them or the burden in plants and animals consumed by humans to risk to the consumer.
(There are no standards or regulations relating to the
contamination of edible tissue by petroleum compounds.)
Two complicating factors in interpreting this sort of data
are the mobile nature of many of the species sampled,
which makes the identification of type and location of input difficult, if not impossible, and the metabolism by
the plant or animal of many of the compounds, which
makes the relating of body burden to exposure level extremely difficult. Most experiments in petroleum toxicity
have related water and sediment concentrations (habitat
exposure) to observed effects in plants and animals (chapter 53). There is general agreement that aromatic hydrocarbons and related nitrogen, oxygen, and sulfurcontaining compounds are the group of main concern in
relation to adverse effects (Neff, 1979).

In Surface Sediments (0-10 em)
The composition and concentration of hydrocarbons in
the surface sediment of Georges Bank and adjacent areas
(among them, Nantucket Shoals, the Gulf of Maine, and
the Mud Patch) are better understood when considered in
the context of regional sedimentary and geochemic regimes rather than according to local inputs. Total hydrocarbon concentration and individual saturated- and
aromatic-hydrocarbon concentrations vary directly with
the fineness of the sediment and with the amount of
TOC (Boehm, unpublished data). In addition to concentrations, the ratios of individual saturated and aromatic
compounds help us to understand sources of input and
transport processes.
For example, individual saturated-hydrocarbon values
can be plotted against values of the carbon preference index (CPI), where

CPI =

2(n-C 27 + n-C 29)
[n-C 26 + 2(n-C 28 ) + n-C 30]'

Figure 19.3
Relation between carbon preference index (CPI) and total saturated-hydrocarbon concentration
(!lg/g) in surface sediments. Numbers identify stations (dots) located
in figure 19.4.

(2)

where n-C 26 , for example, is an n-alkane with 26 carbons, and so forth. Biosynthetic pathways in terrestrial
plants result in the predominance of odd carbon-chain nalkanes in the C26 -C30 range; thus sediments receiving significant terrigenous inputs have CPis greater than 1.
When the hydrocarbon source is petroleum that has
undergone geochemic changes resulting in a more random
distribution of structural components, the CPI is 1. The
CPI can be an indicator of the general source of hydrocarbons and is often independent of the absolute concentration of total hydrocarbons. Plots of the CPI versus
total saturated-hydrocarbon concentration (figure 19 .3)
·can reveal the source of sediment hydrocarbons. Two
principal types ·of sediment/hydrocarbon associations in
the Georges Bank region are indicated by such plots
(Boehm, 1978).
Stations 6, 7, 15, 23, 39, 40, 41, and 42 (group A)
(figures 19.3 and 19.4) appear to be characterized by the
same relation of CPI to saturated hydrocarbon. The remaining stations (group B) show a different, less well-de-

fined relation between these two parameters. The welldefined relation of group A persists throughout the year.
Groups A and B differ by virtue of their saturated-hydrocarbon concentrations and compositions. At a given CPI
value, there are, in both groups A and B, stations differing in their total saturated-hydrocarbon concentrations.
The concentration of the unresolved complex mixture
(UCM) of hydrocarbons accounts for much of these differences. The UCM is primarily a mixture of coeluting
cycloparaffins and naphthenoaromatic compounds that is
so complex that even the highest-resolution chromatographic instruments cannot separate the individual components. It is thought that several sources contribute to
UCMs: (1) particulate matter in urban air (Hauser and
Pattison, 1972; Kawamura and Kaplan, 1983); (2) petroleum, including that in the discharged ballast water of oil
tankers and municipal sewage and associated spent crankcase oil (Van Vleet and Quinn, 1977), and pelagic tar
(Butler, Morris, and Sass, 1973); and (3) ocean-dumped
dredge spoil containing hydrocarbons derived from multiple sources.
The resolved peaks of hydrocarbons that can be relatively easily identified and quantified in analytical gas
chromatograms are mainly n-alkanes and branched alkanes. Unfortunately, both classes are relatively easily oxidized and degraded by bacteria, so that neither is
especially useful for giving information about any but recently introduced petroleums. Some alkylated aromatic
hydrocarbons are degraded relatively slowly by bacteria
and other marine organisms. The cycloparaffins that comprise the UCM are difficult to degrade and tend to be
long-lived in marine sediments. Farrington and Tripp
(1977) have discussed the utility of the UCM in identifying the sources of petroleum in the surface (0-8 em) sediments of the New York Bight and Hudson Canyon and
the processes by which the petroleum got there. UCM

5

~
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Figure 19.4
Georges Bank stations at which hydrocarbons were measured during
the initial Bureau of Land Management studies. In 1977 surficial bottom sediment, water column, and
macrobenthos were sampled; in
1978 the water column .
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measurements, coupled with determinations of individual
aromatic hydrocarbons, seem to be a potentially powerful
tool for determining sources of hydrocarbons in marine
sediments.
The sediment at group A stations on Georges Bank
(figures 19.3 and 19.4) has more UCM as well as more
silt than that at group B stations. In lacustrine sediments,
Thompson and Eglinton (1978) found that the UCM was
mostly associated with silt/clay particles and that the terrigenous n-alkanes (C23- C31 ) were associated with coarser
plant detritus. The plant detritus, which is less dense than
mineral matter, may be transported in a manner similar
to that in which silt and clay are transported, although
this is hypothetical. Some of the sediments with the lowest concentrations of saturated hydrocarbons also have
the lowest CPI values. Detailed analyses indicate that although the overall hydrocarbon concentration was low at
these stations (5, 9, 10, 12, 30, 31, 32, and 34), the hydrocarbons could be attributed mainly to petroleum-related sources, most likely tar specks. Alternative sources
for low concentrations of hydrocarbons and a low CPI
are minor inputs of planktonic or bacterial hydrocarbons
(Farrington and Meyers, 1975).
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Individual hydrocarbon distributions also provide useful
information about sources of hydrocarbons (and perhaps
other associated organic compounds) and transport processes. Nonacosane (n-C29 ) has its primary origin in terrestrial and marsh plants and is diagnostic of land-derived
hydrocarbons and terrigenous organic matter in general.
Pristane, on the other hand, is the predominant hydrocarbon in several species of zooplankton and other marine
animals and serves as an indicator for contributions of
these species to the sediment. Many terrigenous compounds similar in source to n-C29 (n-C 23 , n-C25 , and n-C 31 )
and marine compounds similar to pristane (polyolefins
and phytoplankton-derived n-C15) can be expected to
covary with n-C29 and pristane, respectively.
The concentration of n-C29 in the Georges Bank region
varies from 0.001 x 10- 6 to 0.3 x 10- 6 g/g (Boehm,
1978), is highly correlated with both the TOC and silt
content of the sediment, and shows little seasonality.
Gulf of Maine sediments are similar to those in the Mud
Patch. At stations deeper than 40 m, where sediments are
finer, higher concentrations of hydrocarbons exist. This
information, together with what is known about water
movements on and around the bank, allows the tentative
conclusion that terrigenous detritus from the shallow
parts of the Gulf of Maine has been swept around the
bank and redeposited at the deeper stations on the bank's
periphery, although southward sediment transport
through the Great South Channel is a possible alternative.
The seasonal distribution of marine biogenic hydrocarbons-in particular, the isoprenoid compound pristanediffered strikingly from the distributions of the terrigenous n-alkanes (Boehm, 1978). Pristane concentration in
the surface sediment was low in winter (from
0.001 X 10- 6 to 0.005 X 10- 6 g/ g; figure 19.5). In
spring the concentration in the water column increased
dramatically, reflecting the increase in zooplankton bio-

100km
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Figure 19.5
Seasonal variation in pristane concentration in Georges Bank surfi·
cial sediment: (a) winter, (b) spring,
(c) summer, (d) fall.
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mass. Consequently, surface sediment concentrations of
pristane and other biogenic hydrocarbons (for example,
polyolefins and squalene) began to rise to the maximum
observed in summer. Such a lag between the zooplankton
increase in the spring and the deposition of the pristane
in the sediment appears reasonable, but it is possible that
the increase in pristane in the sediment was due to an increased input from benthic animals, although there is no
evidence for this. As the input of pristane to the water
column decreased in the late summer and fall, the concentration in the sediment also decreased. Pristane thus
served as an indicator of in situ zooplankton production
with an area-wide imprint on the surface sediment.
Three mechanisms, acting alone or in concert, could
reduce pristane concentrations: (1) selective resuspension
of plankton detritus and transport out of the region, (2)
dilution by deposition of new sediment with lower pristane concentrations, and (3) microbial utilization of the
pristane. Passman, Novitsky, and Watson (1979) have reported the presence of hydrocarbon-degrading microorganisms in the water at several of these stations, but the
potential for or rate of degradation of pristane (and several other specific hydrocarbons or hydrocarbon mixtures) has yet to be assessed.
Specific polynuclear aromatic hydrocarbons (PAHs) can
also provide information about the sources of pollutant
organic compounds. For example, there is a linear relation in Georges Bank sediments between the concentration of phenanthrene plus anthracene, PAH isomers that
are both combustion products and components of petroleum, and the concentration of nonacosane (n-C29 ), a
land-plant n-alkane (Boehm and Farrington, 1984) (figure
19.6). This supports the hypothesis that the phenanthrene
originated as a combustion product on land and that contributions from petroleum are small.
Absolute concentrations of petroleum hydrocarbons
are undoubtedly low in Georges Bank sediments at present; the correct choice of monitoring measurements
should enable the detection of subtle environmental
changes due to exploratory drilling and production or
other activities if such changes occur.

In Bottom Animals
Petroleum hydrocarbons have been measured in certain
detritovores, carnivores, and omnivores of the Georges
Bank benthic macrofauna (Boehm, 1978; Boehm and
Hirtzer, 1982) (table 19.1). Hydrocarbon composition
and concentration within a given species vary temporally
and spatially, reflecting the animal's food and low-level
inputs of pollutants. Therefore it is not surprising that the
incidence of these compounds in the tissues of these animals is sporadic. n-Alkanes from n-C 12 to n-C24 (CPI ~ 1)
are seen in many samples. Such data, together with an accompanying UCM, strongly suggest a petroleum inputmost likely tar specks, which are ubiquitous in this region. The gas-chromatogram patterns, similar in most
contaminated samples, were like those of many tar balls
found in the Sargasso Sea and of water samples taken
from surface microlayers where tar particles are prevalent.

Several samples (among them the starfish Leptasterias
tenura and the clam Arctica islandica) contained detectable concentrations of individual aromatic compounds,
(1-100) X 10- 9 g/g wet weight.

Table 19.1
Total hydrocarbons in macrobenthos contaminated with tar
specks, 1977•

In Fish
Blumer, Mullin, and Thomas (1963, 1964) showed that
hydrocarbons of biosynthetic origin in phytoplankton and
zooplankton from the Gulf of Maine and from off New
Jersey were transferred through the food web to fish.
Measurements of hydrocarbons in two fish livers obtained from the Georges Bank area showed the presence
of 5-20 ppm (parts per million, 10- 6 g/g wet weight) of
alkanes and cycloalkanes of petroleum origin (Farrington
and Teal, 1972). Analyses of livers of the same species
caught near Iceland contained no petroleum hydrocarbons at the level of detection (1 ppm). As part of the
Northeast Monitoring Program, measurements of total
hydrocarbons were made in about 90 samples of 11 fish
species caught at about 40 stations from Delaware Bay to
Georges Bank (Boehm and Hirtzer, 1982) (figure 19.7,
table 19.2). The data available for polynuclear aromatic
hydrocarbons in fish tissue are given in table 19.3.
The concentrations found in fish flesh are similar to
those reported for mussels (Mytilus edulis) sampled on
the coast (intertidal and nearshore subtidal) of the northeastern United States from 1976 to 1978 (Farrington et
al., 1982, 1983). However, the migratory habits of fishes
and their metabolism of hydrocarbons limit the significance of this correspondence. The mussel data confirm
that nearshore waters are contaminated by organic compounds from fossil fuels. These waters could be the
source of the hydrocarbons found in fishes farther out on
the continental shelf; another possible source is the particles of floating tar found in offshore waters (Boehm and
Hirtzer, 1982).
In addition to petroleum hydrocarbons, there are a
number of naturally occurring biosynthetic hydrocarbons
in fishes of the Georges Bank area that may have their
origin in the fish themselves or in their food. No attempt
at systematic data collection has been made, but the general principles applicable to tracing food webs and relating distributions to biosynthesis have been discussed by
Farrington and Teal (1972), Farrington and Meyers
(1975), and Boehm (1978), based on earlier work by BluOi

0,

Stationb

Winter

Arctica islandica
Asterias vulgaris

1
37

132.8
2.4

Spring

Pagurus acadianus
Placopecten magellanicus
Aphrodita hostata
Echinarachnium parma
Strongylocentrotus
droebachiensis
Astropecten americanus
~eptunea decemcosta

1
4
18
18

284.0
54.8

18
7
39

37.2
9.3
16.0

Summer

Arctica islandica
Pagurus acadianus
Leptasterias tenura
Ophiura sarsi

1
4
4
42

62.4
31.2
9.1
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Fall

Arctica islandica
Leptasterias tenura
Asterias vulgaris
Placopecten magellanicus
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Sclerasterias tanneri
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Figure 19.6
Relation between nonacosane (n·
C20) and phenanthrene in Georges
Bank surficial sediment. The phenanthrene may include small
amounts of anthracene.
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mer and coworkers (1963, 1964, 1969, 1970, 1971) and
Youngblood et al. (1971).

Table 19.2
Petroleum hydrocarbons in certain fishes and invertebrates•
Number of
samples

Concentration

Concentration

Species

Occurrence(%)

(J.Lglg dry weight)

(J.Lglg wet weight)h

Silver hake
Red hake
Yellowtail flounder
Winter flounder
Windowpane flounder
Four-spot flounder
Summer flounder
American dab
Haddock
Cod
Skate
Scallop
Rock crab
Lobster

14
14
16
13
8
4
1
4
7
5
2
1
1
2

86
29
45
15
38
50
25
25
0
0
0
0
100
0

6-90
1-5
2-7
6-9
1-5
2-6
1-2

1.2-18
0.2-1
0.4-1
1.2-1.8
0.2-1
0.4-1.2
0.2
0.2-0.4

327

66

1

a. Boehm and Hirtzer (1982).
b. The wet-weight concentration is the dry-weight concentration divided by 5.

Table 19.3
Polynuclear aromatic hydrocarbons in certain fishes and a crab•·b
Total PHC
Stationc
Silver hake
Silver hake
Silver hake
Silver hake
Silver hake
Silver hake
Yellowtail flounder
Winter flounder
Haddock
Rock crab

40
66
100
55
60
39
55
55
123
35

(J.Lglg)

37.5
15.2
17.5
93.1
75.0
32.3
6.5

Total N
(ng/g)
1.4
10.4
0.8
3.4
84.6
2.0

ND
2.0
327

12.1
0.3

Total P
(ng/g)
4.0
20.3
14.5
63.5
2.8
54.2
53.8
3.0
14.5
59.0

Total DBT
(ng/g)

10.9
15.0
4.1
14.4

Total F
(ng/g)
0.3
1.0
1.2
18.5
7.4
0.2

Total Fl
(ng/g)

+ Py

0.1
1.0
1.5
1.1

1.3
15.0
1.8
1.1

3.4

a. Boehm and Hirtzer (1982).
b. Key: PHC, petroleum hydrocarbons; N, naphthalenes; P, phenanthrenes; DBT, dibenzothiophenes; F, fluorenes; Fl
ND, no data; - , not detected.
c. See figure 19.7.

58.0

+ Py, fluoranthene + pyrene;

Figure 19.7
Stations at which samples of fish
and invertebrates were taken for
petroleum hydrocarbon and PCB
analysis.

In Water and the Atmosphere
Hydrocarbons have been measured in the surface microlayer (upper 150 ~m) and in both the dissolved-phase and
suspended particulate matter near the surface and near
the bottom (Boehm, 1980) (table 19.4). The measurements were made in February, May, August, and November 1977 and February 1978 at many of the same
stations (figure 19.4) at which the measurements in sediment and benthic organisms discussed earli~r were made.
"Dissolved" and "particulate" are operationally defined. In the study reported, material that passed through
a glass-fiber filter was treated as dissolved; the material
retained by the filter was treated as particulate. Colloidal
material and very small particles can pass through such a
filter and be measured with the dissolved component.
No systematic regional differences between near-surface and near-bottom concentrations were noted for
either particulate or dissolved components (Boehm,
1980). However, dissolved concentrations showed a distinct change with time (table 19.4). The total burden in
the water column decreased from February to May 1977
and more dramatically in August and November. Data
for February 1978 were comparable to those for November 1977 and an order of magnitude less than those for
the previous February. Particulate-matter hydrocarbons
showed smaller reductions with time. Boehm (1980)
noted little correspondence between total dissolved-hydrocarbon concentrations and the water mass sampled.
However, some of the data could be explained by Gulf
of Maine and Slope Water influences on hydrocarbon
concentrations when these waters periodically intrude
into the deeper water of the bank.
Detailed gas-chromatographic and gas-chromatographic/mass-spectrometer (GC/MS) analyses of the dissolved hydrocarbons showed that they were dominated
by an unresolved complex mixture (UCM) of cyclic alkanes and branched alkanes amounting to 60- 80% of
the alkane and cycloalkane fraction (/1) (Boehm, 1980).
The remainder of the { 1 compounds were mainly n-alkanes and branched alkanes with 12-22 carbon atoms.
The ratio of the latter to the UCM components was
smaller in samples taken in August and November 1977
and February 1978 than it had been in samples taken in
February and May 1977. Data are fewer for the more
difficult-to-measure polynuclear aromatic hydrocarbons
(table 19 .5), but it is clear that concentrations of methylnaphthalenes and phenanthrene were higher in February
1977 samples than those in February 1978 (Boehm,
1980).
The decrease in the concentrations of various hydrocarbons during the period sampled (February 1977February 1978) is consistent with the hypothesis that petroleum spilled in the Georges Bank region in December
1976 by the Argo Merchant (chapter 53, and in particular
figure 53.8) caused the elevated hydrocarbon concentrations seen in February 1977. GC/MS analyses showed a
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Table 19.4
Water-column hydrocarbon concentration (regional means)•
Particulate
Total

Aliphatic pristane-free 1/1 [PF])

1/ + {
1

2)

"Dissolved" total

1/ + {
1

2)

Near surface

Near bottom

Near surface

Near bottom

Near surface

Near bottom

Surface-microlayer
total 1/1 + {2 ) (~g/

Season

(~g/L)

(~g/L)

(~g/L)

(~g/L)

(~g/L)

(~g/L)

L)

Winter
(February 1977)

0.57±0.35
(9)

0.90±1.21
(10)

0.28±0.29

0.46±0.73

29.6 ± 15.3
(9)

35.3±24.8
(10)

48.1±24.5
(3)

Spring
(May 1977)

1.86± 1.62
(12)

0.92±0.71
(12)

0.39±0.52

0 .23±0.14

12.3±12.7
(12)

10.0±9.8
(12)

18.4±7.9
(8)

Summer
(August 1977)

0.75±0.74
(9)

0.26±0.32
(9)

0.35±0.53

0.09±0.08

1.0±1.0
(12)

1.9±2.7
(12)

8.4±4.4
(7)

Fall
(November 1977)

0.27±0.34
(12)

0.18±0.11
(12)

0.06±0.10

0.04±0.04

0.2±0.2
(12)

0.8 ± 1.5
(12)

45.8
(1)

Winter
(February 1978)

0.10±0.08
(20)

0.05±0.7

0.4±0.6
(20)

a. Averaged over a maximum of 20 stations. Numbers in parentheses indicate the number of samples contributing to each average.

Table 19.5
Select aromatic hydrocarbons in Georges Bank water samples•
Concentration (ng/L)<
Stationb
February
1977
1
4
7
13
18
26
32
39
42
February
1978
1A
2A
3A
4A
SA
6A
7A
8A
9A
lOA
llA
12A
13A
14A
15A
16A
17A
18A
19A
lOA

MN

DMN

p

1.5
11.0
16.0

2.0
8.5
18.5

7.7
5.0
62.0

4.5
18.5
22.0
10.0

5.0
20.0
20.5
8.0

3.0
10.8
66.0
5.0

0.1

0.1
0.4

0.5
4.4

1.0

3.0

0.5

2.0

6.5

1.4
0.3
0.2

10.0

11.0

10.2
11.0

10.0
2.5

a. Boehm (1980).
b. See figure 19.4.
c. Key: MN, methylnaphthalenes; DMN, dimethylnaphthalenes; P,
phenanthrene; - ; none detected.

3.0

close correspondence between certain compositional details of Argo Merchant oil and the hydrocarbons dissolved in the February 1977 water samples. Petroleum
hydrocarbons from the Argo Merchant, or at the very
least other petroleum sources, influenced the distributions
of both alkanes and aromatics in the water from December 1977 to February 1978.
The concentrations and compositions of particulatematter hydrocarbons are often dramatically different
from those for dissolved hydrocarbons at the same station (Boehm, 1980). In addition, concentrations of particulate-matter hydrocarbons were lower than those of
dissolved hydrocarbons. The latter is interesting since
these higher-molecular-weight hydrocarbons are considered to be relatively insoluble and have chemical properties favoring sorption onto particulate matter. Perhaps
there were insufficient particles in the water for adsorbing
much of the hydrocarbons present. The concentration of
particulate hydrocarbons reached a maximum in spring,
perhaps because of the influence of the phytoplankton
bloom.
Boehm (1980) noted the following about the data: (i)
recent inputs of petroleum were a major influence on the
February 1977 particulate-matter hydrocarbons; (ii) marine biogenic inputs appear in the spring perhaps as a result of seasonal patterns in the phytoplankton and
zooplankton; (iii) there were mixed petroleum and biogenic inputs in fall 1977 and winter 1978; and (iv) the
plankton was a major source in February 1978, as contrasted with February 1977.
Samples from the surface microlayer showed enrichments of hydrocarbons relative to the near-surface samples (Boehm, 1980). The composition of the
hydrocarbons indicated little relation to dissolved or particulate-matter hydrocarbons in the underlying water and
was generally consistent with the composition of the
small particles of tar thought to be the principal source.
Tar in the Georges Bank region may come from tankers

traversing the area (Boehm, 1980) or from the Gulf
Stream and Sargasso Sea via warm-core Gulf Stream rings.
Despite the presumed importance of the atmospheric
transport of hydrocarbons from the land to the ocean (Simoneit, 1978; Duce and Gagosian, 1982), few atmospheric samples have been analyzed in the Georges Bank
region. Quinn and Wade (1972) report the concentration
of total alkanes and alkenes in such samples taken between Iceland and the continental shelf off Nova Scotia
to be between 2 and 18 ng/ m3 • The sources of these
compounds were not evident.
The present Georges Bank Monitoring Program involves hydrocarbon measurements for several of the sample types discussed in preceding sections. Its preliminary
report (Payne et al., 1982) contains data that are consistent with the hypotheses and conclusions presented here.
Synthetic Organic Poll~tants
Several thousand synthetic organic chemicals are produced or used in the coastal areas of the northeastern
United States and have the potential to be released to the
environment and transported via atmosphere or water to
Georges Bank (NAS, 1975). A few hundred of these
compounds are known to have or are suspected of having
an adverse impact on the health of the Georges Bank
ecosystem or on the human consumers of the animals
caught there. Most data are for two organochlorinesthe pesticide dichlorodiphenyltrichloroethane (DDT) and
its reaction products and the industrial chemical mixture
polychlorinated biphenyls (PCBs). We shall focus on
these compounds. There are limited data for several other
compounds in surface sediment and in certain plants and
animals in the Georges Bank region (MacLeod et al.,
1981; Boehm and Hirtzer, 1982). The need for study of
these compounds in the environment was recognized only
in the late 1960s (Rhead, 1975; Goldberg, 1976; NAS,
1979; WHO, 1979); initial data for PCBs and DDT in
the Georges Bank region were provided by G. R. Harvey
and coworkers (Harvey and Steinhauer, 1974, 1976a,b;
Harvey et al., 1974). These early measurements were difficult to make; methods capable of detecting 10-9 g/ L of
compound were necessary. Confusion surrounding the
measurement of PCBs at very low concentration in the
water column of the deep ocean (Duce and Duursma,
1977) apparently has stopped the measurement of PCBs
and other organochlorines in the water column over the
continental shelf off the northeastern United States since
197 6. Thus the distribution in this region of compounds
in the PCB and DDT family is known only for surface
sediments and for certain animals, mainly species of commercial value.
Synthetic Chlorinated Organic Compounds in Sediments
A survey at eight stations on the continental shelf off the
northeastern United States (Boehm, 1983) shows that
PCB concentration in sediment is raised by sewage-sludge
and dredge-spoil disposal as well as by more direct release in nearshore areas (figure 19.8). However, elevated
concentrations can be observed at stations remote from
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sources. A station in the Mud Patch, an area of sediment
deposition off southeastern New England (chapter 4), has
concentrations that are in the same range as a station in
Buzzards Bay that is only 10 km away from the heavily
PCB-polluted Acushnet River estuary, where PCB concentrations range from hundreds to thousands of micrograms
per gram dry weight of sediment (Farrington et al., 1985).
Such data show the importance of ocean dynamics in determining the distribution of PCBs, as was shown by
Harvey and Steinhauer (1976a,b) from earlier data. PCB
concentration decreases with increasing depth in the sediment (Harvey and Steinhauer, 1976a); this is consistent
with the recent release of these compounds to the environment-it began in the 1950s-and the short time
since the cessation of their open use in industrial systems.
Details about PCBs can be found in NAS (1979).
Boehm (1983), building on the coprostanol measurements of earlier researchers (Goodfellow et al., 1977;
Hatcher, Kerster, and McGillivary, 1977), has proposed
that the ratio of PCBs to coprostanol, a mammalian fecal
sterol associated with sewage, may be diagnostic for tracing sewage inputs of PCBs. Concentrations of coprostanol
in sediments have the expected distribution, with high
ones near the sewage-sludge dump site in New York
Bight and lower ones on the outer continental shelf.
Synthetic Chlorinated Organic Compounds in Animals and
Plants
Certain commercially valuable fish and shrimp on
Georges Bank show definite evidence of contamination
by compounds in the DDT and PCB family (Harvey et
al., 1974) (table 19.6). Concentrations in edible tissue
were lower than the 2 ppm (wet weight) that the U.S.
Food and Drug Administration recommends as the action
level-the level at which fish should be removed from
market. Concentrations in liver were much higher because
these compounds are concentrated in lipid-rich tissues
and because the liver is the site of much metabolism and
detoxification in fish (Stegeman, 1981). Determinations of
PCBs in certain fishes and invertebrates in the Georges
Bank area have been made by Boehm and Hirtzer (1982)
(table 19.7). Because of the mobility of most of the species sampled, it is difficult to determine the source of the
contaminants.
Sims et al. (1977) determined the concentration of PCB
and DDT compounds in several species of pelagic and
groundfish obtained from commercial catches on the Atlantic Coast of Canada in 1971-1972. Some of the samples may have come from Georges Bank. Concentrations
in edible tissue were 5-10 times higher than those reported more recently by Boehm and Hirtzer (1982). The
difference may be related to the fact that there were
great reductions in the use .of both PCBs and DDT between the time that Sims and coworkers took their samples and the time that Boehm and Hirtzer took theirs.
The environmental burden of these compounds may have
decreased.
Data of the U.S. Mussel Watch program for
1976-1978 showed that the concentration of PCBs in
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Table 19.6
Chlorinated hydrocarbons in Georges Bank fish and shrimp•
Species

Date

Cod (Gadus morhua)
Muscle
Liver

6/71

Pollock (Pollachius virens)
Muscle
Liver

6/71

Pollock (Pollachius virens)
Liver

2/72

Pollock (Pollachius virens)
Liver

2/72

Haddock (Melanogrammus aeglefinus)
Muscle
Liver

6/71

Haddock (Melanoirammus aeglefinus)
Liver

2/72

Haddock (Melanogrammus aeglefinus)
Liver

2172

Redfish (Sebastes marinus)
Muscle
Liver

6/71

Redfish (Sebastes marinus)
Liver

2/72

Shrimp (Panda/us borealis)

6/71

PCBb (!Lg/kg)

Total DDT
(!Lg/kg)

38 (34,000)
22,000 (41,000)

11 (9,700)
2,700 (5,100)

37 (30,000)
2,800 (4,600)

3 (2,100)
1,100 (1,800)

45,000 (70,000)

3,000 (4,200)

1,535 (4,200)

950 (2,600)

30 (30,000)
8,800 (34,000)

2 (2,500)
390 (1,500)

3,900 (11,000)

1,600 (4,300)

2,200 (8,600)

1,100 (4,600)

190 (17,000)
1,900 (10,000)

73 (6,600)
670 (3,700)

1,500 (7,700)

1,300 (6,700)

360 (28,000)

7 (500)

a. Harvey eta!. (1974).
b. The first value shown is the number of p,g/g animal wet weight, the second (in parentheses) the number of
p,g/g lipid.

10-90

100-300

40'

Figure 19.8
Range of PCB concentration (in
ppb) in surficial sediment: average
of means from 1981 and 1982
samplings.
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Table 19.7
PCB concentration in fish and invertebrates from off the northeastern United States•
Species
Silver hake
Red hake
Yellowtail flounder
Winter flounder
Windowpane flounder
Four-spot flounder
Summer flounder
American dab
Haddock
Cod
Skate
Scallop
Rock crab
Lobster

Number of
samples

14
14
16
13
8
4
1
4
7
5
2
1
1
2

Occurrence(%)

Concentration
(J.tg/ g dry weight)

100
93
94
85
100
100
100
100
100
80
100
100
100
100

0.025-0.457
0.002-0.042
0.002-0.052
0.002-0.031
0.004-0.086
0.004-0.008
0.014
0.001-0.024
0.001-0.026
0.002-0.018
0.002-0.012
0.001
0.043
0.1-0.15

a. Boehm and Hirtzer (1982).
b. ~DDT is DDT plus its metabolites and reaction products DDD and DDE; -

mussels and oysters at outer-coast stations was higher in
the northeastern United States than in the southeastern
United States and on the Pacific coast of the United
States (Farrington et al., 1982, 1983). Data such as these
point to the highly industrialized, heavily populated
northeastern United States as the source of much of the
organic pollutants on Georges Bank.
In addition to PCBs and DDT, MacLeod et al. (1981)
found several other chlorinated organic pollutants (among
them hexachlorobenzene, chlordanes, and hexochlorocyclohexane) in samples of biota and sediment from the
New York Bight. There is no reason to think that these
compounds will not be found in fish from Georges Bank
if looked for. Sims et al. (1977) found hexachlorobenzene and dieldrin in a few samples of fish from the Atlantic coast of Canada. Detectable amounts of other
chlorinated organic pesticides, such as lindane, heptachlor, heptachlor epoxide, and methoxychlor, were not
found.
Generally there are two to five times more PCBs than
DDT in plants and animals, despite the fact that more
DDT than PCBs has been produced and used in the
United States and that DDT was deliberately sprayed into
the environment, while PCBs were inadvertently leaked.
The predominance of PCBs is a consequence of the different biogeochemistry of the two groups of compounds
(Rhead, 1975; Harvey and Steinhauer, 1976a,b; WHO,
1979).

Chlorinated Organic Compounds in Water and the
Atmosphere
No measurements of PCBs, DDT, or other chlorinated
organic compounds have been made in the water column
over Georges Bank, but limited data from nearby suggest
the probable range of concentration. In 1972-1975,
near-surface concentrations of PCBs in shelf, slope, and
open-ocean waters of the western North Atlantic varied
from 0.1 X 10- 9 to 100 X 10- 9 g/ kg seawater (Harvey

Mean PCB!2;DDTh

5.1
3.3
4.8
5.6
5.0
4.5
4.7
5.5
2.8
6
1.7
3.5

means not detected or not reported.

and Steinhauer, 1976a,b). These authors suggested that
concentrations had decreased between 1972 and
1974-1975, but others suggest that the earlier data may
have been faulty due to contamination (Duce and
Duursma, 1977). That argument cannot be resolved with
present data and knowledge of PCB biogeochemistry, but
we can at the very least treat the 1974-1975 data as upper limits for those periods. We think that it is possible
that the PCB measurements of Harvey and Steinhauer
(1976a,b) included contributions from other chlorinated
organic compounds, such as toxaphene, which would
have been extremely difficult to measure given the analytical methods of 1972-1974. Three of the 1974-1975
stations of Harvey and Steinhauer (1976a,b) were just
south of Georges Bank and had PCB concentrations in
surface water of (0.4-1.0) X 10- 9 g/ kg seawater. In
comparison, data in the mouth of the Acushnet River in
Buzzards Bay, a severely PCB-polluted estuary, contained
about 1 X 10- 7 gPCBs/ kg water in 1980-1981 (Farrington et al., 1985). Based on these data we would estimate
PCB concentrations to have been somewhere in the range
of (1-100) X 10- 9 g/ kg seawater in the Georges Bank
area during 1974-1980. Generally, aquatic organisms
show concentrations of PCBs in their tissues that are
104 -105 times the concentration of the water they live in
(NAS, 1979). If the fishes in the Georges Bank area conform to the expected pattern, PCB concentrations of
1 X 10- 8-10 x 10- 6 g/ g fish tissue would be expected.
The measured concentrations in fish tissue reported earlier varied from 1 X 10- 9 to 5 X 10- 8 g/g fish tissuein the lower range of expected concentration based on
the estimate of seawater concentration given previously.
DDT concentrations in North Atlantic water are
scarcely above the limits of detection (Harvey and Steinhauer, 1976a). Concentrations of (0.1-18) X 10- 9 g/ L
for DDE (a DDT reaction product or metabolite) and
(0.4- 19.4) X 10- 9 g/ L for dieldrin, another organochlorine pesticide, have been reported Gonas and Pfaender,

1976), and these should probably be viewed as maxima
because of analytical limitations.
Most data for chlorinated organic compounds in seawater were for whole-water samples. Partitioning between
particulate matter and the dissolved phase favors particulate matter by 104 -106 on a per-unit-mass basis because
of the low solubility of most organochlorines (Rhead,
1975; NAS, 1979; WHO, 1979). However, in waters
where there are low concentrations of suspended matter,
the dissolved amount usually is far greater than the
amount associated with particles on a per-unit-volume
basis (Harvey and Steinhauer, 1976a).
Atmospheric concentrations of (0.6-1.6) x 10- 9
gPCB/ m3 air have been measured in the Georges Bank
area (Harvey and Steinhauer, 1974). Concentrations decreased exponentially with increasing distance from the
coast of the northeastern United States. Bidleman and Olney (1974, 1975) measured the concentration of toxaphene, a chlorinated pesticide, in atmospheric samples
collected in 1973-1974 over the Western North Atlantic
including five stations in the Georges Bank area; concentrations ranged from 0.04 x 10- 9 to 1.6 x 10- 9 g/ m3 •
Based .on their data and on measurements over land, they
suggested that toxaphene had entered the atmosphere
from cotton fields in the southeastern United States. Data
from 1977-1978 support this hypothesis (Bidleman et al.,
1981).
Discussion
The study of organic chemicals in the sea contributes to
several important general areas of ocean science: (i) the
primary production of organic matter for fueling marine
ecosystems; (ii) the remineralization of organic matter for
fueling primary production; (iii) the sedimentation of nonremineralized organic matter, some of which in the past
has become oil and gas; (iv) the interactions of organic
matter with other chemicals and minerals, thereby affecting sedimentologic and inorganic geochemic processes;
and (v) the input and fate of known or potentially polluting man-made or man-mobilized chemicals. Research in
the Georges Bank area has made substantial contributions
in some of these areas.
The quantity and composition of fatty acids, sterols,
and amino acids in seawater and sediment show the expetted influence of the plankton and indicate the rapid
remineralization or other transformation of much of the
organic matter produced in the water or deposited in the
sediment. Changes in the chemical composition of organic matter as it moves from biota to water to sediment
or from biota to sediment are consistent with knowledge
of the chemical and biologic reactivity of the individual
compounds and suggest that continued study of individual organic chemicals can help to unravel the complex
processes involved. The results of the study of vitamin
B12 in the Gulf of Maine (Swift, 1981) argue strongly for
the need to know more about certain natural organic
molecules occurring in low concentration and their influence on biologic processes.
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Studies of volatile organic compounds have elucidated
most of the important processes acting on organic chemicals. The seasonality of biologic production and degradation influences the concentration of volatile compounds,
such as dimethylsulfide and the aldehydes. Anthropogenic
inputs, such as sewage, greatly influence the concentration of volatile organic compounds from petroleum and
the petrochemicals so generally used in urban areas. Microbial degradation in warmer months exerts a significant
influence on the fate of several of these compounds (for
example, toluene and xylenes), while air/sea exchange
and dilution by aqueous mixing are major controls in
colder months. For other petrochemicals, such as tetrachloroethylene, air/sea exchange and dilution are major
influences on concentration throughout the year.
Comparing data for hydrocarbons having a biogenic origin with those for hydrocarbons originating from the
production and combustion of petroleum and other fossil
fuels tells much of value about the biogeochemistry of
organic compounds. This holds, in particular, for the
Georges Bank area. The distribution of such compounds
as pristane is governed primarily by seasonal biosynthesis,
association with particles, and deposition in the sediment.
Compounds from petroleum seem to be primarily in the
dissolved phase until incorporated into the surface sediment or carried out of the region. Hydrocarbon data for
the surface sediment show the influence of seasonal inputs from the overlying water column and the dynamics
of particulate-matter resuspension, transport, and redeposition. The presence of n-alkanes from land plants in
finer-grained sediments in the Gulf of Maine, in the
heads of canyons, and in the Mud Patch shows that
some detritus from the land has been carried to these regions and is consistent with the presence of pollutant organic compounds, such as PCBs, which must have been
released to the environment primarily from activities on
land.
There are now sufficient data to state unambiguously
that there is a low-level contamination of water, sediment, and biota, including commercially harvested species, by fossil-fuel hydrocarbons and PCBs. On the basis
of general knowledge of their release and biogeochemistries relative to those of the fossil-fuel hydrocarbons and
PCBs, other pollutant organic compounds can be expected to be present. There are sufficient data to illustrate the dynamic history of the fossil-fuel compounds in
the Georges Bank ecosystem-for example, advective
transport, adsorption/ desorption, interactions with particles, deposition to sediment, resuspension, and redeposition in new areas of sediment accumulation; again,
general chemical knowledge indicates that the same results will be found for PCBs when sufficient data are
available.
Unfortunately, the data for pollutant organic compounds are insufficient for deciding how to protect the
biota of Georges Bank from adverse long-term impact.
There are no data on changes with time from which we
might discern trends in concentration, which are relevant
to the health of consumers of catches from commercial

and sport fisheries. The key to success in gathering further information will be the judicious choice of sampling
time and location based on the dynamics of physical and
biologic processes in the atmosphere, water column, and
surface sediment.
Two most important tasks are to measure the absolute
and relative fluxes of organic pollutant compounds from
the adjacent land via water and atmosphere and to understand the decomposition and remineralization of organic
matter on the bank. Current sampling technology and analytical chemistry are both adequate to accomplishing
these tasks.
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Note
1. Mesocosms are large tanks or e~clo
sures that attempt to reproduce natural
environments within which experiments

can be conducted.
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